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Preface

It has been an honor to chair this committee tasked with reviewing 
Dietary Reference Intake (DRI) values for calcium and vitamin D. In this 
preface, I would like, first and foremost, to thank those persons without 
whose help this report would not have been possible. I also would like to 
comment briefly on the nature of the task we had at hand, and how our 
committee proceeded, from its first meeting in 2009 to the final stage of 
its report.

The work of our committee was preceded by three important papers 
and reports. At a time when interest in vitamin D had reached new heights, 
and many various claims for benefits were reported, health professionals in 
the governments of the United States and Canada worked together to ad-
dress the question: Since the 1997 IOM report on DRIs, including vitamin 
D, is there sufficient new evidence on this micronutrient to warrant a new 
DRI study? The publication from this group, “Dietary reference intakes 
for vitamin D: justification for a review of the 1997 values”  concluded that 
there were sufficient new data to warrant a reevaluation.

Yetley, E. A., D. Brule, M. C. Cheney, C. D. Davis, K. A. Esslinger, P. W. Fischer, K. E. Friedl, 
L. S. Greene-Finestone, P. M. Guenther, D. M. Klurfeld, M. R. L’Abbe, K. Y. McMurry, P. E. 
Starke-Reed and P. R. Trumbo. 2009. Dietary reference intakes for vitamin D: justification for 
a review of the 1997 values. American Journal of Clinical Nutrition 89(3): 719-27.

 In funding the 
DRI review for vitamin D, the sponsors also judged that calcium should 
be reviewed as well, given its interrelationship with vitamin D. I thank the 
many individuals from the U.S. and Canadian governments who put into 
motion the processes that led to this report. Moreover, understanding that 
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a review of the literature would be a tremendous undertaking by itself, 
this group also commissioned an independent systematic review of the 
literature on vitamin D and health outcomes for the use of this DRI com-
mittee, and intended to update an earlier systematic review on vitamin D 
and bone health. The systematic review carried out by Dr. Joseph Lau and 
his colleagues at the Tufts Evidence-based Practice Center, and a preceding 
systematic review led by Dr. Ann Cranney of the University of Ottawa, both 
greatly aided the work of the current committee.

In the Statement of Task, the sponsors requested that our report be 
developed using a risk assessment framework. Such a framework is not 
one that committee members would naturally have been familiar with 
at the outset, and some readers of this report may also wonder, “What is 
that?” The process is discussed and diagrammed in the report in Chapter 
1 and referred to throughout. We were greatly helped in adhering to the 
risk assessment approach by Christine Taylor, Ph.D., Study Director for 
this DRI study, whose previous background paper, “Framework for DRI 
Development,”  provided us with a much-needed understanding of the 
uses of risk assessment and the steps in conducting it that we would fol-
low. 

Taylor, C. L. 2008. Framework for DRI Development: Components “Known” and Compo-
nents “To Be Explored.” Washington, DC.

Chris’ insights, as well as her discipline, good humor, and willingness 
to engage over and over in discussions to obtain a broad understanding 
and consensus were very much at the heart of the committee’s process. I 
thank her for being the amazing study director she has been. Our com-
mittee’s work also benefited from the excellent research and support 
of Ann Yaktine, Ph.D., Heather Del Valle, and Heather Breiner. Linda 
Meyers, Ph.D., Director, Food and Nutrition Board, kept a watchful eye on 
our progress and willingly provided guidance as needed. The committee 
never lacked for exceptionally well-qualified, rigorous, hardworking, pro-
fessional, and friendly support from the FNB staff, and I sincerely thank 
each one of them.

It may be of interest to briefly comment on the committee’s approach, 
and how work evolved during its deliberations. The development of IOM 
reports is a consensus process. Thus, throughout we worked together, di-
viding specific tasks according to expertise but making sure that discussions 
proceeded and decisions were always made as a group. During this time, 
research did not stand still; not a week passed without new publications on 
these nutrients. We spent a good deal of effort, and staff performed invalu-
able service for us, in arraying new data, comparing aspects of study design, 
etc. The committee worked not only at the scheduled committee meetings, 
but also in a myriad of working groups by conference calls and emails. It 
was important to keep firmly in mind that DRIs are values meant for im-
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proving public health—the health of the general population of the United 
States and Canada. They provide recommendations for adequate and safe 
daily intakes of nutrients consumed over many years, possibly a lifetime, not 
just for days, weeks, months, or a year. Thus, the need for sound, causal 
evidence to make the evidence-based recommendations in this report was 
always at the forefront of our thinking and deliberations. The terms cau-
sality, dose–response, evidence-based, totality of evidence, uncertainty, caveats were 
often on the committee minds and prominent in our discussions. On some 
points, we consulted with experts, whom we thank for generously provid-
ing their input in response to our needs, sometimes on quite short notice. 
New data on the intakes of vitamin D and calcium in the United States and 
Canada arrived from the Centers for Disease Control and Prevention and 
Health Canada just as we needed them, and here I would like to thank the 
persons in these organizations who worked diligently to make these new 
intake data available for the committee’s use. As DRI values evolved, we 
thought carefully about the implications of these recommendations for 
practitioners and decision makers in public health and policy who will use 
this report in their work, and for special populations in both the United 
States and Canada. Lastly, we considered research recommendations, link-
ing our recommendations to knowledge gaps identified while using the risk 
assessment framework. This, of course, was a future-directed activity, and 
we hope that our recommendations will clarify the types of research and 
resulting new information that will make determining DRIs for calcium 
and vitamin D easier and more accurate in the future.

Throughout, the committee members worked together with common 
purpose and always amicably, even when viewpoints differed, and this made 
working on this study a remarkable experience for all of us. I sincerely 
thank all the members of the committee for sharing their expertise and 
greatly enriching the development of this report.

Finally, it is important to acknowledge the many people who assisted 
the committee with its work and who provided technical input and invalu-
able perspectives through a variety of venues ranging from white papers 
to participation in workshops and public information gathering meetings. 
Foremost, the committee is grateful to Dr. Hector DeLuca, who served 
as a tireless consultant and generously offered his wisdom and consider-
able experience to the committee. Many discussions were enriched by 
his input. Others who provided scientific evaluations and background 
information for the committee include: Dr. David Bushinsky, Dr. Thomas 
Carpenter, Dr. Gary Curhan, Dr. Gordon Guyatt, Dr. Craig Langman, Dr. 
Dwight Towler, and Dr. Susan Whiting. The committee is deeply apprecia-
tive of the heroic efforts of those who worked long hours to provide the 
committee timely national data on calcium and vitamin D intake as well 
as measures of serum 25-hydroxyvitamin D concentrations, specifically the 
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National Center for Health Statistics (Mr. Clifford Johnson, Dr. Lester R. 
Curtin, and Dr. Te-Ching Chen), the U.S. Department of Agriculture (Ms. 
Alanna Moshfegh and Ms. Joanne Holden), the National Cancer Institute 
(Dr. Kevin Dodd), and Statistics Canada (Mrs. Jeanine Bustros, Mr. Didier 
Garriguet, Mr. Christopher Oster, and Miss Dawn Warner). Also, invaluable 
and illuminating analytical assistance was provided by statisticians at Cor-
nell University, Dr. Francoise Vermeylen and Dr. Shamil Sadigov. Finally, 
the committee wishes to thank the sponsors of this report for their support 
and without whom there would not have been the opportunity to carry out 
this important study.

A. Catharine Ross, Chair
Committee to Review Dietary Reference 

Intakes for Vitamin D and Calcium
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Summary

Calcium and vitamin D are undoubtedly essential nutrients for the hu-
man body. The key questions are: What processes can these nutrients affect 
in terms of desirable health outcomes, and how much of each nutrient is 
needed to achieve the effect?

During the past 10 years, there has been increasing interest in the 
possibility of enhanced roles for vitamin D in human health. A number 
of researchers in the scientific community have suggested relationships 
between vitamin D intake and health outcomes ranging from cancer pre-
vention to increased immunity; others have suggested possible roles in 
preventing diabetes or preeclampsia during pregnancy. The media have 
also taken an interest, and public expectations have been raised. At the 
same time, physicians have been ordering blood tests that seem to suggest, 
based on use of criteria that have yet to be validated, that many in our 
North American population are vitamin D deficient. For calcium, there 
is concern that some may not be obtaining sufficient amounts given the 
foods they eat. Calcium has been increasingly added to foods, and calcium 
supplement use, particularly among older persons, is widespread. There is 
controversy concerning levels of nutrient intake, and at times the concept 
that “more is better” emerges. However, for both calcium and vitamin D, 
there is another underlying question: How much is too much?

Against this backdrop, the Institute of Medicine (IOM) was requested 
by the U.S. and Canadian governments to conduct a review of data per-
taining to calcium and vitamin D requirements and to identify Dietary 
Reference Intakes (DRIs) based on current scientific evidence about the 
roles of calcium and vitamin D in human health. The DRIs, as nutrient 
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reference values, are used by various stakeholders, ranging from those who 
set national nutrition policy to health practitioners in community settings. 
Such reference values specify, for normal, healthy persons, an average daily 
requirement for the nutrient, known as the Estimated Average Require-
ment (EAR). They also identify levels of intake that are likely to meet the 
needs of about 97.5 percent of the population (the Recommended Dietary 
Allowance, or RDA). Further, they include a Tolerable Upper Intake Level 
(UL) above which the potential for harm increases.

THE COMMITTEE AND ITS CHARGE

The two governments requested that the IOM conduct a study to assess 
current data and to update as appropriate the DRIs for vitamin D and cal-
cium. The study was to include consideration of chronic disease indicators 
(e.g., reduction in risk of cancer or diabetes) and other (non-chronic dis-
ease) indicators/outcomes, and to assess the ability of each to serve as the 
basis for specifying adequate intake or excess intake. The final DRI indica-
tors were to be selected based on the strength and quality of the evidence.

To carry out the request, the IOM established an ad hoc consensus 
committee of 14 scientists. The committee met eight times, held a public 
workshop and open sessions to gather information and receive input on 
the nature of the available data, maintained a website that accepted com-
ments and data from stakeholders, conducted a review of existing data, 
and developed a report that included the specification of DRI values. 
Committee members had expertise in the areas of vitamin D and calcium 
or a related topic area, with specific expertise related to pregnancy and 
reproductive nutrition, pediatrics and infant nutrition, minority health 
and health disparities, cellular metabolism, toxicology and risk assessment, 
dermatology, immunology, endocrinology, skeletal health, oncology, car-
diovascular health, epidemiology; nutrition monitoring, and biostatistics. 
Three members of the committee had served on other DRI committees.

DRI CONTEXT FOR COMMITTEE’S WORK

This report marks the first DRI review since the completion of the 
1997-2004 DRIs, which in contrast with their predecessors were based 
on a different approach to respond to expanded uses of the values and 
newer understandings of the role of nutrients. The DRIs now incorporate 
the statistical concept of a distribution, including the distributions of re-
quirements and intakes. The major components of the DRIs are shown in 
Box S-1.

The first DRIs, contained in six volumes, are now used in both the 
United States and Canada. The governments of these two countries have 
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also supported a recent evaluation of the DRI development process, which 
has informed the approach used to develop this report. The evaluation 
pointed to the need for enhanced “transparency” about the decisions 
made, more clarification about uncertainties in the values, and use of a 
risk assessment framework to organize the scientific assessments. Risk as-
sessment encompasses a series of decision steps and anticipates the need 
to address uncertainties through documentation and the use of expert 
judgment.

Chapter 4 provides the committee’s review of potential indicators, 

BOX S-1 
Dietary Reference Intake Components

Also, Acceptable Macronutrient Distribution Range (AMDR): An intake range for an energy 
source associated with reduced risk of chronic disease.

 Estimated Average Requirement (EAR): Reflects the estimated median 
requirement and is particularly appropriate for applications related to 
planning and assessing intakes for groups of persons.
 Recommended Dietary Allowance (RDA): Derived from the EAR and meets 
or exceeds the requirement for 97.5 percent of the population.
 Tolerable Upper Intake Level (UL): As intake increases above the UL, the 
potential risk of adverse effects may increase. The UL is the highest aver-
age daily intake that is likely to pose no risk of adverse effects to almost 
all individuals in the general population.
 Adequate Intake (AI): Used when an EAR/RDA cannot be developed; 
average intake level based on observed or experimental intakes.

THE COMMITTEE’S APPROACH AND 
EXAMINATION OF DATA

To set the stage for its review, the committee gathered background 
information on the metabolism and physiology of calcium and vitamin 
D (Chapters 2 and 3). It then identified those relationships that could 
potentially serve as indicators for establishing nutrient reference values 
for adequate intakes of the nutrients. To ensure comprehensiveness, the 
committee included relationships that appeared marginal by standard 
scientific principles as well as those suggested to be of interest by stake-
holders. Box S-2 lists these potential indicators in alphabetical order. The 
close inter-relationship between calcium and vitamin D often resulted in 
potential indicators being relevant to both nutrients.
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BOX S-2 
Potential Indicators of Health Outcomes for Nutrient 

Adequacy for Calcium and Vitamin D

Cancer/neoplasms
 • All cancers
 • Breast cancer
 • Colorectal cancer/colon polyps
 • Prostate cancer
Cardiovascular diseases and hypertension
Diabetes (type 2) and metabolic syndrome (obesity)
Falls
Immune responses
 • Asthma
 • Autoimmune disease
   Diabetes (type 1)
   Inflammatory bowel and Crohn’s disease
   Multiple sclerosis
   Rheumatoid arthritis
   Systemic lupus erythematosus
 • Infectious diseases
   Tuberculosis
   Influenza/upper respiratory infections
Neuropsychological functioning
 • Autism
 • Cognitive function
 • Depression
Physical performance

In the discussions related to review of potential indicators, physical performance is consid-
ered together with falls.

Preeclampsia of pregnancy and other non-skeletal reproductive outcomes
Skeletal health (commonly bone health)
 • Serum 25-hydroxyvitamin D, as intermediate
 • Parathyroid hormone, as intermediate
 • Calcium absorption
 • Calcium balance
 • Bone mineral content/bone mineral density
 • Fracture risk
 • Rickets/osteomalacia
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based on literature identified by the committee and incorporating the sys-
tematic evidence-based reviews from the Agency for Healthcare Research 
and Quality (AHRQ). In sum, with the exception of measures related to 
bone health, the potential indicators examined are currently not sup-
ported by evidence that could be judged either convincing or adequate 
in terms of cause and effect, or informative regarding dose–response re-
lationships for determining nutrient requirements. Outcomes related to 
cancer/neoplasms, cardiovascular disease and hypertension, diabetes and 
metabolic syndrome, falls and physical performance, immune functioning 
and autoimmune disorders, infections, neuropsychological functioning, 
and preeclampsia could not be linked reliably with calcium or vitamin D 
intake and were often conflicting. Although data related to cancer risk and 
vitamin D are potentially of interest, a relationship between cancer inci-
dence and vitamin D (or calcium) nutriture is not adequately and causally 
demonstrated at present; indeed, for some cancers, there appears to be an 
increase in incidence associated with higher serum 25-hydroxyvitamin D 
(25OHD) concentrations or higher vitamin D intake. The role of vitamin 
D related to falls and physical performance, cardiovascular disease, autoim-
mune disorders, and immune functioning has also received considerable 
attention, and remains unresolved. These potential roles of vitamin D 
are currently best described as hypotheses of emerging interest, and the 
conflicting nature of available evidence cannot be used to establish health 
benefits with any level of confidence. In contrast, the evidence surround-
ing bone health provides a reasonable and supportable basis to allow this 
indicator to be used for DRI development.

In making its conclusions about potential indicators other than bone 
health, the committee noted the observation previously highlighted by 
others tasked with examining the evolution of evidence for nutrient and 
disease relationships: that evidence about relationships between specific 
nutrients and a disease or health outcome remains typically elusive, for 
a number of reasons. These include the difficulty of isolating the effects 
of a single nutrient under investigation from the confounding effects of 
other nutrients and non-nutrient factors; the multi-factorial etiology of 
the chronic diseases the committee considered; the paucity of data from 
randomized controlled clinical trials, which typically provide the highest 
level of scientific evidence relevant for DRI development; and the mixed 
and inconclusive results from observational studies.

For indicators associated with excess intakes of calcium and vitamin D, 
a process similar to that for reference values for adequacy was undertaken 
and potential indicators of excess intake were identified (see Box S-3). The 
ULs serve as a measure for chronic intake of a free-living, unmonitored 
population. They are not specified for clinical research; it may be appro-
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priate to conduct clinical research with doses exceeding the UL, as long as 
there is monitoring and the protocol is carefully considered.

BOX S-3 
Potential Indicators of Adverse Outcomes for 

Excess Intake of Calcium and Vitamin D

Calcium
 • Hypercalcemia
 • Hypercalciuria
 • Vascular and soft tissue calcification
 • Nephrolithiasis (kidney stones)
 • Prostate cancer
 • Interactions with iron and zinc
 • Constipation
Vitamin D
 • Intoxication and related hypercalcemia and hypercalciuria
 • Serum calcium
 • Measures in infants: retarded growth, hypercalcemia
 •  Emerging evidence for all-cause mortality, cancer, cardiovascular 

risk, falls and fractures

KEY CHALLENGES

Beyond the challenge of limited data and the resulting uncertainties, 
the study faced two additional challenges. The first is that vitamin D, an 
essential nutrient, is also synthesized in the skin following exposure to 
sunlight. Thus, the examination of data is complicated by the confounding 
factors this introduces. Further, vitamin D requirements could not address 
the level of sun exposure because public health concerns about skin cancer 
preclude this possibility. There have not been studies to determine whether 
ultraviolet B (UVB)–induced vitamin D synthesis can occur without in-
creased risk of skin cancer. The best approach was to estimate vitamin D 
requirements under conditions of minimal sun exposure.

Second, vitamin D when activated functions as a hormone and is reg-
ulated by metabolic feedback loops. The intertwining of the effects of 
vitamin D and calcium represents an extreme case of nutrient–nutrient 
inter-relationships. Indeed, many studies administered these nutrients to-
gether rather than separately. For this reason, distinguishing the health 
outcomes for one nutrient versus the other was challenging.
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THE COMMITTEE’S OUTCOMES

An assumption in developing the DRIs for calcium is that they are 
predicated on intakes that meet requirements for vitamin D; similarly, DRIs 
for vitamin D rest on the assumption of intakes that meet requirements 
for calcium.

Dietary Reference Intakes for Calcium

DRIs for calcium were established as EARs and RDAs except for infants 
up to 12 months of age for whom AIs were specified. The DRIs for calcium 
are shown in Table S-1.

TABLE S-1 Calcium Dietary Reference Intakes by Life Stage (amount/
day)

Life Stage Group AI EAR RDA UL

Infants
 0 to 6 mo 200 mg — — 1,000 mg
 6 to 12 mo 260 mg — — 1,500 mg
Children
 1–3 y — 500 mg 700 mg 2,500 mg
 4–8 y — 800 mg 1,000 mg 2,500 mg
Males
 9–13 y — 1,100 mg 1,300 mg 3,000 mg
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
 51–70 y — 800 mg 1,000 mg 2,000 mg
 > 70 y — 1,000 mg 1,200 mg 2,000 mg
Females
 9–13 y — 1,100 mg 1,300 mg 3,000 mg
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
 51–70 y — 1,000 mg 1,200 mg 2,000 mg
 > 70 y — 1,000 mg 1,200 mg 2,000 mg
Pregnancy
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
Lactation  
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; RDA = Recommended 
Dietary Allowance; UL = Tolerable Upper Intake Level.
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The EARs and RDAs relied primarily upon calcium balance studies for 
persons 1 to 50 years of age. The effect of menopause on bone resulted in 
specifying different EARs and RDAs for women and men 51 to 70 years of 
age. After the age of 70 years, the effects of aging on bone loss resulted in 
EARs and RDAs that are the same for men and women. The AIs for infants 
are based on the calcium content of human milk. There is no evidence 
that calcium requirements are different for pregnant and lactating females 
compared with their non-pregnant or non-lactating counterparts.

The ULs for calcium for adults are based on data related to the inci-
dence of kidney stones, largely from work conducted with postmenopausal 
women who use calcium supplements. Newer data from a feeding study 
provided evidence of intake levels among infants not associated with el-
evated calcium excretion, and allowed derivation of a UL for infants. The 
UL for children and adolescents 9 to 18 years of age gives consideration to 
the pubertal growth spurt and increases the UL as compared with that for 
children 1 to 8 years of age.

Dietary Reference Intakes for Vitamin D

DRI values for vitamin D (Table S-2) were established as EARs and 
RDAs for all life stage groups except infants up to 12 months of age for 
which an AI was specified. These reference values assume minimal sun 
exposure.

Measures of serum 25OHD level serve as a reflection of total vita-
min D exposure—from food, supplements, and synthesis. Although serum 
25OHD level cannot be considered a validated health outcome surrogate, 
it allowed comparison of intake or exposure with health outcomes. Newer 
data also allowed the simulation of a requirement distribution based on 
serum 25OHD concentrations. A level of 40 nmol/L (16 ng/mL) was 
consistent with the intended nature of an average requirement, in that 
it reflects the desired level for a population median—it meets the needs 
of approximately half the population. Moreover, benefit for most in the 
population is associated with serum 25OHD levels of approximately 50 
nmol/L (20 ng/mL), making this level a reasonable estimate for a value 
akin to “coverage” for nearly all the population. Available data were used to 
link specified serum levels of 25OHD with total intakes of vitamin D under 
conditions of minimal sun exposure in order to estimate DRIs.

For children and adolescents 1 to 18 years of age, EARs and RDAs 
are specified on the basis of serum 25OHD concentrations of 40 and 50 
nmol/L (16 and 20 ng/mL), respectively. Likewise this approach was used 
for young adults and adults from 19 through 50 years of age and was sup-
ported by data on osteomalacia. The EAR for persons older than 50 years 
of age is the same as that for younger adults, as the simulated requirement 
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distribution suggested no effect due to age. However, there is notable vari-
ability around these estimates in the case of bone health for older persons. 
This suggests that the assumption about the variance associated with cov-
erage for 97.5 percent of the population should be greater for this older 
group than for the younger group. Therefore, the RDA value for persons 
older than 70 years of age was increased to a level greater than the two 
standard deviations used for other groups. In fact, available data provide 
more information about maximal population coverage than they do about 
average requirements for these life stage groups.

TABLE S-2 Vitamin D Dietary Reference Intakes by Life Stage 
(amount/day)

Life Stage Group AI EAR RDA UL 

Infants
 0 to 6 mo 400 IU (10 µg) — — 1,000 IU (25 µg)
 6 to 12 mo 400 IU (10 µg) — — 1,500 IU (38 µg)
Children
 1–3 y — 400 IU (10 µg) 600 IU (15 µg) 2,500 IU (63 µg)
 4–8 y — 400 IU (10 µg) 600 IU (15 µg) 3,000 IU (75 µg)
Males
 9–13 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg) 
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg) 4,000 IU (100 µg)
Females
 9–13 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg) 
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg) 4,000 IU (100 µg)
Pregnancy
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
Lactation
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; IU = International 
Units; RDA = Recommended Dietary Allowance; UL = Tolerable Upper Intake Level.

 The factors taken into 
account included changes in bone density and fracture risk. For infants, 
an AI was established based on evidence that maintaining serum 25OHD 
levels in the range of 40 to 50 nmol/L (16 to 20 ng/mL) was desirable, 
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coupled with observational data suggesting that 400 International Units 
(IU) (10 µg) per day was adequate to maintain this level.

The ULs for vitamin D were especially challenging because available 
data have focused on very high levels of intake that cause intoxication and 
little is known about the effects of chronic excess intake at lower levels. 
The committee examined the existing data and followed an approach that 
would maximize public health protection. The observation that 10,000 
IU (250 µg) of vitamin D per day was not associated with classic toxicity 
served as the starting point for adults; this value was corrected for uncer-
tainty by taking into consideration emerging data on adverse outcomes 
(e.g., all-cause mortality), which appeared to present at intakes lower than 
those associated with classic toxicity and at serum 25OHD concentrations 
previously considered to be at the high end of physiological values. Pos-
sible ethnic/racial differences were taken into account as well. The UL 
for adults is used for 9 to 18 years olds, but is “scaled down” for children 1 
to 8 years of age. Earlier studies remain the best basis for ULs for infants.

DIETARY INTAKE ASSESSMENT

Calcium remains a nutrient of concern given that median calcium 
intakes from foods in both the United States and Canada are close to 
the EAR values for most groups. In particular, girls 9 to 18 years of age 
are falling below desirable intakes when only food sources of calcium are 
considered, as are women over the age of 50 years. Available data from the 
United States on the total intake of calcium when dietary supplements are 
considered suggest that older women have noticeably increased calcium 
intakes with supplement. For girls, the increase in intake attributable to 
supplement use is small. No life stage groups exceeded the UL for calcium 
when foods alone were considered. However, when supplement use was 
taken into account (United States only), women at the 95th percentile 
of calcium intake appeared to be at risk for exceeding the UL. The data 
underscore the possible need to modestly increase calcium intake among 
older girls; among older women, a high calcium intake from supplements 
may be concerning.

Although daily median vitamin D intake from foods in both countries 
for all life stage groups was below the established reference value, these 
data should be considered in light of the average serum 25OHD concen-
trations. U.S. serum 25OHD concentrations on average were well above 
40 nmol/L (16 ng/mL), the level established as consistent with an intake 
equivalent to the EAR; in fact, all mean serum 25OHD concentrations were 
above 50 nmol/L (20 ng/mL). In the case of serum 25OHD concentra-
tions from Canadian surveys, mean serum 25OHD levels for all life stage 
groups were at or above 60 nmol/L (24 ng/mL). The fact that these values 
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are higher for the Canadian than for the U.S. population may be in part 
due to differences in assay methodologies used.

IMPLICATIONS AND SPECIAL CONCERNS

The final risk assessment step is risk characterization, which highlights 
implications of the DRI outcomes and special concerns including the 
population segments shown in Box S-4. The nature and extent of the risk 
associated with these population segments vary.

BOX S-4 
Population Segments and Conditions of Interest

Adiposity
Persons living at upper latitudes in North America
Persons who experience reduced vitamin D synthesis from sun exposure
 • Dark skin (including immigrant groups and exclusively breast-fed 
infants)
 • Use of sunscreen
 • Indoor environments and institutionalized older persons
Alternative diets or changes in dietary patterns
 • Dairy and animal product exclusion
 • Changes in dietary patterns of indigenous Canadian populations
Use of calcium supplements
Oral contraceptive use
Premature infants
Interaction between vitamin D and prescription drugs

Uncertainties

On balance, the uncertainties surrounding the DRI values for calcium 
are less than those for vitamin D because the evidence base is consider-
ably larger for calcium, and the physiology and metabolism of calcium are 
better understood. The following key issues were identified as introducing 
uncertainty into DRI values for calcium and vitamin D, as based on bone 
health outcomes:

• The tendency for study protocols to administer a combination of 
calcium and vitamin D, reducing the opportunity to ascertain ef-
fects of each nutrient independently;

• The lack of data examining the responses and health outcomes 
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from graded doses of calcium or vitamin D intake so as to elucidate 
dose–response relationships;

• The interaction between calcium and vitamin D to the extent that 
it would appear that adequate calcium intake greatly diminishes 
the need for vitamin D relative to bone health outcomes;

• The unique situation in which a nutrient (vitamin D) is physiologi-
cally managed by the body as a hormone, introducing a myriad of 
variables and feedback loops related to its health effects;

• The paucity of data and resulting uncertainty concerning sun 
exposure, which confounds the interpretation of dose–response 
data for intakes of vitamin D. This, coupled with the apparent 
contribution of sun exposure to overall vitamin D nutriture in 
North American populations, leads to an inability to characterize 
and integrate sun exposure with dietary intake recommendations 
as much as may be appropriate, given the concern for skin cancer 
risk reduction. Thus, for individuals who experience sun exposure, 
the uncertainty of the DRI is greater than for those who do not;

• The lack of clarity concerning the validity of the serum 25OHD 
measure as a biomarker of effect;

• The variability surrounding measures of serum 25OHD concentra-
tions owing to different methodologies used;

• The evidence of the non-linear nature of the relationship between 
serum 25OHD concentrations and total intake of vitamin D, sug-
gesting that lower levels of intake have more impact on serum 
25OHD concentrations than previously believed and that higher 
intakes may have less impact;

• The limited number of long-term clinical trials related to calcium 
and vitamin D intake and health outcomes; and

• The need to set ULs based on limited data in order to ensure 
public health protection.

For vitamin D, the challenges introduced by issues of sun exposure are 
notable. This nutrient is unique in that it functions as a hormone and the 
body has the capacity to synthesize it. However, concerns about skin cancer 
risk preclude incorporating the effects of sun exposure in the DRI process. 
At this time, the only solution is to proceed on the basis of the assumption 
of minimal sun exposure and set reference values assuming that all of the 
vitamin D comes from the diet. This is a markedly cautious approach given 
that the vast majority of North Americans obtain at least some vitamin D 
from inadvertent or intentional sun exposure. Therefore, the estimated 
intake data for vitamin D cannot stand alone as a basis for broad public 
health action. Rather, national policy should consider intake data in the 
context of measures of serum 25OHD, a well-established biomarker of 
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total vitamin D exposure (endogenous synthesis and diet including supple-
ments). Although estimates of vitamin D intake appear to be less than 
needed to meet requirements, the serum 25OHD data available—when 
coupled with the committee’s assessment of serum 25OHD levels consis-
tent with EAR and RDA values—suggest that requirements are being met 
for most if not all persons in both countries. Moreover, the possibility of 
risk for subpopulations of concern due to reduced synthesis of vitamin D, 
such as persons with dark skin or older persons in institutions, is minimized 
given the assumption of minimal sun exposure as a basis for the DRIs.

CONCLUSIONS ABOUT VITAMIN D DEFICIENCY 
IN THE UNITED STATES AND CANADA

Serum levels of 25OHD have been used as a measure of adequacy for 
vitamin D, as they reflect intake from the diet coupled with the amount 
contributed by cutaneous synthesis. The cut-point levels of serum 25OHD 
intended to specify deficiency for the purposes of interpreting laboratory 
analyses and for use in clinical practice are not specifically within the 
charge to this committee. However, the committee noted with some con-
cern that serum 25OHD cut-points defined as indicative of deficiency for 
vitamin D have not undergone a systematic, evidence-based development 
process.

From this committee’s perspective, a considerable over-estimation of 
the levels of vitamin D deficiency in the North American population now 
exists due to the use by some of cut-points for serum 25OHD levels that 
greatly exceed the levels identified in this report as consistent with the 
available data. Early reports specified a serum 25OHD concentration of at 
least 27.5 nmol/L (11 ng/mL) as an indicator of vitamin D adequacy from 
birth through 18 years of age, and a concentration of at least 30 nmol/L 
(12 ng/mL) as an indicator of vitamin D adequacy for adults 19 to 50 years 
of age. In recent years, others have suggested different cut-points as de-
terminants of deficiency and what has been termed “insufficiency.” In the 
current literature, these include values ranging from less than 50 nmol/L 
(20 ng/mL) to values above 125 nmol/L (50 ng/mL). Use of higher than 
appropriate cut-points for serum 25OHD levels would be expected to ar-
tificially increase the estimates of the prevalence of vitamin D deficiency.

The specification of cut-points for serum 25OHD levels has serious 
ramifications not only for the conclusions about vitamin D nutriture and 
nutrition public policy, but also for clinical practice. At this time, there is 
no central body that is responsible for establishing such values for clini-
cal use. This committee’s review of data suggests that persons are at risk 
of deficiency relative to bone health at serum 25OHD levels of below 30 
nmol/L (12 ng/mL). Some, but not all, persons are potentially at risk for 
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inadequacy at serum 25OHD levels between 30 and 50 nmol/L (12 and 
20 ng/mL). Practically all persons are sufficient at serum 25OHD levels 
of at least 50 nmol/L (20 ng/mL). Serum 25OHD concentrations above 
75 nmol/L (30 ng/mL) are not consistently associated with increased 
benefit. There may be reason for concern at serum 25OHD levels above 
125 nmol/L (50 ng/mL). Given the concern about high levels of serum 
25OHD as well as the desirability of avoiding mis-classification of vitamin 
D deficiency, there is a critical public health and clinical practice need 
for consensus cut-points for serum 25OHD measures relative to vitamin D 
deficiency as well as excess. The current lack of evidence-based consensus 
guidelines is problematic and of concern because individuals with serum 
25OHD levels above 50 nmol/L (20 ng/mL) may at times be classified as 
deficient and treated with high-dose supplements of vitamin D containing 
many times the levels of intake recommended by this report.

Closing Remarks

At this time, the scientific data available indicate a key role for calcium 
and vitamin D in skeletal health and provide a sound basis for DRIs. The 
data do not, however, provide compelling evidence that either nutrient is 
causally related to extra-skeletal health outcomes or that intakes greater 
than those established in the DRI process have benefits for health. The last 
chapter of this report specifies the research needs and reflects an urgent 
and worthwhile agenda. If carried out, this research will assist greatly in 
clarifying DRIs for vitamin D and calcium in the future.
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Introduction

For more than half a century, specification of the quantities of nutri-
ents needed to meet human requirements—dietary reference values—has 
been carried out at the national level in the United States and Canada. 
Reference values known in the United States as Recommended Dietary 
Allowances (RDAs) and in Canada as Recommended Nutrient Intakes 
(RNIs) were used well into the 1990s (IOM, 2008). They were established 
primarily to set nutrition and health policy (IOM, 2008) and have found 
broad application in government programs ranging from standards for 
school meals to the basis for food fortification. They have also been used 
to counsel individuals about dietary intake. Over the years, both govern-
ments have funded on-going updates and reviews of these reference values.

In 1994, in response to important changes in the nutrition field as well 
as the recognition that for many nutrients the single-value RDA or RNI did 
not meet the expanding needs for nutrient reference values, the Institute 
of Medicine (IOM) in Washington, DC, began an initiative to develop a 
new, broader set of values known as the Dietary Reference Intakes or DRIs 
(IOM, 2008). The U.S. and Canadian governments have jointly supported 
this initiative, and the resulting DRIs are now used in both countries. As a 
result of the initiative, the DRIs as reference values now

• Include an estimate of an average (or median) requirement as well 
as an estimate of an intake level that meets, and in turn exceeds, 
the needs of most (97.5 percent) of the population;

• Include upper levels of intake to ensure no harm from nutrient 
intake;
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• Incorporate chronic disease indicators when the data allow; and
• Highlight concepts of probability and risk for defining reference 

values.

With this new model as a backdrop, the IOM in 1997 issued the first set 
of DRIs. The nutrients included in the first of what became a series of DRI 
reports were: calcium, phosphorus, magnesium, vitamin D, and fluoride 
(IOM, 1997). Therefore, the 1997 DRIs for calcium and vitamin D—the 
nutrients that are the topic of this 2010 review—have been in existence for 
13 years. In 2008, the U.S. and Canadian governments made the decision 
that there were now sufficient new data to warrant funding another study of 
the DRIs for vitamin D (Yetley et al., 2009). They included calcium in this 
study because of its close inter-relationship with vitamin D. A 14-member 
ad hoc expert committee was convened by the IOM in 2009 to take on 
this task; its work was to be completed by 2010. Committee members had 
general expertise in the areas of vitamin D and calcium or a closely related 
topic area, with specific expertise related to endocrinology, bone and skel-
etal health, immunology, oncology, dermatology, cardiovascular health, 
pregnancy and reproductive nutrition, pediatrics and infant nutrition, 
epidemiology, cellular metabolism, toxicology and risk assessment, nutri-
tion monitoring, biostatistics, and minority health and health disparities. 
Three members of the committee had served on other DRI committees.

The current consideration of the DRIs for vitamin D and calcium takes 
place at a time when the interest in vitamin D is enormous. This vitamin—
with its hormone-related activities—has received much media attention 
and has been the subject of countless publications and lay press reporting 
of its benefits for an array of health outcomes. Concerns about widespread 
vitamin D deficiency in North American populations are often expressed. 
This committee’s focus was, first, to review objectively the existing evidence 
concerning the benefits and health outcomes associated with vitamin D as 
well as calcium, using the well-established scientific principles for judging 
the quality and relevance of data from intervention as well as observational 
studies. The members of the committee next integrated the available data 
and, within the context of the risk assessment approach for establishing 
DRIs, carried out activities to specify DRIs for calcium and vitamin D. The 
reference values established in 1997 were noted by the committee, but they 
were not binding on the committee’s work.

THE TASK

The charge to the committee was to assess current relevant data and 
update, as appropriate, the DRIs for vitamin D and calcium. The review 
was to include consideration of chronic disease indicators (e.g., reduction 
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in risk of cancer) and other (non-chronic disease) indicators and health 
outcomes. The definitions of these terms are discussed below. Consistent 
with the framework for DRI development, the indicators to assess adequacy 
and excess intake were to be selected based on the strength and quality 
of the evidence and their demonstrated public health significance, taking 
into consideration sources of uncertainty in the evidence. Further, the 
committee deliberations were to incorporate, as appropriate, systematic 
evidence-based reviews of the literature.

Specifically, in carrying out its work, the committee was to:

• Review evidence on indicators to assess adequacy and indicators to 
assess excess intake relevant to the general North American popu-
lation, including groups whose needs for or sensitivity to the nutri-
ent may be affected by particular conditions that are widespread 
in the population such as obesity or age-related chronic diseases. 
Special groups under medical care whose needs or sensitivities are 
affected by rare genetic disorders or diseases and their treatments 
were to be excluded;

• Consider systematic evidence-based reviews, including those made 
available by the sponsors as well as others, and carefully document 
the approach used by the committee to carry out any of its own 
literature reviews;

• Regarding selection of indicators upon which to base DRI values 
for adequate intake, give priority to selecting indicators relevant 
to the various age, gender, and life stage groups that will allow for 
the determination of an Estimated Average Requirement (EAR);

• Regarding selection of indicators upon which to base DRI values 
for upper levels of intake, give priority to examining whether a 
critical adverse effect can be selected that will allow for the deter-
mination of a so-called benchmark intake;

• Update DRI values, as appropriate, using a risk assessment ap-
proach that includes (1) identification of potential indicators to 
assess adequacy and excess intake, (2) selection of the indicators 
of adequacy and excess intake, (3) intake-response assessment, (4) 
dietary intake assessment, and (5) risk characterization.

• Identify research gaps to address the uncertainties identified in the 
process of deriving the reference values and evaluating their public 
health implications.

THE DIETARY REFERENCE INTAKE FRAMEWORK

The framework for DRI development has been described by others 
(IOM, 2006, 2008; Taylor, 2008) and will be outlined here to set the con-
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text for this report. The original framework for DRIs was put in place in 
1994 (IOM, 1994), and the reviews of nutrients were completed in 2004. 
During the 4-year period between 2004 and 2008, it was the subject of 
discussions concerning its needed improvements as well as it successes 
(IOM, 2008). The present DRI effort described in this report for vitamin 
D and calcium is the first to be issued since the 2004 to 2008 evaluative 
discussions.

In developing and enhancing the DRI framework, two goals were iden-
tified. The first is that the framework should ensure and foster transpar-
ency of the decision-making process. The second goal is that the framework 
should anticipate the need to make decisions in the face of limited data 
and, in turn, offer options for making scientific judgments. Scientific judg-
ment in the face of limited data is important, given the interest in protect-
ing public health and the reality that “no decision is not an option”—that 
is, a science-based judgment is more useful than no recommendation 
at all. In other words, the framework must operate under conditions of 
uncertainty.

The framework that has evolved for DRI development is increasingly 
recognized as akin to that developed in other fields and referred to as risk 
assessment. Risk assessment is a component of risk analysis, a process for 
managing situations where public health interventions and monitoring 
come into play. It analyzes and controls the “risks” that may be experienced 
by a population of interest (Taylor, 2008). In the case of DRI development, 
the “risk” is nutrient intakes that are too low or too high. Although the 
terminology associated with the discipline of risk analysis may at times be 
unfamiliar to those in the nutrition field, the discipline’s structure and ap-
plication are a good match for DRI development (Taylor, 2008).

Risk analysis, as considered generically for all fields of study, typically 
is described as including three components: risk assessment, risk manage-
ment, and risk communication. These are often illustrated as overlapping 
circles. The component known as risk assessment has received attention as 
an organizing scheme for the DRI study committee review process, and 
is described separately in a section below. Overall, however, the basic as-
sumptions underlying all of risk analysis are relevant to DRI development. 
At its most basic, risk analysis is predicated on the assumption that scientific 
deliberations should be organized in a manner that meets user/sponsor needs while 
maintaining the scientific integrity of the assessment (NRC, 1983). Further, the 
following general assumptions of risk analysis relate directly to the overall 
development of DRIs, particularly concerning scientific judgments when 
uncertainties and limited data exist (Taylor, 2008):

• Failure to provide a reference value (“no decision”) is often not a viable 
option from the perspective of protecting public health. It is better to offer 
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those operating in the public health arena an informed decision 
based on the best available scientific expertise and judgment, even 
if not perfect or very precise, than to offer no information, which 
by default provides no guidance for evaluating or dealing with the 
current situation.

• Available datasets are often incomplete, and scientific uncertainties 
must be dealt with through use of scientific judgment and judi-
cious, transparent documentation.

• Meeting the scientific needs of users/sponsors requires a frame-
work for ensuring understanding of the needs and a useful presentation 
of the scientific assessments, as well as the independence of the sci-
entific evaluations and protection of the scientific reviewers from 
undue stakeholder influence.

Finally, the DRI framework recognizes the considerable utility in orga-
nizing and rating the available data through the use of systematic reviews 
(Taylor, 2008; Russell et al., 2009), which are now a well-established process 
in many fields of medicine. However, unlike a systematic review of a medi-
cal intervention, a systematic review for the relationship between nutrient 
intake and a health outcome is much broader. In contrast with focused 
clinical interventions, most nutrients have direct and indirect effects on 
a wide range of health outcomes and could potentially reduce the risk of 
chronic diseases. In turn, the breadth of outcomes—and thus research that 
needs to be assessed—is greater than that for a medical intervention; as a 
result, considerable care is required in formulating and prioritizing the key 
questions to be addressed (Chung et al., 2010).

Definition of Dietary Reference Intakes

The DRIs are comprised of several reference values that relate to the 
concept of a distribution of requirements and a distribution of intakes. 
These different values are tools for assessing and planning diets and are 
most applicable for use with groups of people because the exact nutritional 
requirements of an individual cannot be known. The application of DRI 
nutrient reference values for these general purposes is wide and diverse. 
They range from use by federal government agencies in making national 
nutrition policy or developing federal nutrition and food assistance pro-
grams, to work at the local level in assessing diets of groups and individuals. 
Public health protection and promotion is the common interest. Further, 
DRIs address nutrients in foods overall. Because people structure diets 
primarily by selecting individual foods as opposed to selecting a set of 
nutrients, an important role of government and related advisory groups 
has been the task of translating quantitative nutrient reference values into 
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food-based recommendations for the generally healthy U.S. and Canadian 
populations. That was not the task of this committee for whom the focus 
has been the quantitative nutrient requirements and upper levels of intake.

Currently, the mainstays of DRI development are the EAR, and the 
Tolerable Upper Intake Level, or UL (also referred to at times as Upper 
Levels of Intake). The RDA is to be derived from the EAR and reflects an 
estimate of an intake that meets the needs of 97.5 percent of the popula-
tion’s requirements. It is not a target intended to be met by all individuals, 
and intakes below the RDA cannot be assumed to be inadequate because 
the RDA by definition exceeds the actual requirements of all but 2 to 
3 percent of the population. The Adequate Intake (AI) was originally 
incorporated into the framework to address the inevitable uncertainties 
associated with specifying requirements for infants, given the challenges 
in obtaining sufficient information for this group, but has expanded to 
include use when available data for any life stage group are too limited to 
establish a requirement. The AI is the subject of some debate, given that 
it does not appear to readily “fit” into the probability assumptions for DRI 
use (Taylor, 2008). There are also other reference values, as described in 
other IOM documents (IOM, 2006), but as these are not relevant to this 
report, they are not described here.

Estimated Average Requirement

The EAR is the average daily nutrient intake level that is estimated to 
meet the nutrient needs of half of the healthy individuals in a life stage or 
gender group. Although the term “average” is used, the EAR is actually an 
estimated median requirement (IOM, 2006). Therefore, by definition, the 
EAR exceeds the needs of half of the population and is less than the needs 
of the other half (Taylor, 2008).

The 1994 to 2004 DRI process placed emphasis on the distribution 
of requirements for a population, rather than focusing on a single value 
constructed to “cover” the great majority of the population, as had been 
the case in earlier efforts (Taylor, 2008). This, along with the development 
of newer methodologies for assessing and planning adequate intakes for 
groups, made the EAR a central reference value, along with the UL. The 10 
years of DRI development moved the process from a black-and-white cutoff 
in the form of an RDA to consideration of a probability model. Doing so 
made it clear that there is a distribution of requirements in the population 
(Taylor, 2008).

The EAR itself presents little controversy as an expressed reference 
value. Beyond the question of how to handle EAR estimation in the face 
of limited data, most of the issues that surround EAR development are 
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related to the uncertainty surrounding the value and ensuring appropriate 
discussions about the variation in requirements. A challenge lies in obtain-
ing adequate data to allow a reasonable approximation of the variability 
in requirements and hence the distribution of the requirement among 
individuals (Taylor, 2008).

Recommended Dietary Allowance

The RDA is calculated from the EAR. It is dependent upon estimating 
the variance around the EAR and reflects a point estimate defined gener-
ally as two standard deviations above the EAR (Taylor, 2008). Although 
some refer to this reference value as “the requirement plus a safety factor,” 
this is potentially misleading in that it underplays the importance of the 
variability around the median. The RDA is intended to reflect the EAR plus 
two standard deviations.

This RDA calculation starts with the assumption that the distribution 
of a nutrient requirement is generally normal. However, this is not the case 
for a number of nutrients. There is also the need to describe the variance 
around the EAR. Such data are usually limited; when the variance is not 
known, the coefficient of variation is assumed, commonly as 10 percent. 
There is concern expressed by some that RDAs cannot be considered to 
be scientifically derived because too often the variance around the EAR 
cannot be determined precisely from the available data, and is therefore 
unknown, and the assumptions made about the variance may be inappro-
priate (Taylor, 2008).

The estimation of the RDA results in a value that is above the intake 
required for about 97.5 percent of the population. The RDA thus exceeds 
the requirements of nearly all members of the life stage group. Current 
guidance (IOM, 2000a, 2003) stipulates that the RDA is useful for some 
applications with individuals, but it is not appropriate when working with 
groups of persons for the purposes of assessing and planning for nutrient 
intake (Taylor, 2008).

Adequate Intake

The possibility of the AI—except for reference values for infants—was 
not considered when the DRI framework was first developed in 1994 (IOM, 
2008). The AIs emerged as a result of the deliberations of the early study 
committees during the implementation of the initial DRI process. When 
the available data were judged lacking for the purposes of estimating an 
EAR, an AI was set. The value was seen as filling the gap that would have 
existed had no value been issued (Taylor, 2008).
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The AI is defined as a value based on observed or experimentally deter-
mined estimates of nutrient intake by a group of people who are apparently 
healthy and assumed to be maintaining an adequate nutritional state. Ex-
amples of adequate nutritional states include normal growth, maintenance 
of normal levels of nutrients in plasma, and other aspects of nutritional 
well-being or general health. The AI is obviously derived differently from 
the EAR/RDA, and a distribution of requirements cannot be offered.

Tolerable Upper Intake Level

As intake increases above the UL, the potential risk of adverse effects 
may increase; it is a level above which the risk for harm begins to increase. 
The UL is the highest average daily nutrient intake level likely to pose no 
risk of adverse health effects for nearly all people in a particular group. 
The need to set a UL grew out of two major trends; increased fortification 
of foods with nutrients and the use of dietary supplements by more people 
in larger doses (IOM, 2006).

The UL is not a recommended level of intake, but rather the highest 
intake level that can be tolerated without the possibility of causing adverse 
effects in most people. The value applies to chronic daily intake among free-
living persons in the community (IOM, 2006). It has often been misused as 
a determination of levels to be allowed in controlled clinical trials. However, 
ULs are not defined to fit this purpose, and higher levels may be approved 
for controlled research purposes if there is a rationale for the levels to be 
used and if monitoring and other safety precautions are put in place. Rather, 
the UL is meant for public health protection. The biggest challenge in estab-
lishing ULs is the paucity of data indicating the effects of chronic intakes of 
high levels of nutrients. Experimental animal data as well as observational 
data are useful and relevant under these circumstances.

Applications of DRIs

The application of the DRIs in real world settings has been the subject 
of detailed IOM reports (IOM, 2000a, 2003). The EAR is the foundation 
of DRI development and is relevant to the planning and assessing of diets 
as they relate to population groups. The EAR is a reference value often 
important to the government sponsors of the report who may use require-
ment distributions to set national food policy, establish criteria for food 
programs, and make decisions about the adequacy of the food supply.

An individual’s nutrient requirement cannot be readily determined, 
and the use of DRIs for the purposes of assessing and planning diets of in-
dividuals is challenging. If an individual’s daily intake is typically below the 
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EAR, there is likely a need for improved intake. If daily intake is typically 
between the EAR and the RDA, there is probably a need for improvement 
because the probability of adequacy, although more than 50 percent, is less 
than 97.5 percent. However, intakes below the RDA cannot be assumed to 
be inadequate because the RDA by definition exceeds the actual require-
ments of all but 2 to 3 percent of the population; many with intakes below 
the RDA may be meeting their individual requirements (IOM, 2006).

Life Stage Groups

The DRIs are expressed on the basis of reference values for a number 
of different life stage groups. These life stages have been stipulated gen-
erally on the basis of variations in the requirements of all the nutrients 
under review. A recent IOM report (IOM, 2006) described these general 
groupings as follows.

Infancy

Infancy covers the first 12 months of life and is divided into two 6-month 
intervals. In this report infancy is designated as 0 to 6 months (meaning 
from birth to 5.9 months or about the first 182 days of life) and as 6 to 
12 months (meaning from 6.0 months to 11.9 months or approximately 
the second 182 days of life). Intake is relatively constant during the first 6 
months after birth. That is, as infants grow, they ingest more food; however, 
on a body-weight basis their intake remains the same. During the second 6 
months of life, growth rate slows. As a result, total daily nutrient needs on 
a body-weight basis may be less than those during the first 6 months of life 
(IOM, 2005). In general, special consideration was not given to possible 
variations in physiological need during the first month after birth or to the 
intake variations that result from differences in milk volume and nutrient 
concentration during early lactation (IOM, 2005). Specific recommended 
intakes to meet the needs of formula-fed infants are not set as part of the 
DRI process.

Children: Ages 1 Through 3 Years

In terms of height, toddlers experience a faster growth rate compared 
with older children, and this distinction provides the biological basis for 
establishing separate recommended intakes for 1- to 3-year-olds compared 
with 4- to 8-year-olds. However, data on which to base DRIs for toddlers are 
often sparse; in many cases, DRIs must be derived by extrapolating data 
taken from the studies of infants or adults.
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Children: Ages 4 Through 8 Years

During early childhood, children ages 4 through 8 or 9 years (the 
latter depending on the onset of puberty in each gender) undergo major 
changes in growth rate and endocrine status. For many nutrients, a reason-
able number of data have been available on nutrient intake, and various 
criteria for adequacy serve as the basis for nutrient reference values for this 
group. For nutrients that lack data on the requirements of children in this 
age group, the nutrient reference values must be based on extrapolations 
from other life stage groups.

Children/Adolescence: Ages 9 Through 13 Years and 14 Through 18 Years

The adolescent years are divided into two categories. Several conclu-
sions support the biological appropriateness of creating two adolescent age 
groups within the DRI framework (IOM, 2006):

• The mean age of onset of breast development for white girls in 
North America is 10 years; this is a physical marker for the begin-
ning of increased estrogen secretion (in African American girls, 
onset is about a year earlier, for unknown reasons).

• The female growth spurt begins before the onset of breast develop-
ment, thereby supporting the grouping of 9 through 13 years.

• The mean age of onset of testicular development in boys is 10.5 
through 11 years.

• The male growth spurt begins 2 years after the start of testicular 
development, thereby supporting the grouping of 14 through 18 
years.

Young Adulthood and Middle Age: Ages 19 Through 
30 Years and 31 Through 50 Years

Adulthood was divided into two age groups, in part due to consump-
tion of higher nutrient intakes during early adulthood compared with 
later in life. Mean energy expenditure decreases from ages 19 through 50 
years, and nutrient needs related to energy metabolism may also decrease 
(IOM, 2006).

Older Adults: Ages 51 Through 70 Years and Over 70 Years

The age period of 51 through 70 years spans active work years for most 
adults. After age 70, people of the same age increasingly display different 
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levels of physiological functioning and physical activity (IOM, 2000b). Age-
related declines in nutrient absorption and kidney function also may occur.

Pregnancy and Lactation

Unique changes in physiology and nutrition needs occur during preg-
nancy and lactation. For the DRI framework, consideration is often given 
to the following factors:

• The needs of the fetus during pregnancy and the production of 
milk during lactation;

• Adaptations to increased nutrient demand, such as increased ab-
sorption and greater conservation of many nutrients; and

• Net loss of nutrients due to physiological mechanisms, regardless 
of intake.

Owing to the last two factors, for some nutrients there may not be a basis 
for setting reference values for pregnant or lactating women that differ 
from the values set for other women of comparable age.

Indicators for DRI Development

Indicators for DRIs are defined as the health outcomes that serve as 
the basis for estimating a nutrient requirement. Within the fields of biology 
and medicine, the term “indicators” has been defined differently and in 
some cases the definition may not be the same used for DRI purposes. In 
the case of indicators for DRIs, they can take various forms and many differ-
ent indicators have been used in the more than 15 years of DRI experience 
(Taylor, 2008). The term in other settings encompasses what are variously 
referred to as endpoints, surrogates, biomarkers, or risk factors. Additionally, the 
term clinical outcome, also referred to as health outcome, is used to refer to the 
ultimate measurable effect of interest for nutrients, which is, of course, an 
indicator. Other measures preceding the occurrence of a clinical outcome 
can be predictive of the clinical outcome itself, although this is not neces-
sarily the case and they must be validated before this can be assumed.

The term biomarker, like the term indicator, is defined differently within 
different fields of study. In the field of nutrition it is often referred to in the 
same way in which this report uses the term indicator. In order for them 
to equate, however, the biomarker must be causally related to the outcome 
indicator. Important terms in common parlance are biomarker of exposure 
and biomarkers of effect. The former is a validated measure that can be relied 
upon to reflect intake or exposure in the case of nutrients. A biomarker of 
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effect is an indicator and can be relied upon to be causally related to and 
predictive of the health outcome of interest.

The guiding principles for selecting indicators as they are used in 
DRI development is that they must be feasible, valid, reproducible, sensi-
tive, and specific (WHO, 2006). As pointed out by others (WHO, 2006), 
they must, however, be used intelligently and appropriately. In addition to 
causal association, general characteristics of indicators for DRI develop-
ment include the following:

• Changes in the indicator are plausibly related to changes in the 
risk of an adverse health outcome.

• Changes in the indicator are usually outside the homeostatic range.
• Changes in the indicator are generally associated with adverse 

sequelae.
• Measurement of the indicator can be accomplished accurately and 

is reproducible between laboratories.

DRI Risk Assessment

Beginning in the 1990s, the process of risk assessment formally entered 
into DRI development as the basis for the model for establishing ULs for 
nutrients (IOM, 1998). However, the risk assessment organizing scheme 
is as applicable to the activities focused on requirements for ensuring 
nutritional benefit (i.e., the EAR) as it is to establishing ULs. Risk assess-
ment reflects a flexible, objective scientific scheme for making transparent 
and accountable decisions, whatever the indicator of interest. It is applied 
across a range of disciplines and has been generically described as shown 
in Figure 1-1.

The word “risk” causes some in the nutrition field difficulty, in that it 
does not seem appropriate to link the benefits of nutrient intake to the 
concept of “risk,” despite the ultimate purpose of reducing the risk for 
intakes too low to provide the health benefits (Taylor, 2008). Other risk 
assessment terminology may also seem inappropriate, such as the decision 
steps labeled as “hazard identification” and “hazard characterization,” as 
well as the final step of “risk characterization.” Nonetheless, the approach 
that has evolved for estimating EARs rests on a sequence of decisions that 
are similar to those specified within generic risk assessment (Taylor, 2008).

Given that the DRI development process couples the considerations 
for nutrient adequacy with those for excess intakes, there are advantages to 
applying the same organizing scheme for both ULs and EARs. For instance, 
incorporating the same general decision-making process to derive both 
adequate and excess intakes allows side-by-side comparisons of the process 
as it progresses. This could be of value in identifying unintended conse-
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quences or inconsistencies among the various DRI development activities. 
One example is the procedures used for extrapolation relative to EAR and 
UL values. Study committees would likely notice potential incompatibilities 
if the evaluations for both adequate and excess intakes were compared in a 
side-by-side risk assessment framework. Additionally, as the methodological 
challenges in the studies used to evaluate risks are likely to be associated 
with both inadequate and excess intakes, a consistent framework for analyz-
ing both is logical (Taylor, 2008).

The steps associated with risk assessment, as applied in this report on 
vitamin D and calcium, are briefly described below.

FIGURE 1-1 The four generic steps of risk assessment.

Hazard
identification

Intake
assessment

• Define data search strategy a priori.
• Identify health effects and related levels of intake.
• Rate and summarize data objectively.
• Determine basis for selection of the single (“critical”)
 health effect.
• Clarify intake–response relationship to identify initial
 reference value.
• Adjust initial reference value for uncertainty and establish
 EAR or UL.
• As necessary, adjust EAR and UL derived for a studied
 subpopulation to derive values for unstudied age/gender/
 life stage populations.
• Identify vulnerable subgroups.
• Characterize the effect of interest overall. 

• Specify need for total dietary intake or targeted dietary
 intake data.
• Specify need for habitual intake or acute intake data.
• Modify or add to available composition data as needed.
• Take into account strengths and limitations of available
 consumption data.
• Determine method to estimate intake of nutrient
 substance.
• Make statistical adjustments to estimated intakes as
 appropriate.
• Provide caveats for estimates based on uncertainties
 and describe the impact of uncertainties.

• Integrate hazard characterization and dietary intake
 assessment.
• Identify information needed by managers and the
 presentation format.
• Include relevant descriptions of: the nature of the critical
 adverse health effect and other effects as appropriate,
 severity and reversibility of effects, and nature of
 threshold levels and intake–response relationship.
• Describe the impact of uncertainty on conclusions. 

Hazard
characterization

Risk
characterization

Key Topic Areas Key Activities

SOURCE: Modified from WHO (2006).

Step 1: “Hazard Identification” or Indicator Review and Selection

An initial starting point for this report—as for all deliberations based 
on risk assessment—is the identification and review of the potential indica-
tors to be used in developing the DRIs. Based on this review, the indicators 
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to be used are selected. As described within the DRI framework, this step 
of indicator identification (or hazard identification) is outlined as follows.

• Literature reviews and interpretation Subject-appropriate and 
well-done systematic evidence-based reviews as well as other rel-
evant scientific reports and findings serve as a basis for delibera-
tions and development of findings and recommendations for the 
nutrient under study. De novo literature reviews carried out as part 
of the study are well documented, including, but not limited to, 
information on search criteria, inclusion/exclusion criteria, study 
quality criteria, summary tables, and study relevance to the task at 
hand consistent with generally accepted methodology used in the 
systematic review process.

• Identification of indicators to assess adequacy and excess intake
Based on results from literature reviews and information gathering 
activities, the evidence is examined for potential indicators related 
to adequacy for requirements and the effects of excess intakes of 
the substance of interest. Chronic disease outcomes are taken into 
account. The approach includes a full consideration of all relevant 
indicators, identified for each age, gender, and life stage group for 
the nutrients under study as data allow.

• Selection of indicators to assess adequacy and excess intake Con-
sistent with the general approach, indicators are selected based on 
the strength and quality of the evidence and their demonstrated 
public health significance, taking into consideration sources of 
uncertainty in the evidence. They are in consideration of the state 
of the science and public health ramifications within the context of 
the current science. The strengths and weaknesses of the evidence 
for the identified indicators of adequacy and adverse effects are 
documented.

Step 2: “Hazard Characterization” or Intake-Response 
Assessment and Specification of Reference Values

The intake–response (more commonly referred to as dose–response) 
relationships for the selected indicators of adequacy and excess are speci-
fied to the extent the available data allow. If the available information 
is insufficient, then appropriate statistical modeling techniques or other 
appropriate approaches that allow for the construction of intake-response 
curves from a variety of data sources are used. In some instances, most 
notably for the derivation of UL relative to excess intake, it is necessary to 
make use of specified levels or thresholds in the absence of the ability to de-
scribe a dose–response relationship, specifically a no observed effect level 
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or a lowest observed effect level. Further, the levels of intake determined 
for adequacy and excess are adjusted as required, appropriate, and feasible 
by uncertainty factors, variance in requirements, nutrient interactions, bio-
availability and bioequivalence, and scaling or extrapolation.

Step 3: Intake Assessment

Consistent with risk assessment approaches, after the reference value 
is established, based on the information derived from scientific studies, an 
assessment of the current intake of (or exposure to) the nutrient of inter-
est is carried out in preparation for the risk characterization step. That 
is, the known “exposure” to the substance (or the known intake in the 
case of nutrients) is examined in light of the reference value established. 
Where information is available, an assessment of biochemical and clinical 
measures of nutritional status for all age, gender, and life stage groups can 
be a useful adjunct.

Step 4: “Risk Characterization” or Discussion of 
Implications and Special Concerns

Risk characterization is a hallmark of the risk assessment approach. 
For DRI purposes, it includes an integrated discussion of the public health 
implications of the DRIs and how the reference values may need to be 
adjusted for special vulnerable groups within the normal population. As ap-
propriate, discussions on the certainty/uncertainty associated with the ref-
erence values are included as well as ramifications of the committee’s work 
that the committee has identified as relevant to its risk assessment tasks.

THE APPROACH

The committee began its task in early 2009 and held a total of eight 
meetings through 2010. Committee members first reviewed the documents 
concerning the DRI framework (IOM, 2006, 2008; Taylor, 2008) so that 
members were well versed in the context of their work related to reference 
values. One of the committee’s first activities was to open a website where 
anyone could submit data or comments to the committee concerning 
vitamin D and calcium. Any information that was available to the public 
could be considered by the committee. During its first meeting, the com-
mittee made plans for a 1-day public workshop so that information could 
be presented and explained to the committee, and questions asked of 
stakeholders.

In order to set the stage for its review, the committee gathered cur-
rent background information on the metabolism of calcium and vitamin 
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D, including life stage differences in metabolism (Chapters 2 and 3). This 
information may be helpful to those less familiar with the biology and 
physiology of the two nutrients that are the subject of this report.

Consistent with the risk assessment approach, the committee then 
initiated the first step of risk assessment in Chapter 4—that is, the work 
to identify potential indicators. As described in Chapter 4, it reviewed the 
evidence related to those relationships that could potentially serve as the 
indicators for establishing DRIs. In order to ensure comprehensiveness, the 
committee included, as potential indicators, relationships that appeared 
marginal by standard scientific principles, as well as those suggested to be 
of interest by stakeholders.

An important set of analyses for the committee’s work was the evidence-
based reviews on vitamin D (and vitamin D in combination with calcium) 
carried out by the Agency for Healthcare Research and Quality (AHRQ) 
(Cranney et al., 2007; Chung et al., 2009). These are referred to throughout 
the report as AHRQ-Ottawa and AHRQ-Tufts, respectively, at times without 
a specific reference citation. The methods and results chapters from AHRQ-
Ottawa and AHRQ-Tufts are included in their entirety in the appendix 
section of this report. These large, comprehensive analyses were prepared 
by AHRQ at the request of the U.S. and Canadian governments and were 
conducted independently from this committee’s work. They provided valu-
able in-depth information on the quality of the available studies and the 
overall nature of the database for DRI development for vitamin D and to a 
lesser extent for calcium.

The AHRQ-Ottawa and AHRQ-Tufts analyses represent the current 
thinking on approaches to developing dietary reference values in which 
expansive and at times conflicting bodies of evidence must be arrayed and 
evaluated in as objective a manner as possible. The key to ensuring the rel-
evance of such analyses to the DRIs as well as their rigor and objectivity is to 
integrate subject matter experts with methodologists at the planning stages 
of the systematic reviews. Although the importance of evidence synthesis in 
medicine was recognized in the 1970s, its widespread use has taken place 
more recently, especially with the concern that the judgments and opinions 
of experts could be inadvertently biased (Moher and Tricco, 2008). The 
questions identified for the analysis must be reflective of the physiological 
and biological issues, and the inclusion/exclusion criteria must be agreed 
upon and specified a priori. As described by Moher and Tricco (2008), the 
four main components of the relevant questions are (1) the population or 
problem; (2) the intervention, the independent variable, or exposure; (3) 
the comparators; and (4) the dependent variable or outcomes of interest. 
The movement to systematic reviews in the nutrition field has been the 
subject of discussion recently and has been called out as particularly rel-
evant for nutrient reference value development (Russell et al., 2009). Their 
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utility is their ability to analyze objectively the available data; their strength 
derives from including subject matter experts in the planning stages and in 
the review stages as well. The specific approach used for each of the AHRQ 
analyses is described in the methodologies section of each (Appendixes C 
and D) and includes the itemization of the questions asked for the analysis.

It is important to underscore that systematic reviews array much but 
not all of the data and can assist a DRI committee in identifying relevant 
indicators. But they do not and cannot establish nutrient reference values, 
nor do they replace the rigorous integration process and exercise of scien-
tific judgment that characterizes DRI development. That process remains 
within the purview of the committee.

The committee actively identified other relevant studies not included 
in the AHRQ analyses or that were published after the close of the AHRQ 
analyses. These were included in the data consideration. Information from 
the committee’s open sessions as well as the work of committee consultants 
was also used. In this way, a totality of the body of evidence was established 
and carefully examined by the committee.

At the close of the literature review process, the committee selected 
the best indicators to serve as the basis of the DRI values (in Chapter 4). 
As shown in Chapter 5, the committee then moved to Step 2 in risk as-
sessment, which was to consider the intake-response (or dose–response) 
relationships based on the available literature. The information identified 
in Chapter 4 underpins the conclusions reached in Chapter 5. As a result 
of these discussions, the committee specified first for the purposes of ad-
equacy (EARs, RDAs, and AIs; Chapter 5) and then for preventing excess 
intakes (ULs; Chapter 6). Step 3 in risk assessment followed, during which 
the committee performed an intake assessment using current national 
survey data from the United States and Canada (Chapter 7). For vitamin D, 
consideration was given to the measures of serum 25OHD concentrations 
available from national surveys.

In the final step, Step 4, the committee outlined the implications of its 
work and discussed population segments of interest (Chapter 8). Medical 
conditions that may relate to special calcium or vitamin D nutriture are 
specifically outside the scope of the work for this committee and are not 
addressed in this report. However, a few prevalent clinical groups (e.g., 
premature infants) are mentioned briefly in Chapter 8. Finally, consistent 
with its charge, the committee identified research needs for the further 
development of DRIs for calcium and vitamin D (Chapter 9). Appendix 
A contains a glossary of terms, acronyms, and abbreviations. With the ex-
ception of the Summary and the tables that present the DRIs, this report 
expresses quantities of calcium as milligrams (mg) and quantities of vita-
min D as International Units (IU). In some venues vitamin D is expressed 
as micrograms (µg) for which 1 µg is equivalent to 40 IU. Serum levels of 
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25-hydroxyvitamin D are expressed as nanomoles per liter (nmol/L), but 
are also often expressed elsewhere as nanograms per milliliter (ng/mL). 
Values expressed as nmol/L are divided by the conversation factor of 2.5 
to obtain the equivalent measure in ng/mL. The Summary and the tables 
presenting the DRIs express vitamin D using µg as well as IU and express 
serum 25OHD levels using ng/mL as well as nmol/L.

In sum, Chapters 2 and 3 as developed provide background informa-
tion about the basic biology of calcium and vitamin D for the readers of this 
report, but they are not central to the risk assessment process that forms 
the foundation for this report. The risk assessment approach begins with 
Chapter 4, which reflects a literature review and evaluation concerning po-
tential indicators for development of DRIs for adequacy; at the close of the 
chapter, the indicator to be used for the development of DRIs for adequacy 
is identified. Chapters 5 through 8 contain discussions related to the other 
steps of risk assessment as specified in the generic model with Chapter 5 
providing the reference values related to adequacy of calcium and vitamin 
D. Chapter 6 overviews the literature related to adverse events and specifies 
the ULs. Appendix B lists special issues of interest identified by the spon-
sors of this report and taken into account during committee deliberations.

Finally, it should be noted that this report is not intended to critique 
or reevaluate the specific conclusions arrived at in the 1997 DRI report 
related to calcium and vitamin D. This would not be appropriate given the 
closed nature of those deliberations as well as the specific charge to this 
committee, which was to review the state of the data currently and come to 
its own conclusions about DRI values. When necessary to clarify this com-
mittee’s conclusions, and as relevant to set these new reference values in 
context, mention is made of the 1997 report.
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2

Overview of Calcium

INTRODUCTION

Calcium as a nutrient is most commonly associated with the formation 
and metabolism of bone. Over 99 percent of total body calcium is found 
as calcium hydroxyapatite (Ca10[PO4]6[OH]2) in bones and teeth, where 
it provides hard tissue with its strength. Calcium in the circulatory system, 
extracellular fluid, muscle, and other tissues is critical for mediating vas-
cular contraction and vasodilatation, muscle function, nerve transmission, 
intracellular signaling, and hormonal secretion. Bone tissue serves as a res-
ervoir for and source of calcium for these critical metabolic needs through 
the process of bone remodeling.

Calcium metabolism is regulated in large part by the parathyroid hor-
mone (PTH)–vitamin D endocrine system, which is characterized by a 
series of homeostatic feedback loops. The rapid release of mineral from 
the bone is essential to maintain adequate levels of ionized calcium in se-
rum. During vitamin D deficiency states, bone metabolism is significantly 
affected as a result of reduced active calcium absorption. This leads to in-
creased PTH secretion as the calcium sensing receptor in the parathyroid 
gland senses changes in circulating ionic calcium. Increased PTH levels 
induce enzyme activity (1α-hydroxylase) in the kidney, which converts vi-
tamin D to its active hormonal form, calcitriol. In turn, calcitriol stimulates 
enhanced calcium absorption from the gut. Not surprisingly, the interplay 
between the dynamics of calcium and vitamin D often complicates the 
interpretation of data relative to calcium requirements, deficiency states, 
and excess intake.
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1

1

SOURCES OF CALCIUM

Ingested calcium comes from food sources and dietary supplements. 
In this report dietary calcium refers to both food sources and supple-
ments combined (although some researchers reserve the term dietary 
calcium to mean only food sources) and is most often referred to as total 
calcium intake for clarity. With more than one-half of the U.S. population 
(Bailey et al., 2010)—and between 24 and 60 percent of Canadians (2004 
Canadian Community Health Survey, personal communication, D. Brulé, 
Health Canada, April 29, 2010)—reporting use of dietary supplements of 
some type, dietary supplements must be taken into account when consider-
ing the sources of calcium in the diet and, in turn, estimating total calcium 
intake. Current estimates from 2003 to 2006 indicate that the median total 
intake of calcium from all sources for persons > 1 year of age ranges from 
918 to 1,296 mg/day, depending upon life stage (Bailey et al., 2010). Only 
small amounts of calcium are contributed by water, depending upon geo-
graphic location. Chapter 7 of this report contains an assessment of quanti-
tative calcium intake in the U.S. and Canadian populations.

Food

Calcium is classically associated with dairy products; milk, yogurt, and 
cheese are rich sources of calcium, providing the major share of calcium 
from foods in the general diet in the United States and Canada. In the 
United States, an estimated 72 percent of calcium comes from milk, cheese 
and yogurt and from foods to which dairy products have been added (e.g., 
pizza, lasagna, dairy desserts). The remaining calcium comes from vegeta-
bles (7 percent); grains (5 percent); legumes (4 percent); fruit (3 percent); 
meat, poultry, and fish (3 percent); eggs (2 percent); and miscellaneous 
foods (3 percent).

U.S. Department of Agriculture/Economic Research Service Nutrient Availability Data 
(2009). Available online at http://www.ers.usda.gov/Data/FoodConsumption/Nutrient 
AvailIndex.htm. Accessed October 19, 2010.

 Similar data from Canada are not currently available.
Fortification with calcium for a number of foods that do not naturally 

contribute calcium—such as orange juice, other beverages, and ready-to-
eat cereals—is becoming commonplace in the United States (Calvo et al., 
2004; Rafferty et al., 2007; Poliquin et al., 2009). These practices challenge 
the ability of national food composition databases, such as those main-
tained by U.S. Department of Agriculture (USDA), to keep abreast of these 
newer products and may result in some underestimation of actual calcium 
intake from food sources. However, for those persons who choose such 
foods, total calcium intake is increased.
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2

Dietary Supplements

Among the U.S. population, about 43 percent of all persons—but 
almost 70 percent of older women—reported calcium intake from supple-
ments, based on a national survey conducted between 2003 and 2006 
(Bailey et al., 2010). When calcium from supplement use is taken into 
account based on these survey data, the average intake increases by about 
7 percent for males and 14 percent for females. However, this is not a 
meaningful snapshot of the effect of supplement use, because non-users of 
supplements are averaged with users, meaning that the effect is much more 
skewed than can be reflected by a mean estimate. Similar data are not avail-
able for Canada, but the frequency of use data show that 48 to 82 percent 
of Canadians reported taking a calcium supplement within the previous 30 
days (2004 Canadian Community Health Survey, personal communication, 
D. Brulé, Health Canada, April 29, 2010).

The most common forms of supplemental calcium are calcium carbon-
ate and calcium citrate.

Other forms of calcium dietary supplements include lactate, gluconate, glucoheptonate, 
and hydroxyapatite; their relevance for life stage groups may vary.

 The bioavailability of the calcium in these forms 
is discussed below in the section titled “Other Factors Related to Calcium 
Nutriture.” Generally fewer tablets of calcium carbonate are required to 
achieve given dose of elemental calcium because calcium carbonate gen-
erally provides 40 percent elemental calcium, compared with 21 percent 
for calcium citrate. Thus, costs tend to be lower with calcium carbonate 
(Heaney et al., 2001; Keller et al., 2002) than with calcium citrate, and com-
pliance may be higher among patients who do not want to take (or have 
difficulty swallowing) multiple pills. Chewable calcium carbonate supple-
ments are also available. However, compared with calcium citrate, calcium 
carbonate is more often associated with gastrointestinal side effects, includ-
ing constipation, flatulence, and bloating (Straub, 2007). Calcium citrate 
is less dependent than calcium carbonate on stomach acid for absorption 
(Hunt and Johnson, 1983; Recker, 1985; Straub, 2007) and thus can be 
taken without food. It is useful for individuals with achlorhydria, inflamma-
tory bowel disease, or absorption disorders or who are taking histamine-2 
receptor blockers or proton pump inhibitors; for residents of long-term 
care facilities where calcium supplements are not given with meals; and 
for others whose schedules preclude taking supplements with food (Bo-
Linn et al., 1984; Carr and Shangraw, 1987; Straub, 2007). Calcium can 
compete or interfere with the absorption of iron, zinc, and magnesium. 
For this reason, persons with known deficiencies of these other minerals 
who require calcium supplementation usually take calcium supplements 
between meals (Straub, 2007).
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METABOLISM OF CALCIUM

Absorption

Calcium is absorbed by active transport (transcellularly) and by passive 
diffusion (paracellularly) across the intestinal mucosa. Active transport of 
calcium is dependent on the action of calcitriol and the intestinal vitamin 
D receptor (VDR). This transcellular mechanism is activated by calcitriol 
and accounts for most of the absorption of calcium at low and moderate 
intake levels. Transcellular transport occurs primarily in the duodenum 
where the VDR is expressed in the highest concentration, and is dependent 
on up-regulation of the responsive genes including the calcium transport 
protein called transient receptor potential cation channel, vanilloid fam-
ily member 6 or TRPV6 (Li et al., 1993; Xue and Fleet, 2009). These 
features—up-regulation of VDR and TRPV6—are most obvious during 
states in which a high efficiency of calcium absorption is required.

Passive diffusion or paracellular uptake involves the movement of cal-
cium between mucosal cells and is dependent on luminal:serosal electro-
chemical gradients. Passive diffusion occurs more readily during higher 
calcium intakes (i.e., when luminal concentrations are high) and can oc-
cur throughout the length of the intestine (Ireland and Fordtran, 1973). 
However, the permeability of each intestinal segment determines passive 
diffusion rates. The highest diffusion of calcium occurs in the duodenum, 
jejunum, and ileum (Weaver and Heaney, 2006b).

From a recent series of controlled metabolic studies undertaken by the 
USDA, mean calcium absorption (also referred to as “fractional calcium 
absorption,” which is the percentage of a given dose of calcium that is 
absorbed) in men and non-pregnant women—across a wide age range—
has been demonstrated to be approximately 25 percent of calcium intake 
(Hunt and Johnson, 2007). Mean urinary loss averages 22 percent and 
fecal loss 75 percent of total calcium intake, with minor losses from sweat, 
skin, hair, etc. In general, mean calcium absorption and calcium intake 
are directly related (Heaney et al., 1975; Gallagher et al., 1980; Hunt and 
Johnson, 2007). However, fractional calcium absorption varies inversely 
with calcium intake when the intake is very low (Malm, 1958; Spencer et al., 
1969; Ireland and Fordtran, 1973). For example, when calcium intake was 
lowered from 2,000 to 300 mg, healthy women increased their fractional 
whole body retention of ingested calcium, an index of calcium absorp-
tion, from 27 percent to about 37 percent (Dawson-Hughes et al., 1993). 
This type of adaptation occurs within 1 to 2 weeks and is accompanied by 
a decline in serum calcium concentration and a rise in serum PTH and 
calcitriol concentrations (see section below titled “Homeostatic Regulation 
of Calcium”). The fraction of calcium absorbed rises adaptively as intake 
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is lowered. However, this rise is not sufficient to offset the loss in absorbed 
calcium that occurs as a result of the lower intake of calcium—however 
modest that decrease may be—and thus net calcium absorption is reduced.

Fractional calcium absorption varies during critical periods of life. In 
infancy, it is high at approximately 60 percent, although the range is large 
(Fomon and Nelson, 1993; Abrams et al., 1997). Calcium absorption in 
newborns is largely passive and facilitated by the lactose content of breast 
milk (Kocian et al., 1973; Kobayashi et al., 1975). As the neonate ages, pas-
sive absorption declines and calcitriol-stimulated active intestinal calcium 
absorption becomes more important (Ghishan et al., 1980; Halloran and 
DeLuca, 1980; Ghishan et al., 1984).

A recent preliminary report on breast-fed infants in the first 2 months 
of life (Hicks et al., 2010) reported calcium absorption of approximately 
33.7 ± 2.0 mg/100 kcal. In an earlier study using stable isotopes (Abrams 
et al., 1997), calcium absorption was measured in 14 breast milk–fed in-
fants who were 5 through 7 months of age at the time of the study. Mean 
absorption was 61 ± 23 percent of intake when approximately 80 percent 
of the calcium intake was from human milk (IOM, 1997). There was no 
significant relationship between calcium intake from solid foods and the 
fractional calcium absorption from human milk. This finding suggests that 
calcium from solid foods does not negatively affect the bioavailability of 
calcium from human milk (IOM, 1997). Using measured urinary calcium 
and estimates of endogenous excretion, net retention of calcium was cal-
culated to be 68 ± 38 mg/day for those infants. Abrams (2010) concluded 
that in infancy, based on calcium intakes that vary from as low as 200 mg/
day in exclusively breast-fed infants in the early months of life to 900 mg/
day in older formula-fed infants receiving some solids, calcium absorption 
depends primarily on the level of intake. The author reported that the 
absorption fraction can range from somewhat above 60 percent with lower 
intakes to about 30 percent with higher intakes. As the infant transitions 
into childhood, fractional calcium absorption declines, only to rise again 
in early puberty, a time when modeling of the skeleton is maximal. Abrams 
and Stuff (1994) found fractional absorption in white girls with a mean cal-
cium intake of about 931 mg/day to average 28 percent before puberty, 34 
percent during early puberty (the age of the growth spurt), and 25 percent 
2 years after early puberty. Fractional absorption remains about 25 percent 
in young adults. In 155 healthy men and women between 20 and 75 years 
of age, mean calcium absorption was 24.9 ± 12.4 percent of total intake 
(Hunt and Johnson, 2007). During pregnancy, calcium absorption doubles 
(Kovacs and Kronenberg, 1997; Kovacs, 2001). Metabolic status also influ-
ences calcium absorption such that severe obesity is associated with higher 
calcium absorption and dieting reduces the fractional calcium absorption 
by 5 percent (Cifuentes et al., 2002; Riedt et al., 2006).
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With aging and after menopause, fractional calcium absorption has 
been reported to decline on average by 0.21 percent per year after 40 years 
of age (Heaney et al., 1989). Nordin et al. (2004) and Aloia et al. (2010) 
also reported decreased absorption with age. There are early reports of an 
inverse correlation between age and calcium absorption in women (Avioli 
et al., 1965), and several studies have indicated that despite an increase in 
circulating levels of calcitriol in older women, which would be anticipated 
to increase calcium uptake, fractional calcium absorption was unaffected 
(Bullamore et al., 1970; Alevizaki et al., 1973; Gallagher et al., 1979; Tsai 
et al., 1984; Eastell et al., 1991; Ebeling et al., 1992). Thus, although cal-
cium absorption (active calcium transport) has been reported to decrease 
with age, it is challenging to take this factor into consideration given that 
calcium intake must be very high to have a significant effect on calcium 
uptake via the passive absorption.

Homeostatic Regulation of Calcium

Maintaining the level of circulating ionized calcium within a narrow 
physiological range is critical for the body to function normally, and con-
trol of serum calcium levels is maintained through an endocrine system—a 
system of glands that secrete hormones and is characterized by controlling 
factors and feedback mechanisms—that includes a major role for vitamin 
D metabolites, principally calcitriol, and PTH. Calcium balance within the 
body is closely linked to the hormonal actions of calcitriol. The vitamin D-
related endocrine system that maintains serum calcium levels is discussed 
in Chapter 3 but is also summarized below and illustrated in Figure 2-1.

The vitamin D metabolic system forms the basis of the calcium ho-
meostatic mechanism in mammals. Total calcium concentration in serum 
is tightly regulated to remain between 8.5 and 10.5 mg/dL (2.12 and 2.62 
mmol/L). If this level deviates slightly, the calcium sensing receptor of 
the parathyroid gland signals the secretion of PTH, which functions as a 
calcium sensor. PTH then stimulates the kidney to produce calcitriol, the 
hormonal form of vitamin D, as well as to activate bone resorption, which 
will increase extracellular calcium levels. Calcitriol acts in an endocrine 
manner on the intestine, bone, and kidney to raise serum calcium lev-
els; it also acts on the intestine and, to some extent, the kidneys to raise 
serum phosphorus levels. As the serum calcium level rises, the feedback 
mechanism causes the calcium sensing receptor to be turned off and PTH 
secretion to drop. If there is an overshoot in serum calcium levels, the “C” 
cells (parafollicular) cells of the thyroid gland secrete calcitonin, which can 
block bone calcium resorption, helping to keep serum calcium levels in the 
normal range. Calcitriol, through its receptor, also provides feedback rela-
tive to suppressing the production and release of PTH, commonly referred 



OVERVIEW OF CALCIUM 41

to as PTH suppression. Not shown in the figure is that calcitriol is also di-
rectly controlled by the serum phosphorus level; a high serum phosphorus 
level suppresses the formation of calcitriol, whereas a low level stimulates it.

FIGURE 2-1 Endocrine feedback system that maintains serum calcium levels: In-
volvement of vitamin D and parathyroid hormone (PTH).

Calcitriol 

Total Serum Calcium

NOTE: CT = calcitonin; PTG = parathyroid gland.
SOURCE: Reprinted with permission from Hector DeLuca.

Excretion

Calcium leaves the body mainly in urine and feces, but also in other 
body tissues and fluids, such as sweat. Calcium excretion in the urine is a 
function of the balance between the calcium load filtered by the kidneys 
and the efficiency of reabsorption from the renal tubules. Nearly 98 per-
cent of filtered calcium (i.e., glomerular filtrate) is reabsorbed by either 
passive or active processes occurring at four sites in the kidney, each con-
tributing to maintaining neutral calcium balance. Seventy percent of the 
filtered calcium is reabsorbed passively in the proximal tubule. Active cal-
cium transport is regulated by the calcium sensing receptor located in the 
ascending loop of Henle, where, in response to high calcium levels in the 
extracellular fluid, active reabsorption in the loop is blocked through ac-
tions of the calcium sensing receptor. In contrast, when the filtered calcium 
load is low, the calcium sensing receptor is activated, and a greater fraction 
of the filtered calcium is reabsorbed. In the distal tubule, the ion chan-
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nels known as transient receptor potential cation channel, vanilloid family 
member 5 or TRPV5 control active calcium transport and this process is 
regulated by calcitriol and estradiol (Hoenderop et al., 2000). Finally, the 
collecting duct also can participate in passive calcium transport, although 
the relative percentage of total calcium reabsorption in the collecting duct 
is low. Overall, a typical daily calcium loss for a healthy adult man or woman 
via renal excretion is 5 mmol/day (Weaver and Heaney, 2006a).

Calcium is excreted through the feces as unabsorbed intestinal cal-
cium and is shed in mucosal cells and secretions including saliva, gastric 
juices, pancreatic juice, and bile. Endogenous fecal calcium losses are 
approximately 2.1 mg/kg per day in adults and about 1.4 mg/kg per day 
in children (Abrams et al., 1991). These intestinal losses as well as minor 
losses in sweat are referred to collectively as endogenous calcium excretion. 
Endogenous calcium excretion, in contrast to urinary excretion, does not 
change appreciably with aging (Heaney and Recker, 1994).

PTH can be a major determinant of urinary calcium excretion; during 
states of low calcium intake, secondary increases in PTH levels result in 
reduced urinary calcium excretion. Impaired renal function due to aging 
paradoxically reduces calcium loss due to impaired filtration, but there is 
also a secondary increase in PTH levels due to reduced phosphate clear-
ance. However, renal 1α-hydroxylase activity declines with impaired renal 
function, so the net result is calcium loss from the kidney, but also reduced 
active transport of calcium from the intestine.

Excess Intake

Although excess intake of calcium is almost never due to calcium in-
take from foods, the use of calcium supplements (including the voluntary 
fortification of a range of foods that are not naturally sources of calcium) 
has increased (Ricci et al., 1998; Riedt et al., 2005), and excess calcium 
intake may occur as a result of high intake from calcium supplements. 
Excess calcium intake can result in adverse effects. Calcium plays a major 
role in the metabolism of virtually every cell in the body and interacts with 
a large number of other nutrients, and as a result, disturbances of calcium 
metabolism may give rise to a variety of adverse effects (IOM, 1997). A 
review of the considerations related to adverse effects from excess calcium 
ingestion can be found in Chapter 6, which focuses on the establishment 
of Tolerable Upper Intake Levels (ULs).

FUNCTIONS AND PHYSIOLOGICAL ACTIONS OF CALCIUM

Calcium is an integral component of the skeleton, and the skeleton 
provides a reservoir of calcium for other essential calcium-dependent func-
tions throughout the body. The skeleton serves at least three main func-
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tions. First, calcium, as part of the mineral hydroxyapatite, deposited into 
the organic matrix of the skeleton, is critical for its structure and is neces-
sary for tissue rigidity, strength, and elasticity. This function allows for nor-
mal movement and exercise. Second, the skeleton functions as a source of 
minerals and alkali and therefore is critical for overall mineral homeostasis. 
The skeleton is the principal depot for calcium, containing 98 percent of 
total body calcium. It can be called on repeatedly, through the processes 
of bone formation and resorption (referred to as remodeling, as discussed 
below), to maintain circulating levels of calcium at a constant level. While 
the same qualitative processes apply to skeletal calcium metabolism across 
the life cycle, there are quantitative differences by age and hormonal sta-
tus. These life cycle differences for skeletal growth and remodeling are 
discussed in a section below. Excessive calcium resorption can compromise 
the integrity and strength of the skeletal tissues. Third, the marrow cavity 
of bone serves as a major site for the development of hematopoietic cells 
and as a major compartment of the immune system. Several of the cell 
types involved in bone remodeling originate in the bone marrow compart-
ment. Stromal or connective tissue cells are found in the bone marrow; 
at one time, these were thought to be inert, but they are now considered 
multi-potent stem cells that can become either fat or bone cells under the 
influence of specific differentiation factors (Muruganandan et al., 2009).

A principal physiological function of calcium apart from its role in 
maintaining the skeleton, is as an essential intracellular messenger in cells 
and tissues throughout the body. Although this pool of calcium is quanti-
tatively small, the ionized calcium present in the circulatory system, extra-
cellular fluid, muscle, and other tissues, is critical for mediating vascular 
contraction and vasodilatation, muscle function, nerve transmission, and 
hormonal secretion. Ionized calcium is the most common signal transduc-
tion element in biology, owing to its ability to reversibly bind to proteins 
and to complex with anions such as citrate and bicarbonate (Weaver and 
Heaney, 2006b).

Bone Formation and Remodeling

Bone is composed of a mineral compartment, predominantly calcium 
hydroxyapatite and an organic matrix, osteoid, composed principally of 
collagen and non-collagenous proteins and growth factors. The relative 
contributions of the mineralized and organic compartments depend on 
the age of the individual; in general, 50 to 70 percent of bone is mineral, 
20 to 40 percent is organic matrix, and the rest is water and lipid. The or-
ganic matrix is critical for both the structural and functional components 
of the skeleton, providing elasticity and contributing to regenerative and 
remodeling properties. Much of the organic matrix is composed of type 
I collagen fibrils that are organized in such a manner that strength and 
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elasticity are combined. Numerous non-collagenous proteins are also pres-
ent in the organic matrix. Some of them, such as osteocalcin and matrix 
GLA protein, contain γ-carboxyglutamate, an amino acid with high affin-
ity for calcium that is required for proper mineralization of the matrix 
(see below). The role of phosphate in bone development should not be 
overlooked. As described below, first phosphorus is laid down during the 
mineralization process, and then calcium binds to it. Calcitriol stimulates 
the uptake of both calcium and phosphorus from the intestine.

Development

The skeleton develops through a process of either intramembranous 
or endochondral bone formation, depending on location and function. 
Intramembranous bone formation is the predominant process in the skull, 
whereas endochondral bone formation occurs in long bone and the axial 
skeleton. Intramembranous bone is formed by direct differentiation of 
mesenchymal precursors into osteoblasts, cells of the fibroblast–stromal 
lineage that produce bone matrix proteins and synthesize a lattice for 
subsequent mineralization. In contrast, during endochondral bone forma-
tion chondrocytic differentiation occurs first, leading to a soft cartilaginous 
infrastructure. The cartilage then becomes calcified, and the provisional 
calcified cartilage is subsequently replaced by bone. This occurs by vascular 
invasion, which allows entry of hematopoietic precursors and osteoclasts, 
macrophage-like cells that originate from the monocyte–macrophage lin-
eage, which remove apoptotic chondrocytes and cartilage (Provot and 
Schipani, 2007). New bone is formed by osteoblasts. Osteoblastogenesis 
follows chondrogenesis after release of growth factors from terminally dif-
ferentiated chondrocytes. The first bone formed is woven and relatively un-
organized. However, through osteoclastic modeling that bone is replaced 
by lamellar bone, which is highly organized and provides the strength 
necessary to support soft tissue (Yang and Yang, 2008).

Endochondral bone formation allows for linear development of the 
growth plate as well as periosteal expansion, which ultimately results in a 
longer and thicker bone. Mineralization is the final stage in terminal differ-
entiation of the osteoblast and occurs through a complex process whereby 
ion deposition is followed by crystal formation between the collagen fibrils. 
This occurs because of undersaturation of calcium hydroxyapatite in the 
extracellular fluid and the binding of calcium to non-collagenous proteins 
in the matrix (Favus, 2008). Initially, phosphate drives the mineralization 
by being laid down in bone as hydroxyapatite; the negative charge of hy-
droxyapatite then causes calcium to avidly bind to it. In states of phospho-
rus deficiency, unmineralized osteoid persists despite adequate calcium 
intake. Bone mechanical properties are then influenced by the distribu-
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tion, size, and density of the apatite crystals. Too much or too little mineral 
can lead to impaired bone strength; the former makes the bone too brittle, 
whereas the latter makes the bone too ductile and weak.

3

3

BOX 2-1 
Bone Remodeling Terms and Definitions

•  Cortical bone: One of two types of bone; makes up the outer part of 
all skeletal structures (nearly 80 percent of the skeleton); is dense and 
compact with a slow turnover rate and is highly resistant to bending 
and torsion.

•  Trabecular bone: Second of the two bone types; found inside of long 
bones, vertebrae, pelvis, and other large flat bones; is less dense than 
cortical bone and has a higher turnover rate.

•  Osteoblast: A type of bone cell that is responsible for the production 
of bone and bone formation.

•  Osteoclast: A type of bone cell that resorbs bone using acid and enzymes.
•  Bone remodeling: Process that occurs throughout the lifetime that 

results from the pairing action of osteoclasts (breaking down) and 
osteoblasts (building up), which replaces damaged bone with new 
material.

•  Bone modeling: A similar process to remodeling, except that new bone 
is formed at a location different from the site of resorption, such as 
during times of growth.

SOURCE: Hadjidakis and Androulakis, 2006.

Remodeling

Calcium balance is preserved within the non-bone tissues of the body, 
because adult bone constantly undergoes remodeling through bone re-
sorption, mainly by osteoclasts and bone formation mainly by osteoblasts.  

Not all calcium enters the skeleton through bone formation or leaves the skeleton through 
bone resorption, as discussed by Parfitt (2003). Moreover, during lactation and in response to 
other acute demands for calcium, osteocytes have been shown to resorb the matrix surround-
ing them and then to restore it after the stress is over (Teti and Zallone, 2009).

Terminology associated with remodeling is shown in Box 2-1. In adults, vir-
tually all of the human skeleton is remodeled over a 10-year cycle, although 
trabecular bone turns over more readily. In contrast, bone formation incor-
porates calcium into the matrix, and this process requires significant time 
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and energy. Overall calcium balance is maintained at the skeletal level by 
opposing actions of bone cells. Skeletal remodeling occurs in microscopic 
elements of bone referred to as remodeling units or basic multicellular 
units, which contain the osteoblasts (bone-resorbing cells) and osteoclasts 
(bone-forming cells). Old osteoblasts then become osteocytes entombed 
within the bone matrix after mineralization.

The axial and appendicular skeletons are composed of both cortical 
and trabecular bone. The hard outer shell of bone is cortical, which is 
remodeled less frequently, but is important for strength and periosteal 
expansion during puberty and with aging. The trabecular compartment is 
bathed by bone marrow and is remodeled much more frequently, which is 
in part due to a much greater surface area and the existence of marrow ele-
ments that are in close proximity to the endosteal surface of bone (which 
contribute progenitor cells for eventual remodeling).

Physical activity—or more specifically mechanical loading—is a critical 
component of skeletal homeostasis. It is thought that osteocytes in cortical 
bone sense changes in gravitational forces and elaborate growth factors 
that initiate remodeling. Unloading of the skeleton in cases such as bed 
rest or weightlessness (space travel) is associated with a profound uncou-
pling of remodeling, such that bone resorption is dramatically increased, 
whereas bone formation is suppressed. These changes cause rapid bone 
loss and are a major problem for long-term spaceflight. Loading of the skel-
eton by mechanical means (e.g., weight-bearing exercise such as running, 
walking, or jumping) can promote bone formation, particularly in early 
childhood and adolescence, although it has benefits later in life as well.

Concept of Normal, Healthy Bone Accretion

Bone is a dynamic tissue; it is metabolically active, responding to both 
genetically determined and environmental stimuli that ultimately deter-
mine its composition and structural integrity. Bone modeling describes 
events that occur primarily during growth resulting in increased bone size 
and modification of its shape in response to genetic determinants and 
mechanical loading. Bone remodeling occurs in response to stimulation 
by surface-dependent factors initiated by damage or mechanical loading. 
It includes bone resorption and deposition but does not alter the size or 
shape of bone (reviewed in Seeman, 2009).

Although the role of genetic and environmental factors in bone mod-
eling and remodeling has long been debated in the literature, genetics 
remains the chief determinant of bone mass, which, in turn, is the deter-
minant of bone strength (Krall and Dawson-Hughes, 1993; Jouanny et al., 
1995; Jones and Nguyen, 2000; Sigurdsson et al., 2008; Perez-Lopez et al., 
2010). Given uncertainties in understanding the cumulative impact of 
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genetic and environmental influences on bone mass across life stages, the 
question of whether attainment of maximal, optimal, or “peak” bone mass 
can be achieved on a lasting basis through dietary manipulation and/or 
use of supplements has not been completely resolved.

A 2-year longitudinal multiethnic study (Abrams et al., 2000) of changes 
in calcium absorption, bone accretion, and markers of bone growth in 
pre-pubertal girls (7 to 8 years of age) maintained on a calcium intake of 
1,200 mg/day found a significant increase in calcium use associated with 
pubertal development. The increase paralleled markers of bone forma-
tion; supporting the hypothesis that calcium intake during the early to 
late pubertal stage influences peak rates of calcium gain in bone during 
pubertal development. An earlier study followed pre-pubertal males and 
females (mean age 8.5 years) for 18 months after calcium supplementation 
and also found gains in bone mineral content (BMC) and bone area of the 
lumbar spine; however, the increases in bone accretion disappeared after 
supplements were withdrawn (Lee et al., 1996). In a longer-term random-
ized clinical trial, Matkovic et al. (2005) evaluated the effects of calcium 
supplementation on bone accretion in the transition from childhood into 
early adulthood. This study found significant increases in bone accretion 
for total bone density, distal and proximal radius, and metacarpal indexes 
after 4 years of supplementation; by 7 years, however, only the proximal 
radius and metacarpal indexes still showed significantly increased bone ac-
cretion over non-supplemented controls.

These findings corroborate a role for calcium intake and skeletal size; 
however, they also suggest that bone accretion diminishes during skeletal 
consolidation in late adolescence, and attainment of a peak bone mass was 
transient for some skeletal sites, even though the study subjects continued 
calcium supplementation through year 7. When considered together, these 
studies support an increase in skeletal size and mineralization that occurs 
with calcium supplementation, but fail to show consistently that BMC is re-
tained over the long term, particularly after supplementation is withdrawn.

Effect of Menopause

Studies of bone histomorphometry (Recker et al., 2004) and markers 
of bone remodeling (Uebelhart et al., 1990) indicate that bone remodel-
ing is accelerated in the perimenopausal and postmenopausal periods. The 
span of 5 to 10 years surrounding menopause is characterized by a decrease 
in estrogen production and an increase in resorption of calcium from 
bone (Stevenson et al., 1981; Riggs, 2002; Masse et al., 2005; Finkelstein 
et al., 2008), resulting in a marked decrease in bone density. For example, 
Ebeling et al. (1996) measured changes in markers of bone mineral density 
(BMD) in a cohort of 281 women who were 45–57 years of age, and found 
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the BMD in lumbar spine and femoral neck was decreased by 20 percent 
in perimenopausal and postmenopausal women compared with premeno-
pausal women. The bone loss is most rapid in the early years of menopause, 
and then approximately 6 to 7 years postmenopause the loss continues at 
a slower rate (Pouilles et al., 1995)

The bone loss associated with menopause results from uncoupling in 
the bone remodeling units, such that resorption of bone is greater than 
formation of new bone. Over time, such changes lead to skeletal fragility 
and decreased bone mass. Some cohort studies demonstrate that acceler-
ated bone loss is an independent risk factor for fracture, such that the 
combination of low bone mass and high rates of bone turnover markedly 
increase the potential for a future fracture (Garnero et al., 1996). Bone 
remodeling in postmenopausal osteoporosis includes changes in osteoid 
thickness, surface area, and volume. Parfitt et al. (1995) determined that 
defective osteoblast recruitment in women with osteoporosis resulted in 
decreased osteoid thickness, a characteristic of osteoporosis.

Considerable variability exists among women regarding the effects of 
menopause on bone loss, and such effects vary according to body mass 
index and ethnicity (Finkelstein et al., 2008). The effect of estrogen/
progesterone treatment on preventing bone loss and reducing fracture 
risk is well established. However, the use of such therapy has declined as 
a result of recent reports of adverse non-skeletal effects. Because rapid 
bone loss occurs after estrogen treatment is discontinued (Gallagher et al., 
2002), the potential impact on subsequent fracture rates is of interest but 
remains unclear.

Skeletal Disorders

Rickets and Osteomalacia

Rickets is the term for the end-stage condition in infants and children 
that begins with suboptimal bone mineralization at the growth plate and 
progresses with associated physiological perturbations that include second-
ary hyperparathyroidism, hypocalcemia, and hypophosphatemia leading to 
irreversible changes in skeletal structure. The disease is a disorder of the 
growth apparatus of bone in which growth cartilage fails to mature and 
mineralize normally. Because the bone is undermineralized it is also soft 
and ductile, and this leads to bowing of the limbs, widening and compres-
sion of the ends of the long bones, etc. The similar condition of osteoma-
lacia (defective mineralization of bone and softening of bone) also occurs, 
and is seen in adults as well as children. Although these conditions are 
commonly associated with inadequate vitamin D exposure, each can also 
result from calcium (or phosphorus) deficiency. Rickets and osteomalacia 



OVERVIEW OF CALCIUM 49

due to a lack of calcium in the diet cannot be corrected by increasing 
levels of calcitriol (i.e., the active form of vitamin D also referred to as 
1,25-dihyroxyvitamin D).

Rickets In rickets, during prolonged deficiency of calcium (and phos-
phate), the body increases PTH to prevent hypocalcemia by causing osteo-
clastic absorption of the bone. This, in turn, causes the bone to become 
progressively weaker, resulting in rapid osteoblastic activity. The osteoblasts 
produce large amounts of organic bone matrix, osteoid, which does not be-
come calcified (Guyton and Hall, 2001). Consequently, the newly formed, 
uncalcified osteoid gradually takes the place of other bone that is being 
reabsorbed. During the later stages of rickets, the serum calcium level 
falls precipitously, and tetany (neuromuscular spasm) develops. In infants 
and young children, a long-standing calcium intake deficiency, in associa-
tion with suboptimal vitamin D exposure, can produce rickets. Indeed, in 
experimental animals and in humans with extremely low vitamin D levels, 
genetic absence of calcitriol (vitamin D–dependent rickets [VDDR] type 
I), or genetic absence of the vitamin D receptor (VDDR type II), the use 
of increased calcium supplementation or calcium infusions will prevent 
and treat rickets. These observations indicate that the primary cause of 
rickets is inadequate delivery of calcium to the bone surface, not a defect 
in osteoblast function. In other words, the primary role for vitamin D and 
calcitriol in regulating skeletal homeostasis is indirectly accomplished by 
stimulating the intestinal absorption of calcium and phosphorus.

The clinical symptoms of rickets include stunted growth and bowing of 
the extremities. A serum 25-hydroxyvitamin D (25OHD) level of less than 
27 to 30 nmol/L is not diagnostic of the disease but is associated with an 
increased risk for developing rickets (Specker et al., 1992).

Osteomalacia In osteomalacia, as seen in adults, the newly deposited 
bone matrix fails to mineralize adequately. Poor calcium intake is associ-
ated with secondary increases in PTH in an attempt to compensate for 
low serum calcium levels. The secondary hyperparathyroidism of calcium 
deficiency states is associated with increased bone resorption and suppres-
sion of bone formation. As a result, older adults who have calcium-poor 
diets and very low vitamin D levels may develop not only osteoporosis, as 
described below (i.e., a reduction in bone mass), but also osteomalacia (a 
reduction in mineral within the bone matrix). Osteomalacia is actually the 
clinical syndrome of undermineralization of bone associated with muscle 
weakness, bone pain, and fractures. The characteristic histological feature 
of osteomalacia is unmineralized matrix, which is often represented ex-
perimentally as the ratio of osteoid volume to bone volume. Ultimately, 
reductions in mineralization lead to impaired bone strength and signifi-
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cant softening of the skeleton. The calcium levels in the blood of patients 
with osteomalacia are often normal despite the undermineralization of 
bone, underscoring the importance of maintaining the blood calcium 
level over maintaining the mineralization of the skeleton. However, serum 
phosphorus levels are frequently low, PTH concentrations are 5 to 10 times 
the normal levels, and there is an increased level of alkaline phosphatase 
together with increased markers of bone turnover. Bone scans often in-
dicate dramatically increased skeletal uptake by resident osteoblasts. As 
recognized by Parfitt et al. (1995) and illustrated by the histological classi-
fication scheme used for osteomalacia, what clinicians generally recognize 
as osteomalacia is the end-stage results from a prolonged severe deficiency 
of calcium and/or vitamin D. During the earliest stages (preosteomalacia), 
there exists a calcium-deficient state, even though the osteoid thickness, 
mineralization lag time, and osteoid volume are still normal. Subsequently, 
more dramatic changes occur including a greater increase in osteoid thick-
ness, and impaired mineralization.

Osteomalacia is estimated to be present in about 4 to 5 percent of 
general medical and geriatric patients (Anderson, 1961; Stacey and Daly, 
1989; Campbell et al., 1994). However, the clinical syndrome of bone 
pain, muscle weakness, and impaired bone mineralization is much less 
frequently recognized. In the face of severe osteoporosis, the diagnosis of 
osteomalacia can only be made by bone biopsy, usually using the method 
of double tetracycline labeling, demonstrating impaired mineralization 
of the skeleton (Villareal et al., 1991; Chapuy et al., 1992; Komar et al., 
1993). In fact, osteomalacia is noted histologically in the bones of 20 to 40 
percent of first-time hip fracture patients (Jenkins et al., 1973; Aaron et al., 
1974; Sokoloff, 1978). These results suggest that these individuals may be 
presenting with a mixture of osteoporosis and osteomalacia. This clinical 
scenario can be related to both nutrient insufficiency and the coincidental 
progression of age-related bone loss.

Osteoporosis and Fractures

Osteoporosis is a skeletal disorder associated with aging and charac-
terized by compromised bone strength due to reduced bone mass and 
reduced bone quality. Reduced bone mass—as measured by low BMD—
increases bone fragility and, in turn, predisposes a person to an increased 
risk of fracture, notably at the vertebrae, hip, and forearm (NIH Consensus 
Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy, 
2001). As shown in Figure 2-2, the relationship between BMD measures 
and the incidence of fractures is notable. Overall, osteoporosis-related 
morbidity and mortality, as well as health care costs, are a significant public 
health concern (NIH Consensus Development Panel on Osteoporosis Pre-
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vention, Diagnosis, and Therapy, 2001). Osteoporosis is most commonly 
associated with women, but the condition also occurs in men.

Menopause can initiate osteoporosis through elevated bone remod-
eling, which occurs characteristically in postmenopausal women. Re-
modeling activity, although designed to repair weakened bone, actually 
makes it temporarily weaker when remodeling is excessive. It can lead to 
enhanced skeletal fragility (Heaney, 2003). Although it is unclear to what 
extent calcium intake can mitigate such bone loss, inadequate calcium 
intake can exacerbate the situation.

Men experience age-related bone loss as well, although not due to 
menopause. This, in turn, can result in osteoporosis. However, the inci-
dence of fracture risk increases some 5 to 10 years later in men than it does 
in women (Tuck and Datta, 2007).

CALCIUM ACROSS THE LIFE CYCLE

The body’s need for calcium relative to skeletal growth and remodeling 
varies by life stage. The major physiological activities include bone accre-
tion during skeletal growth and maintenance of bone mass after growth is 
completed. Later in adult life, net calcium is lost from the body when bone 
formation no longer keeps up with bone resorption. For all life stages high-
lighted below, specific studies and conclusions are detailed in Chapter 4.

Infancy

At full-term birth, the human infant has accrued about 26 to 30 g of 
calcium, most of which is in the skeleton. When calcium transfer from 
the placenta ceases at birth, the newborn infant is dependent on dietary 
calcium. Calcium deposition into bone occurs at a proportionately higher 
rate during the first year of life than during other periods. Breast-fed in-
fants absorb about 55 to 60 percent of the calcium in human milk (Abrams 
et al., 1997). Formula-fed infants receive more calcium than breast-fed 
infants because formula contains nearly double the calcium of breast milk. 
However, fractional calcium absorption is lower in formula-fed infants, 
averaging about 40 percent among different formula types (Abrams et al., 
2002). Studies to establish the level of calcium provided by human milk 
are long-standing in nature, and little information has emerged to change 
the conclusions of earlier analyses. Although the composition of milk 
varies significantly from the start to the end of each feed, the average 
calcium concentration of milk produced in total for each feeding remains 
relatively constant over the months of lactation, with an estimated value of 
259 ± 59 mg/L at 30 days, followed by a small decrease during the second 
6 months. This estimate is based on the average concentrations found in 
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several studies from the United States and the United Kingdom, as sum-
marized in Atkinson et al. (1995). Variations in milk calcium content have 
been found between population groups. For example, in comparison with 
the above data from the United States, milk calcium concentrations have 
been found to be lower (by approximately 20 mg/100 mL at 5 months 
of lactation) in mothers from the Gambia, but this difference appears to 
be genetic and not due to differences in total intake of calcium (Prentice 
et al., 1995; IOM, 1997).

Relative to the average amount of milk consumed by infants, there are 
three key studies based on weighing full-term infants before and after feed-
ing (Butte et al., 1984; Allen et al., 1991; Heinig et al., 1993). While it has 
been noted that the volume of intake is somewhat lower during the first 
month of life than in subsequent months (Widdowson, 1965; Southgate 
et al., 1969; Lonnerdal, 1997) and that a number of factors contribute to 
variability in intake, an estimate of 780 mL/day is reasonable based on the 
data from the three test weighing studies. Therefore, given an intake of 
milk estimated to be 780 mL/day from the infant weighing studies and the 
average content of 259 ± 59 mg of calcium per liter, the intake of calcium 
for infants fed exclusively human milk is estimated to be 202 mg/day.

Childhood and Adolescence

Calcium deposition into bone is an ongoing process throughout child-
hood and into adolescence, reaching maximal accretion during the puber-
tal growth spurt. Measures of bone density in adolescent girls indicate that 
about 37 percent of total skeletal bone mass is achieved between pubertal 
stages 2 (mean age 11 years) and 4 (mean age 15 years), with an average 
daily calcium accretion rate of 300 to 400 mg/day (Matkovic et al., 1994). 
For growing children, bone modeling (i.e., formation over resorption) is 
the predominant skeletal process promoting longitudinal extension of the 
growth plate and periosteal expansion. Modeling requires mineralization; 
hence, calcium requirements are increased, particularly during neonatal 
and pubertal growth spurts. Approximately 40 percent of total skeletal 
bone mass is acquired within a relatively short window of 3 to 5 years, when 
gonadal steroids and growth hormone secretion are maximal (Weaver and 
Heaney, 2006b). During this time, bone formation far outpaces resorption 
and longitudinal growth, and consolidation of bone occurs. The most re-
cent estimate of average calcium accretion is 92 to 210 mg/day calcium in 
9- to 18-year-old boys and girls (Vatanparast et al., 2010), and bone calcium 
accretion can peak at 300 to 400 mg/day (Bailey et al., 2000).

During this developmental period, calcium absorption is maximal and 
variation in calcium intake accounts for 12 to 15 percent of the variance 
in calcium retention for both boys and girls. Increases in total calcium 
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transiently enhance bone mass (Lee et al., 1996; Matkovic et al., 2005). 
These effects disappear during or after cessation of increased calcium 
intake; final bone mass, measured in randomized trials of calcium supple-
mentation during this period, did not differ between controls and calcium-
supplemented individuals (Matkovic et al., 2005). However, this period of 
bone accretion determines adult bone mass, which, in turn, is a significant 
predictor of fracture risk late in life.

Young Adults

After puberty and throughout most of adulthood, bone formation and 
resorption are balanced. During this period, bone mass is consolidated, 
and calcium requirements are relatively stable. Peak bone mass, the maxi-
mum amount of bone that can be accumulated, is reached in early adult-
hood (Bonjour et al., 1994). The ability to attain peak bone mass is affected 
by genetic background and by lifestyle factors such as physical activity and 
total calcium intake. Specific skeletal sites have been found to reach peak 
bone mass at different ages, and bone mineral accretion has been reported 
to continue slowly into the third decade of life (Recker et al., 1992). Bone 
is a dynamic tissue, and a number of clinical studies suggest that increasing 
bone mass early in life has a transient effect, but does not confer protec-
tion against later bone loss and osteoporosis (Gafni and Baron, 2007). The 
calcium content of bone at maturity is approximately 1,200 g in women 
and 1,400 g in men (Ilich and Kerstetter, 2000; Anderson, 2001). In men, 
this level remains relatively constant until the onset of age-related bone 
loss later in life. In women, the level remains relatively constant until the 
onset of menopause. Although bone mass generally remains at a plateau 
during reproductive years, some studies have suggested that mean bone 
mass gradually reaches a plateau and then declines slowly with age.

Older Adults

Age-related bone loss, in both men and women, results when bone 
remodeling becomes uncoupled and bone resorption exceeds bone forma-
tion. However, the pathogenesis of bone loss is a multi-faceted process. The 
roles and interactions of various hormonal, genetic, and other factors in 
bone loss and risk for decreased bone health are not yet clear. Moreover, 
the ability of increased calcium intake to overcome the effects of bone loss 
related to menopause or normal aging continues to be debated.

In postmenopausal women, estrogen loss increases the rate of bone 
remodeling, characterized by an imbalance between osteoclast and osteo-
blast activity, resulting in irreversible bone loss (Riggs et al., 1998; Seeman, 
2003). Estrogen loss can further accelerate bone loss through its effect on 
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decreased absorption of calcium and increased urinary loss of calcium 
(Nordin et al., 2004). Evidence suggests that remodeling in women be-
comes imbalanced just prior to, during, and immediately after menopause, 
when the rate of bone loss becomes more rapid. However, the rate of bone 
loss as a result of menopause varies greatly depending upon a number of 
factors, including genetics, body composition, other hormonal changes 
and endogenous production of estradiol.

The effects of lower estrogen levels on calcium balance continue to 
be debated. However, the principal effect of estrogen deficiency on the 
skeleton is increased bone resorption. The range of bone loss in the 7 to 
10 years around the onset of menopause can range from 3 to 7 percent 
annually (Kenny and Prestwood, 2000). In women over age 65, the rate of 
bone loss slows again to 0.5 to 2 percent per year (Greenspan et al., 1994). 
Later in menopause—and in men over 70 years of age—if reduced calcium 
intake occurs, it contributes to a secondary form of hyperparathyroidism, 
which serves as a compensatory mechanism to maintain extracellular cal-
cium balance. This compensation results in accelerated bone resorption, 
leading to a net loss of bone mass under these conditions.

For men over 65 years of age, the loss of bone is about 1 to 2 percent 
per year (Orwoll et al., 1990; Hannan et al., 1992). Additionally, reduced 
glomerular filtration rate is another factor associated with aging that af-
fects renal conservation of calcium in both men and women (Goldschmied 
et al., 1975) and also leads to secondary hyperparathyroidism, which can 
cause significant bone loss. This is underscored by patients with renal 
disease who have renal osteodystrophy, now referred to as chronic kidney 
disease–mineral disorder (Demer and Tintut, 2010; Peacock, 2010).

Pregnancy and Lactation

Pregnancy

The fetal need for calcium is met by maternal physiological changes, 
primarily through increased calcium absorption. There is currently de-
bate about whether calcium is also mobilized from maternal skeleton, as 
discussed in Chapter 4. In any case, calcium is actively transported across 
the placenta from mother to fetus, an essential activity to mineralizing the 
fetal skeleton. Calcium accretion in the developing fetus is low until the 
third trimester of pregnancy when the fetus requires about 200 to 250 mg/
day calcium to sustain skeletal growth (Givens and Macy, 1933; Trotter and 
Hixon, 1974). Intestinal calcium absorption of the mother doubles begin-
ning early in pregnancy—even though there is little calcium transfer to the 
embryo at this stage (Heaney and Skillman, 1971; Kovacs and Kronenberg, 
1997)—and continues through late pregnancy (Kent et al., 1991). Overall, 
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relatively few studies have examined the effect of calcium supplementation 
on either fetal or maternal outcomes.

Maternal serum calcium falls during pregnancy (Pedersen et al., 1984), 
but this is likely not important from a physiological perspective in that it 
reflects the fall in serum albumin caused by plasma volume expansion and 
therefore does not imply calcium deficiency. Reports indicate that the con-
centration of ionized calcium remains normal during pregnancy (Frolich 
et al., 1992; Seely et al., 1997).

Pregnant women consuming moderate (800 to 1,000 mg/day [Gertner 
et al., 1986; Allen et al., 1991]) to high (1,950 mg/day [Cross et al., 1995]) 
levels of calcium are often hypercalciuric due to increased intestinal cal-
cium absorption (i.e., absorptive hypercalciuria), and as such pregnancy 
itself can be a risk factor for kidney stones.

Within the developing human fetus, calcium metabolism is regulated 
differently from that of its mother. Serum calcium, ionized calcium, and 
phosphorus are raised above the maternal values, while PTH and calcitriol 
are low. The high calcium and phosphorus as well as the low levels of PTH 
all contribute to suppression of the renal 1α-hydroxylase and maintenance 
of low levels of calcitriol.

In adolescents, whose skeleton is still growing, pregnancy could theo-
retically reduce peak bone mass and increase the long-term risk of osteopo-
rosis. Although most cross-sectional studies comparing BMD in teens early 
post-partum to never-pregnant teens (reviewed by Kovacs and Kronenberg, 
1997) suggest that BMD or bone mass after adolescent pregnancy is not 
adversely affected, a few smaller associational studies report that adoles-
cent age at first pregnancy is associated with lower BMD in the adult 
(Sowers et al., 1985, 1992; Fox et al., 1993). Chantry et al. (2004) analyzed 
data from the Third National Health and Nutrition Examination Survey 
(NHANES III) on BMD as measured by dual-energy X-ray absorptiometry 
(DXA) for 819 women ages 20 to 25 years and found that women preg-
nant as adolescents had the same BMD as nulliparous women and women 
pregnant as adults.

Lactation

Breast milk calcium content is homeostatically regulated, and maternal 
calcium intake does not appear to alter the breast milk calcium content 
(Kalkwarf et al., 1997; Jarjou et al., 2006). Generally, human breast milk 
will provide two to three times the amount of calcium to the infant during 
6 months of lactation as the pregnant woman will have provided to the 
fetus during the preceding 9 months of pregnancy. To meet the calcium 
demands of pregnancy, key physiological changes in the female will also oc-
cur, but the adaptations differ from those that take place during pregnancy 
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(Kovacs and Kronenberg, 1997; Kalkwarf, 1999; Prentice, 2003; Kovacs, 
2005, 2008; Kovacs and Kronenberg, 2008). Maternal bone resorption is 
markedly up-regulated (Specker et al., 1994; Kalkwarf et al., 1997), and it 
appears that most of the calcium present in milk derives from the mater-
nal skeleton. Maternal BMD can decline 5 to 10 percent during the 2- to 
6-month time period of exclusive breastfeeding. However, it normally re-
turns to baseline during the 6 to 12 months post-weaning (Kalkwarf, 1999). 
Thus, in the long term, a history of lactation does not appear to increase 
the risk of low BMD or osteoporosis.

The physiological responses appear to be similar for lactating adoles-
cents. In fact, an analysis using NHANES III data compared BMD from 
DXA measures in 819 women ages 20 to 25 years (Chantry et al., 2004), 
and found that young women who had breast-fed as adolescents had higher 
BMD than those who had not breast-fed, even after controlling for obstetri-
cal variables. This suggests that the normal loss of BMD during lactation 
and the post-lactation recovery occurs in adolescents as well.

BONE MASS MEASURES ASSOCIATED WITH CALCIUM

Several key bone mass measures are commonly used in the context 
of calcium nutriture and related health outcomes. The accumulation and 
level of bone mass can be determined using the calcium balance method 
or, alternatively, the measurement of BMC or BMD based on DXA. The lat-
ter method relies on the assumption that about 32 percent of the measured 
bone mineral is calcium (Ellis et al., 1996; Ma et al., 1999). These methods 
are described below.

Calcium Balance

Calcium balance (positive, neutral, or negative) is the measure derived 
by taking the difference between the total intake and the sum of the uri-
nary and endogenous fecal excretion. Balance studies embody a metabolic 
approach to examining the relationship between calcium intake and cal-
cium retention and are based on the assumption that the body retains the 
amount of calcium that is needed. As such, measures of calcium balance 
(or of “calcium retention”) can reflect conditions of bone accretion, bone 
maintenance, or bone loss. Calcium balance analyses involve measuring as 
precisely as possible the intake and the output of calcium. Output is usually 
reflected by urine and fecal calcium; sweat calcium is not usually measured, 
but its inclusion adds to the precision of the estimates. Calcium balance 
studies are expensive and require considerable subject cooperation owing 
to the prolonged stays in metabolic wards. Measures of calcium balance 
have limitations and are generally cross–sectional in nature, and their 
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precision is difficult to ascertain. However, if well conducted, they provide 
valuable information on calcium requirements relative to the typical intake 
of the population under study. Long-term balance studies for calcium are 
generally not carried out because of the difficult study protocol. Calcium 
balance can also be estimated by using stable isotopes to trace the amount 
of calcium absorbed, usually in infants from a single feeding (Abrams, 
2006).

Calcium balance outcomes that are positive are indicative of calcium 
accretion and are sometimes referred to as net calcium retention; neutral 
balance suggests maintenance of bone, and negative balance indicates bone 
loss. The relevance of the calcium balance state varies depending upon 
developmental stage. Infancy through late adolescence are characterized 
by positive calcium balance. In female adolescents and adults, even within 
the normal menstrual cycle, there are measurable fluctuations in calcium 
balance owing to the effects of fluctuating sex steroid levels and other 
factors on the basal rates of bone formation and resorption. Later in life, 
menopause and age-related bone loss lead to a net loss as a result of cal-
cium due to enhanced bone resorption.

In the 1997 IOM report that focused on calcium DRIs (IOM, 1997), 
metabolic studies of calcium balance were used to obtain data on the rela-
tionship between calcium intakes and retention, from which a non-linear 
regression model was developed; from this was derived an intake of calcium 
that would be adequate to attain a predetermined desirable calcium reten-
tion.  

A footnote to the 1997 IOM report (IOM, 1997) explains the decision not to base con-
siderations on maximal calcium retention: The 1997 committee intended to use a recently 
described statistical model (Jackman et al., 1997) to estimate an intake necessary to sup-
port maximal calcium retention and from which to derive an EAR, and did so in the pre-
publication of the report. In the original paper by Jackman et al. (1997), an estimate was 
made of the lowest level of calcium intake that was statistically indistinguishable from 100 
percent maximal retention in some individuals. However, the Standing Committee on the 
Scientific Evaluation of Dietary Reference Intakes (DRI Committee) reviewed the approach 
in the pre-publication of the report and adopted a different interpretation of the data for the 
purpose of establishing an AI. The 1997 committee was subsequently advised that there were 
both statistical and biological concerns with the application of the percent maximal retention 
model (presented in Appendix E of the 1997 IOM report [IOM, 1997]). The final print of the 
1997 report retained the statistical model described by Jackman et al. (1997), but applied it to 
determine, from the same calcium balance data as was used in the pre-publication report, an 
estimate of the calcium intake that is sufficient to achieve a defined, desirable level of calcium 
retention specific to the age groups considered.

The approach used in 1997 was a refinement of an earlier approach 
suggested to determine the point at which additional calcium does not 
significantly increase calcium retention, called the plateau intake (Spencer 
et al., 1984; Matkovic and Heaney, 1992).

The balance studies included in the 1997 IOM report (IOM, 1997) met 
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criteria that included the following: subjects had a wide range of calcium 
intakes, as variability in retention increases at higher intakes; the balance 
studies were initiated at least 7 days after starting the diet in order for 
subjects to approach a steady state, as observed by Dawson-Hughes et al. 
(1988); and, where possible, the adult balance studies included were only 
for subjects who were consuming calcium at their usual intakes, unless 
otherwise indicated. By selecting studies conducted on such subjects, the 
1997 committee concluded that it obviated the concern about whether 
the bone remodeling transient (i.e., the temporary alteration in the balance 
between bone formation and bone resorption) might introduce bias in the 
calcium retentions observed (IOM, 1997). Such selection was not possible 
in studies in children who were randomized to one of two calcium intakes. 
However, in children, the impact of the bone remodeling transient related 
to changing intake is overshadowed by their rapid and constantly changing 
rates of calcium accretion (i.e., their modeling and remodeling rates are 
not in steady state, even without an intake change).

For the 1997 DRI development (IOM, 1997), the non-linear regression 
model describing the relationship between calcium intake and retention 
was solved to obtain a predetermined desirable calcium retention that was 
specific for each age group. According to the report, the major limitation 
of the data available was that bone mineral accretion during growth had 
not yet been studied over a wide range of calcium intakes. Overall, the com-
mittee expressed concern about the uncertainties in the methods inherent 
in balance studies.

Specifics about calcium balance studies that relate to DRI development 
are provided in Chapter 4, but, as background the recent work of Hunt 
and Johnson (2007) offers some remedy for the uncertainties surrounding 
the precision of balance studies. Hunt and Johnson (2007) examined data 
from 155 subjects—men and women between the ages of 20 and 75 years—
who took part in 19 feeding studies conducted at one site (Grand Forks 
Human Nutrition Research Unit) between 1976 and 1995 in a metabolic 
unit under carefully controlled conditions.

In their overall analysis, the relationship between intake and output 
was examined by fitting random coefficient models. Rather than model 
calcium retention compared with calcium intake by using the Jackman 
et al. (1997) model, as was done in the 1997 DRI report (IOM, 1997), 
Hunt and Johnson (2007) modeled output rather than retention to avoid 
confounding in the precision of estimates that would be caused by includ-
ing intake as a component of the dependent variable. In the Hunt and 
Johnson (2007) analysis, the data summary did not show non-linearity 
and therefore did not justify the use of a more complex non-linear model. 
The authors noted that the coefficients of the 1997 approach appeared 
to be greatly influenced by data points above the 99th percentile of daily 
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calcium intake and pointed out that the data in their model reflected typi-
cal calcium intake between the 5th and approximately 95th percentiles for 
all boys and men 9 or more years of age, and between the approximately 
25th and greater than 99th percentiles for all girls and women 9 or more 
years of age.

Hunt and Johnson (2007) also pointed out that most (but not all) 
studies with adults that indicate a positive influence of high total calcium 
in reducing the rate of bone remodeling were confounded by the presence 
of vitamin D as an experimental co-variable. In their study, the metabolic 
diets were similar to the estimated median intake of vitamin D by free-living 
young women. In short, the analysis may provide a reasonable approach 
for extracting meaningful data from calcium balance studies that are often 
confounded by multiple dietary factors. At this point, factorial methods 
should be briefly noted as the determination of calcium requirements 
has also made use of a factorial approach as noted in the 1997 DRI report 
(IOM, 1997). The factorial approach allows the estimate of an intake level 
that achieves the measured levels of calcium accretion/retention. The 
method combines estimates of losses of calcium via its main routes in ap-
parently healthy individuals and then assumes that these losses represent 
the degree to which calcium intake, as corrected by estimated absorption, 
is required to balance these losses. The weakness in this method is that it 
is unusual for all of the necessary measurements to be obtained within a 
single study. Therefore, most calculations using the factorial approach are 
compiled from data in different studies and thus in different subjects; this 
can introduce considerable variation and confound the outcomes. This 
approach, as carried out in the 1997 IOM report on DRIs for calcium and 
vitamin D (IOM, 1997), where the interest was in desirable retention, is 
illustrated in Table 2-1.

Bone Mineral Content and Bone Mineral Density

BMC is the amount of mineral at a particular skeletal site, such as 
the femoral neck, lumbar spine, or total body. BMC is correctly a three-
dimensional measurement, but when it is commonly measured by DXA, a 
cross-section of bone is analyzed, and the two-dimensional output is a real 
BMD (i.e., BMC divided by the area of the scanned region). True measure-
ments of BMC (volumetric BMD) can be determined non-invasively by 
computed tomography. Throughout this report, the term “BMD” generally 
means areal BMD unless specified as volumetric BMD. Most importantly, 
any of these measures are strong predictors of fracture risk (IOM, 1997). 
Bone density studies can be considered to reflect average intakes of cal-
cium over a long period of time. When available, such data likely provide 
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a better snapshot of long-term calcium intake than does the combination 
of accretion/retention data.

TABLE 2-1 1997 DRI Factorial Approach for Determining Calcium 
Requirements During Peak Calcium Accretion in White Adolescents

Number of 
Observations

Female 
Calcium 
Requirements 
(mg/day)

Number of 
Observations

Male Calcium 
Requirements 
(mg/day)

Peak calcium accretion 507 212a 471 282a

Urinary losses 28 106b 14 127c

Endogenous fecal calcium 14 112d 3 108e

Sweat Losses 55f 55f

 Total 485 572

Total adjusted for 
absorptiong

1,276 1,505

 aMartin et al. (1997) using peak BMC velocity.
 bGreger et al. (1978); Weaver et al. (1995).
 cMatkovic (1991).
 dWastney et al. (1996) for mean age 13 years on calcium intakes of 1,330 mg/day.
 eAbrams et al. (1992).
 fTaken from Peacock (1991) who adjusted the adult data of Charles et al. (1983) for body 
weight.
 gAbsorption is 38% for mean age 13 years on calcium intakes of 1,330 mg/day (Wastney 
et al., 1996).

In children, change in BMC is a useful indicator of calcium retention; 
change in BMD is less suitable, because it overestimates mineral content 
as a result of changes in skeletal size from growth (IOM, 1997). In adults, 
with their generally stable skeletal size, changes in either BMD or BMC 
are useful measures. In the context of longitudinal calcium intervention 
trials that measure change in BMC, the measures can provide data on the 
long-term impact of calcium intake not only on the total skeleton, but 
also on skeletal sites that are subject to osteoporotic fracture (IOM, 1997). 
However, because DXA does not distinguish between calcium that is within 
bone and calcium on the surface (e.g., osteophytes, calcifications in other 
tissues) or within blood vessels (e.g., calcified aorta), an increase in BMC 
or BMD, particularly in the spine, may result in false positive readings sug-
gesting high bone mass (Banks et al., 1994).

In DXA, fan beam dual-energy X-ray beams are used to measure bone 
mass, with correction for overlying soft tissue. Data are converted to BMC 
and the area represented is measured. The BMD measurement is an-
notated in grams of mineral per square centimeter. BMC represents the 
amount of mineral in a volume of bone without consideration of total body 
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size. It is thus independent of growth. The DXA method is also limited by 
excessive soft tissue as present in massively obese individuals. Dual-energy 
computed tomography measurements, which are much more expensive 
and require larger X-ray doses can provide density as well as volumetric 
determinants and are useful for estimating the entire mineral component.

Direct estimation of calcium balance in older adults by BMD is highly 
dependent on other factors besides calcium intake, such as serum levels 
of estrogen and PTH, intake of other nutrients (e.g., phosphorus and 
sodium), as well as adequate intestinal absorption and normal kidney 
function. Indeed, bone remodeling is not directly regulated by calcium, 
although it can suppress PTH-induced increases in bone resorption under 
certain conditions. Circumstances that enhance bone resorption, such as 
estrogen deficiency, or glucocorticoid use, alter the organic matrix and 
reduce the thickness and density of trabeculae, independent of calcium in-
take. In short, density measurements do not directly reflect calcium stores.

OTHER FACTORS RELATED TO CALCIUM NUTRITURE

As described above, not all calcium consumed is absorbed once it en-
ters the gut. In general, the efficiency of calcium absorption is in reverse 
proportion to the amount of calcium consumed at any one time. Other 
factors also affect the amount of calcium available to the body.

Bioavailability of Calcium

Humans absorb about 30 percent of the calcium present in foods, 
but this varies with the type of food consumed. Bioavailability is generally 
increased when calcium is well solubilized and inhibited in the presence 
of agents that bind calcium or form insoluble calcium salts. The absorp-
tion of calcium is about 30 percent from dairy and fortified foods (e.g., 
orange juice, tofu, soy milk) and nearly twice as high from certain green 
vegetables (bok choy, broccoli, and kale). If a food contains compounds 
that bind calcium or otherwise interfere with calcium absorption, such as 
oxalic acid and phytic acid, then the food source is considered to be a poor 
source of calcium. Foods with high levels of oxalic acid include spinach, 
collard greens, sweet potatoes, rhubarb, and beans. Among the foods high 
in phytic acid are fiber-containing whole-grain products and wheat bran, 
beans, seeds, nuts, and soy isolates. The extent to which these compounds 
affect calcium absorption varies, and food combinations affect overall 
absorption efficiency. Eating spinach with milk at the same time reduces 
the absorption of the calcium in the milk (Weaver and Heaney, 1991); in 
contrast, wheat products (with the exception of wheat bran) do not appear 
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to have a negative impact on calcium absorption (Weaver et al., 1991).

Available online at http://ods.od.nih.gov/factsheets/calcium/ (accessed July 23, 2010).

Vegan sources of calcium may be less bioavailable and, in turn, problematic 
for ensuring adequate calcium intake (Weaver, 2009).

The calcium salts most commonly used as supplements or food for-
tificants exhibit similar absorbability when tested in pure chemical form 
(Rafferty et al., 2007), but the absorbability of calcium from pharmaceutical 
preparations can fall short of predictions from studies of pure salts (Weaver 
and Heaney, 2006a). Calcium citrate appears to be better absorbed than 
calcium carbonate (Harvey et al., 1988); when they are taken with food, 
however, some researchers (Heaney et al., 1999), but not all (Heller et al., 
2000), suggest comparable bioavailability of the two forms of calcium.

Factors in the Diet

Protein

Protein intake stimulates acid release in the stomach, and this, in 
turn, enhances calcium absorption. However, it has long been known that 
protein also increases urinary calcium excretion. The effect of protein on 
calcium retention and hence bone health has been controversial (IOM, 
1997). Several observational and clinical studies have examined the effect 
of high-protein diets on bone (Shapses and Sukumar, 2010). Over a 4-year 
period in the Framingham Osteoporosis Study (Hannan et al., 2000), a 
higher protein intake (84 to 152 g/day), was positively associated with 
change in femoral neck and spine BMD (Shapese and Sukumar, 2010). 
Additionally, NHANES II suggested a positive association between femoral 
neck BMD and total protein intake (> 75 g/day) (Kerstetter et al., 2000; 
Shapses and Sukumar, 2010). In contrast, some epidemiological studies 
suggest that high protein diets reduce bone mass; this has been attributed 
to a higher acid load, leading to a buffering response by the skeleton and 
greater urinary calcium excretion. A recent meta-analysis (Darling et al., 
2009) concluded that there is a small benefit of protein for bone health, 
but the benefit may not necessarily translate into reduced fracture risk in 
the long term. Shapses and Sukumar (2010) suggested that the currently 
available data would lead to the conclusion that there is a beneficial effect 
of increasing protein intake on bone in older individuals who normally 
have a habitually low intake of protein.
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Foods and Food Components

Sodium and potassium in the diet may also affect calcium nutriture. 
High intakes of sodium increase urinary calcium excretion. In contrast, 
adding more potassium to a high-sodium diet might help decrease calcium 
excretion, particularly in postmenopausal women (Sellmeyer et al., 2002; 
IOM, 2005).

Alcohol intake can affect calcium nutriture by reducing calcium ab-
sorption (Hirsch and Peng, 1996), although the amount of alcohol re-
quired to cause an effect and whether moderate alcohol consumption is 
helpful or harmful to bone are unknown.

Caffeine from coffee and tea modestly increases calcium excretion 
and reduces absorption (Heaney and Recker, 1982; Bergman et al., 1990). 
Two studies have indicated that caffeine intake (two to three or more cups 
of coffee per day) will result in bone loss, but only in individuals with low 
milk or low total calcium intake (Barrett-Connor et al., 1994; Harris and 
Dawson-Hughes, 1994).

Phosphate is also of interest. Food phosphate is a mixture of inorganic 
and organic forms, and there is no evidence that its absorption efficiency 
varies with dietary intake. A portion of phosphorus absorption is due 
to saturable, active transport facilitated by calcitriol. However, fractional 
phosphorus absorption is virtually constant across a broad range of intakes 
suggesting that absorption occurs primarily by a passive, concentration-
dependent process. Several observational studies have suggested that the 
consumption of carbonated soft drinks with high levels of phosphate is 
associated with reduced bone mass and increased fracture risk, but it is 
likely that the effect is due to replacing milk with soda, rather than to 
phosphorus itself (Calvo, 1993; Heaney and Rafferty, 2001).
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Overview of Vitamin D

INTRODUCTION

Vitamin D, first identified as a vitamin early in the 20th century, is now 
recognized as a prohormone. A unique aspect of vitamin D as a nutrient 
is that it can be synthesized by the human body through the action of 
sunlight. These dual sources of vitamin D make it challenging to develop 
dietary reference intake values.

Vitamin D, also known as calciferol, comprises a group of fat-soluble 
seco-sterols. The two major forms are vitamin D2 and vitamin D3. Vitamin 
D2 (ergocalciferol) is largely human-made and added to foods, whereas 
vitamin D3 (cholecalciferol) is synthesized in the skin of humans from 
7-dehydrocholesterol and is also consumed in the diet via the intake of 
animal-based foods. Both vitamin D3 and vitamin D2 are synthesized com-
mercially and found in dietary supplements or fortified foods. The D2 
and D3 forms differ only in their side chain structure. The differences 
do not affect metabolism (i.e., activation), and both forms function as 
prohormones. When activated, the D2 and D3 forms have been reported 
to exhibit identical responses in the body, and the potency related to the 
ability to cure vitamin D–deficiency rickets is the same (Fieser and Fieser, 
1959; Jones et al., 1998; Jurutka et al., 2001). Experimental animal studies 
have indicated that vitamin D2 is less toxic than vitamin D3, but this has not 
been demonstrated in humans.

The activation steps involved in converting vitamin D from the diet 
and cutaneous synthesis are illustrated in Figure 3-1. Vitamin D, in either 
the D2 or D3 form, is considered biologically inactive until it undergoes two 
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FIGURE 3-1 Overview of vitamin D synthesis, intake, and activation.
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enzymatic hydroxylation reactions. The first takes place in the liver, medi-
ated by the 25-hydroxylase (most likely cytochrome P450 2R1 [CYP2R1]) 
which forms 25-hydroxyvitamin D (hereafter referred to as 25OHD). The 
second reaction takes place in the kidney, mediated by 1α-hydroxylase 
(CYP27B1), which converts 25OHD to the biologically active hormone, 
calcitriol (1,25-dihydroxyvitamin D). The 1α-hydroxylase gene is also ex-
pressed in several extra-renal tissues, but its contribution to calcitriol for-
mation in these tissues is unknown. 25OHD, the precursor of calcitriol, is 
the major circulating form of vitamin D; it circulates bound to a specific 
plasma carrier protein, vitamin D binding protein (DBP). DBP also trans-
ports vitamin D and calcitriol.

The renal synthesis of calcitriol is tightly regulated by two counter-
acting hormones, with up-regulation via parathyroid hormone (PTH) 
and down-regulation via fibroblast-like growth factor-23 (FGF23) (Galitzer 
et al., 2008; Bergwitz and Juppner, 2010). Low serum phosphorus levels 
stimulate calcitriol synthesis, whereas high serum phosphorus levels in-
hibit it. Following its synthesis in the kidney, calcitriol binds to DBP to be 
transported to target organs. The biological actions of calcitriol, involve 
regulation of gene expression at the transcriptional level, and are mediated 
through binding to a vitamin D receptor (VDR), located primarily in the 
nuclei of target cells (Jones et al., 1998; Jurutka et al., 2001). Additional 
hydroxylation reactions, such as that mediated by CYP24A1, as shown in 
Figure 3-1, result in more polar metabolites with greatly reduced or no ap-
parent biological activity.

The classical actions of vitamin D—which by itself is inactive—are due 
to the functions of the active metabolite, calcitriol. These actions take the 
form of the regulation of serum calcium and phosphate homeostasis and, 
in turn, the development and maintenance of bone health (DeLuca, 1988; 
Reichel et al., 1989; Jones et al., 1998). Non-classical functions are less 
well elucidated. VDRs are found fairly ubiquitously throughout the body 
in tissues not involved with calcium and phosphate homeostasis, and the 
presence of VDRs in these tissues implies that calcitriol may play a more 
general role or that ligands other than calcitriol can activate the VDR. 
Furthermore, the specific vitamin D–responsive elements (VDREs), con-
sidered the hallmark of vitamin D action, are present in a large number of 
human genes involved in a wide range of classical and non-classical roles, 
such as the regulation of cell proliferation, cell differentiation, and apop-
tosis. It has been suggested that calcitriol exerts immunomodulatory and 
anti-proliferative effects through autocrine and paracrine pathways (Adams 
and Hewison, 2008). These wide-ranging actions of calcitriol have further 
been hypothesized to play a potential role in preventive or therapeutic 
action in cancer (Masuda and Jones, 2006) and chronic conditions such 
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as auto-immune conditions (including type 1 diabetes), cardiovascular 
disease, and infections (Holick et al., 2007).

Outside of the biological forms of vitamin D, a number of analogues 
based on the vitamin D structure have been synthesized for use as potential 
pharmacological agents. These are not, however, dietary or biosynthesized 
compounds; rather, they are designed for specific applications in research 
or clinical treatment. Examples of synthetic analogues that have gained 
importance in clinical medicine are briefly mentioned below.

The term vitamin D is generally used in this report to refer to both the 
D2 and D3 forms as well as their metabolites, although the two forms are 
distinguished when necessary for clarification (see Box 3-1 for definitions). 
Vitamin D levels in the diet—from foods and supplements—are expressed 
in International Units (IU), but may be expressed elsewhere in micrograms 
(µg). The biological activity of 1 µg of vitamin D is equivalent to 40 IU. Ow-
ing to the frequency with which serum 25OHD levels are included in this 
report text, the levels are expressed only as nanomoles per liter (nmol/L). 
As shown in Box 3-1, the nanomoles per liter measure can be converted to 
nanograms per milliliter (ng/mL) by dividing by a factor of 2.5.

BOX 3-1 
Terms and Conversions Used in Reference to Vitamin D

Terms:
Vitamin D—also referred to as calciferol
Vitamin D2—also referred to as ergocalciferol
Vitamin D3—also referred to as cholecalciferol

25OHD—25-hydroxyvitamin D also referred to as calcidiol or calcifediol; 
indicates no distinction between D2 and D3 forms. When relevant, forms 
are distinguished as 25OHD2 and 25OHD3
Calcitriol—1,25-dihydroxyvitamin D3 (Note: Ercalcitriol—refers to 1,25-
dihydroxyvitamin D2, but in this report, the term “calcitriol” will be used 
for both)
24,25(OH)2D—24,25-dihydroxyvitamin D

IU = International Unit is a measurement based on biological activity or 
effect; 1 IU of vitamin D is defined as the activity of 0.025 µg of cholecal-
ciferol in bioassays with rats and chicks.

Conversions for Vitamin D3:
[sources] 40 IU = 1 µg
[serum] 2.5 nmol/L = 1 ng/mL
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SOURCES OF VITAMIN D

Diet

The dietary sources of vitamin D include food and dietary supplements; 
therefore, “total vitamin D intake” reflects the combined dietary contribu-
tion from foods and supplements. There are a few naturally occurring food 
sources of vitamin D. These include fatty fish, fish liver oil, and egg yolk. 
Some foods are, however, fortified with vitamin D. After vitamin D was rec-
ognized as important for the prevention of rickets in the 1920s (Steenbock 
and Black, 1924), vitamin D fortification of some foods was initiated on a 
voluntary basis.

In the United States, fluid milk is voluntarily fortified with 400 IU per 
quart (or 385 IU/L) of vitamin D (U.S. regulations do not specify the form) 
(FDA, 2009). In Canada, under the Food and Drug Regulation,  fortifica-
tion of fluid milk and margarine with vitamin D is mandatory.

Available online at http://laws.justice.gc.ca/PDF/Regulation/C/C.R.C.,_c._870.pdf (ac-
cessed July 23, 2010).

 Fluid milk 
must contain 35–45 IU vitamin D per 100 mL and margarine, 530 IU per 
100 g. In addition, fortified plant-based beverages must contain vitamin D 
in an amount equivalent to fluid milk. In analyses conducted in the 1980s 
and early 1990s, a significant portion of milk samples in the United States 
were found to contain less than the specified amount of vitamin D (Tanner 
et al., 1988). Holick et al. (1992) found that 62 percent of milk sampled 
from five eastern states contained less than 80 percent and 10 percent 
contained more than 120 percent of the amount of vitamin D stated on the 
label. Chen et al. (1993) reported similar findings. A more recent report 
on vitamin D–fortified milk sampled in New York State over a period of 4 
years showed that an average of only 47.7 percent of samples fell within the 
range of acceptable levels of vitamin D fortification (Murphy et al., 2001). 
However, recent surveys from the U.S. Department of Agriculture (USDA) 
indicate that these problems have been corrected. In a presentation to this 
committee, Byrdwell (2009) reported that a USDA survey of milk samples 
taken in 2007 from 24 locations across the United States showed that most 
samples had vitamin D levels within the range of 400 to 600 IU/quart.

In Canada, Faulkner et al. (2000) surveyed milk samples and found 
that 20 percent of skim milk, 40 percent of 2 percent fat milk, and 20 
percent of whole milk, contained the recommended level of vitamin D. 
Samples collected by the Canadian Food Inspection Agency from 1999 
through 2009 and analyzed for vitamin D indicated that during the last 4 
years of sample collection, 47 to 69 percent were within the range specified 
by regulation (personal communication, S. Brooks, Health Canada, April 
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30, 2010). In addition, over the past 5 years, the average vitamin D content 
of analyzed milk samples fell within this range. Over time, manufacturers in 
the United States have added vitamin D to other foods, and the food indus-
try is increasingly marketing foods fortified with vitamin D (Yetley, 2008). 
Based on data from a U.S. Food and Drug Administration (FDA) survey 
that provides information on the labels of processed, packaged food prod-
ucts in the United States, Yetley (2008) reported that almost all fluid milks, 
approximately 75 percent of ready-to-eat breakfast cereals, slightly more 
than half of all milk substitutes, approximately one-quarter of yogurts, and 
approximately 8 to 14 percent of cheeses, juices, and spreads are fortified 
with vitamin D in the U.S. market. Many product labels included in the 
survey indicated that the form of added vitamin D was vitamin D3. However, 
some milk substitutes are fortified with vitamin D2. Cereal labels did not 
specify the form of added vitamin D. Levels of vitamin D ranged from 40 
IU per regulatory serving for cereals and cheeses to 60 IU per regulatory 
serving for spreads and 100 IU per regulatory serving for fluid milk. Several 
food categories had within-category ranges of 40 to 100 IU of vitamin D 
per regulatory serving. Serum vitamin D and 25OHD have low penetrance 
into breast milk, together comprising 40 to 50 IU of antirachitic activity per 
liter, most of which is contributed by 25OHD (Leerbeck and Sondergaard, 
1980; Hollis et al., 1981; Reeve et al., 1982; Specker et al., 1985). Data from 
the USDA report the vitamin D content of human milk to be 4.3 IU/100 
kcal.

USDA National Nutrient Database for Standard Reference Release 23. NBD No. 01107. 
Milk, human, mature, fluid. Available online at http://www.ars.usda.gov/Services/docs.htm? 
docid=8964 (accessed August 3, 2010).

 However, the vitamin D biological activity may be higher than the 
analyzed values, because human milk contains small amounts of 25OHD 
in addition to vitamin D3 (Reeve et al., 1982); further, the biological activ-
ity of 25OHD is approximately 50 percent higher than that of vitamin D 
(Blunt et al., 1968).

The FDA has established that infant formula must contain 40 to 100 
IU of vitamin D per 100 kcal.  

USDA National Nutrient Database for Standard Reference Release 23. NBD No. 03946. 
Infant formula, ROSS, SIMILAC LACTOSE FREE ADVANCE, ready-to-feed, with ARA and 
DHA; and NDB no. 03815. Infant formula, MEAD JOHNSON, ENFAMIL LIPIL, with iron, 
ready-to-feed, with ARA and DHA. Available online at http://www.ars.usda.gov/main/site_
main.htm?modecode=12-35-45-00 (accessed April 28, 2010).

Commercial infant formulas contain ap-
proximately 60 IU of vitamin D per 100 kcal, as estimated by the USDA 
food composition database,  and Yetley (2008) reported that commercial 
milk-based infant formulas collected between 2003 and 2006 contained 87 

0

Available online at http://www.nal.usda.gov/fnic/foodcomp/search/ (accessed March 
16, 2010).
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to 184 percent of label declarations. In Canada, infant formula is required 
by regulation to contain between 40 and 80 IU of vitamin D per 100 kcal.

In recent years, dietary supplements containing vitamin D have be-
come more common and have been more frequently consumed. The 
form of vitamin D used in supplement products can be either vitamin D2 
or vitamin D3. It would appear from informal observations of the market 
place that manufacturers are increasingly switching from vitamin D2 to 
vitamin D3, and some are increasing the vitamin D content of their prod-
ucts. Traditionally, many marketed dietary supplements have contained 400 
IU per daily dose, but levels in supplements have been increasing. In the 
United States, vitamin D can now be found in multi-vitamin/multi-mineral 
formulations as well as a single supplement in a range of dosage levels, in-
cluding 1,000 to 5,000 IU of vitamin D3 per dose and even up to 50,000 IU 
of vitamin D2 per dose. In Canada, dosage levels of vitamin D above 1,000 
IU are obtainable only with a prescription.

Information about current national survey estimates of the intake of 
vitamin D from foods and supplements can be found in Chapter 7.

Synthesis in the Skin

Vitamin D3 is synthesized in human skin from 7-dehydrocholesterol 
following exposure to ultraviolet B (UVB) radiation with wavelength 290 to 
320 nm.

The chemical processes that lead to the formation of vitamin D3 from its precursor are 
non-enzymatic and can take place ex vivo and in organic solvents, as well as in vivo. Therefore, 
vitamin D3 can also be synthesized commercially.

 The process of UVB-mediated conversion of 7-dehydrocholesterol 
to the previtamin D3 form and subsequent thermal isomerization to vitamin 
D3 occurring in the epidermis is illustrated in Figure 3-2.

The production of vitamin D3 in skin is a function of the amount 
of UVB radiation reaching the dermis as well as the availability of 7- 
dehydrocholesterol (Holick, 1995). As such, the level of synthesis is influ-
enced by a number of factors, as described below in the section entitled 
“Measures Associated with Vitamin D: Serum 25OHD,” including season 
of the year, skin pigmentation, latitude, use of sunscreen, clothing, and 
amount of skin exposed. Age is also a factor, in that synthesis of vitamin D 
declines with increasing age, due in part to a fall in 7-dehydrocholesterol 
levels and due in part to alterations in skin morphology (MacLaughlin and 
Holick, 1985).

Toxic levels of vitamin D do not occur from prolonged sun exposure. 
Thermal activation of previtamin D3 in the skin gives rise to multiple 
non–vitamin D forms, such as lumisterol, tachysterol and others (Holick 
et al., 1981; Webb et al., 1989), as illustrated in Figure 3-2; this limits the 

1
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FIGURE 3-2 Photochemical events that lead to the production and regulation of 
vitamin D3 (cholecalciferol) in the skin.
NOTE: DBP = vitamin D binding protein.
SOURCE: Holick (1994). Reprinted with permission from the American Journal of 
Clinical Nutrition (1994, volume 60, pages 619-630), American Society for Nutrition.
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formation of vitamin D  itself. 3 Vitamin D3 can also be converted to nonac-
tive forms.

The absolute percentage of circulating 25OHD that arises from cutane-
ous synthesis versus oral intake of vitamin D in the free-living North Ameri-
can population cannot be clearly specified. Individuals living at Earth’s 
poles during winter months and submariner crew members with very lim-
ited or no measurable UVB exposure have detectable levels of 25OHD in 
blood, arising from dietary sources and likely from previously synthesized 
and stored vitamin D. This topic is further explored in the section below 
that focuses on serum 25OHD.

METABOLISM OF VITAMIN D

Absorption

Owing to its fat-soluble nature, dietary vitamin D (either D2 or D3) is 
absorbed with other dietary fats in the small intestine (Haddad et al., 1993; 
Holick, 1995). The efficient absorption of vitamin D is dependent upon 
the presence of fat in the lumen, which triggers the release of bile acids 
and pancreatic lipase (Weber, 1981, 1983). In turn, bile acids initiate the 
emulsification of lipids, pancreatic lipase hydrolyzes the triglycerides into 
monoglycerides and free fatty acids, and bile acids support the formation 
of lipid-containing micelles, which diffuse into enterocytes. Early studies 
demonstrated that radiolabeled vitamin D3 appeared almost exclusively 
in the lymphatics and in the chylomicron fraction of plasma; as well, 
subjects with impaired bile acid release or pancreatic insufficiency both 
demonstrated significantly reduced absorption of vitamin D (Thompson 
et al., 1966; Blomstrand and Forsgren, 1967; Compston et al., 1981). Sub-
sequently, other clinical and experimental animal studies confirmed that 
vitamin D is most efficiently absorbed when consumed with foods contain-
ing fat (Weber, 1981; Johnson et al., 2005; Mulligan and Licata, 2010) and, 
conversely, that a weight-loss agent that blocks fat absorption also impairs 
the absorption of vitamin D (James et al., 1997; McDuffie et al., 2002). The 
optimal amount of fat required for maximal absorption of vitamin D has 
not been determined.

Within the intestinal wall, vitamin D, cholesterol, triglycerides, lipo-
proteins, and other lipids are packaged together into chylomicrons. Im-
portantly, while a fraction of newly absorbed intestinal vitamin D is also 
transported along with amino acids and carbohydrates into the portal 
system to reach the liver directly, the main pathway of vitamin D uptake 
is incorporation into chylomicrons that reach the systemic circulation 
via the lymphatics. Chylomicron lipids are metabolized in peripheral tis-
sues that express lipoprotein lipase, but particularly in adipose tissue and 
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skeletal muscle, which are rich in this enzyme. During hydrolysis of the 
chylomicron triglycerides, a fraction of the vitamin D contained in the 
chylomicron can be taken up by these tissues. Uptake into adipose tissue 
and skeletal muscle accounts for the rapid postprandial disappearance of 
vitamin D from plasma and probably also explains why increased adiposity 
causes sequestering of vitamin D and is associated with lower 25OHD levels 
(Jones, 2008). What remains of the original chylomicron after lipolysis is 
a chylomicron remnant, a cholesterol-enriched, triglyceride-depleted par-
ticle that still contains a fraction of its vitamin D content.

Metabolism to the Active Hormonal Form

Vitamin D, regardless of origin, is an inactive prohormone and must 
first be metabolized to its hormonal form before it can function. Once vita-
min D enters the circulation from the skin or from the lymph, it is cleared 
by the liver or storage tissues within a few hours. The processes that follow 
are illustrated in Figure 3-3. Vitamin D is converted in the liver to 25OHD, 
a process carried out by a CYP enzyme that has yet to be fully defined but 
is likely CYP2R1 (Cheng et al., 2003). The crystal structure of CYP2R1 has 
been determined with vitamin D in the active site, and the enzyme has been 
shown to metabolize both vitamin D2 and vitamin D3 equally efficiently 
(Strushkevich et al., 2008). There is little, if any, feedback regulation of 
this enzyme. A large genome-wide association study of factors that might 
be determinants of the circulating 25OHD levels identified the human 
chromosomal 11p15 locus of CYP2R1 as a significant determinant, whereas 
the loci of the other enzymes purported to have 25-hydroxylase activity 
(e.g., CYP27A1 and CYP3A4) were not identified (Wang et al., 2010). The 
other determinants of serum 25OHD besides CYP2R1 have been reported 
to be DBP (also known as Gc protein), which has six common phenotypes 
(Laing and Cooke, 2005) as well as 7-dehydrocholesterol reductase and 
CYP24A1. Increasing intake of vitamin D results in higher blood levels 
of 25OHD, although perhaps not in a linear manner (Stamp et al., 1977; 
Clements et al., 1987).

At this point, 25OHD bound to DBP circulates in the blood stream 
and, when calcitriol is required due to a lack of calcium (or lack of phos-
phate), 25OHD is 1α-hydroxylated in the kidney to form calcitriol, the ac-
tive form, by the 1α-hydroxylase enzyme (also known as CYP27B1) (Tanaka 
and DeLuca, 1983). This metabolic step is very tightly regulated by blood 
calcium and phosphate levels through PTH and the phosphaturic hor-
mone, FGF23, and constitutes the basis of the vitamin D endocrine system 
that is central to maintaining calcium and phosphate homeostasis (see 
discussion below on functions and physiological actions). FGF23 acts by 
reducing the expression of renal sodium–phosphate transporters and re-
ducing serum calcitriol levels.
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Production of the CYP27B1 enzyme is stimulated by PTH, which is 
secreted in response to a lack of calcium. It is also stimulated by the hy-
pophosphatemic action of FGF23 on renal phosphate excretion, but to 
a lesser extent. When PTH is suppressed, or FGF23, produced by osteo-
cytes, is stimulated, 1α-hydroxylation is markedly reduced (Liu et al., 2007; 
Quarles, 2008). Furthermore, calcitriol can act as a suppressor of CYP27B1, 
although the mechanism is not fully understood.

FIGURE 3-3 The metabolism of vitamin D3 from synthesis/intake to formation of 
metabolites. The process is the same for vitamin D2 once it enters the circulation.
NOTE: CYP = cytochrome P450 (a large and diverse group of enzymes).
SOURCE: Reprinted with permission from Hector DeLuca.

Calcitriol has its strongest metabolic activity in inducing its own destruc-
tion by stimulating the 24-hydroxylase enzyme (now known as CYP24A1; 



86 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

Figure 3-1) (Jones et al., 1998). The enzyme CYP24A1 is found in all target 
tissues and is induced in response to calcitriol interacting with the VDR. 
CYP24A1 is largely responsible for the metabolic degradation of calcitriol 
and its precursor, 25OHD, and its deletion in the mouse results in 50 per-
cent lethality at weaning and an inability to efficiently clear the active form 
of vitamin D (Masuda et al., 2005). CYP24A1 carries out a series of reac-
tions resulting ultimately in production of calcitroic acid from calcitriol 
and 1-desoxycalcitroic acid from 24,25(OH)2D, the major metabolite of 
25OHD. These products are excreted through the bile into the feces (Jones 
et al., 1998); very little is eliminated through the urine (Kumar et al., 1976). 
The active forms of vitamin D2 are also catabolized by CYP24A1 into a series 
of biliary metabolites, somewhat analogous to those of vitamin D3.

As described above, all naturally occurring vitamin D compounds in-
teract with DBP. Calcitriol and vitamin D have significantly lower affinity 
for this protein than does 25OHD. Whereas vitamin D has an average life-
time in the body of approximately 2 months, 25OHD has a lifetime of 15 
days, and calcitriol has a lifetime measured in hours (Jones et al., 1998). 
Aside from these key elements in vitamin D metabolism, more than 30 
other metabolites have been found, including the 3-epi series of vitamin D 
compounds (DeLuca and Schnoes, 1983; Siu-Caldera et al., 1999). Their 
importance seems minimal and need not be discussed here.

Although the route of catabolism between 1α,25(OH)2D2 and 
1α,25(OH)2D3 differs beyond the initial 24-hydroxylation step, because 
24-hydroxylation is primarily a deactivation step (Brommage and DeLuca, 
1985; Horst et al., 1986; Lohnes and Jones, 1992; Jones et al., 1998), the 
rate of this initial step should be the important indicator of the loss of 
biological action. Comparisons of initial rate kinetics of the 24-hydroxylase 
enzyme (CYP24A1) activity toward 1α,25(OH)2D2 and 1α,25(OH)2D3 and 
their precursors suggest that the rates of inactivation by CYP24A1 in vitro 
are virtually identical (Jones et al., 2009; Urushino et al., 2009). Although 
side-chain hydroxylation of 1α,25(OH)2D2 represents the primary route 
of metabolism in the target cell, clearance of the metabolic products in 
vivo is complicated by additional non-specific liver CYPs (e.g., CYP3A4) 
(Gupta et al., 2004, 2005) that are inducible by 1α,25(OH)2D3 in certain 
extra-hepatic tissues (Thompson et al., 2002) and also Phase II enzymes, 
including uridine diphosphate–glucuronosyl transferases, which are known 
to subject vitamin D metabolites to glucuronidation (LeVan et al., 1981; 
Hashizume et al., 2008). The pharmacokinetic consequence of the sum of 
these catabolic systems, as shown in studies in rats, is a slightly reduced half-
life for 1α,25(OH)2D2 compared with 1α,25(OH)2D3 (Knutson et al., 1997).

There are reports that vitamin D2 and vitamin D3 are differentially 
susceptible to these non-specific inactivating modifications, such as those 
occurring in the liver in response to a variety of drugs. These enzymes in-



OVERVIEW OF VITAMIN D 87

clude the liver and intestinal CYPs that are known to metabolize vitamin D 
compounds differently, such as CYP27A1, which 25-hydroxylates vitamin 
D3 and 24-hydroxylates vitamin D2 (Guo et al., 1993), and CYP3A4, which 
24- and 25-hydroxylates vitamin D2 substrates more efficiently than vitamin 
D3 substrates (Gupta et al., 2004, 2005) and 23R- and 24S-hydroxylates 
1α,25(OH)2D3 (Xu et al., 2006); the latter enzyme has recently been shown 
to be selectively induced by 1α,25(OH)2D in the intestine (Thompson 
et al., 2002; Xu et al., 2006). Both CYP27A1 and CYP3A4 are known to have 
significantly lower Michaelis-Menten constants (Km values) for 25OHD3 
compared with CYP2R1 (Guo et al., 1993; Sawada et al., 2000), in the 
micromole per liter range; this questions their physiological but not their 
pharmacological relevance. Recent work (Helvig et al., 2008; Jones et al., 
2009) has shown that both human intestinal microsomes and recombinant 
CYP3A4 protein break down 1α,25(OH)2D2 at a significantly faster rate 
than 1α,25(OH)2D3, suggesting that this non-specific CYP might limit 
vitamin D2 action preferentially in target cells, where it is expressed and 
when the substrate is in the pharmacological dose range. The same type of 
mechanism involving differential induction of non-specific CYPs may un-
derlie the occasional reports of co-administered drug classes, such as anti-
convulsants (Christiansen et al., 1975; Tjellesen et al., 1985; Hosseinpour 
et al., 2007), causing accelerated degradation of one vitamin D form over 
the other.

Storage

Adipose tissue stores of vitamin D probably represent “non-specific” 
stores sequestered because of the hydrophobic nature of vitamin D, but 
the extent to which the processes of accumulation or mobilization are 
regulated by normal physiological mechanisms remains unknown at this 
time. Rosenstreich et al. (1971) first identified adipose tissue as the primary 
site of vitamin D accumulation from experiments in which radiolabeled 
vitamin D was administered to vitamin D–deficient rats. Tissue levels of ra-
dioactivity measured during vitamin D repletion and during a subsequent 
period of deprivation showed that adipose tissue acquired the greatest 
quantity of radioactive compound and had the slowest rate of release. 
Work by Liel et al. (1988) suggested that there was enhanced uptake and 
clearance of vitamin D by adipose tissue in obese subjects compared with 
those of normal weights. Similarly, Wortsman et al. (2000) concluded that 
in obese subjects, vitamin D was stored in adipose tissue and not released 
when needed. Finally, Blum et al. (2008) found that, in elderly subjects 
supplemented with 700 IU of vitamin D per day, for every additional 15 kg 
of weight above “normal” at baseline, the mean adjusted change in 25OHD 
level was approximately 10 nmol/L lower after 1 year of supplementation. 
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The authors estimated that in order for subjects with body mass indexes 
(BMIs) above the normal range to obtain an increase in serum 25OHD 
level similar to that of subjects with weight in the normal range, an ad-
ditional 17 percent increase in vitamin D above the administered dose of 
700 IU/day would be needed for every 10 kg increase in body weight above 
baseline in their study population.

The implication of these studies is that vitamin D deposited in fat tis-
sue is not readily available, and obese individuals may require larger than 
usual doses of vitamin D supplements to achieve a serum 25OHD level 
comparable to that of their normal weight counterparts. In support of the 
hypothesis that vitamin D is stored in adipose tissues, weight reduction 
studies show that serum 25OHD levels rise when obese individuals lose 
body fat (Riedt et al., 2005; Zitterman et al., 2009; Tzotzas et al., 2010). 
Conclusive statements regarding changes in serum 25OHD levels after 
gastric bypass surgery cannot be made, as a result of confounding factors, 
such as weight change, possible malabsorption, and diet. There is evidence 
of a rise in serum 25OHD levels after surgery (Mahdy et al., 2008; Aasheim 
et al., 2009; Goldner et al., 2009; Bruno et al., 2010), as well as evidence 
that there is no change after surgery (Riedt et al., 2006; Fleischer et al., 
2008; Valderas et al., 2009). Gehrer et al. (2010) indicated that serum 
25OHD levels decrease after gastric bypass surgery, although the quality of 
the methods used is questionable.

Excretion

As described previously, the products of vitamin D metabolism are ex-
creted through the bile into the feces, and very little is eliminated through 
the urine. This is in part due to renal reuptake of vitamin D metabo-
lites bound to DBP, as mediated by the cubilin–megalin receptor system 
(Willnow and Nykjaer, 2005).

Excess Intake

Excess intake of vitamin D—but not sun exposure, which is associated 
with a series of thermal and photoisomerization reactions (see Figure 3-2) 
—can lead to a state of vitamin D “intoxication” or “hypervitaminosis D.” 
Chemically synthesized vitamin D became available late in the third decade 
of the 20th century; reports of vitamin D intoxication were first found from 
1928 to 1932 and continued throughout most of the 20th century (DeLuca, 
2009). The condition of hypervitaminosis D leads to hypercalcemia and 
eventually to soft tissue calcification and resultant renal and cardiovascular 
damage (DeLuca, 1974). In the case of animal models, at necropsy, vita-
min D–intoxicated rats show widespread calcification of organs and tissues. 
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The form of the vitamin implicated in the intoxication is 25OHD (Vieth, 
1990; Jones, 2008). In fact, it has been shown in dietary supplementation 
studies using the CYP27B1 knockout mouse, which is incapable of making 
calcitriol, sufficiently high concentrations of serum levels of 25OHD can 
cause changes in vitamin D–dependent general expression even in the 
absence of calcitriol (Rowling et al., 2007; Fleet et al., 2008).

FUNCTIONS AND PHYSIOLOGICAL 
ACTIONS OF VITAMIN D

Calcium and Phosphate Homeostasis

The dominant function of vitamin D in its hormonal form (calcitriol or 
1,25-dihydroxyvitamin D) is the elevation of plasma calcium and phosphate 
levels, which are required for mineralization of bone (DeLuca, 1979b; 
Holick, 1996). Furthermore, the elevation of plasma calcium to normal 
levels is also required for the functioning of the neuromuscular junction as 
well as vasodilatation, nerve transmission, and hormonal secretion.

Calcitriol—functioning as part of the endocrine system for maintain-
ing serum calcium levels as outlined in Chapter 2—elevates plasma ionized 
calcium levels to the normal range by three different mechanisms (see Fig-
ure 2-1 in Chapter 2). The first mechanism, which does not require PTH, 
is the well-established role of calcitriol in stimulating intestinal calcium ab-
sorption throughout the entire length of the intestine, although its greatest 
activity is in the duodenum and jejunum. It is clear that calcitriol directly 
stimulates intestinal calcium and, independently, phosphate absorption.

In the second mechanism, calcitriol plays an essential role in the mobi-
lization of calcium from bone, a process requiring PTH (Garabedian et al., 
1972; Lips, 2006). It induces the formation and activation of the osteoclast 
to function in the mobilization of calcium from bone, as discussed in Chap-
ter 2. In short, calcitriol facilitates the formation of osteoclasts by stimulat-
ing the secretion of a protein called receptor activator for nuclear factor κ 
B (RANK) ligand, which, in turn, is responsible for osteoclastogenesis and 
bone resorption (Suda et al., 1992; Yasuda et al., 2005).

In the third mechanism, calcitriol together with PTH stimulates the 
renal distal tubule reabsorption of calcium, ensuring retention of calcium 
by the kidney when calcium is needed (Sutton et al., 1976; Yamamoto 
et al., 1984). These well-known functions dominate vitamin D physiology 
and many of the functional proteins involved in these processes have been 
identified, although the exact molecular mechanisms of all of these systems 
have yet to be elucidated.

Thus, overall, calcitriol acts on the intestine, bone, and kidney as 
described above, and as illustrated in Figure 2-1 in Chapter 2, to elevate 
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serum calcium levels, closing the calcium loop. As serum calcium levels 
rise, PTH secretion drops. If serum calcium levels become too high, the 
parafollicular cells (“C” cells) of the thyroid secrete calcitonin, which 
blocks calcium resorption from bone and helps to keep calcium levels in 
the normal range. Calcitriol, through its receptor, the VDR, suppresses 
parathyroid gene expression and parathyroid cell proliferation, providing 
important feedback loops that reinforce the direct action of increased se-
rum calcium levels (Slatopolsky et al., 1984; Silver et al., 1986).

Not shown in Figure 2-1 in Chapter 2 is the mechanism of action of 
vitamin D in regulating serum phosphorus levels, certain aspects of which 
remain obscure. What is known is that (1) a deficiency of phosphate stimu-
lates CYP27B1 to produce more calcitriol, which in turn stimulates phos-
phate absorption in the small intestine; and (2) calcitriol can also induce 
the secretion of FGF23 by osteocytes in bone, which results in phosphate 
excretion in the kidney (Liu et al., 2008), as well as feedback on vitamin 
D metabolism.

Other Actions

It is noteworthy that the VDR is present in the nucleus of many tissues 
that are not involved in the regulation of calcium and phosphate metabo-
lism. For example, the VDR has been clearly described in epidermal kera-
tinocytes, in activated T cells of the immune system, in antigen-presenting 
cells, in macrophages and monocytes, and in cytotoxic T cells. Gene array 
studies in many cells and tissues show that calcitriol regulates several hun-
dred genes throughout the body or as much as 5 percent of the human 
genome (Pike et al., 2008). However, exactly how calcitriol functions in 
these tissues and the physiological consequences are not clearly known.

Likewise, the importance of the paracrine or autocrine synthesis of 
calcitriol under non-disease conditions is unclear. The 1α-hydroxylase 
(CYP27B1) gene has been reported to be expressed in many extra-renal 
tissues (Hewison et al., 2007). In some cases, this is based upon in vitro 
production of calcitriol by cell lines as a consequence of culture conditions, 
but it also includes detection of the messenger ribonucleic acid (mRNA) 
transcript or protein for CYP27B1 in tissues in vivo (Hewison et al., 2007). 
There is no doubt that the kidney is physiologically the overwhelming site 
of production of calcitriol for the circulation, as chronic kidney disease 
or nephrectomy results in a significant fall in the serum calcitriol level 
(Martinez et al., 1995). The contribution of calcitriol to the maternal cir-
culation stemming from production by the placenta is not clearly known; 
based on a case report for an anephric patient, it appears that the placenta 
produces calcitriol, but its contribution to the maternal circulation is low 
(Turner et al., 1988). The pregnancy-related rise in calcitriol is due to up-
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regulation of the enzymes in the maternal kidney (Kovacs and Kronenberg, 
1997). However, there may be other extra-renal 1α-hydroxylation sites that 
can act as intracrine systems primarily involved in regulation of cell or tis-
sue growth: skin, gastrointestinal tract, or glandular tissue, such as prostate 
and breast (Diesing et al., 2006). In mice missing the Vdr gene (Vdr-null), 
calcitriol and the VDR play a role in lactational physiology; there is acceler-
ated mammary development during pregnancy, but delayed involution of 
the mammary tissue after lactation (Zinser and Welsh, 2004). Extra-renal 
CYP27B1 may be up-regulated during inflammation (Ma et al., 2004; Liu 
et al., 2008) or down-regulated in cancerous tissue proliferation (Bises 
et al., 2004; Wang et al., 2004). Furthermore, extra-renal production of cal-
citriol is clearly found in certain pathological diseases, including granulo-
matous conditions such as sarcoidosis, lymphoma, and tuberculosis (Adams 
et al., 1989), which can be associated with hypercalcemia. If sarcoidosis is 
left untreated, the extra-renally produced calcitriol can enter the circula-
tion, resulting in hypercalciuria and eventually hypercalcemia.

There is emerging evidence that calcitriol plays a role in the immune 
system that has not yet been clearly described. Exogenous calcitriol can 
suppress autoimmune diseases, but with hypercalcemia as an important 
side effect (DeLuca and Cantorna, 2001). It has been shown that the lo-
cal conversion of 25OHD into calcitriol in monocytes or macrophages 
results in an increase in cellular immunity by stimulating the production 
of cathelicidin, an anti-microbial peptide capable of killing bacteria, par-
ticularly Mycobacterium tuberculosis (Liu et al., 2006). Recently, Stubbs et al. 
(2010) showed that renal dialysis patients treated with high-dose vitamin 
D3 develop a population of immune cells with increased CYP27B1, VDR, 
and cathelicidin expression, although the role of these cells in vivo is un-
known. Ironically, calcitriol has an opposite effect on the adaptive immune 
(B and T cell function) response. Calcitriol generally inhibits T helper cell 
proliferation and B cell immunoglobulin production. In contrast, calcitriol 
promotes the proliferation of immunosuppressive regulatory T cells and 
their accumulation at sites of inflammation (Penna et al., 2007).

A role for vitamin D in carcinogenesis evolved initially from in vitro 
studies as cell culture approaches became more widely available for the 
evaluation of the mechanisms of action of vitamin D and its metabolites 
(Masuda and Jones, 2006). The active hormone, calcitriol, was shown to 
consistently inhibit the growth of cancer cells and promote differentiation 
in vitro by regulating multiple pathways (Deeb et al., 2007; Kovalenko et al., 
2010). Additional studies documented the presence of the VDR in a wide 
array of cancer cell types. Vitamin D orchestrates cell cycle progression 
via alterations in key regulators such as cyclin-dependent kinases, retino-
blastoma protein phosphorylation, and repression of the proto-oncogene 
myc as well as by modulating growth factor receptor-mediated signaling 
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pathways (Koga et al., 1988; Kawa et al., 1996; Campbell et al., 1997; Xie 
et al., 1997; Yanagisawa et al., 1999; Sundaram et al., 2000; Gaschott and 
Stein, 2003; Li et al., 2004). In addition, calcitriol restores or enhances 
pro-apoptotic effects in cancer cells by several possible pathways, includ-
ing repression of several pro-survival proteins such as Bc12 and telomerase 
reverse transcriptase and by activating pro-apoptotic proteins Bax and 
µ-calpain (James et al., 1996; Diaz et al., 2000; Jiang et al., 2004; Kumagai 
et al., 2005). Evidence also supports an anti-angiogenic effect of vitamin 
D. Vascular endothelial growth factor (VEGF) expression by cancer cells is 
suppressed and endothelial cell responses to VEGF are inhibited by vitamin 
D, an observation supported by in vivo xenograft studies (Mantell et al., 
2000; Bao et al., 2006). The immunoregulatory effects of vitamin D may 
also have an impact on cancer biology. Inflammation is a critical early step 
in the carcinogenesis cascade for many cancers, and the ability of vitamin 
D to exhibit anti-inflammatory effects on cancer cells by down-regulating 
the pro-inflammatory pathways, such as cyclooxygenase-2, may contribute 
to cancer inhibition (Moreno et al., 2005). In contrast, the role of vitamin 
D in cancer immunosurveillance of nascent or established cancers remains 
to be defined.

The encouraging in vitro findings, tempered with concerns about 
hypercalcemia, led to the development of many vitamin D analogues in 
the hope of retaining anti-cancer activity, but without increasing serum 
calcium, for the pharmacological therapy of cancer, as recently reviewed 
(Beer and Myrthue, 2004; Masuda and Jones, 2006; Trump et al., 2010).

Vitamin D2 Versus Vitamin D3

Vitamins D2 and D3, as described previously, differ only in their side 
chain structure. Physiological responses to both forms of the vitamin in-
clude regulation of calcium and phosphate homeostasis and regulation of 
cell proliferation and cell differentiation of specific cell types, as described 
above. Qualitatively, vitamins D2 and D3 exhibit virtually identical biological 
responses throughout the body (i.e., through gene expression) that are 
mediated by the VDR (Jones et al., 1998; Jurutka et al., 2001).

Regarding the potency of the two forms of vitamin D, there are reports 
that certain animals, such as avian species and New World monkeys (Chen 
and Bosmann, 1964; Drescher et al., 1969), discriminate against vitamin 
D2. However, it has been assumed for several decades that the two forms 
are essentially equipotent in humans (Christiansen et al., 1975). Recent 
reports involving human dietary studies have argued for (Trang et al., 1998; 
Armas et al., 2004) or against (Holick et al., 2008) a metabolic discrimina-
tion against vitamin D2, compared with vitamin D3. Part of the apparent 
conflict between these different studies (Trang et al., 1998; Armas et al., 
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2004; Holick et al., 2008) is almost certainly due to differences in size and 
frequency of dose (which have ranged from 1,000 IU daily doses to 50,000 
IU in a single dose); the differences reported suggest a difference in phar-
macokinetic parameters between vitamin D2 and vitamin D3.

This debate runs parallel to the suggestion that vitamin D2 is less toxic 
than its vitamin D3 counterpart. Experimental animal data from a number 
of mammalian species ranging from rodents to primates (Roborgh and de 
Man, 1959, 1960; Hunt et al., 1972; Sjoden et al., 1985; Weber et al., 2001), 
support the concept that the D2 form is less toxic than D3, but there is no 
evidence available in humans. Nonetheless, the implication of these diverse 
studies in several mammalian species is that vitamin D2 compounds may 
show differences in pharmacokinetics that manifest as lower toxicity from 
high doses.

There is considerable evidence that most of the steps involved in the 
metabolism and actions of vitamin D2 and vitamin D3 are identical (Jones 
et al., 1998). The identification of the series of vitamin D3 metabolites in 
the late 1960s and early 1970s was followed by the identification of their vi-
tamin D2 counterparts: 25OHD2, 1α,25(OH)2D2, and 24,25(OH)2D2 (Suda 
et al., 1969; Jones et al., 1975, 1979, 1980a). Noteworthy here is the fact that 
the structural features unique to the vitamin D2 side chain did not preclude 
either the 25- or 1α-hydroxylation steps in activation of the molecule or the 
first step of inactivation, namely 24-hydroxylation. Studies have also shown 
that the steps in the specific vitamin D signal transduction cascade do not 
appear to discriminate discernibly between the two vitamin D homologues 
at the molecular level (e.g., binding to the transport protein, DBP [Hay 
and Watson, 1977; Jones et al., 1980a] or binding to the receptor, VDR 
[Jones et al., 1980b; Reinhardt et al., 1989]). Overall, it can be concluded 
that specific signal transduction systems designed to respond to vitamin D3 
respond to physiological doses of vitamin D2 equally well.

At this time, firm conclusions about different effects of the two forms 
of vitamin D cannot be drawn; however, it would appear that at low doses, 
D2 and D3 are equivalent, but at high doses, D2 is less effective than D3. In 
essence, the potency of the two forms (as judged by the dose required to 
cure rickets) is assumed to be the same (Park, 1940). Differences in toxicity 
for humans, as judged by the dose to cause hypervitaminosis D, are unclear, 
but there is evidence from experimental animal data to suggest that D2 is 
less toxic than D3.

Skeletal Disorders

Vitamin D deficiency results in inadequate mineralization of the skel-
eton. Commonly referred to as rickets in children and osteomalacia in 
adults, this disorder has been described in Chapter 2 relative to calcium. 
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Vitamin D deficiency is characterized by aberrations in the mineralization 
of the bone. In children, the deficiency results in rickets (see also Chapter 
2), in which the cartilage fails to mature and mineralize normally. Rickets 
is characterized by widening at the end of the long bones, rachitic rosary, 
deformations in the skeleton, including craniotabes and deformities of 
the lower limbs, known as bowed legs and knocked knees. In adults, the 
deficiency of vitamin D leads to osteomalacia in which the newly deposited 
bone matrix fails to mineralize adequately, and there are wide unmineral-
ized bone matrix (osteoid) seams.

Vitamin D–dependent rickets type I (VDDR I) is an autosomal reces-
sive trait that results in abnormally low calcitriol levels but normal serum 
25OHD levels. The mutation in VDDR I affects the 1α-hydroxylase enzyme 
and leads to impaired intestinal calcium absorption and the resulting rick-
ets (Fraser et al., 1973). VDDR I manifests in the first year after birth and 
is treated with calcitriol. Supplemental calcium and phosphate are usually 
not needed. The second disorder is vitamin D–dependent rickets type II 
(VDDR II), which results in hypocalcemia, tetany, convulsions, alopecia, 
and rickets. VDDR II is also an autosomal recessive trait, resulting from a 
mutation in the Vdr gene, which can appear in the second year after birth 
or go unrecognized until adulthood.

VITAMIN D ACROSS THE LIFE CYCLE

Overall, vitamin D’s role at different life stages is less clearly age-related 
than that of calcium, and also less well understood, with numerous gaps in 
basic information. Although some aspects of vitamin D nutrition and physi-
ology have been found to differ with life stage, most of the functions of vita-
min D are quite consistent across life stages from infancy and childhood, to 
adolescence, adulthood, and old age. For all life stages highlighted below, 
specific studies and conclusions are detailed in Chapter 4.

Infancy

Healthy skeletal development in infancy requires adequate intakes of 
vitamin D as well as calcium. Inadequate vitamin D intake during periods 
of growth leads to development of vitamin D deficiency rickets, which 
when it occurs in North American populations typically manifests around 
20 months of age (DeLucia et al., 2003). If rickets is diagnosed early, vi-
tamin D therapy can cure it, but not if skeletal deformities are severe and 
growth plates have started to mature in puberty (DeLuca, 1979a). Infants 
at risk for developing rickets include those who are exclusively breast-fed, 
because vitamin D and 25OHD are normally present at low levels in breast 
milk (Bachrach et al., 1979; Ward et al., 2007). Health Canada currently 
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recommends that exclusively breast-fed infants receive a supplement of 
vitamin D,  and the American Academy of Pediatrics guidelines support 
supplementation of breastfeeding infants with vitamin D (Gartner and 
Greer, 2003).

Available online at http://www.hc-sc.gc.ca/fn-an/nutrition/infant-nourisson/vita_d_supp-
eng.php (accessed September 1, 2010).

 Commercial infant formula contains vitamin D, as discussed 
previously in this chapter.

Childhood and Adolescence

This life stage is characterized by bone accretion. During the rapid 
growth phase of adolescence, almost 50 percent of the adult skeletal mass 
will be accumulated. The onset of puberty stimulates increased metabolism 
of 25OHD levels to calcitriol (Aksnes and Aarskog, 1982) and subsequent 
increased calcium intestinal absorption, decreased urinary calcium excre-
tion, and greater calcium deposition into bone (Wastney et al., 1996). 
Information on relationships between 25OHD levels and optimal intestinal 
absorption of calcium or risk for rickets or fracture in children and ado-
lescents is lacking, although Abrams et al. (2005) found evidence for an 
indirect relationship between low serum 25OHD and increased calcium 
absorption in young adolescents. Although a recent set of systematic re-
views (Cranney et al., 2007; Chung et al., 2009), to be discussed in Chapter 
4, did not report specifically on bone mass for this age group in relation 
to vitamin D nutriture, the reviews suggested the possibility of a relation-
ship between serum levels of 25OHD and bone mineral density (BMD) in 
adolescents. A recent analysis of vitamin D intake and BMD in male and 
female adolescents and adults ages 13 to 36 years found positive correla-
tions between vitamin D intake and bone density from adolescence into 
adulthood among male but not female subjects (van Dijk et al., 2009).

Adults

The life stages associated with younger adults, covering several decades, 
are characterized by a need for adequate nutrition for bone maintenance. 
The bone is constantly undergoing remodeling, and the maintenance of 
normal bone density reduces the risk of skeletal disorders ranging from 
osteomalacia to the onset of osteoporotic fractures later in life. It is also 
the time of pregnancy and lactation for some female members of this 
population.

Older adults, especially those characterized as frail, may have poor 
dairy and vitamin D intake, decreased sun exposure, reduced dermal con-
version of 7-dehydrocholesterol to vitamin D3 and secondary hyperparathy-
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roidism, all of which contribute to increased risk for poor bone health and 
osteoporotic fractures. As discussed below, there is inconsistent evidence 
as to whether intestinal absorption of vitamin D declines with age. In 
women, bone loss occurs as a result of the decreased estrogen levels that 
accompany menopause. As aging continues, both men and women experi-
ence age-related bone loss. As is the case for calcium intake, it is not well 
established whether and to what extent intakes of vitamin D may mitigate 
the bone loss.

Pregnancy and Lactation

The role of vitamin D in pregnancy and fetal development is the focus 
of current attention. However, at present the role of vitamin D is not clear, 
and there are very few data by which to examine the questions surrounding 
the effect of the nutrient on pregnancy and lactation. Animal studies and 
inferential human data do not readily elucidate a specific function in fetal 
development, especially with respect to formation and mineralization of 
the fetal skeleton. Calcitriol levels increase during pregnancy, but factors 
other than vitamin D appear to stimulate the increased calcium absorp-
tion. Although a number of avenues are still being explored, the bulk of 
the evidence suggests that calcium is moved from the mother to the fetus 
without requiring calcitriol.

Breast milk is not normally a significant source of vitamin D for the 
infant and remains unchanged with supplementation at least up to 2,000 
IU/day. Existing evidence suggests that vitamin D nutriture does not ap-
pear to affect the maternal processes of bone resorption that occur during 
lactation, nor its restoration post-lactation.

MEASURES ASSOCIATED WITH VITAMIN D: SERUM 25OHD

Serum 25OHD level is widely considered as a marker of vitamin D 
nutriture, and consideration of serum 25OHD measures for the purposes 
of nutrient reference value development has generated notable interest. 
There is agreement that circulating serum 25OHD levels are currently the 
best available indicator of the net incoming contributions from cutane-
ous synthesis and total intake (foods and supplements) (Davis et al., 2007; 
Brannon et al., 2008; Davis, 2008). Thus, the serum 25OHD level may 
function as a biomarker of exposure; it is a reflection of the supply of vitamin 
D to the body and can be a useful adjunct to examining the intake level 
of vitamin D if the confounders and the measure’s variability depending 
upon a range of variables are kept in mind. However, what is not clearly 
established is the extent to which 25OHD levels serve as a biomarker of ef-
fect. That is, there is some question as to whether levels of 25OHD relate to 
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health outcomes via a causal pathway and can serve as predictors of such 
outcomes.

Research recommendations in the previous Dietary Reference Intake 
(DRI) review of vitamin D (IOM, 1997), as well as an Institute of Medicine 
(IOM) workshop on DRI research needs (IOM, 2007), called for studies to 
evaluate the intake requirements for vitamin D as related to optimal circu-
lating 25OHD concentrations across life stage and race/ethnicity groups 
of U.S. and Canadian populations, taking into account variability in UVB 
radiation exposures. The issue of the role of serum 25OHD concentrations 
was also identified by the sponsors of this current study on vitamin D and 
calcium DRIs as central to the development of DRIs for vitamin D (Yetley 
et al., 2009). Much in the way of this information gap for serum 25OHD 
concentrations has not yet been addressed. Nonetheless, measures of serum 
25OHD are important considerations in developing DRI values for vitamin 
D intake. The sections below highlight factors affecting serum 25OHD level 
and methodologies for its measurement. It is important to note that these 
discussions refer to 25OHD, not to calcitriol (i.e., 1,25-dihydroxyvitamin 
D). Calcitriol, the active hormonal form of the nutrient, has not been 
used typically as a measure associated with vitamin D nutriture or as an 
intermediate related to health outcomes. Calcitriol is not useful as such a 
measure, for several reasons. Its half-life is short (hours), its formation is 
not directly regulated by vitamin D intake, its levels are regulated by other 
factors (such as serum PTH), and, even in the presence of severe vitamin 
D deficiency the calcitriol level may be normal or even elevated as a result 
of up-regulation of the 1α-hydroxylase enzyme.

Factors Affecting Serum 25OHD Levels

Dietary Intake (Foods and Supplements)

Available literature demonstrates that serum 25OHD levels increase 
in response to increased vitamin D intake, although overall it can be con-
cluded that the relationship is non-linear rather than linear. Factors that 
may affect the relationship between vitamin D intake and serum 25OHD 
levels are not entirely clear, and the reliability of such measures may be 
less than desirable. Moreover, there remains debate over the equivalence 
of vitamins D2 and D3 in the diet (Armas et al., 2004; Rapuri et al., 2004; 
Vieth, 2004), although it has been assumed that they are 25-hydroxylated 
at similar rates (see previous discussion of functions and physiological ac-
tions of vitamin D).

As part of the 2007 Agency for Healthcare Research and Quality 
(AHRQ) systematic review (Cranney et al., 2007, 2008), referred to here-
after as AHRQ-Ottawa, exploratory meta-regression analysis was conducted 
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of 16 trials in adults, which suggested an association between vitamin D 
dose and serum 25OHD concentrations. The analysis found that for each 
additional 100 IU of vitamin D3, serum 25OHD concentrations rose by 1 to 
2 nmol/L. Trials varied in their use of vitamin D2 or vitamin D3. A few of 
the studies reported different effects of vitamin D2 and vitamin D3 on se-
rum 25OHD levels. Although the later AHRQ-Tufts analysis (Chung et al., 
2009) did not identify newer (compared with AHRQ-Ottawa) randomized 
controlled trials related to intake of vitamin D and serum 25OHD levels, it 
did graphically evaluate the net changes in serum 25OHD concentrations 
against the doses of vitamin D supplementation using data from the trials 
in adults. The analysis confirmed the relationship between increasing doses 
of vitamin D and increasing net change in serum 25OHD concentrations 
in both adults and children, but it also concluded that the dose–response 
relationships differ depending upon study participants’ baseline serum 
25OHD levels (≤ 40 vs. > 40 nmol/L) and duration of the supplementation 
(≤ 3 vs. > 3 months).

In a recent study conducted by Smith et al. (2009), personnel stationed 
in the Antarctic in winter months (and thus presumed to obtain vitamin D 
from food and supplements only) were given graded doses of 400, 1,000, 
or 2,000 IU of vitamin D3 per day for 5 months. Baseline levels of serum 
25OHD rose from approximately 44 nmol/L to 57, 63, and 71 nmol/L, re-
spectively, representing a change in 25OHD levels of 13, 19, or 27 nmol/L. 
Evident in this study is the continuing fall in 25OHD level in the “no pill” 
group (to 34 nmol/L) of men who were deprived of sunlight and received 
approximately 250 to 350 IU of vitamin D (which included foods and any 
non-study supplements) per day. A possible complicating factor in inter-
preting these data is that the subjects were consuming diets with a vitamin 
D content that ranged from 241 to 356 IU/day, in addition to the graded 
doses of vitamin D from administered supplements, although the amounts 
of vitamin D obtained from foods (or non-study supplements) were not 
significantly different between treatment groups. Therefore, any effect 
of these sources of vitamin D on serum levels would have been consistent 
between treatment groups.

Another study of serum 25OHD response to total intake under condi-
tions of minimal sun exposure used two populations based in Cork, Ireland 
(51°N), and Coleraine, Northern Ireland (55°N). The study estimated 
the dose of vitamin D required to maintain 25OHD levels above certain 
chosen cutoff values (i.e., 25.0, 37.5, 50.0, and 80.0 nmol/L) during the 
winter months (Cashman et al., 2008). The researchers found that serum 
25OHD levels that ranged between 65.7 and 75.9 nmol/L in late fall fell 
in all groups receiving 200, 400, and 600 IU of vitamin D3 per day, as well 
as in the placebo group, in winter. The decrease in the 600 IU/day group 
was minimal, from 75.9 to 69.0 nmol/L. Cashman et al. (2008) went on to 
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plot the serum 25OHD levels attained after 5 months versus the estimated 
total vitamin D intake (approximately 0 to 1,400 IU/day) in 215 individu-
als, as shown in Figure 3-4. They concluded that, in these two populations 
at 51°N and 55°N, the wintertime intake required to achieve 25OHD cutoff 
levels of 37.5, 50.0, and 80.0 nmol/L were 796, 1,120, and 1,644 IU/day, 
respectively.

FIGURE 3-4 The relationship between serum 25-hydroxyvitamin D concentra-
tions (in late winter 2007) and total vitamin D intake (dietary and supplemental) 
in 20- to 40-year-old healthy persons (n = 215) living at northern latitudes (51°N 
and 55°N).
SOURCE: Cashman et al. (2008). Reprinted with permission from the American 
Journal of Clinical Nutrition (2008, 88, 1535-42), American Society for Nutrition.

Importantly, the relationship between vitamin D intake and serum 
25OHD response appears not to be linear, given evidence that increasing 
serum 25OHD level above 50 nmol/L requires more vitamin D intake than 
does increasing serum 25OHD levels when the starting point is less than 50 
nmol/L (Aloia et al., 2008). Factors such as baseline serum 25OHD level 
in the population may be relevant. Further, there have been reports that 
the rise in serum 25OHD levels for a given dose tends to stabilize by week 
6 (Harris and Dawson-Hughes, 2002; Holick et al., 2008) and that it does 
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not vary with age at least up to 80 years of age (Harris and Dawson-Hughes, 
2002; Cashman et al., 2008, 2009).

Sun Exposure

The cutaneous synthesis of vitamin D, and in turn its contribution to 
the concentration of serum 25OHD, is initially dependent upon the pres-
ence of 7-dehydrocholesterol in the skin. However, many variables can 
affect the cutaneous synthesis of vitamin D, making it difficult to estimate 
an average amount of vitamin D and, in turn, serum 25OHD levels that 
are produced by sun exposure in North America. There is, however, agree-
ment that sun exposure is a significant source of the circulating serum 
25OHD in summer for many North Americans, and is notably reduced as 
a contributor in the winter months. Early work from Webb et al. (1988, 
1989) as well as a letter from Holick et al. (1989) have outlined the role of 
sunlight in regulating cutaneous synthesis of the vitamin and have impli-
cated factors in vitamin D3 synthesis in the skin to include aging, melanin 
pigmentation, season of the year, latitude, and use of sunscreen. Matsuoka 
et al. (1992) has discussed the role of clothing in preventing synthesis.

The 2007 AHRQ-Ottawa systematic review (Cranney et al., 2007) noted 
that the few available randomized clinical trials conducted between 1982 
and the time of the analysis, which focused on the effect of UVB radia-
tion on serum 25OHD level revealed little information about the impact 
of age, ethnicity, skin pigmentation, BMI, or latitude on serum 25OHD 
levels. However, UVB exposure increased serum 25OHD levels in vitamin 
D–deficient and –sufficient subjects with mean increases ranging from 15 
to 42 nmol/L.

The difference in seasonal contributions to serum 25OHD level from 
sun exposure is discussed first. Next, factors affecting the synthesis of vita-
min D—and, in turn, the levels of 25OHD in serum—are outlined.

Effect of season on circulating serum 25OHD level Sunlight exposure 
as a source of cutaneous synthesis of vitamin D is subject to a number of 
limitations. For example, excess exposure can lead to photo-degradation 
as a regulatory mechanism to avoid toxicity (Chen et al., 2007). In addi-
tion, latitude, time of exposure, and season all affect cutaneous synthesis, 
depending on the ability of UV rays to stimulate vitamin D production. Dif-
ferences in seasonal exposure can vary by as much as 6 months at extreme 
northern and southern latitudes (Lucas et al., 2005; Kull et al., 2009).

A number of studies have examined serum 25OHD levels in different 
seasons. Van der Mei et al. (2007) compared cross–sectional data from men 
and women less than 60 years of age living in Australia and concluded that 
season was a strong determinant of serum 25OHD concentrations. Berry 
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et al. (2009) examined white adults ages 20 to 60 years living in the United 
Kingdom (UK) at latitude 53°N. In this study, women were found to have 
higher average serum 25OHD levels than men in both summer and winter 
(9 and 20 percent higher, respectively). In a study of young adults of di-
verse ethnic backgrounds living in Toronto, Gozdik et al. (2009) found that 
in winter, serum 25OHD levels of individuals with East and South Asian 
backgrounds were significantly lower than those of individuals with Euro-
pean ancestry. Kull et al. (2009) measured seasonal variance of 25OHD 
levels in adults ages 25 to 70 years living in Estonia in northern Europe, 
where dairy products are not fortified with vitamin D. During the winter, 
73 percent of the study population had 25OHD levels that were below 50 
nmol/L, and 8 percent had levels that were below 25 nmol/L, compared 
with 29 percent and 1 percent, respectively, during the summer. Rapuri 
et al. (2002) examined white, black, and Hispanic women 65 to 77 years 
of age in Omaha and reported mean serum 25OHD levels of 68 nmol/L 
in February and 86 nmol/L in August. These studies, despite variations in 
age, gender, and ethnicity, all suggest that seasonal change can affect cu-
taneous vitamin D synthesis. The winter low serum 25OHD concentrations 
and the summer high serum 25OHD concentrations from these studies are 
summarized in Table 3-1.

Although there are variations in the available data as well as a num-
ber of unknowns that may influence such values, they suggest a seasonal 
change in serum 25OHD concentrations between the winter nadir and the 
summer zenith of approximately 25 nmol/L. Free-living individuals in the 
latitudes studied appear to experience an approximately one-third seasonal 
increase in their circulating serum 25OHD levels as they moved from the 
winter months to the summer months.

The 25 nmol/L change in serum 25OHD level would appear to be 
similar in magnitude to change experienced by subjects given 2,000 IU/
day in the Antarctic study (Smith et al., 2009). Although these data suggest 
that average cutaneous synthesis during the summer in northern latitudes 
equates to 2,000 IU/day, this may be a questionable conclusion given the 
many variables that come into play, ranging from feedback mechanisms to 
skin pigmentation to baseline levels of 25OHD. For example, recent work 
from Olds et al. (2008) suggested a curvilinear relationship between sun 
exposure and serum 25OHD levels, as well as variation depending upon 
initial concentrations of 7-dehydrocholesterol levels. At lower doses, vita-
min D3 production rises immediately in response to UV exposure, whereas 
at higher doses, the rate of production is lower and reaches an earlier 
plateau.

Effect of skin pigmentation on synthesis The presence of melanin in 
the epidermal layer is responsible for skin pigmentation. A number of 
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recent studies have reinforced the relationship of skin pigmentation to 
the capacity to produce vitamin D3 after UV exposure, but the results are 
not all consistent. Armas et al. (2007) studied the incremental change in 
serum 25OHD levels in individuals with average 25OHD baseline levels of 
52 nmol/L and with different skin pigmentation who were exposed to dif-
ferent daily doses of 20 to 80 mJ/cm2 of UVB light three times per week for 
4 weeks on 90 percent of their skin surface area. The work suggested that 
for individuals at the lighter pigmentation scale,  exposed to similar UVB 
doses (20 to 80 mJ/cm2) resulted in twice the increase in serum 25OHD 
concentration compared with individuals at the opposite extreme (i.e., 62 
vs. 32 nmol/L change) (Armas et al., 2007) (see modeled representation 
in Figure 3-5).

L*=70; the lightest skin tone of northern Europeans.

 However, other studies have shown that the response to 
UV dose is non-linear and dependent on genetic factors (Snellman et al., 
2009), duration and dose rate of UV exposure, and baseline serum 25OHD 
levels (Bogh et al., 2010).

TABLE 3-1 Winter Low 25OHD Levels and Summer High 25OHD Levels 
Around the World

Location (Latitude) Winter Baseline Summer High

Toronto, Canadaa

43°N
35 nmol/L 50 nmol/Lb

Tasmania, Australiac

43°S
40 nmol/L 62 nmol/L

Estonia, northern Europed

59°N
44 nmol/L 59 nmol/L

Salford/Manchester, UKe

53°N
46 nmol/L 71 nmol/L

Geelong region, Australiac

38°S
57 nmol/L 93 nmol/L

Omaha, USAf

41°N
68 nmol/L 86 nmol/L

 aGozdik et al., 2009.
 bhigh value recorded in autumn.
 cvan der Mei et al., 2007.
 dKull et al., 2009.
 eBerry et al., 2009.
 fRapuri et al., 2002.

Another population study of 237 subjects at a single geographical lo-
cation (Toronto, 43°N) also explored the effect of skin pigmentation on 
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25OHD synthesis (Gozdik et al., 2009). 

FIGURE 3-5 Three-dimensional scatter-plot of 4-week change in serum 25OHD 
concentration above baseline expressed as a function of both basic skin lightness 
(L*) and UVB dose rate. Surface is hyperboloid, plotting equation 1, and was fitted 
to data using least squares regression methods.
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NOTE: Equation 1 is z = b * x * y, where z is the induced increase in serum 25OHD 
level from baseline (in nmol/L); x is UVB dose (in mJ/cm2 per session); y is skin 
lightness (expressed as the L* score value from the reflective meter); and b is the 
sole parameter to be fitted.
SOURCE: Reprinted with permission from Robert Heaney.

The mean serum 25OHD levels in 
Canadians of European, East Asian, and South Asian ancestry were 71.7, 
44.6, and 33.9 nmol/L, respectively, in late fall; and 51.6, 28.1, and 26.5 
nmol/L, respectively, in the winter. The authors found that differences 
between the three subgroups were strongly associated with skin pigmenta-
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tion as well as amount of time spent outdoors and total vitamin D intake. 
A recent study of 182 individuals in Denmark, screened in January and 
February and selected to reflect wide ranges of baseline 25OHD levels and 
skin pigmentation, found that the increase in 25OHD levels after UVB 
exposure was inversely correlated with skin pigmentation as well as with 
baseline 25OHD (Bogh et al., 2010).

A number of small studies have reported serum 25OHD levels to be 
consistently lower in persons with darker skin pigmentation, and data from 
NHANES suggest that serum 25OHD levels are highest in whites, lowest in 
non-Hispanic blacks, and intermediate in Hispanic groups (Looker et al., 
2008). Overall, there is considerable evidence that darker skin pigmenta-
tion is associated with a smaller increase in serum 25OHD concentration 
for a given amount of UVB exposure.

Effect of latitude on synthesis Early on, in vitro methods, such as ex-
posure of sealed vials of 7-dehydrocholesterol to UVB radiation under 
“idealized conditions” at various geographical locations, were used to as-
sess the effect of latitude, time of day, and season on the rate of vitamin D 
production (Webb et al., 1988). However, this approach cannot completely 
simulate the in vivo conditions in the body, where many factors serve to 
regulate this process. Furthermore, although the measurement of vitamin 
D concentrations in a mixture of irradiation products is analytically simple, 
vitamin D3 levels in human serum are rarely used to estimate cutaneous 
synthesis of the vitamin, in part because of the transient nature of this 
blood parameter and the difficulty of measuring the low levels in serum 
(Holick, 1988; Hollis, 2008). Nevertheless, Holick and colleagues used a 
serum vitamin D3 assay to augment in vitro methodology and suggested 
that, at latitudes above 43°N, cutaneous synthesis contributes little serum 
25OHD to the system in the winter months between October and March 
in North America (Webb et al., 1988; Matsuoka et al., 1989).

More recent data may call into question current assumptions about the 
effect of latitude. In fact, Kimlin et al. (2007), using computer modeling, 
concluded that it may no longer be correct to assume that vitamin D levels 
in populations follow latitude gradients. Indeed, the relationship between 
UVB penetration and latitude is complex, as a result of differences in, for 
example, the height of the atmosphere (50 percent less at the poles), cloud 
cover (more intense at the equator than at the poles), and ozone cover. 
The duration of sunlight in summer versus winter is another factor con-
tributing to the complexity of the relationship. Geophysical surveys have 
shown that UVB penetration over 24 hours, during the summer months at 
Canadian north latitudes when there are many hours of sunlight, equals 
or exceeds UVB penetration at the equator (Lubin et al., 1998). Conse-
quently, there is ample opportunity during the spring, summer, and fall 
months in the far north for humans (as well as animals that serve as food 
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sources) to form vitamin D3 and store it in liver and fat. These factors may 
explain why latitude alone does not consistently predict the average serum 
25OHD level of a population.

Effect of sunscreen on synthesis Sunscreens are used to protect the skin 
from ultraviolet A (UVA) and UVB waveband exposure that is associated 
with deoxyribonucleic acid (DNA) damage—the same UVB exposure that 
is needed for vitamin D synthesis. Experimental studies suggest that sun-
screens can decrease cutaneous vitamin D synthesis (Misra et al., 2008). 
However, emerging evidence suggests that although sunscreens are effec-
tive, many may not actually be blocking UVB because they are improperly 
or inadequately applied. Thus, sunscreen use may not actually diminish 
vitamin D synthesis in real world use, although further study is needed 
to verify its actual impact (Diehl and Chiu, 2010; Springbett et al., 2010).

Other variables affecting synthesis A number of other variables can im-
pede sun exposure and thus inhibit cutaneous vitamin D synthesis. Cloth-
ing is an effective barrier to sun exposure and the UVB waveband, but the 
effectiveness of sun blocking depends on the thickness or weave of the 
fabric (Diehl and Chiu, 2010). Likewise, ethnic practices, such as exten-
sive skin coverage with clothing, urban environments that reduce or block 
sunlight, air pollution, and cloud cover that reduces solar penetration 
can variously reduce sun exposure. In contrast, high altitude reduces the 
atmospheric protection against UVB waveband and can increase risk for 
sun damage as well as increase vitamin D synthesis (Misra et al., 2008). 
There may be a role for measures of physical activity in affecting vitamin 
D synthesis, although many covariates may be relevant, and some have sug-
gested that genetics can account for some of the differences in synthesis 
of serum 25OHD.

Confounders Affecting Serum 25OHD Concentrations

Adiposity Interpreting data on serum 25OHD concentrations in obese 
and overweight persons is particularly challenging. Data from NHANES 
showed lower circulating levels of 25OHD among young adult obese non-
Hispanic white women compared with their leaner counterparts; the rela-
tionship appeared to be weaker among non-Hispanic blacks. Differences 
in physical activity levels partially explain these differences (Looker, 2005, 
2007). However, overweight and obese persons in NHANES also reported 
lower use of dietary supplements than did leaner persons of the same age 
or gender group (Radimer et al., 2004; Picciano et al., 2007), suggesting 
that lower dietary exposures could also contribute to the lower serum 
25OHD levels in obese and overweight people.

Sequestration of vitamin D into fat likely also plays a significant role in 
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reducing the amount that can be presented to the liver for 25-hydroxylation. 
As noted previously, vitamin D is absorbed with fat as part of chylomicrons 
and is taken up first by peripheral tissues that express lipoprotein lipase, 
especially adipose tissue and skeletal muscle. This pathway predicts that 
increased adiposity should lead to lower serum 25OHD levels and, con-
versely, that weight loss should reduce peripheral sequestration and enable 
higher 25OHD levels. Consistent with this, not only does increasing adi-
posity correlate with lower 25OHD levels, but also a few studies of modest 
weight loss have found the circulating 25OHD levels to increase despite no 
increased intake of vitamin D from diet or sunlight exposure (Riedt et al., 
2005; Reinehr et al., 2007; Zittermann et al., 2009; Tzotzas et al., 2010). 
The measured increase in serum 25OHD levels in overweight and obese 
individuals was about 1.5 nmol/L for a 100 IU/day vitamin D intake over 
12 months (Sneve et al., 2008; Zittermann et al., 2009). Others found that 
obese subjects show a lower rise in serum 25OHD levels in response to both 
oral vitamin D intake and UVB exposure (Wortsman et al., 2000) or in a ret-
rospective analysis in response to 700 IU/day vitamin D3 supplementation 
(Blum et al., 2008). It is interesting that in severely obese individuals after 
malabsorptive gastric bypass surgery, vitamin D supplementation resulted 
in a marked rise in serum 25OHD level of approximately 3 nmol/100 IU 
intake when the dose was 800 to 2,000 IU/day, but only a 1 nmol/L rise 
when intake was increased to 5,000 IU/day (Goldner et al., 2009).

African American ancestry Serum 25OHD levels are lower in African 
Americans compared with light-skinned population groups (Looker et al., 
2008), yet the risk for fracture is lower for African Americans than for 
other ethnic groups (Aloia, 2008). It should be noted, however, that there 
is a wide range of variability among individuals of any race or ethnicity 
(Aloia, 2008). Serum 25OHD levels in African Americans and whites have 
been shown to be similarly responsive to vitamin D supplementation at 
40°N latitude (equivalent to Philadelphia or Indianapolis), increasing by 
1 to 2 nmol/L per 100 IU/day at a dose of 3,440 IU/day (Aloia et al., 
2008), although at doses below 2,000 IU/day, serum 25OHD levels do not 
increase above 50 nmol/L in African American girls (Talwar et al., 2007). 
The significance of maintaining a higher serum 25OHD level in African 
Americans is not understood at this time because of a lack of evidence on 
extra-skeletal effects of vitamin D.

Size and frequency of dose Dosing of vitamin D daily, weekly, or monthly 
has been tested, and there are reports of annual dosing as well. The results 
of a study by Chel et al. (2008) suggested that daily (600 IU/day) and 
weekly doses of vitamin D will increase serum 25OHD levels more than 
monthly doses, but Ish-Shalom et al. (2008) using a dose of 1,500 IU/day 
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found no difference due to timing of the doses. Ish-Shalom et al. (2008) 
suggested that the attenuated response to monthly dose in the Chel et al. 
(2008) study may have been due to poor compliance with a powdered 
monthly supplement compared with pills used for their daily and weekly 
doses. An alternative explanation is that only a lower (Chel et al., 2008) 
and not a higher (Ish-Shalom et al., 2008) dose is influenced by timing of 
the vitamin D supplement. Thus far, studies suggest that weekly and daily 
dosing give similar serum 25OHD responses.

Assays for Serum 25OHD

Serum 25OHD comprises the sum of 25OHD2 and 25OHD3. Because 
of the widespread use of both vitamin D2 and vitamin D3 in the United 
States and Canada, analysts must measure both 25OHD2 and 25OHD3 in 
order to provide the total 25OHD level in serum. This is in contrast to the 
situation in Europe where there has been a tradition of using only vitamin 
D3 and where commercial methods that purport to measure only 25OHD3 
are available.

In North America, several assay types are currently in use, each with 
strengths and weaknesses (Makin et al., 2010). The two most common types 
of assays are

• Antibody-based methods, which use a kit or an automated clinical 
chemistry platform; and

• Liquid chromatography (LC)-based methods, which use auto-
mated equipment featuring either UV or mass spectrometric 
(MS)-detection.

As discussed below, both these methods are equivalent in terms of 
measuring the physiologically relevant parameter (total 25OHD level in 
serum), but there remains controversy over the performance of these assays 
in clinical and research laboratories. Moreover, reports in the literature for 
serum 25OHD measures should be interpreted with care, taking into ac-
count the type of assay employed, use of automation, year of analysis, and 
context of the analysis.

Overview of Assay Methodology

Assays for total 25OHD level in serum have existed for four decades 
since the metabolite was first discovered (Blunt et al., 1968). The earli-
est assays were competitive protein-binding assays (CPBAs), based upon 
the ability of either 25OHD2 or 25OHD3 to displace [3H]25OHD3 from 
the plasma binding protein, DBP (Belsey et al., 1971; Haddad and Hahn, 
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1973). These assays incorporated extraction, chromatographic purifica-
tion, and detection steps, but the assays were laborious and not easily sim-
plified, owing to the presence of co-extracted interfering substances. They 
therefore fell out of favor. Non-chromatographic CPBA assays tended to 
read erroneously high, and some data from this period (1970s) are viewed 
as extremely questionable for this reason.

In the late 1970s LC-based assays emerged that used refined extraction 
and chromatographic steps with some form of fixed- or variable-wavelength 
UV detector to measure the distinctive native absorbance of the vitamin D 
metabolites with λmax at 265 nm (Jones, 1978; Horst et al., 1979). These 
allowed for the separate estimation of 25OHD2 and 25OHD3 from serum 
samples. This type of assay has undergone much refinement over the years, 
with improvements in LC, improved automation, or the introduction of 
diode-array UV detectors that minimize the chance of picking up inter-
fering substances (Lensmeyer et al., 2006). Although these assays require 
expensive equipment as well as sequential sample analysis, which make 
them somewhat time-consuming, they are still popular with a minority of 
analysts.

In the early to late 1980s, antibody-based assays were introduced, which 
use a proprietary antibody to a vitamin D molecular antigen, usually with a 
truncated vitamin D side chain. They are therefore devoid of the features 
that allow the resultant antibody to distinguish between 25OHD2 and 
25OHD3 (Hollis and Napoli, 1985); this is of value, but at the expense of 
detecting other minor metabolites. Consequently, antibody-based methods 
measure only total 25OHD in serum. Various commercial assays differ 
because of the nature of the antibody used, some claiming an advantage 
that they do not discriminate between 25OHD2 and 25OHD3 (Hollis and 
Napoli, 1985), whereas others in fact do underestimate the 25OHD2 pool 
and therefore provide correction factors to compensate for high 25OHD2 
content. Over the past decade, antibody-based 25OHD assays have become 
automated into a multiwell plate-format and the increased throughput has 
made them extremely popular. It is important to note that the majority of 
the data collected over the past 20 to 30 years have been analyzed using 
antibody-based assays.

Recently, LC-based assays have also undergone a radical transformation 
with the replacement of the UV detection step by a “universal detector” in 
the form of a tandem mass spectrometer (LC-MS/MS) (Jones and Makin, 
2000). LC-MS/MS assays allow the analyst to discriminate between 25OHD2 
and 25OHD3 and other serum lipids by their unique molecular masses 
and mass fragments. Accordingly, these methods measure 25OHD2 and 
25OHD3, and therefore total 25OHD (Makin et al., 2010). Because these 
methods use short LC retention times, automated robotic extraction and 
LC separation steps, and computerized MS systems, they can be made rela-
tively operator-free and provide high throughput. Further, their potential 
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advantages also include high specificity, high sensitivity, and better repro-
ducibility (< 10 percent). The consensus among analysts is that LC-MS/MS 
assays will become the “gold standard” for assay performance in the future.

Thus, a variety of methods are available to determine serum 25OHD 
levels, each with its advantages and disadvantages that must be considered 
in evaluating the data arising from them.

Assay Performance Concerns

The methodologies used over four decades of assaying 25OHD levels 
in serum have each presented technical problems. These include, first, 
CPBA assays without chromatography that read high because of poorly 
defined “interferences” (Morris and Peacock, 1976; Stamp et al., 1976). 
Second, some LC-MS/MS assays with short LC run times read high be-
cause they cannot resolve 3-epi-25OHD3, an isomer found in abundance 
in neonatal samples (Singh et al., 2006). Third, some antibody-based as-
says, particularly some of the automated versions, fail to recover or detect, 
and therefore underestimate 25OHD2 (Carter et al., 2004). Fourth, some 
antibody-based assays overestimate values by detecting further metabolites 
of 25OHD (e.g., 24,25[OH]2D and 26,23-lactone) particularly those found 
in hypervitaminotic D situations (i.e., 25OHD > 250 nmol/L) (Jones et al., 
1987); and some antibody-based methods are sensitive to exogenous inter-
ferences such as the presence of dilutants (ethanol, non-human serum) 
used in quality control materials (Phinney, 2009). Thus, no assay is free 
from problems, and performance must be monitored vigilantly.

Performance has been a concern of analysts and clinicians in the vita-
min D field for some time. Inter-laboratory comparisons have been con-
ducted and published for two decades and suggest an unacceptable degree 
of variability in the different results (Jongen et al., 1984, 1989). This has led 
to the creation of external quality assurance schemes, such as the Vitamin 
D External Quality Assurance Scheme or DEQAS  (Charing Cross Hospital, 
London, UK), similar to those used in other areas of clinical chemistry. 

Available online at http://www.deqas.org/ (accessed March 9, 2010).

Since its inception in the early 1990s, DEQAS has grown steadily, such that 
it now serves as a quarterly monitor of performance of analysts and 25OHD 
analytical methods for approximately 700 laboratories worldwide (Carter 
et al., 2010). Although initially DEQAS used gas chromatography-mass 
spectrometry (GC-MS) as its “gold standard,” more recently it has adopted 
an all-laboratory trimmed mean (ALTM) as the value it uses to judge per-
formance. Using ALTM, DEQAS has served as an early-warning system for 
method and operator biases that have alerted the commercial kit manu-
facturers to modify their products or steps in their procedures or withdraw 
their kits. DEQAS has published performance characteristics (precision, 
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accuracy, and variability) regularly over the past decade (Carter et al., 2004; 
Carter, 2009; Jones et al., 2009). These publications have been augmented 
by other independent method comparisons (Glendenning et al., 2006; 
Lensmeyer et al., 2006; Roth et al., 2008).

In brief, these performance reports suggest some method biases in 
terms of accuracy and precision as well as variability as high as 15 to 20 
percent. However, some skilled analysts can perform better than this with 
a coefficient of variation less than 10 percent. The recent introduction of 
the National Institute of Standards and Technology (NIST) reference stan-
dards  calibrated using a “validated” LC-MS/MS method (Phinney, 2009) 
offers some hope that the variability of all methods can or will be improved 
in the future.

Available online at http://ts.nist.gov/measurementservices/referencematerials/index.cfm 
(accessed March 15, 2010).

 Indeed, recent data suggest that an improvement is already 
occurring (Carter and Jones, 2009). At this time, however, serum 25OHD 
data in the literature must be viewed with care based upon the knowledge 
that they have been acquired using a variety of methods, each with its own 
shortcomings and subject to high variability.

Assay Shift and Drift: U.S. National Health and Nutrition Examination Survey

Recently, the National Center for Health Statistics (NCHS) posted an 
analytical note on its NHANES web page informing users about two issues 
that should be addressed when analyzing and using serum 25OHD data 
from NHANES.

Available online at http://www.cdc.gov/nchs/data/nhanes/nhanes3/VitaminD_analytic
note.pdf (accessed March 17, 2010).

 The first involved making direct comparisons between 
serum 25OHD levels from NHANES III (1988 to 1994) and those from 
the 2000 to 2006 NHANES because of a reformulation of the DiaSorin ra-
dioimmunoassay (RIA) kit  that resulted in shifts in assay results between 
the two time periods.

DiaSorin Radio-immunoassay (RIA) (Stillwater, MN).

 Second, the note also cautioned that the data from 
the 2000 to 2006 NHANES were likely affected by drifts in the assay per-
formance (method bias and imprecision) over time. A standard reference 
material (SRM 972, Vitamin D in Human Serum) and calibration solution 
(SRM 2972, 25-Hydroxyvitamin D2 and D3 Calibration Solutions) are cur-
rently available from the NIST. The NCHS plans to incorporate use of this 
SRM into future measures of 25OHD in NHANES. The web page also indi-
cates that guidance concerning a correction factor and data interpretation 
regarding this shift and drift will be forthcoming from the agency. In the 
case of the Canadian survey of 25OHD levels in the Canadian population, 
the analytical methods used to determine 25OHD concentrations were the 
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12

12

Diasorin total 25OHD (Liaison) kit  (personal communication, S. Brooks, 
Health Canada, December 18, 2009).

DiaSorin Liaison (Stillwater, MN).

MEASURES ASSOCIATED WITH VITAMIN 
D: PARATHYROID HORMONE

PTH, which, as described above, plays a role in vitamin D metabolism, 
is also a known marker for bone resorption, based upon the bone mani-
festations of secondary hyperparathyroidism—increased bone turnover, 
increased rates of bone loss, osteoporosis, and increased risk of fractures. 
Serum PTH level has thus been explored and suggested as a measure in-
dicative of adequate vitamin D nutriture, notably on the basis of the level of 
serum 25OHD at which serum PTH level rises or, alternatively, the level of 
serum 25OHD at which serum PTH level no longer declines. This measure 
is discussed more fully in Chapter 4.
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4

Review of Potential Indicators of  
Adequacy and Selection of Indicators: 

Calcium and Vitamin D

APPROACH

The first step in the decision-making process associated with the de-
velopment of Dietary Reference Intakes (DRIs) is the identification of 
potentially useful measures—indicators—that reflect a health outcome 
associated with the intake of the nutrient. As described in Chapter 1, this 
is classically referred to as hazard identification, the first step of risk assess-
ment. The available data are examined to determine their relevance and 
validity as well as strengths and limitations for elucidating a relationship 
between the health outcome of interest (including chronic disease risk) 
and the intake of the nutrient.

In considering reference values for calcium and vitamin D, there are 
challenges in organizing a data review to examine these nutrients indepen-
dently, because they act in concert and are often administered together 
in experimental studies. To the extent possible, the independent effects 
of these nutrients were explored and taken into account; when this was 
not possible or not appropriate, the combined effect was considered. This 
chapter reviews evidence for calcium and vitamin D jointly to avoid redun-
dancy. Evidence related to potential indicators for adverse effects of excess 
intake of calcium and vitamin D is reviewed separately in Chapter 6.

Identification of Potential Indicators for Calcium and Vitamin D

The array of potential health outcomes to be considered for these two 
nutrients was identified using five sources:
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1. Agency for Healthcare Research and Quality (AHRQ) evidence 
report issued in 2007 (Cranney et al., 2007), hereafter referred to 
in this chapter as AHRQ-Ottawa without a reference citation; and

2. AHRQ evidence report issued in 2009 (Chung et al., 2009), here-
after referred to in this chapter as AHRQ-Tufts without a reference 
citation;

3. The Institute of Medicine (IOM) report Dietary Reference Intakes 
for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride (IOM, 
1997);

4. Literature searches conducted by the committee;
5. Publicly available input from stakeholders either through writ-

ten submissions to the committee or as presented during the 
information gathering workshop.

As outlined in Chapter 1, the ARHQ analyses are highly relevant to 
DRI development. Evidence-based systematic reviews have been identified 
as a useful tool for the purposes of dietary reference value development 
(Russell et al., 2009), and the work of this committee was enhanced by the 
availability of these two high-quality evidence reports from AHRQ. The ap-
proach used, questions asked, data search criteria, and the detailed results 
from the AHRQ-Ottawa and AHRQ-Tufts can be found in Appendixes C 
and D.

In sum, the focus of AHRQ-Ottawa was on the:

• Association of specific circulating 25-hydroxyvitamin D (25OHD) 
concentrations with bone health outcomes in children, women of 
reproductive age, postmenopausal women, and elderly men;

• Effect of vitamin D dietary intake (fortified foods and/or supple-
ments) and sun exposure on serum 25OHD levels;

• Effect of vitamin D on bone mineral density (BMD) and fracture 
or fall risk; and

• Identification of potential harms associated with vitamin D expo-
sures above current reference intakes.

The AHRQ-Tufts evidence report analyzed data related to calcium 
and vitamin D with respect to a broader spectrum of health outcomes. 
AHRQ-Tufts also served to update and expand AHRQ-Ottawa. Specifically, 
AHRQ-Tufts focused on the:

• Relationship between vitamin D and growth, cardiovascular dis-
ease (CVD), body weight, cancer, immunological outcomes, bone 
health, all-cause mortality, hypertension/blood pressure, and BMD 
and bone mineral content (BMC); and
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 The lowest form of evidence is the idea or opinion, 

• Relationship between calcium and growth, CVD, body weight, and 
cancer.

Neither AHRQ report reviewed calcium alone as a factor in bone health.
A key component of systematic reviews of scientific literature is a speci-

fication of the quality of the available data. The AHRQ grading system is 
summarized in Box 4-1. In the case of the systematic analysis carried out 
by AHRQ-Ottawa, the Jadad scale (Jadad et al., 1996) was used for quality 
assessments of randomized controlled trials (RCTs). The Jadad scale is a 
validated scale designed to assess the methods used to generate random 
assignments and double blinding. The scale also scores whether there is 
a description of dropouts and withdrawals by intervention group. Jadad 
scores range from 1 to 5, and a total score of 3 and above indicates studies 
of higher quality. Further, to assess the quality of the observational stud-
ies, a grading system adapted from R. P. Harris et al. (2001) was used. In 
the case of the AHRQ-Tufts analysis, a three-category grading system (“A,” 
“B,” or “C”) was adapted from the AHRQ Methods Reference Guide for 
Effectiveness and Comparative Effectiveness Reviews (AHRQ, 2007). This 
system defines a generic grading system that is applicable to each type of 
study design including interventional and observational studies; it is sum-
marized in Box 4-1.

The committee’s literature search identified relevant evidence outside 
the scope of, or not included in, the two AHRQ reports as well as newer 
data available after the cutoff date of the AHRQ-Tufts analysis in 2009. The 
nature of the literature search is outlined in Appendix E. The literature 
base that was included in the 1997 report of the IOM committee tasked 
with DRI development for calcium and vitamin D (IOM, 1997) was also 
considered. Additionally, information gathered as part of a public work-
shop and several open committee sessions (see Appendix J) and a white 
paper requested by the committee (Towler, 2009) were taken into account.

Through use of the five data sources listed above, health outcomes of 
potential interest were identified. They are listed alphabetically in Table 4-1 
and are grouped by general outcome. In addition, there is the possibility 
of intermediate variables that are not validated biomarkers of effect for 
health outcomes, but which may have the potential to be useful in the 
development of DRIs. Two such variables were considered: serum 25OHD 
concentrations and levels of parathyroid hormone (PTH).

Review of Data

General Principles

Within the scientific and clinical literature, there is a general hierar-
chy of study design.
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BOX 4-1 
AHRQ Critical Appraisal and Grading of Evidence

Grading system used by AHRQ-Ottawa:

Basic Jadad score is assessed based on the answer to five questions listed 
below. Questions that are answered with a “yes” gain 1 point; questions 
answered with a “no” receive 0 points; the maximum score is 5. A score 
of 0 to 2 points is considered “low” quality, and a score of 3 to 5 points is 
considered “high” quality.

 1.  Was the study described as random?
 2.  Was the randomization scheme described and appropriate?
 3.  Was the study described as double-blind?
 4.  Was the method of double-blinding appropriate? (Were both the 

patient and the assessor appropriately blinded?)
 5.  Was there a description of dropouts and withdrawals?

Grading system used by AHRQ-Tufts (based on criteria below):

A = highest quality
  Studies have the least bias and results are considered valid. These studies 

adhere mostly to the commonly held concepts of high quality, including the 
following: a formal study design; clear description of the population, setting, 
interventions, and comparison groups; appropriate measurement of outcomes; 
appropriate statistical and analytical methods and reporting; no reporting er-
rors; less than 20 percent dropout; clear reporting of dropouts; and no obvious 
bias. Studies must provide valid estimation of nutrient exposure from dietary 
assessments and/or biomarkers with reasonable ranges of measurement errors 
and justifications for approaches to control for confounding in their design 
and analyses.

B = medium quality
  Studies are susceptible to some bias, but not sufficient to invalidate the results. 

They do not meet all the criteria in category “A”; they have some deficiencies, 
but none likely to cause major bias. The study may be missing information, 
making it difficult to assess limitations and potential problems.

C = low quality
  Studies have significant bias that may invalidate the results. These studies 

have serious errors in design, analysis, or reporting; there are large amounts 
of missing information or discrepancies in reporting.

SOURCES: Jadad et al., 1996; Cranney et al., 2007; Chung et al., 2009.
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TABLE 4-1 Alphabetical Listing of Potential Indicators of Health 
Outcomes for Nutrient Adequacy

Indicator

AHRQ
(Ottawa and 

Tufts)

Cancer/neoplasms
 • All cancers ✓

 • Breast cancer ✓

 • Colorectal cancer/colon polyps ✓

 • Prostate cancer ✓

Cardiovascular diseases and hypertension ✓

Diabetes (type 2) and metabolic syndrome (obesity) ✓

Falls ✓

Immune response
 • Asthma
 • Autoimmune disease
   Diabetes (type 1)
   Inflammatory bowel and Crohn’s disease
   Multiple sclerosis
   Rheumatoid arthritis
   Systemic lupus erythematosus
 • Infectious diseases
   Tuberculosis
   Influenza/upper respiratory infections

✓

—a

✓

✓

✓

✓

✓

—a

✓

—a

—a

Neuropsychological functioning
 • Autism
 • Cognitive function
 • Depression

—b

—b

—b

—b

Physical performancec ✓

Preeclampsia, pregnancy-induced hypertension, and other non-skeletal 
reproductive outcomes

✓

Skeletal health (commonly bone health)
 • Serum 25OHD, as intermediate ✓

 • Parathyroid hormone, as intermediate ✓

 • Calcium absorption ✓

 • Calcium balance ✓

 • Bone mineral content/bone mineral density ✓

 • Fracture risk ✓

 • Rickets/osteomalacia ✓

 aSpecific condition not reviewed as a health outcome in AHRQ.
 bOutcome category not considered in AHRQ.
 cIn the discussions within this chapter, physical performance is considered together with 
falls to avoid redundancy.
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 When the total-
ity of evidence, including causal evidence, was supported by concordance 

0

followed, in ascending order, by case reports, case series, case–control 
studies, cohort studies, and, finally, the highest form of evidence, the 
randomized, controlled, double-blind trial (Croswell and Kramer, 2009). 
Only the RCT can show a causal relationship between an intervention and 
an outcome. Observational evidence can show only associative links, not 
causality. The highest level of observational evidence is the cohort study—a 
large, population-based, prospective investigation to compare an exposed 
group with an unexposed group. However, the cohort study does not reach 
the level of evidence of an RCT, because the intervention is not a random 
or chance event; rather it is the choice of the investigator (Croswell and 
Kramer, 2009). Nested case–control studies are a type of cohort study and 
were considered at that level of evidence; in some literature, populations 
from RCTs were evaluated as a cohort (adjusting for treatment assignment 
or limiting the analysis to the control group) and thus are at the same level 
of evidence as other observational research.

A summary of the strengths and weaknesses of the various types of 
observational studies and RCT studies is shown in Table 4-2. Flaws, biases, 
and confounding effects are an inevitable aspect of any study design, and 
the strength of a study therefore depends on the ability of the investigator 
to control such methodological obstacles. In addition, even well-designed 
studies can be weakened by complications such as loss to follow-up, missing 
outcomes, subject non-compliance, and a biased selection process (Baker 
and Kramer, 2008).

The Process

In addition to its consideration of the AHRQ analyses, the committee 
conducted searches of several online bibliographical databases, including 
Medline, Science Direct, and WorldCat/First Search. Evidence searches 
were carried out to identify relevant RCTs in support of a causal relation-
ship between vitamin D and/or calcium and the health outcome under 
consideration, and these were weighted as the strongest type of evidence 
for development of a DRI. The second tier of evidence considered was 
observational to support associative relationships between vitamin D and/
or calcium and a health outcome. Further examination was carried out 
to determine the quality of the observational evidence and whether the 
results were in agreement with RCT outcomes for a specific indicator. 
Potential confounders were also taken into account. Figure 4-1 shows the 
committee’s ranking of evidence by the strength of the study design. In the 
figure, RCTs prevail over observational and ecological studies as the stron-
gest evidential support and were therefore necessary for a health outcome 
indicator to be further considered for DRI development.
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TABLE 4-2 Comparison of the Strengths and Weaknesses of 
Observational Study Designs and Randomized Controlled Trials for Use 
in DRI Development

Study Type/
Definition Strengths Weaknesses

Quality Ranking For 
DRI Development

Ecological

An observational 
study in which the 
units of analysis are 
populations or groups 
of people, rather than 
individuals

• Provides an 
exploratory 
overview or 
indication for 
a potential 
association with 
outcome of 
interest

• Outcome 
measures are not 
predictable at the 
individual level

Low

Cross–sectional

An observational study 
in which a statistically 
significant sample 
of a population is 
used to estimate the 
relationship between 
an outcome of interest 
and population 
variables as they exist 
at one particular time

• Allows for study 
of either a whole 
population or a 
representative 
sample

• Provides estimates 
of prevalence 
of all factors 
measured

• Facilitates greater 
generalizability

• Possible selection 
bias

• Susceptible to 
mis-classification

• Poor design 
for uncommon 
diseases or 
conditions

• Simultaneous 
data collection 
obscures the 
order of effects

Low moderate

Case–control

An observational 
epidemiological study 
of persons with the 
outcome variable of 
interest and a suitable 
control group of 
persons without the 
variable of interest

• Good design 
for uncommon 
diseases or 
conditions

• Time and 
resource efficient

• Does not provide 
an estimate of 
incidence or 
prevalence of the 
disease, unless 
data about the 
population size 
are available

• Possible selection 
bias

• Susceptible to 
mis-classification

• Simultaneous 
data collection 
obscures the 
order of effects

Moderate

continued
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TABLE 4-2 Continued

Study Type/
Definition Strengths Weaknesses

Quality Ranking For 
DRI Development

Cohort

A method of 
epidemiological study 
in which subsets of a 
defined population can 
be identified as exposed 
to a factor hypothesized 
to influence the 
probability of 
occurrence of an 
outcome

• Good design for 
common diseases 
or conditions

• Relative timing 
of exposure 
and disease is 
less confusing 
than with other 
observational 
study designs

• Can be 
expensive and 
time-consuming

• Possible selection 
bias from loss to 
follow-up

• Statistically 
inefficient

High moderate

Randomized 
controlled trial

An experimental 
study design in which 
exposure is randomly 
assigned and in 
which the frequency 
of the outcome of 
interest is compared 
between one or more 
groups receiving an 
experimental treatment 
and a group receiving 
a placebo or the current 
standard of care

• More similar to 
experimental 
study design than 
to observational 
design

• Provides strongest 
evidence for 
causality

• Fulfills the basic 
assumption 
of statistical 
hypothesis tests

• Expensive and 
time-consuming

• Subjects may not 
be representative 
of all who might 
receive treatment

High

SOURCE: Gordis (2009).

2

between RCTs and high-quality observational evidence and had strong bio-
logical plausibility, the committee gave further consideration to a potential 
indicator for development of a DRI. When observational evidence failed to 
support the findings of RCTs, the indicator’s validity for consideration was 
reevaluated, and a decision to give further consideration was made on the 
balance of the totality of evidence.

For each potential indicator discussed in this chapter, the review of 
evidence included consideration of the analytical approach, study popula-
tion, and research protocol design and the overall quality of the evidence 
for each study reviewed. The introductory statement for each indicator 
includes ecological studies. Observations made from such studies require 
caution in their interpretation because the outcome measures are not 
known at the individual level, and inferring individual characteristics or 
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relationships from group-level measures would be fallacious. Ecological 
studies, however, can contribute important information in more than an 
exploratory manner. Where it was relevant or needed in the absence of hu-
man studies, evidence for biological plausibility was included in the review 
as gleaned from experimental animal and mechanistic studies. The ob-
servational evidence reviewed included cross–sectional, case–control, and 
cohort (prospective and retrospective) studies. As pointed out previously, 
the strongest evidence among observational studies is from the cohort 
study. This study design offers an advantage over the case–control design 
in that it allows for observation of the incidence of a health outcome or the 
rate at which the health outcome develops in association with vitamin D 
or calcium intake or status in the population under study. In case–control 
studies, cases are included without identifying the entire “exposed” and 
“unexposed” populations from which they were derived, thus inferences 
drawn about a health outcome related to vitamin D or calcium intake or 
status are less reliable using this type of design.

FIGURE 4-1 Ranking study designs: Ranking is shown in descending order of 
quality from top to bottom; the length of bars is arbitrary and indicates the relative 
strength of a study design.

As a tool to aid in the review process, the committee developed evi-
dence “maps” for each indicator to provide an overarching view of the 
balance of relevant evidence from ecological and biological plausibility 
studies, observational studies, systematic reviews, and RCTs (including trials 
where the indicator was a primary outcome as well as other evidence from 
trials where the indicator was a secondary or non-pre-specified outcome). 
These served largely as an organizing tool and are included in Appendix 
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F. The organizational construct of the maps did not allow distinctions be-
tween studies relative to the quality of the study design; however, this was 
considered by the committee in the overall evaluation of data.

The nature of the data surrounding each potential indicator is de-
scribed below, beginning with a brief statement about the condition under 
consideration, followed by a summary of the evidence for ecological and 
biological plausibility studies, observational studies, systematic reviews from 
the two AHRQ reports, and additional evidence not covered in the AHRQ 
reviews. Each indicator is then evaluated in a summary discussion of the 
utility of the evidence for DRI development.

REVIEW OF POTENTIAL INDICATORS

Owing to the importance of a variety of acute and chronic diseases as 
public health concerns and the accumulating data focused on the hypoth-
esis that vitamin D and/or calcium may have an impact on disease risk, 
it was crucial that this committee consider a wide spectrum of indicators 
for DRI development. After reviewing the available data, including recent 
systematic reviews from AHRQ and other literature, the committee chose 
to focus on areas where the research database is most compelling and the 
indicator is of public health concern within the context of DRI develop-
ment. The following discussions review the roles of vitamin D and calcium 
in the reduction of risk for the health indicators identified in Table 4-1.

The entirety of evidence for each indicator that was reviewed by the 
committee cannot be presented in detail here, and the following discus-
sions are a summary of relevant evidence. In drawing its conclusions about 
an indicator, the committee evaluated the strengths and weaknesses of the 
studies considered for each indicator, including an examination of the 
methods used for measuring an indicator, its relevance to total intake and 
functional or physiological outcomes, and the strength of the study design. 
This approach is summarized in Box 4-2.

Cancer/Neoplasms

As the second leading cause of death in the United States, cancer is a 
major public health concern. Cancer encompasses a wide range of malig-
nancies with many variations in etiology and pathogenesis. Thus, the com-
mittee considered not only total cancer, but also specific malignancies in 
which vitamin D and/or calcium have been examined for an interaction 
thought to play a role.

Cancer is a disease in which genetically damaged cells within a tissue 
experience uncontrolled growth and invasion with subsequent spread to 
other host organs. The metastatic spread leads to dysfunction of vital or-
gans causing significant morbidity and culminating in death. An expanding 
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array of experimental studies examining cells in culture and rodent models 
of cancer are providing evidence that vitamin D may have an impact on 
carcinogenesis at several organ sites (Deeb et al., 2007; Welsh, 2007; Davis, 
2008). In parallel, epidemiological investigations of diverse approaches are 
examining the role of vitamin D in human cancer (WCRF/AICR, 2007; 
Yetley et al., 2009). In contrast, very few randomized and controlled pro-
spective intervention trials with vitamin D targeting cancer as the primary 
outcome have been undertaken, leaving major gaps in understanding of 
causal relationships. Although more challenging to study in vitro, studies 
of dietary calcium in rodent models have also suggested a potential role in 
cancer risk; there are, as discussed below, experimental and clinical studies 
providing evidence in support of calcium as a modulator of carcinogenesis, 
particularly in the colon and rectal mucosa.

BOX 4-2 
Evaluation of Evidence for DRI Development

In its review of evidence, the committee used a qualitative approach to 
determine its confidence in interpreting positive or negative relationships 
between vitamin D and/or calcium and indicators of disease outcomes 
for DRI development. In analyzing and weighing the data, the committee 
considered the following factors:

 •  Preliminary evidence in support of a relationship between vitamin 
D and/or calcium and a disease outcome is not always complete or 
well substantiated.

 •  Evidence for the effect of vitamin D and/or calcium on disease 
outcomes is heterogeneous and may not provide strong support for 
a consistent and predictable outcome.

 •  Clinical trials have the greatest influence in moderating confidence 
in a relationship between vitamin D and/or calcium and a disease 
outcome.

The committee’s findings and conclusions were derived from its weighing 
of the totality of evidence and its ranking of evidence based on examina-
tion of study methods, relevance to dietary intake, effect of vitamin D 
and/or calcium on disease outcome, and overall strength of the study 
design.

All Cancers

Cancer represents hundreds of different histopathologically distinct 
types of malignancy derived from virtually all organs and tissues. Investi-
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gations into the cellular defects contributing to the carcinogenic process 
indicate that cancers, regardless of tissue origin, share in a specific set of 
defective biological processes (Hanahan and Weinberg, 2000) that en-
hance cell proliferation, survival, invasion, and metastasis. Although cancer 
studies initially suggested the possibility of a tissue-specific gene expression 
signature unique to a cancer type, it is now appreciated that multiple dif-
ferent mutational patterns contribute to the heterogeneity in biology and 
response to intervention among humans with cancer.

Biological plausibility Serum 25OHD levels are determined by both di-
etary intake and endogenous synthesis in the skin upon exposure to ultra-
violet B (UVB) light. UVB exposure is often used as an indirect estimate 
of endogenous production of vitamin D in ecological studies of cancer 
incidence patterns. Several investigators associated lower UVB exposure 
with higher cancer mortality beginning decades ago (Apperley, 1941) and 
continuing with improved methods of estimating exposure (Boscoe and 
Schymura, 2006), as reviewed by IARC (2008). However, a large literature 
suggests that increasing latitude cannot be equated with decreasing vita-
min D status, and cancer risk factors (exposure to UVB or other forms of 
ionizing radiation) vary with latitude. Importantly, an opposite gradient 
is well established for skin cancers, with a greater risk among populations 
residing in areas of high sun exposure (IARC, 1992). In general, ecological 
studies based upon estimated UVB exposure, vitamin D status, and cancer 
risk have many potential biases due to methodological considerations mak-
ing causal biological inferences, particularly at the level of the individual, 
impossible.

Systematic reviews and meta-analyses Assessment of total cancer risk has 
been the subject of systematic reviews, including IARC (2008), WCRF/
AICR (2007), and AHRQ-Tufts. Several studies, including those reviewed 
in AHRQ-Tufts, were examined by the committee in detail. Three inter-
vention trials that examined total cancer as an outcome were identified 
from these reviews; these trials were originally designed to assess fracture 
risk, and none included total cancer as a pre-specified primary outcome 
(see Table 4-3). In both the Trivedi et al. (2003) and Lappe et al. (2007) 
osteoporosis trials cancer risk was determined from a secondary analysis 
of safety data that relied upon subjects notifying the investigators of the 
new diagnosis. Neither trial indicated a significant reduction in cancer 
incidence with vitamin D supplementation, whether given alone (Trivedi 
et al., 2003) or in combination with calcium and compared with calcium 
supplementation alone (Lappe et al., 2007). In the Lappe et al. (2007) 
trial, however, logistic regression analysis showed a significant reduction 
in risk for all cancers in the vitamin D plus calcium treatment group when 
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compared with the placebo group. Notably, the investigators could not ex-
clude that cancers had been present at baseline or that cancers remained 
unnoticed at the end of the study. Moreover, the analysis of the multitude 
of outcomes in safety data raises the possibility of chance results that seem 
to be statistically significant but are the result of multiple comparisons be-
ing made within one data set.

Observational evidence in AHRQ-Tufts included a large 12-year pro-
spective study of a cohort from the Third National Health and Nutrition 
Examination Survey (NHANES III) that examined associations between 
serum 25OHD levels and total cancer mortality as well as specific cancer 
mortalities. Serum 25OHD levels were found to be associated with gender, 
educational level, and race/ethnicity, but not with season/latitude. No 
interaction was detected, however, between serum 25OHD level and total 
cancer mortality (Freedman et al., 2007). In one frequently cited study in-
cluded in the AHRQ-Tufts review, Giovannucci et al. (2006) prospectively 
examined a large cohort from the Health Professionals Follow-up Study 
(HPFS) for 14 years for multiple determinants of vitamin D, including 
diet, supplements, skin pigmentation, adiposity, and geography, and their 
associations with cancer mortality. This study found that each incremental 
increase in serum 25OHD level of 25 nmol/L was associated with a 17 
percent reduction in total cancer incidence and a 29 percent reduction in 
total cancer mortality. Each of the determinants considered was found to 
influence plasma 25OHD levels among older men. These results should be 
viewed with caution, however, because of heterogeneity in serum 25OHD 
levels that is not accounted for by the variables used in the study, which in-
cluded intakes based on self-administered semiquantitative food frequency 
questionnaires and self-reported weight and physical activity levels.

Taken together, the studies reviewed by AHRQ-Tufts, IARC (2008), and 
WCRF/AICR (2007) as a whole are not supportive of a role for vitamin D, 
with or without calcium in reducing risk for cancer.

Additional evidence from randomized controlled trials In addition to 
the trials identified in AHRQ-Tufts, a secondary analysis of data from the 
Women’s Health Initiative (WHI) trial examined the effect of combined 
supplementation of vitamin D and calcium (400 International Units [IU] 
of vitamin D and 1,000 mg of elemental calcium) on various health out-
comes including cancer mortality (Lacroix et al., 2009). The results, with 
an average of 7 years of follow-up, indicated a non-significant trend toward 
reduction in risk for cancer mortality among postmenopausal women.

Observational studies One additional large cohort study, not included 
in the AHRQ reviews, was identified that examined serum 25OHD levels 
and risk for cancer mortality. This study examined cancer mortality among 
patients referred for coronary disease after a median of 7.75 years and 
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found a significant correlation between low serum 25OHD level defined 
as less than 25.5 nmol/L, and increased cancer mortality. No associations 
were detected, however, between calcitriol level and cancer mortality (Pilz 
et al., 2008). In total, the observational studies reviewed suggest that the 
association between 25OHD level and risk of death from all cancers is gen-
erally weak when considered over a broad range of serum 25OHD levels 
because of variability in outcomes between the studies reviewed. However, 
there may be a stronger association between low serum 25OHD levels and 
cancer risk. The evidence reviewed was not strong enough to conclude 
that associations between cancer mortality were dependent on latitude, or 
race/ethnicity.

The role of calcium in cancer risk was examined in one large prospec-
tive cohort study over 7 years of follow-up (Park et al., 2009). Calcium in-
take was found not to be related to total cancer risk in men, but a non-linear 
reduction in total cancer incidence in women was reported. A decreased 
cancer risk was found for calcium intakes up to approximately 1,300 mg/
day, although no additional risk reduction was observed for higher intakes. 
Taken together, the heterogeneity among outcomes exhibited in these 
studies and the discrepancy in outcomes between observational and ran-
domized trial evidence do not support a relationship between vitamin D or 
calcium and total cancer risk.

Concluding statement The totality of the available evidence from RCTs 
and observational association studies for a relationship between vitamin D 
and/or calcium and the risk for either incidence of or mortality from all 
cancers does not support the use of cancer mortality as an indicator for 
DRI development. The interpretation of the evidence reviewed is limited 
by the small number of studies identified and lack of consistency in asso-
ciations between vitamin D intake or serum 25OHD levels and all cancer 
mortality. Interpretation is further complicated by the absence of large-
scale RCTs examining total cancer risk as a pre-specified primary outcome. 
Given the lack of consistent evidence on associations between vitamin D 
intake or serum 25OHD level and total cancer, and the paucity of evidence 
on cancer as a primary outcome of vitamin D or calcium intervention in 
randomized trials, as well as inconsistency between findings in the available 
research for an effect of vitamin D or calcium supplementation or status on 
reducing risk for cancer, the committee could not draw a conclusion about 
the utility of the evidence for this indicator to support DRI development.

Breast Cancer

Risk for breast cancer is largely defined by reproductive endocrinology, 
with increased risk for those with early age of menarche, late menopause, 
no pregnancy, later age of first pregnancy, shorter duration of lactation, the 
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1

1

use of postmenopausal hormonal supplementation (Fentiman, 2002; Velie 
et al., 2005; Narod, 2006; Parsa and Parsa, 2009; Dietel, 2010). Dietary-
related factors have been extensively reviewed with alcoholic drinks, adult 
attained height, and adult weight gain likely contributing to risk and with 
physical activity showing some benefit (WCRF/AICR, 2007). These charac-
teristics must be considered when evaluating other putative breast cancer 
risk factors.

Biological plausibility The influence of the active form of vitamin D (cal-
citriol) on breast cancer cells in vitro is well characterized and includes 
anti-cancer effects such as cell cycle inhibition, reduced proliferation, 
enhanced sensitivity to apoptosis, and induction of differentiation mark-
ers (Welsh, 2004), which are likely mediated by the vitamin D receptor 
(VDR) (Matthews et al., 2010). A shortcoming in applying results from 
cell culture studies to risk for disease, however, is that the dose of calcitriol 
necessary to achieve tumor inhibition in vivo is frequently associated with 
hypercalcemic toxicity (Welsh, 2004; Matthews et al., 2010). Novel genomic 
approaches have begun to elucidate the gene expression signature of vita-
min D in breast cancer cells and the mammary glands of mice (Matthews 
et al., 2010). Many of the genes identified show a consensus vitamin D 
response element (VDRE) in their promoter elements, indicating that 
they are specific targets of the vitamin D receptor (VDR ) complex (Swami 
et al., 2003; Matthews et al., 2010).

In this report, the term VDR is used to refer to the protein. The term Vdr is used to refer 
to the gene, whether in animals or humans.

 Since the discovery of polymorphisms in 
the Vdr gene, a search for associations of mutations with breast cancer has 
been undertaken, but with indeterminate results (Bertone-Johnson, 2009; 
McKay et al., 2009). An inverse association has been postulated between 
mammographic density, a putative breast cancer risk factor, and serum 
25OHD levels in premenopausal women (Berube et al., 2004; Brisson 
et al., 2007). The role of dietary calcium intake and in breast cancer risk, 
however, is less well studied, and the potential biological mechanisms of 
action are not understood.

Systematic reviews and meta-analyses AHRQ-Tufts did not find any quali-
fied systematic reviews that evaluated associations between vitamin D and 
calcium intake or serum 25OHD levels and risk for breast cancer. Three 
observational studies of sufficient methodological quality were identified 
that examined the relationship between 25OHD levels and breast cancer 
risk. A prospective cohort study described above for total cancer mortality 
reported that women whose 25OHD levels were in a higher stratification, 
were at significantly lower risk for breast cancer. There were, however, 
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only eight women in the higher stratification and a linear trend analysis 
was not significant (Freedman et al., 2007). A nested case–control study 
using data from the Nurses’ Health Study (NHS) (Bertone-Johnson et al., 
2005) found no significant relationship between higher plasma 25OHD 
concentrations and decreased risk for breast cancer overall, except when 
the population was restricted to women over 60 years of age. Another 
nested case–control cohort study of postmenopausal women participating 
in the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening 
Trial also found no evidence supporting the hypothesis that higher plasma 
25OHD concentrations were associated with reduced risk of breast cancer 
in this cohort (Freedman et al., 2008).

Analysis of the results of RCTs reviewed in AHRQ-Tufts found no 
significant effect of supplementation with both vitamin D and calcium on 
breast cancer incidence and no association between the intervention and 
risk for death from breast cancer. Subjects with lower baseline 25OHD 
levels were found to be at increased risk for breast cancer; however, the 
association was not significant after adjusting for body mass index and 
physical activity (Chlebowski et al., 2008).

A meta-analysis of evidence from observational studies carried out by 
IARC (2008) evaluated associations between serum vitamin D levels and 
cancer. The analyses for breast cancer risk indicated no significant or con-
sistent associations. A literature review and all-inclusive meta-analysis of 
published studies of heterogeneous quality individually examined the im-
pact of estimated vitamin D intake, circulating 25OHD levels, and calcium 
intake on breast cancer risk (Chen et al., 2010). Their analysis suggests 
an inverse relationship between risk and level of vitamin D intake, serum 
25OHD3 level, and calcium intake.

Additional evidence from randomized controlled trials WHI was used as 
a data source in an 8-year follow-up study for risk of benign proliferative 
breast disease, a putative premalignant condition associated with increased 
risk of subsequent cancer (Rohan et al., 2009). This study identified an 
association between risk for breast cancer and baseline age but found no 
effect of supplemental calcium and vitamin D intervention on reducing 
risk for breast cancer.

Observational studies Several case–control and cohort studies conducted 
subsequent to the systematic reviews were identified that examined associa-
tions between dietary and supplemental intake of vitamin D and calcium 
and risk for breast cancer, and these have shown mixed results. Rossi et al. 
(2009), a large case–control study in Italy, found an inverse association 
between vitamin D intake and risk for breast cancer at intakes of 188 IU/
day or greater, suggesting a threshold effect; however, when risk was cal-
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culated in the upper three deciles compared with the lower seven deciles 
the significant difference was attenuated. A population-based case–control 
study of women ages 25 to 74 years in Canada compared vitamin D and 
calcium intake from food alone or from food and supplements. When 
intake above 400 IU of vitamin D per day was compared with no intake, 
a reduced risk was found. Calcium supplement intake alone, however, 
did not correlate with reduced risk, although a significant inverse trend 
was identified (Anderson et al., 2010). Two studies were identified that 
examined associations between dairy intake and risk of breast cancer. Shin 
et al. (2002) analyzed data from the NHS 1980 cohort for dairy intake and 
incident breast cancer. Over 16 years of follow-up, a significant inverse 
association was found for premenopausal women consuming low-fat dairy 
products and breast cancer risk. No association was found for calcium and 
vitamin D intake and postmenopausal breast cancer risk. Supplemental 
calcium intake had no linear association and supplemental vitamin D in-
take a weak but non-significant association with breast cancer risk in both 
premenopausal and postmenopausal women. Using a similar study design, 
McCullough et al. (2005), in an analysis of participants from the Cancer 
Prevention Study II Nutrition Cohort, found that two or more daily servings 
of dairy products were inversely associated with breast cancer risk; however, 
no association was found for either calcium or vitamin D supplementation. 
Women with dietary calcium intakes above 1,250 mg/day had lower breast 
cancer risk than women with intakes at or below 500 mg/day. Altogether, 
these observational studies were of lower quality and thus not considered 
as strong support for an association between vitamin D and risk for breast 
cancer, and they were not well supported by randomized trial evidence.

Concluding statement In summary, although experimental studies are 
suggestive of a role for vitamin D in breast biology, a review of the avail-
able evidence from both RCTs and observational studies of associations 
between vitamin D and calcium and risk of breast cancer shows a lack of 
consistency between study outcomes and insufficiently strong evidence 
to support DRI development. Both retrospective and prospective studies 
do not show consistent associations between estimated vitamin D intake 
or 25OHD status and breast cancer risk. A paucity of RCTs of vitamin D, 
calcium, or both with breast cancer as a primary outcome further limited 
the strength of the evidence.

Colorectal Cancer/Colon Polyps

Foods, nutrients, and physical activity all interact in a complex array 
of mechanisms to influence colorectal cancer risk. There is convincing 
evidence that physical activity protects against colorectal cancer, whereas 
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red and processed meat, body fatness, and alcohol may increase the risk 
(WCRF/AICR, 2007). The committee’s review of studies on vitamin D and 
calcium and risk for colorectal cancers and possible protective benefits 
identified for calcium and vitamin D was inconclusive.

Biological plausibility A major role of the active form of vitamin D is to 
enhance calcium absorption by the intestine, and the molecular and cell 
biology has been well defined (Song and Fleet, 2007; Xue and Fleet, 2009). 
The VDR and the vitamin D converting enzyme, 1α-hydroxylase, are both 
expressed in the colon and rectum (Cross et al., 1997; Holt et al., 2002). 
Vitamin D has been reported to act on colonic epithelial and cancer cells 
to regulate growth factor and inhibitor expression and signaling path-
ways, including modulation of the cell cycle, sensitivity to apoptosis, and 
enhancement of cellular differentiation (Harris and Go, 2004; Yang et al., 
2007). Many rodent models of colon carcinogenesis suggest that there is 
an increased risk for colon cancer associated with vitamin D deficiency; 
and a decreased risk associated with supplementation (Harris and Go, 
2004; Yang et al., 2008; Newmark et al., 2009). However, few studies were 
identified that examined vitamin D over a range of dose levels. A recent 
review of findings from the Vdr-null mouse model indicates an increase in 
hyperplasia of the distal colonic epithelium and greater deoxyribonucleic 
acid (DNA) damage in vitamin D–deficient compared with wild-type mice 
(Bouillon et al., 2008). The independent role of calcium in modulating co-
lon cancer risk is also under investigation. Although intracellular calcium 
plays a key role in cell biology and influences growth control processes that 
may be related to carcinogenesis, serum calcium is tightly regulated over 
a wide range of intakes. Thus, the potential mechanisms by which serum 
calcium levels could mediate risk for colon cancer may be through indirect 
effectors in metabolic pathways involved in tumorigenesis.

Systematic reviews and meta-analyses
Colorectal cancer The AHRQ-Tufts systematic review considered evi-

dence for associations between 25OHD levels and risk for colorectal cancer 
mortality or incidence. One RCT found no significant difference between 
colorectal mortality or incidence and supplementation with vitamin D in 
an elderly population. One cohort study was identified that found an in-
verse association between high serum 25OHD levels and risk for colorectal 
cancer mortality, and two nested case–control studies in women found 
an inverse trend between serum 25OHD level and colorectal cancer inci-
dence. Two nested case–control studies in men and three in both men and 
women found no significant associations between serum 25OHD level and 
risk of colorectal cancer.

The IARC (2008) meta-analysis found a significant protective effect for 
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serum 25OHD level against risk for colorectal cancer that correlated with 
each 2.5 nmol/L increase, although there was significant between-study 
heterogeneity. The results did not significantly differ by gender, mean pop-
ulation age, or cancer subsite (colon or rectum). The review noted that, 
based on multiple studies of circulating 25OHD and colorectal cancer risk, 
individuals in the high quartile or quintile of 25OHD level had about half 
the risk of colorectal cancer as did those in the lowest group. In another 
systematic review of studies examining associations between serum 25OHD 
levels and colorectal cancer, Bischoff-Ferrari et al. (2006a) concluded that 
the protective effect of 25OHD for decreased risk of colorectal cancers 
began at 75 nmol/L, and optimal levels were between 90 and 100 nmol/L. 
In contrast to these findings, the AHRQ-Ottawa systematic review reported 
that the studies reviewed were too inconsistent to permit conclusions to be 
drawn about specific serum 25OHD levels that conferred a decrease in risk.

Colorectal adenomas/polyps The AHRQ-Tufts systematic review consid-
ered evidence for associations between 25OHD levels and risk for colorec-
tal adenomas. Colorectal adenomas or polyps are precursor lesions for 
colon cancer, and a number of investigations focused on the influence 
of vitamin D or calcium on the incidence of these surrogate markers for 
human colon carcinogenesis. A meta-analysis by Wei et al. (2008) of seven 
studies suggested that at the upper quintiles of circulating 25OHD levels 
there was a significant decrease in risk for colorectal adenoma. In parallel, 
these authors conducted a meta-analysis of vitamin D intake and colorec-
tal adenoma risk in seven cohort and five case–control studies and found 
a marginally significant (11 percent) decreased risk among persons with 
high compared with low vitamin D intakes. The cut-points for the highest 
category of vitamin D intake varied between studies, with about one-third 
of the studies reporting cut-points of approximately 600 IU/day, one-third 
reporting cut-points between 250 and 600 IU/day, and one-third reporting 
cut-points of below 250 IU/day.

Stronger evidence has accumulated for a role of dietary calcium. The 
AHRQ-Tufts analysis identified four good quality cohort studies that evalu-
ated the association between calcium intake and risk for colorectal ad-
enoma. Two of these studies recruited men and women with a history of 
previous colorectal adenoma. One study found a significant inverse associa-
tion between total calcium intake and colorectal adenoma recurrence after 
an average of 3.1 years of follow-up (highest [> 1,279 mg/day] vs. lowest 
[< 778 mg/day]) intake, whereas another found no significant associa-
tion. Among two studies of healthy women without a history of colorectal 
adenoma one found a significant inverse association between total calcium 
intake and colorectal adenoma (highest vs. lowest intake, whereas the 
other found a borderline significant trend (highest [median, 1,451 mg/
day] vs. lowest [median, 584 mg/day] intake. A Cochrane systematic review 
identified two randomized trials that found that calcium supplementation 
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reduced the incidence of recurrent colorectal adenoma (Weingarten et al., 
2008). Overall, the evidence is suggestive that vitamin D and probably 
calcium may reduce the risk of this intermediate endpoint for colorectal 
cancer, but the available data are not sufficient to allow a definitive assess-
ment of the effects of vitamin D, calcium, and their interactions on risk for 
new or recurrent colorectal adenomas.

Additional evidence from randomized controlled trials The committee 
did not identify any additional relevant RCTs assessing vitamin D or cal-
cium intake and risk for colorectal cancer or adenomas.

Observational studies The European Prospective Investigation into Can-
cer and Nutrition (EPIC) study has recently reported data on more than 
1,200 colorectal cancer cases and an equal number of controls (Jenab et al., 
2010). In this report, serum concentrations lower than the pre-defined 
mid-level concentrations of 25OHD (50 to 75 nmol/L) were associated 
with higher colorectal cancer risk. Jenab et al. (2010) also reported that 
higher 25OHD concentrations of 75 to less than 100 nmol/L and 100 
nmol/L and higher were associated with a decreased risk. No other rel-
evant observational studies were identified outside the AHRQ reviews. 
Although this evidence was largely in agreement with the IARC (2008) 
findings and Bischoff-Ferrari et al. (2006a), the committee did not con-
sider it convincing enough to outweigh the conclusions from both AHRQ 
reviews.

Concluding statement Taken in aggregate, epidemiological studies ex-
amining associations between vitamin D status and colorectal cancer inci-
dence generally support an inverse association, although the shape of the 
dose–response relationship curve over a wide range of vitamin D intake 
remains very speculative. The biological plausibility is supported by data 
from cell culture and rodents, with additional support from surrogate bio-
marker studies in humans. There remains a paucity of prospective random-
ized intervention studies, and those available have not shown a significant 
relationship at this time. Thus, the data are insufficient for the committee 
to utilize colon cancer as an outcome for establishment of vitamin D DRIs. 
The data for an effect of dietary calcium on colorectal cancer risk are also 
highly suggestive of a protective effect, but there are not sufficient data 
available on dose–response relationships to utilize colorectal cancer as a 
health outcome for DRI development.

Prostate Cancer

Prostate cancer risk is strongly associated with aging and is clearly de-
pendent upon prolonged exposure to testosterone. Unlike breast cancer 
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in women, however, where specific reproductive events define risk, further 
characterization of the relationship has been challenging. Specific dietary 
and nutritional hypotheses, including a role for vitamin D and calcium, 
have been proposed but evidence supporting these relationships is not 
conclusive.

Biological plausibility Studies in vitro document that prostate cancer and 
prostate epithelial cells in culture respond to calcitriol with anti-proliferative 
effects and that calcitriol stimulates cell differentiation (Washington and 
Weigel, 2010). Evidence indicates that these effects, as for epithelial cells 
of other tissue origins, are mediated by the VDR expressed on prostate 
cells (Kivineva et al., 1998; Thorne and Campbell, 2008). Gene expression 
array studies provide evidence that calcitriol induces a pattern of gene 
expression that inhibits growth factor signaling and cell cycle progression, 
promotes differentiation, and is anti-inflammatory and anti-angiogenic 
(Krishnan et al., 2004; Peehl et al., 2004; Kovalenko et al., 2010). The role 
of dietary calcium intake in prostate cancer risk is less well studied, with 
inconsistent results, and the potential biological mechanisms of action are 
highly speculative.

Systematic reviews and meta-analyses The AHRQ-Tufts systematic review 
found no qualified systematic reviews assessing associations between serum 
25OHD levels and incidence of prostate cancer. Among observational 
studies reviewed, 8 of 12 nested case–control studies found no association 
between baseline serum 25OHD levels and risk for prostate cancer, and 
only 1 (C-rated) (Ahonen et al., 2000) reported a significant association 
between baseline serum 25OHD levels below 30 nmol/L and higher risk 
of prostate cancer, compared to those with levels greater than 55 nmol/L. 
Further, the effect appeared to be stronger for men younger than age 52 
at entry into the study. A meta-analysis by Huncharek et al. (2008) of 45 
observational studies on dairy and milk intake and risk of prostate cancer 
showed no significant association between dietary intake of vitamin D and 
prostate cancer risk.

Additional evidence from randomized controlled trials No relevant RCTs 
that were not reviewed by AHRQ were identified for vitamin D or calcium 
intervention and risk for prostate cancer.

Observational studies Three observational studies not included in either 
AHRQ-Ottawa or AHRQ-Tufts were identified as potentially relevant to 
prostate cancer as a health indicator for vitamin D and calcium. Schwartz 
and Hulka (1990) suggested that vitamin D deficiency was a causative 
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factor in prostate cancer based upon the observation that the prevalence 
of vitamin D deficiency increases with age and is greater in those with 
dark-pigmented skin types and northern European populations, coupled 
with the observation that mortality rates for prostate cancer appear to be 
inversely related to sun exposure. However, a more recent case–control 
analysis of data from the Alpha-Tocopherol, Beta-Carotene Cancer Preven-
tion (ATBC) Study, which examined male smokers, found no association; 
including any age-related associations to support a relationship between 
serum 25OHD levels and incidence of prostate cancer (Faupel-Badger 
et al., 2007). A potential procarcinogenic effect of higher dietary calcium 
was suggested by the HPFS (Giovannucci et al., 1998), which reported 
that calcium intake from the diet or from diet and supplements was inde-
pendently associated with risk of locally advanced or metastatic prostate 
cancer especially when intakes exceeded 2,000 mg per day. The potential 
role for calcium as a risk factor for prostate cancer is discussed in detail 
in Chapter 6.

Because of the complexity of assessing vitamin D exposure over time 
relative to prostate cancer risk, high-quality evidence from observational 
studies was limited. The results of the HPFS, the only large, prospective 
cohort study identified for calcium, are not supported by evidence from 
available RCTs. Therefore, the evidence from human studies is insufficient 
to permit the committee to draw conclusions about a role for vitamin D 
and/or calcium in reducing prostate cancer risk.

Concluding statement Overall experimental data indicating that cultured 
prostate epithelial and prostate cancer cells respond to vitamin D via the 
VDR suggest a role for vitamin D in prostate cancer. However, associational 
studies of vitamin D status and risk of prostate cancer have provided mixed 
results, and randomized controlled clinical trials of substantial quality ex-
amining incidence or mortality have not been reported. Thus, there are 
insufficient data to permit the committee to draw a conclusion about the 
utility of the evidence for this indicator to support DRI development.

Cardiovascular Diseases and Hypertension

CVD broadly describes a range of diseases affecting the heart and 
blood vessels. Diseases that fall under the umbrella of CVD comprise coro-
nary artery disease, myocardial infarction, stroke/cerebrovascular disease, 
peripheral artery disease, atherosclerosis, hypertension, arrhythmias, heart 
failure, and other vascular disorders. CVD is a public health concern be-
cause it is associated with an enormous burden of illness, disability, and 
mortality. CVD and hypertension were considered as potential indicators 
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based on proposed hypotheses that vitamin D alone or in combination 
with calcium may help to prevent CVD or hypertension. Calcium has also 
been implicated independently as a nutrient related to reducing risk for 
development of CVD. Limited data were available for this indicator in the 
1997 DRI report (IOM, 1997); however, additional experimental animal 
and observational studies for both vitamin D and calcium and CVD have 
been published in the interim.

Biological Plausibility

Vitamin D has been linked to decreased risk for CVD. Ecological stud-
ies suggest that there is higher cardiovascular mortality during the winter 
and in regions with less average exposure to UVB radiation from sunlight 
(Zittermann et al., 2005). Various biological mechanisms have been pro-
posed in support of this hypothesis. Experimental animal studies failed 
to demonstrate an effect of vitamin D on risk for hypertension (Li et al., 
2004) and increased thrombogenicity (Aihara et al., 2004). In rodents, 
administration of calcitriol or its analogues enhances vascular reactivity 
(Hatton et al., 1994). In support of the hypothesis that biological activation 
of vitamin D is relevant to cardiovascular function, the Vdr-null mouse has 
been used to model CVD.

High dietary calcium intake may help to reduce CVD risk through its 
roles in decreasing intestinal absorption of lipids and increasing lipid ex-
cretion, lowering blood cholesterol levels, and promoting calcium influx 
into cells.

Systematic Reviews and Meta-Analyses

The AHRQ-Tufts report identified one RCT and four relevant ob-
servational studies for vitamin D and cardiovascular outcomes. The RCT 
(Trivedi et al., 2003) found no statistically significant difference in inci-
dence of cardiovascular events and deaths for subjects treated with 100,000 
IU of vitamin D every 4 months over 5 years of follow-up. Among the 
observational studies reviewed, the Framingham Offspring Study found a 
significant association between low serum 25OHD levels and incident CVD 
(T. J. Wang et al., 2008). However, a closer look at the individuals with the 
highest serum 25OHD levels suggests that there was no additional reduc-
tion in risk at levels greater than 75 nmol/L and that the dose–response 
relationship may be U-shaped above 75 nmol/L. In the HPFS, Giovannucci 
et al. (2008), using a nested case–control design, found a significant as-
sociation between low (< 37.5 nmol/L) serum 25OHD levels and incident 
myocardial infarction. A study using data from NHANES III, however, 
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found no significant association between serum 25OHD levels and car-
diovascular mortality overall, although individuals with the lowest 25OHD 
levels experienced a significant increase in total mortality compared with 
those with the highest levels. Echoing the findings for incident CVD in the 
Framingham Offspring Study, a closer examination of the highest 25OHD 
levels suggested a U-shaped dose–response relationship, with increased 
total mortality at both the lowest and highest 25OHD levels in this cohort 
(Melamed et al., 2008). The fourth observational study reported in AHRQ-
Tufts (Marniemi et al., 2005) also failed to find an association between 
serum 25OHD levels and total CVD incidence, although it did find that 
vitamin D intake predicted a decreased risk for stroke. With the exception 
of one case–control study, the overall findings from the observational stud-
ies reviewed reaffirm a lack of significant association between 25OHD level 
and CVD risk and that higher 25OHD levels may incur an increased risk for 
CVD. From this, AHRQ-Tufts concluded that the evidence was insufficient 
to support a relationship between vitamin D or calcium and risk for CVD.

A recent meta-analysis of randomized trials using calcium supplements 
(without vitamin D) suggested that calcium supplementation was associ-
ated with an increase in the risk of myocardial infarction (Bolland et al., 
2010a). However, another recent meta-analysis that included CVD as a sec-
ondary outcome found a slightly reduced, but not significant, risk for CVD 
with vitamin D supplementation, no association with calcium supplemen-
tation, and no association with a combination of vitamin D plus calcium 
supplementation (Wang et al., 2010).

Additional Evidence from Randomized Controlled Trials

No new RCTs were identified that examined CVD as a pre-specified 
primary outcome although several trials analyzed CVD as a secondary 
treatment outcome, and the findings of secondary outcome studies were 
not supportive of a reduction in CVD risk for either vitamin D or calcium. 
Among the additional RCTs reviewed outside the AHRQ reviews examining 
CVD as a secondary outcome (Hsia et al., 2007 [400 IU vitamin D3/1,000 
mg calcium]; Major et al., 2007 [400 IU vitamin D/1,200 mg calcium]; 
Margolis et al., 2008 [400 IU vitamin D3/1,000 mg calcium]; Prince et al., 
2008 [1,000 IU vitamin D2/1,000 mg calcium]; Manson et al., 2010 [400 IU 
vitamin D3/1,000 mg calcium]), none found a significant treatment-related 
effect of vitamin D on risk of CVD (see Evidence Map in Appendix F). In 
a 5-year study of calcium intake and risk for CVD in New Zealand, Bolland 
et al. (2008) found that women taking 1,000 mg of elemental calcium had 
a significantly higher risk (compared to placebo) for myocardial infarction 
and a composite CVD endpoint of myocardial infarction, stroke, and sud-
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den death. However, when unreported events identified from a national 
database were added to the analysis, the increased cardiovascular risks in 
the calcium group were no longer statistically significant. A bone density 
trial, also conducted in New Zealand, assessing self-reported composite 
vascular events among men was also not significant for an interaction be-
tween 1,000 mg of calcium daily and CVD outcomes (Reid et al., 2008). 
The results of these trials are in agreement with the null findings of the 
AHRQ-Tufts review described above. The additional clinical trials reviewed 
did not show a statistically significant causal relationship between either 
vitamin D or calcium and decreased cardiovascular risk, and reductions in 
risk that were noted in some trials were not well supported by data analyses. 
Therefore, the totality of the evidence does not support an interaction be-
tween either vitamin or calcium and risk for CVD. Adverse cardiovascular 
effects associated with excess calcium intake were also noted, and these are 
discussed further in Chapter 6.

Observational Studies

In addition to the clinical trials reviewed, including those from AHRQ, 
several observational studies were identified that examined a role for vita-
min D and/or calcium in reducing CVD risk. Two large, prospective cohort 
studies were identified. In one study of individuals at high risk of CVD, 
among coronary angiography patients followed for more than 7 years, 
those with the lowest serum 25OHD levels had significantly higher total 
mortality and cardiovascular mortality compared with those with the high-
est levels (Dobnig et al., 2008). Melamed et al. (2008) assessed 25OHD lev-
els and prevalence of peripheral artery disease using data from NHANES 
2001 to 2004. This study found a graded association between levels of 
25OHD up to 29.1 nmol/L and levels of 29.2 nmol/L and above. In a trend 
analysis, a statistically significant difference was found between the lower 
25OHD levels compared with the higher levels.

A number of small cohort studies were identified that evaluated serum 
25OHD or calcitriol levels in patients at risk for various CVD indicators 
compared with control subjects who were free of CVD indicators. Watson 
et al. (1997) assessed calcitriol levels in subjects at high risk for developing 
coronary heart disease compared with asymptomatic individuals and found 
a significant inverse association between calcitriol and amount of vascular 
calcification in both groups, although the difference was greater in the at-
risk group. Poole et al. (2006) compared serum 25OHD levels in a small 
group of patients admitted for a first stroke with those of healthy controls 
and found that serum 25OHD levels were significantly lower among stroke 
patients. Zittermann et al. (2003) compared both 25OHD and calcitriol 
levels against serum levels of biomarkers indicative of congestive heart 
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failure in a small group of patients admitted for treatment and in free-
living controls. The study found a significant difference in biomarker 
levels between treated patients compared with controls for both 25OHD 
and calcitriol levels.

One small case–control study was identified that determined the rela-
tionship between serum 25OHD levels and risk for myocardial infarction 
in at-risk patients compared with normal controls. In this study, Scragg 
et al. (1990) found that serum 25OHD levels were significantly lower in 
myocardial infarction cases than in controls and that the difference was 
greater (but not significantly so) during the winter.

Although these studies together provide evidence for lower serum 
25OHD levels in individuals with CVD, whether the low serum 25OHD 
levels are sufficient to predict risk for CVD has not been clearly established. 
Additional evidence indicates that low serum 25OHD levels are associated 
with risk factors for CVD—specifically, increased carotid arterial thickness 
(Targher et al., 2006)—and apparent CVD in patients with type 2 diabetes 
(Cigolini et al., 2006; Chonchol et al., 2008). Additionally, some studies 
suggest a positive association between vitamin D intake and CVD risk 
factors associated with other chronic conditions, including hypertension 
(Krause et al., 1998; Pfeifer et al., 2001; Forman et al., 2007; L. Wang et al., 
2008; Wang et al., 2010), impaired glucose tolerance or type 2 diabetes 
(Liu et al., 2005; Pittas et al., 2006, 2007a; Mattila et al., 2007), and inflam-
mation (Timms et al., 2002; Schleithoff et al., 2006; Shea et al., 2008).

Risk of incident hypertension in relation to dietary vitamin D intake 
has been evaluated in three large prospective study cohorts; NHS 1, NHS 
2, and the HPFS for 8 years and longer. Women in NHS 1 and NHS 2 (a 
younger cohort) showed no association between vitamin D intake and 
risk for incident hypertension. Likewise, among men from the HPFS no 
association was found between vitamin D intake and risk for incident 
hypertension. Al-Delaimy et al. (2003) also found no association between 
calcium intake, vitamin D intake, or total dairy intake and risk for total 
ischemic heart disease in men enrolled in the HPFS. Similarly, no asso-
ciation was found when the cohort was analyzed for calcium supplement 
intake, although an inverse association was identified between calcium in-
take among supplement users compared with nonusers and fatal ischemic 
heart disease only.

In contrast to the intake studies, in a prospective study, Forman et al. 
(2007) found inverse associations between incidence of hypertension and 
measured serum 25OHD levels in a larger cohort in the HPFS and in 
women from a larger cohort in NHS.

In summary, three of four large, prospective cohort studies reviewed 
found associations between serum 25OHD levels and risk for CVD. Among 
the many smaller observational studies of lower quality that were identified, 
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most did not find a significant positive association between vitamin D and 
calcium intake and risk for CVD. Taken together, this observational evi-
dence was strong enough to support a relationship between serum 25OHD 
levels and incident disease, but not a conclusion that higher serum 25OHD 
levels were associated with a lower risk for CVD. Additionally, the review of 
randomized trial evidence does not support a causal relationship between 
vitamin D intake and risk for CVD.

Concluding Statement

Review of the available evidence, from both RCTs and observational 
studies on associations between vitamin D and calcium intake and risk for 
CVD shows that although observational evidence supports a relationship 
between serum 25OHD levels and the presence of CVD, it does not show a 
relationship with risk for developing CVD, and evidence was not found for 
a causal relationship between vitamin D intake and development of disease. 
Given the lack of statistically significant evidence supporting associations 
between vitamin D intake or serum 25OHD level and risk for CVD and the 
lack of evidence on CVD as a primary outcome of treatment in RCTs with 
vitamin D and/or calcium, the committee could not draw an inference 
about the efficacy of this indicator to support DRI development.

Diabetes and Metabolic Syndrome

Type 2 diabetes is a blood glucose disorder characterized by insulin 
resistance and relative insulin deficiency. Metabolic changes that accom-
pany chronic elevated blood glucose levels frequently lead to functional 
impairment in many organ systems, particularly the cardiovascular system, 
which contributes to substantially increased risk of morbidity and mortality.

Metabolic syndrome is a condition characterized by a constellation of 
metabolic risk factors, including abdominal obesity, atherogenic dyslipid-
emias, elevated blood pressure, insulin resistance, prothrombotic state, and 
proinflammatory state (e.g., elevated C-reactive protein).

Individuals with metabolic syndrome are at increased risk of coronary 
heart disease, stroke, peripheral vascular disease, and type 2 diabetes. Adi-
posity is a component of both type 2 diabetes and metabolic syndrome, 
which may have an impact on vitamin D status. Since the release of the 
1997 DRIs (IOM, 1997), a number of studies have been published on re-
lationships between vitamin D with or without calcium and type 2 diabetes 
and metabolic syndrome. The committee recognized that obesity can be 
a confounder to vitamin D analysis. However, as it is a component of the 
health outcome and because of the prevalence of both obesity and meta-
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bolic syndrome in the general population, this indicator was considered as 
a candidate for DRI development.

Biological Plausibility

Vitamin D was first implicated as a modulator of pancreatic endocrine 
function and insulin synthesis and secretion in studies using rodent mod-
els more than three decades ago (Norman et al., 1980; Clark et al., 1981; 
Chertow et al., 1983). Since then, the role of calcitriol in the synthesis and 
secretion of insulin and regulation of calcium trafficking in β-islet cells as 
well as its effects on insulin action have been established in both rodent 
models and in vitro cell culture models (Frankel et al., 1985; Cade and 
Norman, 1986; Faure et al., 1991; Sergeev and Rhoten, 1995; Billaudel 
et al., 1998; Bourlon et al., 1999). These findings stimulated observational 
and intervention studies examining the role of vitamin D and calcium in 
type 2 diabetes and metabolic syndrome in humans.

Systematic Reviews and Meta-Analyses

Neither AHRQ-Ottawa nor AHRQ-Tufts included type 2 diabetes or 
metabolic syndrome in its systematic review, although AHRQ-Tufts did in-
clude body weight as a health outcome and found no effect of vitamin D or 
calcium on changes in body weight. A systematic review and meta-analysis 
by Pittas et al. (2007b) included a large body of observational evidence and 
six intervention studies (four small short-term and two long-term studies) 
of vitamin D supplementation, one study using combined vitamin D and 
calcium supplementation and five studies using calcium alone or dairy sup-
plementation. The results from these trials were largely negative; among 
the short-duration vitamin D trials, three studies reported no effect, and 
one reported enhanced insulin secretion but no improvement in glucose 
tolerance following vitamin D supplementation. In one study included in 
the review, however, the relationship was statistically significant only when 
non-Hispanic blacks were excluded from the meta-analysis.

Overall, the evidence reviewed from the intervention studies did not 
support a role for vitamin D alone, although vitamin D in combination with 
calcium supplementation may have a role in preventing type 2 diabetes 
in populations already at risk. The observational evidence in the review 
included cross–sectional and case–control studies in which serum vitamin 
D and calcium levels were determined from individuals in a population 
with established glucose intolerance. Similar confounding and a lack of ad-
justment for confounders limited the cohort studies. Thus, the one meta-
analysis that included both observational and intervention studies could 
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not be considered as supportive for a relationship between either vitamin 
D or calcium and the health outcomes of diabetes or metabolic syndrome.

Additional Evidence from Randomized Controlled Trials

Two randomized trials were identified that evaluated the effect of vita-
min D supplementation with or without supplemental calcium on markers 
of glucose tolerance as a primary outcome and four additional trials were 
identified that evaluated glucose metabolism as a secondary outcome. A 
trial in New Zealand that examined the effect of supplementation with 
4,000 IU of vitamin D3 per day for 6 months on insulin resistance in 
non-diabetic overweight South Asian women found a significant improve-
ment in insulin sensitivity compared with those in the placebo group after 
6 months (von Hurst et al., 2010). Among women who had low serum 
25OHD levels at the beginning of the study, those who achieved a serum 
25OHD level above 80 nmol/L at 6 months had significant improvement 
in insulin sensitivity. In contrast, sub-analysis of data from the Randomised 
Evaluation of Calcium and/Or vitamin D (RECORD) trial examining the 
association between incidence of self-reported development of type 2 dia-
betes or initiation of treatment for type 2 diabetes and supplementation 
with 800 IU of vitamin D3 and 1,000 mg of calcium in an elderly popula-
tion found no association (Avenell et al., 2009a). Zittermann et al. (2009), 
in a weight loss trial evaluating the effect of supplemental vitamin D on 
markers of CVD in overweight adults as a primary outcome, found no sig-
nificant difference for an effect on glucose metabolism. Jorde et al. (2010), 
in a 1-year trial in Norway with overweight or obese subjects, found no 
change in measures of blood glucose in vitamin D–supplemented subjects 
compared with control subjects, but they did identify an unexpected and 
significant increase in systolic blood pressure in the supplemented group 
compared with controls. Without further analysis, however, it is not pos-
sible to determine whether the increase in blood pressure was related to 
25OHD levels in blood. A trial in India evaluated the effect of short-term 
vitamin D supplementation on homeostasis model assessment and oral 
glucose insulin sensitivity in healthy, centrally obese men (Nagpal et al., 
2009). In an intention-to-treat analysis, the difference was not significant. 
Overall, higher waist-to-hip ratios and lower baseline serum 25OHD levels 
were significant predictors of improvement in oral glucose insulin sensitiv-
ity. A posthoc analysis of a trial testing the effects of long-term supplemen-
tation with 700 IU of vitamin D and 500 mg of calcium daily on health, 
including associations between combined supplementation and changes 
in fasting glucose levels, found that subjects with impaired fasting glucose 
who followed the supplementation regimen for 3 years had a significantly 
lower rise in fasting glucose levels and less insulin resistance compared with 
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placebo controls (Pittas et al., 2007a). Although the findings of this study 
are in agreement with a previous secondary analysis of data from the NHS 
cohort (see below: Pittas et al., 2006), the study is limited by the small num-
ber of outcomes measured compared with the total cohort; thus, an unin-
tended bias cannot be ruled out. In addition, the study was designed for 
skeletal outcomes as the primary analysis. When the totality of the evidence 
was considered, the negative findings from the clinical trials for an effect 
of vitamin D or calcium on risk for type 2 diabetes together with the lack of 
significant evidence from either the AHRQ reviews or the meta-analysis by 
Pittas et al. (2007b) compelled the committee to conclude that there was 
not sufficient evidence to establish a causal relationship.

Observational Studies

Low serum 25OHD levels have been implicated in metabolic syndrome, 
abdominal obesity, and hyperglycemia.

In a prospective cohort analysis of data from NHS, women were fol-
lowed for 20 years to examine associations between vitamin D and calcium 
intake and risk for type 2 diabetes (Pittas et al., 2006). A significant inverse 
association was found between total vitamin D intake and calcium intake 
and risk for type 2 diabetes. A separate analysis of the association between 
risk for type 2 diabetes and dairy food consumption found that women 
who consumed three or more dairy servings per day were at lower risk com-
pared with those who consumed less than one dairy serving per day. These 
findings suggest that risk for type 2 diabetes is associated with vitamin D or 
dairy food intake. A small cohort study in obese and overweight individuals 
found that in addition to a significant inverse association between serum 
25OHD level and weight and waist circumference there was a weak inverse 
relationship with hemoglobin A1c. However, no association between serum 
25OHD level and any other indicators of type 2 diabetes or metabolic syn-
drome were observed (McGill et al., 2008).

In other observational evidence reviewed, a cross–sectional survey of 
Polynesian and white adult populations in New Zealand found a signifi-
cantly lower serum 25OHD level in subjects with newly diagnosed diabe-
tes and impaired glucose tolerance compared with controls. In addition, 
among the control groups, the native New Zealand populations (Maori 
and Pacific Islanders) were found to have significantly lower serum 25OHD 
levels compared with Europeans. The authors speculated that the low se-
rum 25OHD level in the native populations explained, in part, the higher 
prevalence of diabetes in those groups (Scragg et al., 1995). Isaia et al. 
(2001), in a cross–sectional study in Italy, found that postmenopausal 
women diagnosed with type 2 diabetes had significantly higher body mass 
indexes (BMIs), lower activity scores, higher prevalence of serum 25OHD 
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levels below 12.5 nmol/L, and lower dietary calcium intake compared with 
controls. In summary, these observational studies fail to provide conclusive 
support of a relationship between vitamin D intake and risk for either type 
2 diabetes or metabolic syndrome because of the lack of consistency among 
studies, the paucity of high-quality large cohort studies, and the lack of 
strength for an association between vitamin D status and incidence of type 
2 diabetes or metabolic syndrome.

Concluding Statement

The available evidence from observational studies of the associations 
between vitamin D and calcium and risk for type 2 diabetes or metabolic 
syndrome and secondary analyses from RCTs on markers of glucose toler-
ance proved insufficiently strong to support DRI development. The as-
sociation studies linking lower serum 25OHD levels to increased risk for 
type 2 diabetes may be confounded by overweight and obesity, which not 
only predispose individuals to type 2 diabetes, but also cause lower serum 
25OHD levels as a result of sequestration in fat and possibly other mecha-
nisms. Although both retrospective and prospective studies tend to support 
an inverse association between serum 25OHD levels and type 2 diabetes, 
these studies are limited by the study design and cannot show a causal 
relationship. Evidence from RCTs on the effect of vitamin D supplements 
on incident diabetes or markers of glucose homeostasis is variable, and 
few RCTs showing significant results were identified. Taken together, the 
evidence in support of a role for vitamin D as a modulator of pancreatic 
endocrine function and insulin synthesis and secretion is not conclusive 
and therefore is not sufficient to support glucose tolerance as an indicator 
for DRI development.

Falls and Physical Performance

The committee considered falls and physical performance as indepen-
dent indicators. However, because of the integration of these indicators in 
the literature reviewed by the committee, the evidence for both indicators 
is examined together in this section.

The risk of falling is a major concern among the elderly, because falls 
can lead to fracture and long-term disability or death in this population. 
Vitamin D is necessary for normal development and growth of muscle 
fibers, and vitamin D deficiency may adversely affect muscle strength. 
Muscle weakness and pain (myopathy) are characteristics of rickets and 
osteomalacia and contribute to poor physical performance (Prineas et al., 
1965; Skaria et al., 1975; Yoshikawa et al., 1979). Thus vitamin D-deficiency 
muscle weakness and the implications of poor muscle tone suggest a re-
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lationship between serum 25OHD level and risk for falling and/or poor 
physical performance in susceptible populations.

Biological Plausibility

Experimental evidence suggests that vitamin D exerts its effect on 
muscle tissue via the VDR, but it may also use other pathways. In vitro 
and in vivo experiments provide evidence to support calcitriol regulation 
of calcium uptake by muscle, which, in turn, controls muscle contraction 
and relaxation, synthesis of muscle cytoskeletal proteins involved in muscle 
contraction, and muscle cell proliferation and differentiation (reviewed in 
Ceglia, 2008). Because intracellular calcium levels control the contraction 
and relaxation of muscle, thus affecting muscle function, it is possible that 
calcium intake may also affect risk for falls and poor physical performance 
(reviewed in Ceglia, 2008). However, the topic is not considered in more 
detail here because of the lack of observational and RCT data on the rela-
tionship between calcium intake and physical performance.

Systematic Reviews and Meta-Analyses

The AHRQ-Ottawa systematic review identified a total of 14 RCTs in 
addition to five prospective cohort studies and one case–control study that 
examined vitamin D and risk for falls in postmenopausal women and el-
derly men. The evidence between the RCTs and observational studies was 
discordant. Overall the review reported that the evidence for an association 
between low serum 25OHD levels and risk of falls and measures of physical 
performance among postmenopausal women and elderly men was incon-
sistent and rated the evidence as “fair.” The AHRQ-Tufts systematic review 
identified three additional RCTs (Bunout et al., 2006; Burleigh et al., 2007; 
Lyons et al., 2007), but these studies did not find a significant effect of 
vitamin D supplementation on reducing risk of falls or poor performance 
in the elderly and were given a “C” rating. No additional observational 
evidence was found for this indicator in the AHRQ-Tufts review.

A meta-analysis reported in AHRQ-Tufts, which included the AHRQ-
Ottawa RCTs, highlighted the inconsistency of findings from RCTs on the 
effect of vitamin D treatment on reduction in risk or prevention of falls. 
A smaller meta-analysis by Bischoff-Ferrari et al. (2004a) examined RCTs 
in elderly populations for evidence of a reduction in risk for falls with “vi-
tamin D”; however, only three studies used vitamin D, and the other two 
studies used calcitriol/1α-hydroxycholecalciferol. Some of the studies iden-
tified in this meta-analysis were also included in the AHRQ-Tuft analysis. In 
contrast to the AHRQ-Tufts analysis, Bischoff-Ferrari et al. (2004a) found, 
from pooled results, a significant reduction in risk of falling among sub-
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jects treated with vitamin D compared with those treated with calcium or 
placebo. This disparity in findings is best explained by the small numbers 
in the Bischoff-Ferrari et al. (2004a) analysis and the fact that none of the 
vitamin D studies pooled by Bischoff-Ferrari et al. (2004a) was individually 
significant.

A meta-analysis published in 2009 by Bischoff-Ferrari et al. (2009a) ex-
amined fall prevention based on supplemental intake and serum 25OHD 
concentrations. From this analysis of the eight RCTs (n = 2,426 subjects) 
that met the inclusion criteria, the authors concluded that supplemental 
vitamin D intake (700 to 1,000 IU/day) reduced the risk of falling among 
older subjects by 19 percent and that serum 25OHD concentrations less 
than 60 nmol/L may not reduce the risk of falling. This meta-analysis as 
conducted has major limitations.

First, the stated inclusion/exclusion criteria and their application are 
problematic. As stated by the authors, to be included in the primary analy-
sis, the trial design had to be double-blinded and the assessment of falls 
had to be a primary or secondary endpoint defined at the onset of the 
trial. The study had to include a definition of falls and how they were as-
sessed, and falls had to be assessed for the entire trial period. Studies using 
patients with Parkinson’s disease, organ transplant recipients, or stroke 
patients were excluded as were trials using intramuscular injection of vi-
tamin D. Of concern is the fact that some studies that met the inclusion/
exclusion criteria were omitted, and at least one study that failed to meet 
the criteria was included. The Broe et al. (2007) study, did not have a sec-
ondary analysis that pre-specified falls as an outcome, was never powered 
to examine the incidence of falls; with the wide confidence interval due to 
small sample size the results are questionable. This study influenced the 
analysis considerably; other than the work of Pfeifer et al. (2009), it was 
the single largest contributor to the effect. The work of Law et al. (2006) 
was excluded because it was a cluster randomization design instead of in-
dividual randomization; however, such a design does not appear to violate 
the authors’ stated criteria. It was also excluded because the dose of oral vi-
tamin D (50,000 IU) was given every 3 months; however, the serum 25OHD 
increased from 45 to 75 nmol/L, indicating an adequate therapeutic level. 
Had the Law et al. (2006) study been included, in which 44 percent of the 
vitamin D–treated group and 43 percent of the control group were fallers 
(not significantly different), the overall results would have been negative.

Second and more importantly, Figure 3 as reported in Bischoff-Ferrari 
et al. (2009a) is inappropriately presented. The figure is intended to dem-
onstrate fall prevention with dose of vitamin D and achieved serum 25OHD 
concentrations. Specifically, the figure is a meta-regression analysis of the 
relative risk (RR) against vitamin D dose or serum 25OHD concentration. 
However, the meta-regression appears to be incorrectly carried out, or the 
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authors used assumptions that were not specified in the methods section of 
their publication. In their analysis, the dependent variable appearing in the 
graph is RR (linear scale of 0 to 2.5); however, log(RR) is typically used in 
this type of meta-regression, which is a weighted linear regression with each 
study being the unit of analysis. Even when RR is to be reported, a meta-
regression of log(RR) against the predictor variable should be carried out 
and then retransformed back to the RR scale, in which case the line will be 
curvilinear instead of straight. Carrying out a meta-regression analysis using 
untransformed RR in the linear scale assumes an exponential relationship 
of the dose with effect. Moreover, the predictor variable (x-axis) is equally 
spaced for data points, but the data points are not equally spaced according 
to the vitamin D doses (or serum 25OHD concentrations). In the top panel 
of Figure 3 in Bischoff-Ferrari et al. (2009a), the dose intervals between the 
data points range from 0 IU (two 400 IU studies; two 800 IU studies) to 100 
IU (between 600 IU and 700 IU) to 200 IU (between 200 IU and 400 IU, 
400 IU and 600 IU, 800 IU and 1,000 IU). Two data points were also com-
posed of multiple trials “collapsed” into a single data point for two levels 
(800 IU of vitamin D3; 1,000 IU of vitamin D2) of the predictor variables. 
This introduces considerable uncertainty as to the appropriateness of the 
location of the regression line. If the measurement intervals had been ap-
propriately and evenly spaced, it is very likely that the conclusion of the 
analysis would have been that no significant relationship was demonstrated.

The importance of the limitations of this study becomes clear when the 
data are reanalyzed in the appropriate statistical manner. As shown in Fig-
ures 4-2 and 4-3, no dose–response relationship between vitamin D intake 
and risk of falls is evident. For this analysis, which used the STATA pro-
gram, analyses were repeated by fitting a random effects meta-regression 
with the log(RR) of sustaining at least one fall as the response variable 
and the daily dose of vitamin D supplementation or the mean achieved 
25OHD serum concentration in the vitamin D supplementation arm as 
the predictor variable (both predictor variables are continuous variables). 
Specifically, the results do not show a significant dose–response relation-
ship between the risk of sustaining at least one fall and the daily dose of 
vitamin D supplementation or achieved 25OHD serum concentration (beta 
coefficient = −0.0005 ± 0.0003 and = −0.0087 ± 0.0056 standard error [SE], 
respectively; relative risk reduction = 0.95 for risk of falls per 100 IU/day 
and increased in dose of vitamin D, p = 0.13; relative risk reduction = 0.92 
for risk of falls for every 10 nmol/L increase in 25OHD level, p = 0.17). 
Both analyses had significant heterogeneity across studies (I2 = 47 percent, 
p = 0.05; I2 = 54 percent, p = 0.03, respectively). Further, a non-linear 
dose–response relationship was explored by adding a quadratic term of the 
predictor variable to the model. The result suggests that a U-shaped curve 
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better describes the relationship between the risk of sustaining at least one 
fall and the achieved serum 25OHD concentrations.

FIGURE 4-2 Relative risk of falls and vitamin D supplementation doses: Correct 
meta-regressions with continuous predictors showing non-significance.
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p = 0.13) per 100 IU/day difference (increase) in dose.

Additional Evidence from Randomized Controlled Trials

As discussed above, among RCTs that tested for effects of vitamin D 
with and without calcium on reduction in risk for falls, no consistent out-
come was found. As described above, the data related to falls are question-
able, and among muscle performance studies one included 12 subjects who 
were post-stroke patients and a second included 16 subjects for whom the 
study was only 8 weeks in length.

Two recent studies published after the AHRQ-Tufts analysis was com-
pleted have failed to show efficacy in reducing falls. A randomized but not 
placebo-controlled trial examined the effect of either 800 or 2,000 IU of 
vitamin D per day combined with enhanced or standard physiotherapy on 
the rate of falls and hospital re-admission following hip fracture in free-
living adults with a mean age of 84 years (Bischoff-Ferrari et al., 2010). Nei-
ther of the two dosages of vitamin D3 reduced the rate of falls or improved 
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strength or function compared with physiotherapy. Another study (Sanders 
et al., 2010) that examined the incidence of falls and fractures in elderly 
women treated with 500,000 IU of vitamin D3 annually for 3 years found a 
significant increase in falls and fractures in the treatment group compared 
with the placebo group. Notably, the increased incidence of falls was signifi-
cant in the treatment group by 3 months following administration of the 
supplemental vitamin D. Further, as described in Chapter 6, the authors 
of this study concluded that levels of 65 nmol/L were not consistent with 
reduced rates of fall or fractures.

FIGURE 4-3 Relative risk of falls and mean achieved serum 25OHD concentrations: 
Correct meta-regressions with continuous predictors showing non-significance.
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When this committee considered the totality of evidence for causal-
ity pertinent to the relationship between vitamin D and incidence of or 
risk for falls, it became clear that the greater part of the causal evidence 
indicated no significant reduction in fall risk related to vitamin D intake 
or achieved level in blood. Table 4-4 illustrates the range of clinical trial 
data assessing changes in fall incidence or risk for falls with varying levels 
of vitamin D treatment that were taken into account. Of the 18 studies 
considered, including several studies identified in Bischoff-Ferrari et al. 
(2009a), only 4 (Pfeifer et al., 2000; Harwood et al., 2004; Flicker et al., 
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2005; Broe et al., 2007) found a significant effect of vitamin D on fall inci-
dence. The only two significant studies for fallers are Pfeifer et al. (2000, 
2009), although Pfeifer et al. (2000) was a 2-month study and administered 
calcium with the vitamin D placebo.

Observational Studies

Observational studies have long suggested an association between a 
higher serum 25OHD level and a lower risk of falls in elderly persons; 
however, when analyzed as a whole in the AHRQ reviews, there was no 
consistency between study findings. Snijder et al. (2006), a study of elderly 
subjects participating in the Longitudinal Aging Study Amsterdam, a pro-
spective cohort study, was not included in the AHRQ reviews. This study 
found that a low serum 25OHD level (< 25 nmol/L) was independently as-
sociated with an increased risk of falling for subjects who experienced two 
or more falls compared with those who did not fall or fell once; however 
the study outcome does not affect the discordant findings among observa-
tional studies identified in the AHRQ reviews.

Most observational studies of associations between serum 25OHD levels 
and physical performance have been cross–sectional, which limits causal 
inference. A cross–sectional study of 4,100 older adults from NHANES 
III found higher serum 25OHD concentrations associated with better 
lower-extremity function (Bischoff-Ferrari et al., 2004b). Much of the im-
provement occurred at concentrations ranging from 22.5 nmol/L to ap-
proximately 40 nmol/L, but some improvement was also seen from 40 to 
94 nmol/L (the top of the reference range). Results were similar in men 
and women, three racial/ethnic groups (whites, African Americans, and 
Mexican Americans), active and inactive persons, and those with high and 
low calcium intakes. A study of Dutch adults 65 years of age and older found 
that serum 25OHD concentrations below 20 nmol/L were significantly as-
sociated with poorer physical performance at baseline and a greater decline 
in physical performance over a 3-year period (Wicherts et al., 2007). An-
other cross–sectional study of healthy post-menopausal women found that 
serum 25OHD level was significantly associated with physical fitness indexes, 
including balance, handgrip strength, androidal fat mass, and lean mass 
(Stewart et al., 2009). Finally, a cross–sectional study of 60 men and women 
with heart failure (mean age of 77 years) found a significant association 
between serum 25OHD level and 6-minute walk distance and frailty status 
(Boxer et al., 2008). Taken together, however, this evidence is weakened by 
the cross–sectional study design, does not provide strong support for an as-
sociation between serum 25OHD level and physical performance, and does 
not contradict the findings of the AHRQ reviews.
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Concluding Statement

A problem in a number of the RCTs is that falls rather than fallers 
are analyzed; consequently, individuals who fell more than once were also 
counted more than once in the primary outcome analysis. The studies 
generally did not have the statistical power to detect a significant difference 
in the number of fallers but relied on repeat fallers to achieve the desired 
number of total falls. Moreover, the meta-analyses described above com-
bined data from the few trials in which fallers were counted with data from 
trials in which falls were the outcome. By comparison, the U.S. Food and 
Drug Administration (FDA) mandated primary outcomes in osteoporosis 
and cardiovascular trials are the number of individuals with fractures or 
cardiovascular events rather than the number of events. It remains uncer-
tain whether a reduction in the number of falls can be used to infer that 
the number of fallers would be significantly reduced.

The committee’s review of the available evidence, including the results 
from RCTs and observational associations between vitamin D with or with-
out calcium and risk for falls and poor physical performance, indicates a 
lack of sufficiently strong evidence to support DRI development. A limited 
review of observational data outside of the AHRQ reviews found some sup-
port for an association between 25OHD levels and physical performance. 
However, high-quality observational evidence from large cohort studies was 
lacking. Additionally, although the cross–sectional studies were more sup-
portive of an association between high serum 25OHD levels and reduced 
risk for falls, evidence from RCTs in particular showed outcomes that var-
ied in significance and thus did not support the observational findings or 
a causal relationship. The evidence was also not consistently supportive for 
a role for vitamin D combined with calcium in reduction of risk for falls.

Overall, data from RCTs suggest that vitamin D dosages of at least 800 
IU/day, either alone or in combination with calcium, may confer benefits 
for physical performance measures. Although high doses of vitamin D (i.e., 
≥ 800 IU/day) appear to provide greater benefit for physical performance 
than low doses (i.e., 400 IU/day), evidence is insufficient to define the 
shape of the dose–response curve for higher levels of intake. Thus, the 
outcome of physical performance is appropriate for identifying Estimated 
Average Requirements (EARs) of vitamin D, with or without calcium, in 
adults above the age of 50, but cannot be used to define the shape of the 
dose–response curve at higher levels of intake.

Immune Responses

Vitamin D has been reported to modulate immune functioning in cell 
culture and animal models. Vitamin D, specifically its active form, calcitriol, 
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is a regulator of both adaptive and innate immune responses. However, 
its role is complex and not fully understood. Many factors influence the 
specific effect of vitamin D on immune function including its target cells; 
the nature of the immune challenge and response (either autoimmune 
or anti-infective); the status and availability of calcium, depending on the 
tissue or cell type; the physiological, differentiated or activated stage of the 
tissue or cell type; and the expression and polymorphisms of the genes for 
the Vdr and 1α-hydroxylase.

Asthma

Asthma is a chronic lung disease that manifests as inflammation in 
bronchial tissue. The disease is characterized by recurrent periods of wheez-
ing, chest tightness, shortness of breath, and coughing and may be ac-
companied by comorbidities, such as eczema or atopic dermatitis. Diet 
has long been linked to asthma and allergic disease. Dietary sodium and 
magnesium intakes were implicated as risk factors for asthma in the 1980s 
and 1990s (Burney, 1987; Britton et al., 1994a, b). Dietary lipids have also 
been hypothesized to contribute to increased prevalence of asthma (Black 
and Sharpe, 1997). More recently, vitamin D has been linked to asthma 
incidence in the developing fetus and in young children (Litonjua and 
Weiss, 2007).

Biological plausibility Genetic studies mapping the Vdr gene in animal 
models of asthma suggest that Vdr polymorphism is linked with expression 
of asthma. In humans, Poon et al. (2004) compared Vdr genetic variants be-
tween members of a family-based cohort (223 families of 1,139 individuals) 
with and without asthma. Their analysis found significant associations be-
tween six polymorphisms in the Vdr gene and clinical diagnosis of asthma. 
Wjst (2005) conducted genotyping on 951 individuals from pedigrees that 
had at least two asthmatic children to determine whether transmission of 
Vdr polymorphism was associated with asthma in the children. Preferential 
transmission of candidate polymorphisms in asthmatic children could not 
be confirmed; however, the authors did hypothesize the possibility of trans-
mitting a protective effect to unaffected offspring based on their finding of 
a low probability of an unaffected phenotype in an affected cohort.

Systematic reviews and meta-analyses No systematic reviews or meta-
analyses were identified for this indicator.

Additional evidence from randomized controlled trials No RCTs were 
identified for this indicator.
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Observational studies A few studies were identified that examined a ge-
netic linkage between vitamin D and risk for asthma or related conditions, 
and these were discussed above. Additional observational studies examined 
the relationship between perinatal serum 25OHD levels and risk of asthma 
in offspring. Devereux et al. (2007) examined associations between vitamin 
D intake during pregnancy and risk for childhood wheezing in a large pro-
spective cohort study; a significant inverse association was found between 
maternal intake of vitamin D from diet and supplements and symptoms of 
wheezing at 2 and 5 years of age, although there was no significant associa-
tion with diagnosed asthma at 5 years of age. In another study, Camargo 
et al. (2007) assessed the relationship between maternal dietary intake of 
vitamin D during pregnancy and risk of wheezing in children in Project 
Viva, a large prospective cohort study examining prenatal factors and 
pregnancy and child health outcomes. Overall, higher maternal intake of 
vitamin D during pregnancy was significantly associated with a lower risk 
for recurrent wheezing in the offspring at 3 years of age when compared 
with the lowest maternal vitamin D intake. Other associated symptoms of 
respiratory infection and eczema, however, were not significantly associated 
with maternal vitamin D intake. Similarly, Hypponen et al. (2004) found 
in a large prospective cohort study in Finland, that the prevalence of atopy 
and allergic rhinitis in subjects at age 31 years was higher among those who 
received regular vitamin D supplementation as infants than among those 
who did not; however, this study relied on retrospective recall of supple-
mentation by the mother.

These large prospective cohort studies support an association between 
maternal or infant vitamin D intake and risk related to symptoms of asthma, 
particularly wheezing, but not with diagnosed disease. Several other obser-
vational studies have examined associations between 25OHD level in blood 
and risk for asthma. Gale et al. (2008), in a small prospective cohort study, 
found a five times increased risk for asthma at 9 years among children 
whose mothers’ serum 25OHD level was below 27.5 nmol/L, compared 
with those whose mothers had levels above 75 nmol/L. The small size of the 
cohort that was followed to 9 years of age (178 subjects) was a limitation to 
the reported finding. In contrast, a larger analysis of NHANES data found 
no association between serum 25OHD level and sensitization to allergens 
(Wjst and Hypponen, 2007). The study did identify an increased preva-
lence of allergic rhinitis across levels of 25OHD, although unrecognized 
confounding may account for the association.

In a cross–sectional study examining associations between vitamin D 
status and markers of allergic or asthmatic response, Brehm et al. (2009) 
found that serum vitamin D levels below 75 nmol/L were identified in 28 
percent of children and that inflammatory markers (immunoglobulin E 
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[IgE] and eosinophil count) were significantly and inversely associated with 
vitamin D status. These lower quality observational studies largely support 
the associations with symptoms of asthma identified in the larger cohort 
studies but do not support an association between 25OHD level in blood 
and diagnosed asthma.

Although genetic studies support a possible biological mechanism for 
a functional role of vitamin D in development of asthma there are no RCTs 
to demonstrate a causal role.

Autoimmune Diseases

Autoimmune diseases such as multiple sclerosis (MS), rheumatoid 
arthritis (RA), inflammatory bowel disease (IBD), and lupus are char-
acterized by abnormal T cell response to self, resulting in inflammatory 
reactions in peripheral tissues. Models of autoimmune diseases support a 
role for vitamin D in regulating the T helper 1 (Th1) immune response, 
an integral component of immune tolerance with regard to recognition of 
self (reviewed in Cantorna and Mahon, 2005; Szodoray et al., 2008). Recent 
genomic analyses for polymorphisms in the Vdr gene suggest that single 
nucleotide polymorphisms identified in individuals with type 1 diabetes 
could negatively modulate calcitriol synthesis and thereby play a detri-
mental role in autoimmune response and subsequent manifestation of the 
disease (Israni et al., 2009).

Diabetes (type 1) Type 1 diabetes is a chronic disease resulting from loss 
of β-cell function in the pancreas. The disease is characterized by dimin-
ished or absent insulin production and loss of control of blood glucose. 
Emerging evidence for an association between low vitamin D status and 
increased risk for type 1 diabetes comes from experimental animal, eco-
logical, and observational studies; however, no intervention trials using 
supplemental vitamin D (not analogues) were identified to provide causal 
support for a relationship.

Biological plausibility Experimental animal, ecological, and observa-
tional evidence support a relationship between vitamin D status and risk for 
type 1 diabetes, although treatment protocols and dosages vary. Ecological 
evidence has suggested a link between type 1 diabetes risk and limited ery-
themal UVB exposure in Newfoundland (Sloka et al., 2009, 2010). Mohr 
et al. (2008) plotted incidence rates for type 1 diabetes by latitude in an 
ecologic study comparing geographical distribution, estimated UVB expo-
sure and disease incidence and, using a polynomial analysis to best fit the 
data points, determined that the incidence of type 1 diabetes was greater 
at higher latitudes.
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In nonobese diabetic (NOD) mice, which are genetically predisposed 
to develop insulitis and type 1 diabetes, disease developed earlier when the 
mice were fed vitamin D–deficient diet and reared in the absence of UV 
light (Giulietti et al., 2004). However, type 1 diabetes was not prevented 
when NOD mice were treated with a supraphysiological dose of vitamin D, 
beginning from conception and continuing to 10 weeks of age (Hawa et al., 
2004). Additionally, in a study in which NOD mice were cross bred with 
mice null for the Vdr gene, the rate of disease presentation did not differ 
from that in mice carrying only the NOD mutation, even though immune 
abnormalities were aggravated by the absence of the VDR (Gysemans, 
2008). These results indicate that severe vitamin D and UV deficiency can 
increase the risk of type I diabetes in a genetically predisposed animal, yet 
neither vitamin D nor the absence of the Vdr gene affects the onset of type 
1 diabetes.

Systematic reviews and meta-analyses Neither AHRQ-Ottawa nor AHRQ-
Tufts included type 1 diabetes as a health outcome in its systematic reviews. 
Another recent systematic review and meta-analysis of five observational, 
four case–control and one cohort study (no RCTs were found) assessed 
whether vitamin D supplementation of infants reduced risk for type 1 dia-
betes later in life (Zipitis and Akobeng, 2008). The meta-analysis of data 
from the four case–control studies revealed a significant 29 percent reduc-
tion in risk for type 1 diabetes among vitamin D–supplemented infants 
compared with controls, which was further supported by the cohort study. 
The authors also cited evidence for a dose–response effect based on studies 
indicating reduced likelihood for developing diabetes among subjects who 
received regular vitamin D supplements, whereas subjects who developed 
rickets early in life were more likely to develop diabetes. A limitation of 
this meta-analysis is that two of the studies included had study designs 
that relied on delayed retrospective recalls by the mothers of vitamin D–
supplemented infants. Additionally, no other meta-analyses were identified 
that either support or refute the findings of Zipitis and Akobeng (2008).

Additional evidence from randomized controlled trials No RCTs were identi-
fied for this indicator.

Observational studies No additional observational evidence that was 
not included in the systematic reviews and meta-analysis was identified for 
consideration.

Inflammatory bowel and Crohn’s disease IBD is a group of conditions of 
chronic inflammation that usually involve the distal portion of the ileum. 
In Crohn’s disease, inflammation spreads to the colon and upper gastro-
intestinal tract and causes local abscesses, scarring, and bowel obstruction; 
the condition is also characterized by diarrhea, cramping, and loss of ap-
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petite and weight. Vitamin D status has been linked to IBD in association 
studies of sun exposure and in genetic studies through down-regulation of 
the Th1-mediated immune response.

Biological plausibility Ecological studies have linked vitamin D, particu-
larly 25OHD levels, to a number of autoimmune diseases. A connection 
between seasonal vitamin D status and risk for Crohn’s disease was pro-
posed by Peyrin-Biroulet et al. (2009), based largely on ecological evidence 
for an association between low 25OHD levels in blood and other autoim-
mune diseases. The effect of seasonal variation on serum 25OHD levels in 
patients with Crohn’s disease, compared to matched controls found that 
mean serum 25OHD was lower in Crohn’s patients despite having vitamin 
D intake from foods and supplements and sunlight exposure similar to 
those of matched controls (McCarthy et al., 2005). Genetic evidence in 
humans and in animal models provides some support for a biological as-
sociation between polymorphisms in the Vdr and susceptibility to IBD and 
Crohn’s disease. In a human study, a linkage analysis, used to identify the 
TaqI polymorphism in the Vdr gene, suggested that the variant may be a 
candidate for conferring susceptibility to IBD (Simmons et al., 2000). Ani-
mal model studies in both vitamin D–deficient and Vdr null mice suggested 
that the risk of developing IBD is increased in several respects: spontaneous 
occurrences are increased, the disease is more severe, and the disease is 
more easily provoked in response to agents that induce IBD or bacterial 
infections transferred from an affected animal (reviewed in Bouillon et al., 
2008).

Systematic reviews and meta-analyses The AHRQ-Tufts systematic review 
found no RCTs for immune function clinical outcomes and no evidence 
for IBD or Crohn’s disease. Thus, the evidence was insufficient for further 
analysis in the systematic review. No meta-analyses were identified for this 
indicator.

Additional evidence from randomized controlled trials No RCTs were identi-
fied for this indicator.

Observational studies Two observational studies were identified that 
evaluated 25OHD levels in patients with Crohn’s disease and/or IBD. A 
cross–sectional assessment of serum 25OHD levels in children and young 
adults with IBD living in Boston found that prevalence of low 25OHD status 
(≤ 38 nmol/L) averaged 34.6 percent overall, with higher prevalence in 
winter compared with summer (Pappa et al., 2006). A small population-
based cohort of patients with Crohn’s disease and ulcerative colitis in 
Scandinavia found a prevalence of 25OHD levels below 30 nmol/L in 27 
percent of those with Crohn’s disease and 15 percent of those with ulcer-
ative colitis. In addition, patients with Crohn’s disease had lower mean 
serum 25OHD levels compared with those with ulcerative colitis or the ref-
erence population (Jahnsen et al., 2002). The study design and poor con-
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trols characteristic of these observational studies diminish the reliability of 
their findings. Another confounding problem is that vitamin D is absorbed 
with fat in the terminal ileum, and this is the area that is most inflamed in 
Crohn’s disease (and can become inflamed in ulcerative colitis). Conse-
quently, low 25OHD levels can be expected to occur as a consequence of 
the inflammatory condition. The question not answered by these studies 
is whether low 25OHD levels can predispose individuals to the conditions.

Multiple sclerosis MS is a chronic disease of the central nervous system 
that manifests as numbness in the limbs or, in more severe cases, paralysis 
or loss of vision. The progress, severity, and specific symptoms of MS are 
unpredictable and vary among individuals. The disease is an autoimmune 
response directed against myelin. Damaged myelin forms scar tissue (scle-
rosis), which impairs nerve impulse conduction, producing the variety of 
symptoms associated with the disease.

Biological plausibility Similar to findings with other autoimmune-
related diseases, low solar exposure, latitude, and polymorphisms in the 
Vdr gene have been implicated in susceptibility to MS (Partridge et al., 
2004; Dwyer et al., 2008; Sloka et al., 2008; Dickinson et al., 2009). How-
ever, whether a lack of sun exposure is causally related to MS cannot be 
shown. Findings from animal models are not consistent. In a mouse model, 
vitamin D deficiency accelerated development of autoimmune encepha-
lomyelitis (the murine model of MS in humans), whereas treatment with 
calcitriol reduced it (Cantorna et al., 1996). In contrast, a subsequent 
study, using a mouse model null for the Vdr gene, found that the Vdr null 
mice were protected from development of the disease compared with wild-
type mice (Meehan and DeLuca, 2002). A recent genetic study in humans 
evaluating associations between specific Vdr gene polymorphisms (Apal 
and Taq1) and serum 25OHD levels in healthy adults compared with those 
with MS, found no relationship between mutations in Apal and Taq1 and 
incidence of MS (Smolders et al., 2009). Taken together, neither ecological 
studies nor genetic studies in animal models and humans show consistency 
in finding a significant relationship between serum 25OHD level and pres-
ence of MS.

Systematic reviews and meta-analyses The AHRQ-Tufts systematic review 
found no RCTs for immune function clinical outcomes and no evidence 
for MS related to vitamin D. In a recent review paper of observational stud-
ies on the effects of vitamin D on incidence and severity of MS, Smolders 
et al. (2008) concluded that there was no strong direct evidence supporting 
the ability of vitamin D to modulate MS or influence risk for the disease. 
Their review included observational evidence in humans linking low se-
rum 25OHD levels with incidence of MS in white American adolescents; 
associations between lower circulating levels of 25OHD after onset of MS; 
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associations between skin pigmentation and lower disability scores in fe-
males; congruence of geographical distribution of MS with geographical 
distribution of low vitamin D levels; associations between seasonal variation 
in birth and in disease severity with the seasonal variation of low vitamin 
D levels; associations between remission and pregnancy (when calcitriol 
levels increase); and variations in risk associated with polymorphisms in the 
Vdr gene. In addition to the lack of positive evidence, the authors raised 
concerns about the safety of calcitriol treatment for MS because of the 
dose-dependent risk for hypercalcemia identified with calcitriol treatment 
in animal models. No meta-analyses were identified for this indicator.

Additional evidence from randomized controlled trials No RCTs were identi-
fied for this indicator.

Observational studies Observational studies in humans have also failed 
to show a consistent association between serum 25OHD levels and MS. A 
small longitudinal study of 23 MS patients and 23 controls found no differ-
ences in circulating 25OHD levels, no difference in seasonal variation, and 
comparable rates of vitamin D deficiency or insufficiency based on serum 
25OHD levels between MS patients and controls (Soilu-Hanninen et al., 
2008). Interestingly, in this study, serum 25OHD levels were significantly 
lower during relapse episodes, whereas serum levels of intact PTH were 
significantly higher than in remission periods in MS patients. A prospective 
nested case–control study in military personnel reported that, for white 
subjects, serum 25OHD levels were inversely related to the risk of MS and 
that effect was even greater when serum 25OHD levels were low in indi-
viduals under 20 years of age (Munger et al., 2006). Overall, serum 25OHD 
levels were lower in black and Hispanic compared to white subjects and 
25OHD levels were more frequently in the range of 25 to 40 nmol/L in MS 
patients compared to controls. These findings, however, were unrelated to 
risk for MS (Munger et al., 2006). In a small population-based case–control 
study of individuals living at latitudes of 41 to 43°S (similar to New York 
City and Boston), van der Mei et al. (2007) found that serum 25OHD levels 
below 25 nmol/L were moderately associated with MS, compared with lev-
els above 40 nmol/L. With more consistent serum 25OHD levels and less 
seasonal variability, there was an association with less disability.

Taken together, these observational studies show widely variable out-
comes for associations between serum 25OHD levels and MS and such 
associations are not supported by meta-analyses. In addition, the lack of 
causal evidence further diminishes the likelihood for a relationship be-
tween vitamin D and MS.

Rheumatoid arthritis RA is a chronic disease characterized by systemic 
inflammation that may affect many tissues and organs, but particularly the 
joints. In RA inflammatory synovitis of the joints can progress to destruc-
tion of the articular cartilage and ankylosis. RA can also produce diffuse 
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inflammation in the lungs, pericardium, pleura, and sclera, as well as nodu-
lar lesions under the skin. This progressive disease can result in chronic 
pain, loss of function, and eventual disability.

Biological plausibility In experimental studies, Tetlow and Wooley 
(1999) found that the VDR was strongly expressed in cells associated 
with rheumatoid lesions, including macrophages, synovial fibroblasts, and 
chondrocytes, but weakly or not at all in normal articular cartilage tissue, 
suggesting an up-regulation of VDR-mediated activity in tissues affected by 
RA. Smith et al. (1999) found that cultured human synovial fibroblasts, but 
not human articular chondrocytes, when treated with the inflammatory 
cytokine, interleukin 1 (IL-1), followed by calcitriol, indicated inhibition 
of expression of the matrix metalloproteinases associated with RA. In a 
mouse model of RA, treatment with calcitriol decreased arthritis symptoms 
induced by injection with bovine collagen and halted the progression of ar-
thritis after arthritic lesions were apparent (Cantorna et al., 1998). Together, 
this evidence is suggestive of an immunomodulatory role for vitamin D in 
expression of arthritic changes in some, but not all, cell types associated 
with RA.

Systematic reviews and meta-analyses The AHRQ systematic reviews found 
no RCTs for immune function clinical outcomes related to RA and no evi-
dence that RA was related to vitamin D. No meta-analyses were identified 
for this indicator.

Additional evidence from randomized controlled trials No RCTs were identi-
fied for an effect of vitamin D and/or calcium on risk for RA.

Observational studies A number of studies have been conducted to 
determine whether serum 25OHD level and incidence of RA are associ-
ated. In a prospective cohort study, a small subset of subjects from the 
Iowa Women’s Health Study were followed to determine if dietary vitamin 
D intake (primary outcome) and/or calcium intake (secondary outcome) 
were associated with incident RA (Merlino et al., 2004). No significant 
associations were found for dietary (not supplemented) vitamin D intake 
and risk for RA, although the association was significant for daily supple-
mental intakes of 400 IU or more compared with less than 400 IU. No 
association was found between calcium intake and risk for incident RA. A 
cross–sectional analysis of women with RA living in Brazil, found a signifi-
cant correlation between higher mean serum calcium level and normal 
BMD compared with calcium levels in women with osteopenia, although 
no significant difference was found between calcium and vitamin D intake 
and BMD (Sarkis et al., 2009).

With no large prospective cohort studies and no clinical trials to sup-
port a relationship between vitamin D and/or calcium and RA, along with a 
paucity of other observational evidence, the committee could not conclude 
that either vitamin D or calcium is related to risk for RA.
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Systemic lupus erythematosus Systemic lupus erythematosus (SLE) is 
a chronic generalized connective tissue disorder characterized by skin 
eruptions, arthralgia, arthritis, leukopenia, anemia, visceral lesions, neu-
rological manifestations, and lymphadenopathy. It has been proposed that 
vitamin D plays a role in maintenance of immune homeostasis, and recent 
studies have linked SLE to vitamin D deficiency although a causal relation-
ship has not been established.

Biological plausibility Mouse models of SLE have been reported to pro-
duce high levels of IgG2a immune cells that are implicated in the patho-
genesis of lupus (Slack et al., 1984). However, owing to the complexity of 
the disease, experimental animal studies have not shown consistent out-
comes on questions regarding the role for vitamin D in preventing or allevi-
ating manifestations of the disease. Administration of calcitriol in a murine 
SLE model using a treatment protocol of daily dosing with a low-calcium 
diet for 4 weeks followed by dosing every other day for 18 weeks resulted in 
attenuation of symptoms of SLE, including reduced dermatological lesions. 
All SLE mice in the study developed proteinuria by 20 weeks; however, 
among those treated with vitamin D, lower urinary protein/creatinine 
ratios indicated reduced levels of proteinuria (Lemire et al., 1992). In 
contrast to these findings, when Vaisberg et al. (2000) injected SLE-prone 
mice with vitamin D3, they found a worsening of the histopathological 
effects of SLE in the kidney. Upon examining serum levels of calcitriol 
and 25OHD in SLE patients compared with unaffected controls, Muller 
et al. (1995) found lower levels of calcitriol but not 25OHD, but were 
unable to speculate on a cause for the difference. In humans, vitamin D 
has been proposed to modulate maturation and induction of interferon 
alpha-(IFN-α)–mediated monocyte differentiation into dendritic cells that 
are activated in SLE. The findings of Ben-Zvi et al. (2010) suggest that such 
a role is likely via vitamin D–mediated inhibition of over-expression of IFN-
regulated genes in cultured monocytes from both normal and SLE patients 
following exposure to an activation factor. Altogether, however, there is a 
lack of consistency in study outcomes between animal models and human 
experimental studies, and thus findings are not supportive of a biological 
role for vitamin D in SLE.

Systematic reviews and meta-analyses The AHRQ systematic reviews found 
no RCTs for immune function clinical outcomes related to SLE and no evi-
dence for a relationship between SLE and vitamin D. No meta-analyses were 
identified for this indicator.

Additional evidence from randomized controlled trials No RCTs were identi-
fied that examined a role for vitamin D or calcium in reducing risk for or 
manifestations of symptoms of SLE.

Observational studies Epidemiological evidence to support an associa-
tion between vitamin D status and incidence of SLE shows variability in 
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the levels of 25OHD associated with SLE. Kamen et al. (2006), in a small 
subset of a larger population-based cohort, found that 22 out of 123 SLE 
patients across race, age, and gender groups had 25OHD levels below 25 
nmol/L and that African Americans had levels significantly lower than 
whites (40 nmol/L compared with 78 nmol/L [p = 0.04]). In a small pilot 
study of 50 subjects (25 per group), Huisman et al. (2001) found that 50 
percent of female SLE patients had 25OHD levels below 50 nmol/L. The 
associations between vitamin D status and incidence of SLE identified in 
these studies are not borne out by evidence from a prospective cohort 
study of dietary factors and risk for developing SLE. An analysis of a small 
subset of women participating in NHS over a period of 22 years found no 
association between vitamin D (or calcium) intake assessed with a food 
frequency questionnaire and risk for developing SLE or RA (Costenbader 
et al., 2008). In a cross–sectional survey, Ruiz-Irastorza et al. (2008) found 
that 75 percent of patients with SLE had serum 25OHD levels below 75 
nmol/L and 15 percent had levels below 25 nmol/L, and 25OHD levels in 
blood in patients with SLE were not responsive to calcium and vitamin D 
treatment. Thus, it is not clear whether therapeutic treatment would have 
any effect on disease manifestation. The few relevant studies identified 
for review, and the lack of uniformly significant findings between studies, 
which may be a result of the small study populations (< 200 participants), 
are not sufficient to permit the committee to draw a conclusion about an 
association between SLE and vitamin D intake or 25OHD levels in blood.

Infectious Diseases

Tuberculosis Pulmonary tuberculosis (TB) is a granulomatous infection 
in which hypercalcemia occurs in a subset of patients (Sharma et al., 1972; 
Abbasi et al., 1979; Need and Phillips, 1979). The increased production 
of immune and inflammatory cells in patients with TB correlates with in-
creased serum levels of calcitriol (Adams et al., 1989) and with calcitriol in 
pleural fluid (Cadranel et al., 1994). Treatment of alveolar macrophages 
with IFN-γ appears to stimulate synthesis of calcitriol (Koeffler et al., 1985; 
Reichel et al., 1987). Although vitamin D has been used as a therapeutic 
agent in the management of TB (Martineau et al., 2007a), treatment of 
individuals with active TB with supplemental vitamin D exacerbates or 
reveals hypercalcemia (Sharma, 1981).

Biological plausibility Vitamin D may be an important factor in in-
nate immunity in the upper respiratory tract (reviewed in Bartley, 2010). 
Although calcitriol does not have direct anti-bacterial activity, it induces 
anti-tubercular actions in cultured monocytes and macrophages (Chan 
et al., 1994). Recent evidence, stemming from the molecular cloning of 
1α-hydroxylase (Monkawa et al., 2000), supports macrophages as the source 
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of 1α-hydroxylase that converts 25OHD to calcitriol and stimulates the 
mobilization of calcium seen in inflammatory diseases (Inui et al., 2001; 
Yokomura et al., 2003; Karakelides et al., 2006). Animal models provide 
additional evidence that calcitriol levels increase in tubercular infection. 
Rhodes et al. (2003) identified a transient increase in calcitriol levels follow-
ing infection of cattle with bovine mycobacterium, but only among animals 
that went on to develop TB. This increase in activated vitamin D that accom-
panied infection suggests a role for vitamin D in the host immune reactivity 
to TB infection. In a mouse model, calcitriol increased production of nitric 
oxide, an endogenously produced anti-infective compound, suggesting a 
bactericidal mechanism for vitamin D in TB-infected animals (Waters et al., 
2004). Other more recent studies have identified the peripheral cellular 
conversion of 25OHD to calcitriol as a mechanism for rapid local induc-
tion of anti-microbial peptides as a direct mechanism for killing TB and 
staphylococcal bacteria (Liu et al., 2006; Schauber et al., 2006). Immune 
responses to increased 25OHD levels may vary among individuals as a result 
of the genetic expression of Vdr polymorphisms. For example, Selvaraj et al. 
(2008) found that allelic variations in the Cdx-2 polymorphism were associ-
ated with either resistance or susceptibility to TB bacteria; however, more 
research is needed to better understand the genetic relationship between 
Vdr polymorphisms and TB susceptibility.

Systematic reviews and meta-analyses The AHRQ reviews did not iden-
tify relevant evidence for TB as an outcome. Nnoaham and Clarke (2008) 
systematically reviewed and meta-analyzed the relationship between low se-
rum 25OHD levels and TB among diverse community- and hospital-based 
population groups in both developed and developing countries. The meta-
analysis was restricted to studies that compared serum 25OHD levels in TB 
patients not on a treatment regimen with healthy matched controls. Seven 
observational studies were included in the meta-analysis, which found a 70 
percent probability that a person without TB would have a higher serum 
25OHD level than a person with TB. Whether this association predicts low 
serum 25OHD as a risk factor for active TB cannot be concluded from 
the analysis; however, the findings would increase the strength of similar 
findings from other high-quality observational studies or from a larger 
meta-analysis.

Additional evidence from randomized controlled trials Even though treat-
ment of individuals with active TB with supplemental vitamin D can lead 
to hypercalcemia, vitamin D has been used as a therapeutic agent in the 
management of the disease. A small double-blind RCT of 131 individuals 
who had come into close contact with patients with TB (or TB contacts) 
in the United Kingdom (UK) measured the ability of a single oral dose of 
100,000 IU of vitamin D to inhibit growth of recombinant mycobacteria, 
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an indicator of TB exposure, grown in vitro and detected using the Barger-
Lux (BCG-lux) assay, from the study subjects (Martineau et al., 2007b). 
Compared with placebo, subjects who received the vitamin D treatment 
showed a significant increase in serum 25OHD levels for 6 weeks without 
hypercalcemia, as well as inhibition of in vitro growth of mycobacteria. 
Another small intervention trial examined the effect of UVB exposure on 
TB in recent Asian immigrants to the UK who have a higher TB prevalence 
than indigenous populations (Yesudian et al., 2008). Anti-microbial activ-
ity, expressed as response to the BCG-lux assay, varied between the subjects, 
showing a small transient decrease but no significant change following 
UVB exposure. Another RCT testing the effect of vitamin D supplementa-
tion on the clinical course of patients with TB also found no significant 
change in clinical outcome or reduction in mortality in patients treated 
with 100,000 IU of vitamin D three times over 8 months (Wejse et al., 
2009). Only one of the two studies reviewed showed a significant effect 
of vitamin D treatment on 25OHD levels in TB patients, and none of the 
clinical trials showed a significant effect of vitamin D on clinical outcome. 
Thus, evidence from RCTs does not support a reduction in TB infections 
with vitamin D treatment.

Observational studies Because TB is rare in industrialized countries, par-
ticularly the United States, most observational studies are on populations 
from developing countries that have immigrated to developed countries. 
Gibney et al. (2008), in a retrospective analysis of hospitalized patients, 
found that low serum 25OHD levels in patients born in sub-Saharan African 
countries who immigrated to Australia were predictive of any form of TB 
infection as well as current and past infection. Another analysis of a small 
study of patients reporting to a TB clinic prior to treatment (Sita-Lumsden 
et al., 2007) found a statistically significant difference in serum 25OHD 
levels between TB patients and their contacts and the greatest difference 
among those patients with the lowest 25OHD levels. Although there was 
no difference in dietary intake of vitamin D between TB patients and their 
contacts, the TB patients did demonstrate a stronger correlation between 
dietary intake and measures of vitamin D in serum. Sun exposure did not 
differ between patients and their contacts. Strachan et al. (1995), in a case–
control study of Asian immigrants to the UK who had a diagnosis of active 
TB, found a trend of increasing risk of TB correlated with a decreasing 
frequency of consumption of meat or fish and an 8.5-fold increased risk for 
TB among lactovegetarians compared with daily meat or fish eaters. Many 
observational studies of an effect of vitamin D on susceptibility to TB are 
confounded by endogenous production of calcitriol in infected individuals 
(Adams et al., 1989; Cadranel et al., 1994) and thus must be cautiously inter-
preted. Nevertheless, the few small studies identified support the findings 
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of the meta-analysis from Nnoaham and Clarke (2008) for higher serum 
25OHD levels in TB patients; however, these studies did not uniformly find 
significant associations between vitamin D intake and risk for TB.

Influenza and upper respiratory infections Influenza is an acute conta-
gious viral infection characterized by inflammation of the respiratory tract, 
fever, chills, and muscular pain. Upper respiratory infections are most 
commonly viral infections characterized by inflammation of the respiratory 
tract. Vitamin D has been hypothesized to act through the immune system 
to prevent influenza infections.

Biological plausibility Environmental observations of seasonal variation 
in serum 25OHD levels and occurrence of influenza have been proposed 
as an indicator to show a correlation between vitamin D and risk for influ-
enza (Cannell et al., 2006; Hayes, 2009). In an animal study (Underdahl 
and Young, 1956), mice deficient in vitamins A, D, and E and inoculated 
with influenza had the same intensity of influenza infection as those mice 
replete in vitamins A, D, and E, showing no effect of vitamin D status on 
reducing influenza infection. This finding contrasts with earlier work by 
Young et al. (1949), which suggested that vitamin D could reduce the sus-
ceptibility of mice to influenza.

Systematic reviews and meta-analyses The AHRQ studies did not iden-
tify any relevant studies for influenza as a health outcome. There were no 
meta-analyses identified for this indicator.

Additional evidence from randomized controlled trials Available data from 
RCTs do not provide strong support for a role for vitamin D in reducing 
susceptibility to influenza infection. A small RCT testing the effect of 1,200 
IU of vitamin D supplementation per day for 4 months found that for in-
fluenza A as the primary outcome, occurrence between days 1 and 30 was 
not significantly different between the vitamin D group and placebo, but 
between days 31 and 60, influenza A occurred significantly less often in 
the vitamin D than in the placebo group; between day 61 and the end of 
the study, the occurrence of influenza A was not significantly different be-
tween the vitamin D and placebo groups (Urashima et al., 2010). Analysis 
of other related secondary outcomes showed no significant difference for 
influenza B, influenza-like illness (negative in rapid influenza diagnostic 
tests), non-specific fever, gastroenteritis, pneumonia, hospital admission, or 
absence from school. Overall, the absolute reduction in influenza A cases 
was offset by a similar increase in the number of influenza B cases. These 
may be chance findings, however, as a result of confounding by the loss of 
subjects. In another 3-month prospective double-blind RCT (Li-Ng et al., 
2009), even though 73 percent of subjects supplemented with 2,000 IU 
of vitamin D3 daily achieved a serum 25OHD level above 75 nmol/L, no 
benefit of supplementation was seen for either prevention of self-reported 
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upper respiratory infections or a decrease in their severity. This evidence 
from RCTs in both children and adults shows no causal role for vitamin D 
in either reducing or preventing influenza.

Observational studies Only one study of 16 patients was identified in 
which plasma 25OHD levels were measured in children undergoing tym-
panosotomy tube placement. The study showed that 50 percent of the 
children had 25OHD levels less than 50 nmol/L and 31 percent had 
levels between 52.5 and 72.5 nmol/L (Linday et al., 2008). The authors 
concluded from this finding that there was a possible relationship between 
vitamin D and susceptibility to bacterial infection and influenza. This small 
observational study is not adequate to support a relationship between vita-
min D and one outcome related to influenza infection and no additional 
evidence was found to verify any causal or associative relationship between 
vitamin D and influenza.

Concluding Statement

The committee’s review of the results of large cohort studies showed 
support for a positive association between vitamin D intake and reduction 
in symptoms associated with asthma but not with diagnosed disease. Other 
observational evidence of lower quality was found to largely support an 
association between risk for asthma and 25OHD level in blood, but as-
sociations have not been shown for diagnosed asthma. The lack of causal 
evidence and the lack of observational data demonstrating a relationship 
between vitamin D and diagnosed asthma led the committee to conclude 
that development of a DRI for this indicator is not supported by the totality 
of the evidence reviewed.

Emerging observational evidence in humans and experimental studies 
in animals inversely links vitamin D measures to risk of autoimmune disor-
ders such as type 1 diabetes, MS, and IBD as well as infectious diseases such 
as TB (Maruotti and Cantatore, 2010). However, even though animal mod-
els indicate plausibility for a mechanistic role for vitamin D in autoimmune 
or anti-microbial function, results from RCTs as well as from observational 
associations between vitamin D and calcium and risk for either autoim-
mune or infectious diseases show a lack of consistency. Although both 
retrospective and prospective studies tend to support an inverse association 
between serum 25OHD levels and autoimmune and infectious diseases, 
these studies are limited in their interpretation owing to confounding ef-
fects that require further verification. The evidence available from RCTs 
is of limited utility because of the small size of the trials, inconsistency in 
measured outcomes, and lack of dose–response data. Overall, the evidence 
was not consistently supportive of a causal role for vitamin D combined 
with calcium or for vitamin D alone in reducing risk for developing auto-
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immune or infectious diseases. In the absence of verifiable dose–response 
data from RCTs a conclusion about asthma, autoimmune, or infectious 
diseases as indicators for DRI development cannot be reached.

Neuropsychological Functioning

Emerging evidence is suggestive of a role for vitamin D in neuro-
psychological functioning, including a range of diseases from autism to 
Alzheimer’s.

Autism

Autism is a neurodevelopmental disorder of unknown etiology that 
manifests as repetitive behaviors, social withdrawal, and communication 
deficits. A number of factors are implicated in development of the disorder, 
including genetic (Abrahams and Geschwind, 2008) and environmental 
(Deth et al., 2008) factors.

Biological plausibility Although mechanistic studies using animal models 
tend to support an association between vitamin D intake during preg-
nancy and subsequent development of autism, these studies are limited in 
their interpretation and extrapolation to humans. There are some animal 
models suggesting a mechanism whereby vitamin D may influence the 
development of autism (reviewed in McGrath et al., 2004). These experi-
ments demonstrate that pre-natal deprivation of vitamin D3 results in gross 
abnormalities in fetal rat brains at birth. Feron et al. (2005) subsequently 
reported that vitamin D deprivation and associated disruptions in brain 
development seen in rat pups at birth persisted into adulthood.

In humans, Vdr gene polymorphisms have been proposed as a possible 
link to psychiatric diseases, including autism. Yan et al. (2005) analyzed the 
coding sequences and splice junctions of 100 patients with schizophrenia 
and, in a pilot study within the same population, 24 patients with autism. 
The frequency of the sequence variants identified, however, was not signifi-
cantly different from that of sequence variants found in control subjects.

Systematic reviews and meta-analyses The AHRQ reviews did not identify 
evidence to support autism as a relevant health outcome for vitamin D. No 
meta-analyses were identified for this indicator.

Additional evidence from randomized controlled trials No RCTs were 
identified for this indicator.

Observational studies No large, prospective cohort studies were identi-
fied that examined associations between either vitamin D intake or 25OHD 
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levels in blood and risk for autism. Three lower-quality observational stud-
ies were identified for further consideration: one retrospective chart review, 
one small cohort from a developing country, and one cross–sectional study. 
A recent study in Sweden that retrospectively reviewed serum 25OHD levels 
from medical records of out-patients receiving psychiatric care, including 
autism, suggested a high prevalence of vitamin D insufficiency in psychiat-
ric outpatients (Humble et al., 2010). Although the study did not include 
matched controls, comparisons made with previously published samples 
from healthy Swedish populations suggested that the prevalence of vitamin 
D insufficiency was greater in the population receiving psychiatric care. 
The study, however, did not take into account dietary intake of vitamin D. 
Fernell and Gillberg (2010) tested the association between serum 25OHD 
levels and prevalence of autism in an analysis of a small cohort of mothers 
of children with autism from Somalia and Sweden, but they found no statis-
tically significant differences in serum 25OHD levels between either group 
of mothers and controls.

Herndon et al. (2009), in a cross–sectional study, examined associa-
tions between vitamin D and calcium in dairy foods and autism. This study 
found that children with autism spectrum disorders consumed less calcium 
and fewer servings of dairy foods compared with children with typical 
development. Interpretation of this evidence for an association between 
vitamin D measures and risk for autism, however, is confounded by other 
potential factors that could influence vitamin D measures.

Concluding statement Owing to the lack of causal evidence from RCTs 
and a paucity of evidence, as well as a lack of data from large, prospective 
cohort studies and inconsistent findings for an association between vitamin 
D and incidence of autism from largely cross–sectional observational stud-
ies, autism was not considered further as an indicator for DRI development.

Cognitive Function

Loss of cognitive function in the form of dementia is frequently associ-
ated with aging. Between the ages of 60 and 85, the prevalence of demen-
tia in the general population increases from 1 to 40 percent (Bolla et al., 
2000). Dementia is classified into four major subtypes: Alzheimer’s disease, 
Lewy body dementia, frontotemporal dementia, and vascular dementia 
(Bolla et al., 2000; Grossman et al., 2006). Vitamin D has been hypoth-
esized to confer neuroprotective effects and reduce the risk for developing 
dementia (Buell and Dawson-Hughes, 2008; McCann and Ames, 2008).

Biological plausibility Vitamin D has been proposed to prevent cognitive 
decline, and plausible biological mechanisms support this hypothesis. Vita-
min D may protect against cognitive decline by promoting vascular health 
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through anti-inflammatory or other pathways, but may also have direct 
neuroprotective effects (Buell and Dawson-Hughes, 2008; McCann and 
Ames, 2008). Rodent models show morphological and biochemical effects 
of vitamin D on brain tissue. Early experiments on rat brain revealed that 
vitamin D-deficiency reduced vitamin D–dependent enzyme activity in the 
cerebral context, including non-sodium-mediated glucose transport, that 
was restored when rats were treated with calcitriol (Stio et al., 1993). Sub-
sequent work in mouse models demonstrated that developmental vitamin 
D deficiency had a negative effect on brain development, as manifested by 
changes in brain size and shape and ventricular size and reduced nerve 
growth factor expression (McGrath et al., 2004; Feron et al., 2005), as well 
as effects on brain function and exploratory behavior (Harms et al., 2008). 
When adult offspring of dams deprived of vitamin D during pregnancy 
underwent learning tests, they displayed impaired learning at 30 weeks of 
age but not at 60 weeks (de Abreu et al., 2010).

VDR and 1α-hydroxylase are found throughout the brain. Vitamin D 
affects gene and protein expression in brain tissue, including expression of 
neurotropins and glial cell–derived neurotrophic factor (Naveilhan et al., 
1996; Sanchez et al., 2002). A battery of 40 different tests in Vdr-null mice 
showed them to have normal cognitive function but abnormal muscle and 
motor behavior, although the abnormal neuromuscular function may be 
due to hypocalcemia rather than a direct effect of loss of the VDR (reviewed 
in Bouillon et al., 2008). In neurological tissue, vitamin D modulates cer-
tain calcium-binding proteins, including calbindin-D28K, parvalbumin, and 
calretinin, which are important for brain function (de Viragh et al., 1989; 
Alexianu et al., 1998). In addition, calcitriol down-regulates the expression 
of calcium channel currents in rat hippocampal cells (Brewer et al., 2006), 
stimulates neurogenesis in human neuroblastoma cells (Moore et al., 1996; 
Taniura et al., 2006), and may affect other pathways (Garcion et al., 1997; 
Baas et al., 2000; Brown et al., 2003; Obradovic et al., 2006). Vitamin D re-
striction results in unfavorable structural and biochemical changes in the 
brain (Ko et al., 2004; Feron et al., 2005). However, experiments in rats ren-
dered vitamin D deficient by dietary and UV radiation restriction and in Vdr 
null mice have not consistently shown learning impairments, although the 
data are sparse (Becker et al., 2005; Minasyan et al., 2007). Calcium inde-
pendently of or in concert with vitamin D is involved in many physiological 
processes related to neural functioning, and disturbed calcium homeosta-
sis is also characteristic of neurodegenerative disorders (Canzoniero and 
Snider, 2005; Mattson, 2007; Toescu and Verkhratsky, 2007).

Systematic reviews and meta-analyses The AHRQ reviews did not identify 
sufficient evidence to support cognition (or cognitive decline) as a relevant 
health outcome for vitamin D. No meta-analyses were identified for this 
indicator.
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Additional evidence from randomized controlled trials In the WHI trial, 
a subset of participants completed a cognitive test battery, but results of 
analyses examining the vitamin D intervention’s effect on cognitive func-
tion are not yet available.

Observational studies Numerous observational studies that examined 
associations between vitamin D, serum 25OHD level, or calcium and cogni-
tive function were identified as potentially relevant to DRI development. 
The greatest number of studies, however, were cross–sectional. No large 
prospective cohort studies were identified for review, although two analy-
ses of data from large population-based annual surveys and several small 
cohort studies were included.

Low serum 25OHD levels have been associated with decreased cogni-
tive function in various population groups. A cross–sectional analysis of 752 
women 75 years of age and older in the Epidémiologie de l’Ostéoporose 
(EPIDOS) study found that participants with vitamin D deficiency (serum 
25OHD level < 25 nmol/L) had twice the odds of cognitive impairment as 
other participants (Annweiler et al., 2010). In a population-based cross–
sectional study, Lee et al. (2009) examined associations between serum 
25OHD level and cognitive function and mood among adult men in a 
European population. In a spline regression model, significant associations 
were found between slower information processing and serum 25OHD 
levels below 35 nmol/L in men ages 40 years and older. In contrast to 
these findings, a more recent cross–sectional study found that among 
1,604 men up to 65 years of age in the Osteoporotic Fractures in Men 
(MrOS) Study, there were no associations between serum 25OHD level 
and cognitive impairment, even after adjusting for age, race/ethnicity, 
education, and other potential confounders (Slinin et al., 2010). This study 
also examined vitamin D measures as a predictor of subsequent cognitive 
decline over a mean of 4.6 years of follow-up and found only a borderline 
significant trend across the first three quartiles of serum 25OHD levels, 
(≤ 49.75 nmol/L, 50.0 to < 62.75 nmol/L, and 62.75 to < 74.5 nmol/L, 
respectively), compared with the fourth quartile (≥ 74.5 nmol/L); serum 
25OHD level did not predict decline on a timed test of executive function.

In a cross–sectional study of 318 older individuals (mean age 74 years) 
receiving home health care services, those who received a neurological 
exam and cranial magnetic resonance imaging (MRI), a lower serum 
25OHD level (< 50 nmol/L) was associated with at least twice the odds for 
all-cause dementia, Alzheimer’s disease, and stroke, as well as increased 
white-matter hyperintensity volume and prevalence of large-vessel infarcts 
(Buell et al., 2010). Among three age groups (adolescent, adult, and el-
derly) examined from NHANES III, no association was found between high 
serum 25OHD levels and learning or memory, and only the elderly popula-
tion group was found to have an inverse association between 25OHD level 
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and performance on a task of learning and memory. Within the elderly 
population group, those in the highest quintile for serum 25OHD level 
were also the most impaired; thus, the results fail to confirm the hypothesis 
that serum 25OHD level enhances performance in learning and memory 
(McGrath et al., 2007).

There are few observational studies on calcium and cognitive function. 
In a cross–sectional study on Korean adults 60 years of age and older, a 
positive association was found between calcium intake and score on the 
Mini-Mental State Examination for Koreans (MMSE-K) in women but not 
in men after adjustment for age (Lee et al., 2001). In contrast, another 
study in Portuguese adults more than 65 years of age found no association 
between calcium intake and MMSE score after 8.5 months of follow-up 
(Velho et al., 2008). Using a cross–sectional analysis, Wilkins et al. (2009) 
found, as expected, lower serum 25OHD levels among the African Ameri-
can population compared with the white population, and poorer cognitive 
performance among African Americans with the lowest 25OHD levels com-
pared with those with higher levels. Similarly, in a cross–sectional analysis 
in a British population of adults ages 65 years or older with serum 25OHD 
levels reported in quartiles, Llewellyn et al. (2009) found a greater risk 
for impaired cognitive performance among persons in the lowest (8 to 30 
nmol/L) compared with the highest quartile (66 to 170 nmol/L). Even 
though the committee identified a large number of observational studies 
that evaluated associations between vitamin D and calcium and cognitive 
function, these were predominantly lower quality cross–sectional studies or 
small cohort studies, and their results were mixed. No causal evidence was 
found to support experimental evidence for biological plausibility and the 
relatively weak observational evidence. The committee took into account 
the generally lower quality of the study designs in its interpretation of the 
findings and in drawing conclusions about outcomes associated with this 
indicator.

Depression

Depression is a disease with characteristic signs and symptoms that 
interfere with the ability to work, sleep, eat, and enjoy once-pleasurable 
activities. These signs and symptoms include loss of interest in activities; 
a persistently sad or anxious mood; feelings of hopelessness, pessimism, 
guilt, worthlessness, or helplessness; social withdrawal; fatigue; sleep dis-
turbances; difficulty in concentrating or making decisions; unusual rest-
lessness or irritability; persistent physical problems that do not respond to 
treatment; and thoughts of death or suicide or suicide attempts. Depressive 
disorders include major depressive disorder, dysthymic disorder, psychotic 
depression, postpartum depression, and seasonal affective disorder, with 
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2

2
major depressive disorder and dysthymic disorder being the most com-
mon.

Available online at http://www.nimh.nih.gov/health/publications/depression/what-are-
the-different-forms-of-depression.shtml (accessed April 5, 2010).

 Whether there is a functional relationship between measures of se-
rum vitamin D or intake and mood or depression has not been determined.

Biological plausibility Seasonal affective disorder occurs more often at 
northern latitudes, and the etiology is presumed to be due, at least in part, 
to lack of sunlight exposure. In turn, lack of sunlight exposure causes low 
serum 25OHD levels unless the diet is adequate in vitamin D. Investigators 
have pursued the hypothesis that the low serum 25OHD levels are a cause 
of seasonal affective disorder, although it must be considered that the lack 
of sunlight may independently cause both seasonal affective disorder and 
low serum 25OHD levels without a direct link between them.

Systematic reviews and meta-analyses The AHRQ reviews did not identify 
sufficient evidence to support depression as a relevant health outcome for 
vitamin D. No meta-analyses were identified for this indicator.

Additional evidence from randomized controlled trials One RCT was 
identified that evaluated effects of vitamin D supplementation on depres-
sive symptoms. Jorde et al. (2008) gave either 20,000 or 40,000 IU of vita-
min D3 or a placebo treatment weekly for 1 year to men and women ages 21 
to 70 years, living in Norway. Symptoms of depression were evaluated using 
the Beck Depression Inventory (BDI), and serum 25OHD level and BMI 
were measured. Participants whose serum 25OHD levels were below 40 
nmol/L had significantly higher BDI scores, indicating a higher incidence 
of depressive disorder, compared with those whose serum 25OHD levels 
were 40 nmol/L and above after 1 year. Both treatment groups indicated 
significant improvement in BDI score compared with placebo.

Results of other randomized trials testing the effects of vitamin D on 
a subtype of depression that occurs during the winter months have been 
mixed. Three small, short-term trials examining effects of treatment with 
vitamin D for seasonal affective disorder reported that vitamin D improves 
mood (Lansdowne and Provost, 1998; Gloth et al., 1999; Vieth et al., 2004), 
but a larger, longer-term trial found no effect (Thys-Jacobs et al., 1998). 
Vieth et al. (2004) treated adults with serum 25OHD concentrations be-
low 61 nmol/L with the equivalent of either 4,000 or 600 IU of vitamin D 
per day for 3 months over two consecutive winters and found evidence of 
a significant difference in measures of improved well-being at the higher 
compared with the lower dose. Lansdowne and Provost (1998) assigned 
healthy adults to 5 days of treatment with either 400 or 800 IU of vitamin 
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D or placebo and found that both vitamin D doses increased positive affect 
and decreased negative affect compared with placebo. Gloth et al. (1999) 
assigned 15 people to either 100,000 IU of vitamin D or broad-spectrum 
light therapy for 1 month and found an increase in serum 25OHD level 
was significantly associated with improvement in depressive symptoms. 
However, Harris and Dawson-Hughes (1993) randomized 250 middle-aged 
and older women to treatment with 400 IU of vitamin D per day of vitamin 
D plus 377 mg of calcium per day or to calcium alone for 1 year and found 
no treatment-related changes in seasonal mood as assessed by the Profile 
of Mood States (POMS) questionnaire.

Observational studies Among four cross–sectional studies on small popu-
lation groups (n < 50) that evaluated associations between serum 25OHD 
level and evidence for clinical diagnosis of depression in women (Michelson 
et al., 1996; Herran et al., 2000; Eskandari et al., 2007) or men and women 
(Schneider et al., 2000), only Eskandari et al. (2007) found a significant 
association between serum 25OHD level and diagnosis of depression and 
Michelson et al. (1996) found a significant association with calcitriol level. 
Another large population-based cross–sectional study among middle-aged 
and elderly Chinese also found, after controlling for confounders and 
geographic location, no significant associations between serum 25OHD 
level (grouped by tertile) and symptoms of clinical depression (Pan et al., 
2009). In contrast to the cross–sectional studies, Hoogendijk et al. (2008) 
found, in a cohort study in the Netherlands, a significantly lower mean se-
rum 25OHD level (47.5 nmol/L) among individuals with both major and 
minor depression compared with a mean level of 55 nmol/L among those 
who did not have depression.

Concluding Statement

Although some observational studies support an association between 
low measures of vitamin D exposure and risk for cognitive impairment or 
changes in mood, results have been inconsistent, and the majority of stud-
ies were cross–sectional in study design, including possible selection bias or 
other confounding factors that diminish the quality ranking of the studies. 
In addition, few or no clinical trials were identified to support biological 
plausibility. As a result of the many shortcomings in study design and qual-
ity of observational evidence and the paucity of high-quality evidence from 
RCTs identified by the committee, the findings for neuropsychological in-
dicators are inconclusive. The committee’s review of the available evidence 
for either associations or a causal relationship between vitamin D and 
calcium and risk for cognitive disorders shows a lack of sufficient evidence 
to support DRI development.
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Preeclampsia, Pregnancy-Induced Hypertension, and 
Other Non-Skeletal Reproductive Outcomes

Preeclampsia is a serious condition in which hypertension and pro-
teinuria arise in pregnancy. It can affect both the mother and the unborn 
child. Pregnancy-induced hypertension is a transient hypertension without 
proteinuria that occurs during pregnancy. Pregnancy is a type of immuno-
logical challenge, and women with some autoimmune diseases, particularly 
type 1 diabetes and RA, are at increased risk for developing preeclampsia 
(Evers et al., 2004; Wolfberg et al., 2004). Clinical observations have noted 
that urinary calcium excretion is low in women with preeclampsia, whereas 
it is elevated in women during normal pregnancy. Calcium intake has been 
examined relative to reducing the risk of preeclampsia.

Biological Plausibility: Preeclampsia and Pregnancy-Induced Hypertension

Vitamin D metabolism may be altered under conditions of preeclamp-
sia (August et al., 1992), when calcitriol level is low and hypocalciuria is 
present, but it is unclear whether these are causes or consequences of 
preeclampsia. The placenta and deciduas both express 1α-hydroxylase and 
activate 25OHD in vitro. Calcitriol regulates immunomodulatory cytokine 
production in cultured decidual cells (Evans et al., 2006) and placental 
trophoblasts (Diaz et al., 2009). However, the specific role of vitamin D in 
vivo is less clear. Its actions in vitro may provide some clues as to its physi-
ological relevance, but these hypotheses need to be examined rigorously 
in future studies.

As mentioned above, it has long been observed that urinary excretion 
of calcium is increased during pregnancy, and hypercalciuria may result. 
In contrast, women with preeclampsia often have hypocalciuria. This ob-
servation has prompted a number of investigations to test whether low 
calcium intake predisposes a pregnant woman to both hypocalciuria and 
preeclampsia, although a biological mechanism to explain how low cal-
cium intake would cause the preeclampsia has not been clearly elucidated.

Systematic Reviews and Meta-Analyses: Preeclampsia 
and Pregnancy-Induced Hypertension

The AHRQ-Tufts analysis identified a single nested case–control study 
(rated B for methodological quality) that evaluated the association between 
serum 25OHD concentration and the risk of preeclampsia (Bodnar et al., 
2007). The researchers found a significant association between preeclamp-
sia and serum 25OHD concentrations when the serum values were less 
than 37.5 nmol/L early in pregnancy.
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A 2007 systematic review of evidence incorporated 12 RCTs (15,528 
women) to examine the relationship between calcium supplementation 
and preeclampsia prevention (Hofmeyr et al., 2007). Calcium supplemen-
tation reduced overall hypertension in 11 of the studies reviewed and inci-
dence of preeclampsia in 12 of them. There was also a significant effect for 
calcium among women at high risk, which was greatest among those with 
lower baseline calcium intakes.

Additional Evidence from Randomized Controlled Trials: 
Preeclampsia and Pregnancy-Induced Hypertension

Additional RCTs not included in the review from Hofmeyr et al. (2007), 
although of lower-quality study design, also reported similar results suggest-
ing that there may be no effect from daily calcium supplementation when 
dietary calcium intake is already adequate (Hofmeyr et al., 2006 [1,000 mg/
day]; Villar et al., 2006 [2,000 mg/day]; Hiller et al., 2007 [1,800 mg/day]; 
Kumar et al., 2009 [500 mg/day]).

A prospective non-randomized clinical trial of the effect of vitamin 
D (0.5 mg/day) and calcium (312 mg/day) supplementation in women 
at risk for preeclampsia found that the incidence of preeclampsia was 
10.9 percent lower in treated women than in controls (Ito et al., 1994). 
However, women who had the highest level of angiotensin II, a marker for 
preeclampsia, also had the lowest incidence of preeclampsia; thus, the role 
of calcium and vitamin D supplementation in preventing of preeclampsia is 
not clear from this trial (Ito et al., 1994). A small randomized trial of preg-
nant women in India supplemented with 600,000 IU of vitamin D in the 
seventh and eighth months of pregnancy compared with controls found no 
significant difference in incidence of preeclampsia, although a significant 
reduction in systolic blood pressure of 8 mmHg was seen in the vitamin 
D–supplemented group (Marya et al., 1987). The relationship of this small 
decrease in blood pressure to pregnancy-induced hypertension is unclear.

Observational Studies: Preeclampsia and Pregnancy-Induced Hypertension

Findings from observational studies have shown mixed results. In ad-
dition to the nested case–control study reviewed in AHRQ-Tufts, the com-
mittee identified one large prospective cohort study, a large retrospective 
cohort study, and two small case–control studies examining vitamin D 
intake or serum 25OHD level and risk for preeclampsia, as well as one 
small case–control study of serum calcitriol level and pregnancy-induced 
hypertension (Lalau et al., 1993). In the large prospective study, Haugen 
et al. (2009) examined associations between risk for preeclampsia and in-
take of vitamin D from diet and supplements. This study found that women 
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who developed preeclampsia did not have a lower intake of vitamin D from 
foods compared with women without preeclampsia, but they did have a sig-
nificantly lower intake of vitamin D from supplements, although the dose 
of the supplement was not correlated with prevalence of preeclampsia. Risk 
for preeclampsia was reduced by 31 percent in women who achieved a total 
vitamin D intake from food plus supplements between 300 and 400 IU/day, 
and the minimum combined intake of vitamin D needed for a protective 
effect was 200 IU/day. Hypponen et al. (2007) retrospectively examined 
the use of vitamin D supplements in infants of women with previously diag-
nosed preeclampsia in the Northern Finland Birth Cohort of 1966. The fe-
male children of mothers who had preeclampsia had a greater prevalence 
of preeclampsia in their own pregnancies, but vitamin D supplementation 
was significantly associated with a lower subsequent risk of developing pre-
eclampsia. In contrast to these findings, two case–control studies, one in 
the United States (Seely et al., 1992) and one in Denmark (Frolich et al., 
1992), found no significant difference in serum 25OHD levels between 
women with preeclampsia and those without, even though serum calcium 
levels were significantly lower in the women with pregnancy-induced hyper-
tension or preeclampsia, respectively. In a small case–control study, women 
with pregnancy-induced hypertension had lower total and free serum cal-
citriol levels than did normotensive women during pregnancy (Lalau et al., 
1993), but serum 25OHD levels and vitamin D intake were not measured.

Concluding Statement: Preeclampsia and Pregnancy-Induced Hypertension

Overall, two observational studies identified associations between 
supplementary vitamin D and incidence of preeclampsia, but data on as-
sociations between serum 25OHD level and preeclampsia were not con-
clusive. Similarly, only one observational study reported an association of 
pregnancy-induced hypertension with lower serum total and free calcitriol 
levels (Lalau et al., 1993), and no placebo-controlled RCTs were identified 
that examined a causal relationship between vitamin D and preeclampsia or 
pregnancy-induced hypertension.

Calcium supplementation has not been shown to have an effect on 
the incidence of preeclampsia in normal women meeting calcium require-
ments, but it may be of benefit in cases of low calcium intake. Associations 
between serum 25OHD level (as well as calcitriol level) and the onset of 
preeclampsia have not been well studied and a mechanism of action is 
unclear. Thus, because of the lack of a causal relationship and the inconsis-
tent results in the observational studies for both vitamin D and calcium the 
committee concluded that neither preeclampsia nor pregnancy-induced 
hypertension can be considered as an indicator for DRI development.
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Other Non-Skeletal Reproductive Outcomes

Neither AHRQ-Ottawa nor AHRQ-Tufts addressed maternal non-
skeletal outcomes beyond preeclampsia and pregnancy-induced hyperten-
sion. However, other non-skeletal outcomes may include maternal events 
such as cesarean section, obstructed labor, and vaginosis. Regarding fetal 
outcomes, so-called developmental programming of health outcomes in 
the offspring may focus on immune-related outcomes such as type 1 dia-
betes and atopic eczema, which has been included above in autoimmune 
response, as well as measures of BMD and skeletal development, discussed 
below in the Skeletal Health section. Infant birthweight is also of interest.

One observational study has reported an increased risk of approxi-
mately 65 percent and 26 percent of bacterial vaginosis in women with 
serum 25OHD levels below 20 nmol/L and below 50 nmol/L, respectively, 
compared with those with serum 25OHD levels of 75 nmol/L (Bodnar 
et al., 2009). Two observational studies reported conflicting results for the 
association of serum 25OHD levels with maternal delivery (cesarean/ob-
structed), with one finding an inverse association (Merewood et al., 2009) 
and the other finding no relationship with serum 25OHD levels. Overall, 
insufficient evidence makes maternal Cesarean delivery/obstructed labor 
uninformative for DRI development.

Regarding infant birthweight, AHRQ-Tufts discussed two RCTs (Mallet 
et al., 1986 and Maxwell et al., 1981; quality graded B and C, respectively) 
and reported no effect of supplemental vitamin D during pregnancy on 
offspring’s birthweight or length, and also one RCT (Marya et al., 1988; 
quality graded C) that reported an increased birthweight in vitamin D–
supplemented pregnant women with low dietary intakes of vitamin D. One 
additional RCT published after the AHRQ-Tufts report (Yu et al., 2009) 
also reported no effect of vitamin D on infant birthweight.

Brooke et al. (1980) reported on an RCT that involved 126 women 
treated with either a dose of vitamin D or a placebo during pregnancy. 
The intended dose for the treated group was 1,000 IU/day, but it appears 
that a higher dose was administered (10,000 IU/day) as the achieved cord 
level of 25OHD was 138 nmol/L for the treated group versus 10 nmol/L. 
In any case, no change in birthweight was evidenced. In a smaller study of 
40 pregnant women, Delvin et al. (1986) showed no effect on birthweight 
comparing 1,000 IU/day versus a placebo.

Several observational studies have also examined this relationship, 
again with conflicting results. In a nested case–control study, a U-shaped 
relationship was found only in white women, with an increased probability 
(2.4 to 3.9) of small-for-gestational-age measures in those women in the 
lowest (21 to 58 nmol/L) and the highest (90.7 to 245.0 nmol/L) quartiles 
of serum 25OHD levels (Bodnar et al., 2010). In the same study, despite 
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lower serum 25OHD levels in black women, no relationship was found 
between small-for-gestational-age measures and maternal serum 25OHD 
levels. In a prospective cohort observational study, mean birthweight was 
lowest in infants born to women with 25OHD levels below 30 nmol/L, in-
termediate in those born to women with 25OHD levels 30 to 50 nmol/L, 
and highest in those born to women with 25OHD levels above 50 nmol/L 
(Leffelaar et al., 2010). Birthweight was 60 g lower for the infants of women 
who consumed less than 200 IU of vitamin D per day during pregnancy 
compared to those who consumed 200 IU of vitamin D or more per day, 
and there was a significant linear trend for increased birthweight from 
lowest to highest quintile of intake (Scholl and Chen, 2009). Morley et al. 
(2006) enrolled 475 women in a study that compared maternal serum 
25OHD levels during pregnancy to offspring birth size. No relationship was 
reported. Other observational studies reported no effect of vitamin D on 
birthweight (Brunvand et al., 1998; Gale et al., 2008; Farrant et al., 2009). 
The relationship, however, has not been tested in a sufficiently powered 
clinical trial. Corrections for differences in gestational length and other 
potentially confounding factors are not usually possible with associational 
studies. The available evidence for non-skeletal outcomes is limited and 
presently conflicting among both RCTs and observational studies, preclud-
ing the ability to find these data useful at this time for DRI development.

Skeletal Health

Skeletal health, referred to commonly as bone health, is manifested by 
desirable growth and maintenance of skeletal tissue, including bones and 
teeth. The use of bone health outcomes as reflective of calcium and vita-
min D requirements is long-standing. Bone health served as an indicator 
for determining the calcium and vitamin D DRIs in 1997, when nutrient 
reference values for these nutrients were last reviewed (IOM, 1997). Since 
that time, additional studies have added to the scientific understanding of 
the relationships between calcium and vitamin D and bone health and are 
reflected to a large extent in AHRQ-Ottawa and AHRQ-Tufts, completed 
in 2007 and 2009, respectively.

Bone health is a concern throughout the life span. Initially, it com-
prises skeletal development during the times of gestational development 
and growth in infancy, childhood, and adolescence; this is followed by 
bone maintenance in adulthood. Menopause and aging result in bone 
loss. Various measures and health conditions are relevant to consider-
ations of bone health; these include BMC/BMD, calcium balance, rickets/
osteomalacia, and fracture risk. The latter is particularly germane to older 
adults. Further, while not health outcomes, measures of serum 25OHD 
concentrations and of circulating PTH levels have been incorporated into 
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studies as intermediates related to bone health. Finally, although physical 
performance and the incidence of falls are defined by some as a compo-
nent of bone health, these measures are reviewed separately in this report.

Compared with other potential indicators, this health outcome is char-
acterized by a sizable number of RCTs as well as numerous observational 
studies from large cohorts. However, many of the studies evaluated calcium 
and vitamin D in combination, and there are relatively few studies that have 
evaluated the effects of calcium alone without vitamin D supplementation 
or vice versa. Given the nature of the available data and the need to inte-
grate information to develop a set of measures reflective of bone health 
as a potential indicator for developing DRIs, this section is organized dif-
ferently from those for other potential indicators. The understandings 
that link calcium and vitamin D to bone health and provide the basis for 
biological plausibility for an effect on bone health have been described in 
Chapters 2 and 3 and are therefore not repeated here. The many observa-
tional studies are briefly summarized.

Given the depth and breadth of the available AHRQ systematic analy-
ses for the topic of bone health, the AHRQ analyses are considered in a 
single section. The two AHRQ analyses systematically reviewed, first, the 
published literature on the relationship between bone health and vitamin 
D (often in combination with calcium) (AHRQ-Ottawa) and, second, the 
relationship between bone health and vitamin D alone or vitamin D in 
combination with calcium (AHRQ-Tufts). Neither of the two AHRQ analy-
ses considered calcium alone in relation to bone health. These two analyses 
have been described at the beginning of this chapter, and specific informa-
tion about the studies included in AHRQ can be found in Appendixes C 
and D. Relevant information has been summarized and included in the 
tables presented below.

AHRQ included only minimal information about reproductive out-
comes, and therefore the literature related to skeletal health during preg-
nancy and lactation is highlighted. AHRQ also included only minimal 
information about PTH level, a measure some investigators relate to bone 
health, so PTH level as a potential measure for bone health is examined 
separately.

The final component of this section integrates the available data on the 
basis of bone accretion, bone maintenance, and bone health. The prelimi-
nary step of specifying the utility of serum 25OHD level as a marker as well 
as the relationship between calcium absorption and serum 25OHD level 
provides the opening discussions for the integration section.

Summary of Observational Studies

The observational studies surrounding bone health are myriad. How-
ever, as is the case with the evidence hierarchy, the basis for the relation-
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ship between the two nutrients and bone health is more appropriately 
explored by examining evidence from controlled interventions, although 
data from observational studies can lend support and offer confirmatory 
input. Observational data regarding calcium intake and bone health are 
mixed regarding the finding that a range of increasing calcium intakes 
above deficiency levels are associated with improved bone mass and re-
duced fracture risk. These studies are confounded by an array of variables 
that have an impact on measures of bone density.

Regarding serum 25OHD concentrations and bone health, the AHRQ-
Ottawa analysis concluded that observational studies suggested a correla-
tion between higher serum 25OHD concentrations and increased BMC for 
older children and adolescents. For postmenopausal women and elderly 
men, observational studies reviewed in AHRQ-Ottawa provided fair evi-
dence to support an association between serum 25OHD level and BMD or 
changes in BMD at the femoral neck. This analysis noted that the obser-
vational data overall were discordant with the results from available RCTs. 
Newer observational studies for the most part are consistent with older 
observational studies with respect to a relationship between low serum 
25OHD levels and outcomes such as bone loss, fractures, or osteomalacia 
(Cauley et al., 2008; Looker and Mussolino, 2008; van Schoor et al., 2008; 
Ensrud et al., 2009; Bolland et al., 2010b; Cauley et al., 2010; Melhus et al., 
2010). However, there are confounders related to such studies, including 
age, calcium intake, and social situation.

Bone mineral content/bone mineral density: Serum 25OHD AHRQ con-
ducted its analyses for serum 25OHD concentrations on the basis of certain 
age and gender groups, as presented below.

Infants Overall, AHRQ-Ottawa, for which some studies included com-
binations of calcium and vitamin D, has reported that there is inconsistent 
evidence for an association between serum 25OHD concentrations and 
BMC measures in infants. Of the two RCTs examining BMC (Greer et al., 
1982; Zeghoud et al., 1997), one demonstrated no significant benefit of 
higher serum 25OHD concentrations on radial bone mass, whereas the 
other showed a transient increase of BMC compared with the unsupple-
mented group at 12 weeks, but not at 26 weeks. Based on case–control 
studies (Okonofua et al., 1986; Bougle et al., 1998; Namgung et al., 1998; 
Park et al., 1998), greater whole-body BMC was related to higher serum 
25OHD levels. Data are summarized in Table 4-5. AHRQ-Tufts found no 
additional RCTs for infants published in the period since the completion 
of the AHRQ-Ottawa review.

Children and adolescents For children and adolescents, there was fair 
evidence from AHRQ-Ottawa of an association between serum 25OHD 
levels and baseline BMD and change in BMD or BMD indexes. However, 
the results from the RCTs (Ala-Houhala et al., 1988; El-Hajj Fuleihan et al., 
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2006) did not confirm a consistent benefit on BMD or BMC across skeletal 
sites and age groups. Some studies included combinations of calcium and 
vitamin D.

There were seven studies in older children and adolescents (two RCTs, 
three cohort studies, one case–control study, and one before-and-after 
study) that evaluated the relationship between serum 25OHD concentra-
tions and BMC or BMD (see Table 4-6). In older children, there was one 
RCT, one prospective cohort study, and one before-and-after study. The 
RCT (Ala-Houhala et al., 1988) did not find an association between serum 
25OHD concentrations and distal radial BMC. Two of three non-RCT 
studies found a positive association between baseline serum 25OHD con-
centrations and BMC or BMD. The effect of bone size and muscle mass 
on these outcomes in relation to baseline serum 25OHD concentrations 
was not reported.

One RCT with children and adolescent girls (El-Hajj Fuleihan et al., 
2006) demonstrated a significant relationship between baseline serum 
25OHD concentrations and baseline BMD of the lumbar spine, femoral 
neck, and radius. However, only high dose supplementation with 14,000 
IU of vitamin D3 per week increased BMC of the total hip.

AHRQ-Tufts identified two RCTs available after the AHRQ-Ottawa 
analysis, both rated C, that compared the effect of vitamin D supplementa-
tion alone on BMC in healthy girls between 10 and 17 years of age (El-Hajj 
Fuleihan et al., 2006; Andersen et al., 2008). Both RCTs were rated C be-
cause the results were not adjusted for important potential confounders, 
such as height, bone area, lean mass, sun exposure, and pubertal status. 
One RCT (Andersen et al., 2008) analyzed 26 healthy girls, who were 
Pakistani immigrants primarily living in the Copenhagen area of Denmark 
(latitude 55°N). Girls were randomly assigned to receive either a daily dose 
of 400 or 800 IU of vitamin D3 or placebo for 1 year. The mean baseline 
dietary calcium intake was 510 mg/day, and the serum 25OHD concen-
tration was 11 nmol/L. At the end of the study, there were no significant 
differences in whole-body BMC changes between groups receiving the two 
doses of vitamin D3 (400 or 800 IU/day) and the placebo group. A second 
RCT (El-Hajj Fuleihan et al., 2006) analyzed 168 healthy girls living in the 
Greater Beirut area, Lebanon (latitude 33°N). Girls were randomly as-
signed to receive either weekly oral vitamin D doses of 1,400 IU (equivalent 
to 200 IU/day) or 14,000 IU (equivalent to 2,000 IU/day) or placebo for 
1 year. The mean baseline dietary calcium intake was 677 mg/day, and the 
25OHD concentration was 35 nmol/L. At the end of the study, there were 
no significant differences in whole-body BMC changes between either the 
low-dose vitamin D group (200 IU/day) or the high-dose vitamin D group 
(2,000 IU/day) and the placebo group. The same findings were seen when 
analyses were restricted to either premenarcheal or postmenarcheal girls.
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 For women, 

Postmenopausal women and elderly men Overall, regarding serum 25OHD 
and bone density measures, AHRQ-Ottawa, which included some studies 
that combined calcium and vitamin D, reported discordance between the 
results from RCTs and the majority of observational studies; the authors 
attributed this as likely due to the impact of confounders relative to obser-
vational data as a general matter. Nineteen studies (see Table 4-7) evaluated 
the association between serum 25OHD levels and BMD. Of these, six studies 
were RCTs. One RCT (Ooms et al., 1995b) reported an association between 
serum 25OHD concentrations and BMD or bone loss, whereas the other 
five RCTs (Dawson-Hughes et al., 1995; Storm et al., 1998; Schaafsma et al., 
2002; Cooper et al., 2003; Aloia et al., 2005) and three cohort studies did 
not. Four cohort studies found a significant association between 25OHD 
concentrations and bone loss, which was most evident at the hip sites, but 
the evidence for an association between 25OHD concentrations and lum-
bar spine BMD was weak. Six case–control studies suggested an association 
between 25OHD concentrations and BMD, and the association was most 
consistent at the femoral neck. A forest plot showing the effect of vitamin D 
plus calcium supplementation (versus placebo) for femoral neck BMD at 1 
year is shown in Figure 4-4. Overall, significant increases at the femoral neck 
were observed with a combined estimate as reported in Table 4-7 of 1.37 per-
cent (95% confidence interval [CI]: 0.24–2.50) from three trials after 1 year.

Based on the results from the observational studies, there is fair evi-
dence to support an association between serum 25OHD levels and BMD or 
changes in BMD at the femoral neck. Specific circulating concentrations 
of 25OHD below which bone loss at the hip was increased ranged from 30 
to 80 nmol/L.

AHRQ-Tufts identified two more recent RCTs, one that combined 
calcium with vitamin D and one that did not. The first, an A-quality RCT 
(Zhu et al., 2008a), compared the effect of vitamin D2 supplementation on 
hip BMC in 256 elderly women between 70 and 90 years of age. All elderly 
women in this trial had normal physical functioning. They were randomly 
assigned to receive either vitamin D2 (1,000 IU/day) plus calcium (1,200 
mg/day) supplement or calcium (1,200 mg/day) supplement alone for 
1 year. The mean baseline dietary calcium intake was 1,097 mg/day, and 
the mean serum 25OHD concentration was 44.3 nmol/L. Total hip BMD 
increased significantly in both groups, with no difference between the vita-
min D2 plus calcium and calcium alone groups (hip BMD change: vitamin 
D, +0.5 percent; control, +0.2 percent).

The second, a B-quality RCT (Andersen et al., 2008), analyzed 89 
healthy adult women and 83 healthy adult men separately. The participants 
were Pakistani immigrants living in the Copenhagen area of Denmark (lati-
tude 55°N). Women and men were randomly assigned to receive either a 
daily dose of 400 or 800 IU vitamin D3 or placebo for 1 year.
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the mean baseline dietary calcium intake was 495 mg/day, and the mean 
serum 25OHD concentration was 12 nmol/L. For men, the mean baseline 
dietary calcium intake was 548 mg/day, and the mean serum 25OHD con-
centration was 21 nmol/L. At the end of the study, in both women and 
men, there were no significant differences in lumbar spine BMD changes 
between the groups receiving the two doses of vitamin D3 (400 or 800 IU/
day) and the placebo group.

Pregnant or lactating women Overall, from AHRQ-Ottawa, there was in-
sufficient evidence on the association between 25OHD concentration and 
change in bone density during pregnancy. Four studies (no RCTs, three 
cohort studies, one before-and-after study) assessed vitamin D nutriture at 
various time points in pregnancy, with vitamin D deficiency being observed 
in 0 to 50 percent of subjects, but only one cohort study (n = 115) rated 

1

BOX 4-3 
AHRQ Findings by Life Stage for Serum 

25OHD Measures and BMC/BMD*

0–6 months: Inconsistent evidence for an association between a specific se-
rum 25OHD concentration and the bone health outcome BMC in infants.

7 months–2 years: Fair evidence of an association between 25OHD con-
centrations and baseline BMD and change in BMD or BMC indexes from 
the studies in older children and adolescents.

3–8 years: Fair evidence of an association between 25OHD concentrations 
and baseline BMD and change in BMD or BMC indexes from the studies 
in older children and adolescents.

9–18 years: Fair evidence of an association between 25OHD concentra-
tions and baseline BMD and change in BMD or BMC indexes from the 
studies in older children and adolescents. Two new RCTs identified by 
AHRQ-Tufts enrolled only girls in this life stage. The results showed 
no significant differences in whole-body BMC changes between groups 
receiving either lower doses of vitamin D (200 or 400 IU/day) or higher 
doses of vitamin D (800 or 2,000 IU/day) and the placebo group.

19–50 years: Discordance between the results from RCTs and the major-
ity of observational studies in postmenopausal women and elderly men. 
Based on results of the observational studies, there is fair evidence to 
support an association between serum 25OHD concentration and BMD 
or changes in BMD at the femoral neck. One new RCT identified by 
AHRQ-Tufts enrolled primarily men and women in this life stage. The 
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results showed that there were no significant differences in lumbar spine 
BMD changes between the groups receiving two doses of vitamin D3 (400 
or 800 IU/day) and the placebo group.

51–70 years: Discordance between the results from RCTs and the major-
ity of observational studies in postmenopausal women and elderly men. 
Based on results of the observational studies, there is fair evidence to sup-
port an association between serum 25OHD concentration and BMD or 
changes in BMD at the femoral neck. One new RCT identified by AHRQ-
Tufts enrolled some men in this life stage. The results showed that there 
were no significant differences in lumbar spine BMD changes between 
the groups receiving two doses of vitamin D3 (400 or 800 IU/day) and 
the placebo group.

≥71 years: Discordance between the results from RCTs and the majority of 
observational studies in postmenopausal women and elderly men. Based 
on results of the observational studies, there is fair evidence to support 
an association between serum 25OHD and BMD or changes in BMD 
at the femoral neck. One new RCT identified by AHRQ-Tufts enrolled 
only elderly women in this life stage. The results showed that vitamin D2 
supplementation (1,000 IU/day) had no additional effect on hip BMD 
compared with calcium supplementation alone.

Pregnant or lactating women: Insufficient evidence for an association 
between a specific serum 25OHD concentration and the bone health 
outcome BMC.

*Evidence from AHRQ-Ottawa; information from AHRQ-Tufts as noted. 
SOURCE: Modified from Chung et al. (2009).

as good quality included maternal BMD as an outcome, and there was no 
relationship between vitamin D status and postpartum changes in BMD. 
Information on the four studies can be found in Appendix C. AHRQ-Tufts 
found no new RCTs.

Summary Evidence regarding serum 25OHD concentrations and 
BMC/BMD measures varied by life stage. The findings from the AHRQ 
analyses are summarized by DRI-relevant life stage group in Box 4-3 below.

Bone mineral content/bone mineral density: Vitamin D supplementation 
with or without calcium AHRQ addressed data primarily for menopausal 
women. One RCT for girls was also identified. Overall, AHRQ-Ottawa 
concluded that there is good evidence that vitamin D3 plus calcium sup-
plementation resulted in small increases in BMD of the spine, total body, 
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femoral neck and total hip. Based on included trials, it was less certain 
whether vitamin D3 supplementation alone has a significant effect on BMD.

Seventeen RCTs evaluated the effect of supplemental vitamin D2 or 
vitamin D3 on BMD, predominantly in populations of late menopausal 
women (see Table 4-8). Only one small RCT included premenopausal 
women, and two trials included older men (> 60 years). Most trials were 
2 to 3 years in duration and used vitamin D doses of up to 800 IU daily. 
Most trials used vitamin D3 and also included 500 mg of calcium as a 
co-intervention.

Meta-analysis results of 17 RCTs comparing vitamin D3 plus calcium 
with placebo (AHRQ-Tufts) were consistent with a small effect on lumbar 
spine, femoral neck, and total body BMD. The WHI trial found a signifi-
cant benefit of supplementation with 400 IU of vitamin D3 plus 1,000 mg 
of calcium on total hip BMD. However, when the effect of supplementation 
with vitamin D3 plus calcium versus supplementation with calcium alone 
was assessed by AHRQ-Tufts, no significant increase in BMD was observed 
with either intervention, suggesting that vitamin D3 may be of less benefit 
in calcium-replete postmenopausal women. It is noted, however, that the 
dose administered was 400 IU/day, which is a lower level than has been 
used commonly, although the authors of the report did measure back-
ground intakes of vitamin D for participants, which, when added to the 400 
IU dose results in an average intake of approximately 750 IU/day. Vitamin 
D3 alone versus placebo did not result in a significant increase in BMD 
in postmenopausal women, except in one trial that noted an increase in 
femoral neck BMD. Only a few trials reported the impact of baseline serum 
25OHD concentrations on BMD; in all of these trials, baseline 25OHD 
concentration was not associated with increased BMD.

AHRQ-Tufts identified four RCTs that were made available after the 
completion of AHRQ-Ottawa, one of which focused on children (see Ta-
ble 4-9). Two of the three new RCTs for women and elderly men indicated 
a significant increase in hip or total BMD in postmenopausal women, com-
paring vitamin D3 or vitamin D2 (300 or 1,000 IU/day, respectively) plus 
calcium (1,200 mg/day) with placebo. The RCT that focused on healthy 
girls, ages 10 to 12 years (Cheng et al., 2005) compared the effect of vita-
min D3 (200 IU/day) plus calcium (1,000 mg/day) supplementation on 
bone indexes with placebo. The mean background dietary calcium intake 
was 670 mg/day. The intention-to-treat analyses suggested that after 2 
years of supplementation, there was no significant difference in the BMC 
changes between girls who received vitamin D plus calcium supplement or 
placebo. The methodological quality of this study was rated C, as a result of 
being underpowered and having low compliance rate. The findings from 
AHRQ are summarized by DRI-relevant life stage groups in Box 4-4.
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TABLE 4-9 Combined Vitamin D and Calcium and Bone Mineral 
Density/Bone Mineral Content: Characteristics of RCTs Published after 
AHRQ-Ottawa Report: Summary from AHRQ-Tufts Analysesa

Reference; 
Location 
(Latitude)

Population 
Description

Background 
Calcium 
Intake and 
Vitamin D 
Data Comparisons Compliance Comments

Cheng 
et al., 
2005

Jyvaskyla, 
Finland 
(62°24′N)

Health status: 
Healthy

Diet vit D: 
100 IU/d

Ca: 670 
mg/d

200 IU vit 
D3/d + 
1,000 mg Ca 
carbonate/d 
vs. placebo

65% 
completed 
intervention 
with > 50% 
compliance

Mean age 
(range), y: 11.2 
(10–12)
Male (%): 0

Bolton-
Smith 
et al., 
2007

UK 
(54°N)

Health status: 
Healthy 
(assumed 
postmenopausal)

25OHD: 
59.4 
nmol/L

Ca: 1,548 
mg/d

400 IU 
vit D3/d 
+ 100 mg 
elemental 
Ca/d vs. 
placebo

Good 
supplement 
adherence 
based on 
pill count 
(median, 
99; IQE 
97.3–99.8%)

Noncompliant 
women were 
excluded

Mean age 
(range), y: 68 
(≥ 60)
Male (%): 0

Zhu et al., 
2008b

Western 
Australia

Health status: 
nd (assumed 
postmenopausal)

25OHD: 
68 nmol/L

Ca: 1,010 
mg/d

1,000 IU 
vit D2/d + 
1,200 mg Ca 
citrate/d vs. 
placebo

No 
differences 
in adherence 
among 
groups 
(81–89% 
by tablet 
counting)

Mean age (SD), 
y: 74.8 (2.6)
Male (%): 0

Moschonis 
and 
Manios, 
2006

Greece 
(31°N)

Health status: 
Postmenopausal

Diet vit D: 
23.6 IU/d

Ca 680.0 
mg/d

300 IU vit 
D3/d + 
1,200 mg 
Ca/d (from 
low-fat dairy 
products) 
vs. control 
(usual diet)

Dairy 
group 93% 
(assessed via 
information 
obtained at 
the biweekly 
sessions)

Control 
group had no 
intervention 
(or usual 
diet), so 
compliance 
issue not 
applicable

Mean age 
(range), y: 61 
(55–65)
Male (%): 0

NOTE: IU = International Units; nd = not determined; SD = standard deviation; UK = United 
Kingdom; vit = vitamin; y = year(s).
 aThis table has been truncated for the purposes of this chapter, but it can be found in its 
entirety in Appendix D.
SOURCE: Chung et al. (2009).
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Fractures and BMD in postmenopausal women and older men: Serum 
25OHD The association between risk of fractures and vitamin D in com-
bination with calcium, as well as vitamin D alone, was addressed by AHRQ. 
Neither analysis focused on fracture risk and calcium intake alone.

BOX 4-4 
AHRQ Findings by Life Stage for Vitamin D 

and Calcium and BMC/BMD*

0–6 months: No data

7 months–2 years: No data

3–8 years: No data

9–18 years: One RCT showed that, compared with placebo, there was no 
significant effect of vitamin D3 (200 IU/day) plus calcium (1,000 mg/day) 
on BMC changes in healthy girls between 10 and 12 years of age.

19–50 years: No data

51–70 years: No new data were identified in AHRQ-Tufts

≥ 71 years: No new data were identified in AHRQ-Tufts

Postmenopause: Findings from the AHRQ-Ottawa report showed that 
vitamin D3 (≤ 800 IU/day) plus calcium (~500 mg/day) supplementation 
resulted in small increases in BMD of the spine, total body, femoral neck, 
and total hip in predominantly populations of late-menopausal women. 
Two of the three new RCTs showed a significant increase in hip or total 
BMD in postmenopausal women, comparing vitamin D3 or vitamin D2 
(300 or 1,000 IU/day, respectively) plus calcium (1,200 mg/day) with 
placebo.

Pregnant and lactating women: No new data were identified in AHRQ-Tufts

*Evidence from AHRQ-Ottawa; information from AHRQ-Tufts as noted. 
SOURCE: Modified from Chung et al. (2009).

AHRQ-Ottawa, which included some studies that combined calcium 
and vitamin D, identified observational studies (ranging from poor to fair 
quality) that reported on the association between serum 25OHD concen-
trations and fractures. The studies are identified in Table 4-10. The analysis 
concludes that there is inconsistent evidence to support an association be-
tween serum 25OHD concentration and an increased risk of fracture. Five 
studies of good quality evaluated the association between serum 25OHD 
concentration and risk of falls (see discussion in section above on Falls and 

6
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3

3

Physical Performance). Nineteen studies assessed the association between 
serum 25OHD concentrations and BMD, and there is fair evidence from 
observational studies for an association between serum 25OHD concen-
trations and changes in hip BMD sites. Some studies identified specific 
serum concentrations of 25OHD below which falls, fractures, or bone loss 
increased; these values ranged from approximately 40 to 80 nmol/L.

The findings from AHRQ are summarized by DRI-relevant life stage 
groups in Box 4-5.

Fractures in postmenopausal women and older men: Vitamin D supple-
mentation with or without calcium  

As an aside, it was noted that one RCT of premenopausal women, ages 17 to 35 years, 
showed that 800 IU/day of vitamin D in combination with 2,000 mg/day of calcium supple-
mentation can reduce the risk of stress fracture from military training compared with placebo 
(Lappe et al., 2008).

Overall, AHRQ-Ottawa concluded 
that supplementation with vitamin D (most studies used vitamin D3) plus 
calcium is effective in reducing fractures in institutionalized older popula-
tions. AHRQ-Tufts did not identify new RCTs examining the combined 
effect of vitamin D plus calcium supplementation on fractures in post-
menopausal women and older men.

As reported by AHRQ-Ottawa, 15 RCTs evaluated the effect of vitamin 
D2 or vitamin D3 (with or without calcium supplementation) on fractures 
in postmenopausal women and older men (Table 4-11). The majority of 
the trials used vitamin D3 preparations (300 to 800 IU/day). Ten trials 
were of higher quality, although high losses to follow-up and inadequate 
reporting of allocation concealment were limitations of a number of trials. 
Vertebral fractures were not included as an outcome in most trials. Vitamin 
D3 (700 to 800 IU/day) combined with calcium supplements (500 to 1,200 
mg/day) significantly reduced non-vertebral and hip fractures although 
the benefit was predominantly in older subjects living in institutionalized 
settings (hip fractures: odds ratio [OR] = 0.69; 95% CI 0.53–0.90). The 
benefit of vitamin D and calcium on fractures in community-dwelling indi-
viduals was inconsistent across trials.

Specifically, AHRQ-Ottawa conducted a meta-analysis of 13 of the 
RCTs (omitting Anderson et al. [2004], which is an abstract only, and 
Larsen et al. [2004], which included no placebo control). Included in the 
13 RCTs was the report from Jackson et al. (2006), which reflected data 
from the WHI trials based on 36,282 subjects. Reproduced in Figures 4-5 
through 4-7 are the relevant forest plots for the outcomes related to total 
fractures from studies that used either oral vitamin D3 or vitamin D2 plus 
or minus calcium versus calcium or placebo, total fractures for studies that 
used vitamin D3 plus calcium versus placebo, and hip fractures (by setting) 
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*

for studies that used vitamin D3 plus or minus calcium versus placebo. 
As highlighted above, the benefit in community-dwelling individuals was 
inconsistent, but benefit was evidenced for institutionalized individuals.

BOX 4-5 
AHRQ Findings by Life Stage for 25OHD and Fractures

Evidence from AHRQ-Ottawa; information from AHRQ-Tufts as noted. 
SOURCE: Modified from Chung et al. (2009).

0–6 months: Not reviewed

7 months–2 years: Not reviewed

3–8 years: Not reviewed

9–18 years: Not reviewed

19–50 years: No data

51–70 years: The AHRQ-Ottawa report concluded that the associations 
between serum 25OHD concentrations and risk of fractures are inconsis-
tent. No new data were identified in the AHRQ-Tufts report.

≥ 71 years: Findings from three new RCTs did not show significant effects 
of either vitamin D2 or vitamin D3 supplementation (daily doses ranged 
from 400 to 822 IU) in reducing the risk of total fractures among men 
and women in this life stage.

Postmenopause: The AHRQ-Ottawa report concluded that the associa-
tions between serum 25OHD concentrations and risk of fractures are 
inconsistent. No new data were identified in the AHRQ-Tufts report.

Pregnant and lactating women: Not reviewed

As reported by AHRQ-Tufts, findings from three RCTs that postdated 
AHRQ-Ottawa (Bunout et al., 2006; Burleigh et al., 2007; Lyons et al., 
2007) did not show significant effects of either vitamin D2 or vitamin D3 
supplementation (daily doses of 400 to 822 IU) in reducing the risk of total 
fractures (Table 4-12). The findings from AHRQ are summarized by DRI-
relevant life stage groups in Box 4-6.

Rickets in children Rickets was explored by AHRQ-Ottawa relative to 
serum 25OHD measures only. Overall, there was fair evidence for an asso-
ciation between low serum 25OHD concentrations and confirmed rickets, 
regardless of the types of assays used to measure serum 25OHD concen-
trations. There is inconsistent evidence to determine whether there is a 

5
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TABLE 4-11 Odds Ratio (95% Confidence Interval) for Total Fractures 
from Individual RCTs of Vitamin D: Summary from AHRQ-Ottawa 
Analysesa

Reference; 
Jadad Score 
for RCTsb

Duration 
(y)

Sample 
Size 
(n)

Vitamin D 
(IU/day) 
Follow-up

Mean 
Baseline 
25OHD for 
IG (nmol/L)

End of trial 
25OHD 
for IG 
(nmol/L)

OR 
(95% CI)

Chapuy 
et al., 2002

Jadad = 3

2 583 800 D3 + 
1,200 mg 
Ca

22 75 (graph) 0.79 
(0.54–1.17)

Chapuy 
et al., 1992

Jadad = 2

1.5 3,270 800 D3 + 
1,200 mg 
Ca

40 105 0.72 
(0.58–0.90)

Lips et al., 
1996

Jadad = 5

4 2,578 400 D3 27 62 1.12 
(0.86–1.44)

Dawson-
Hughes 
et al., 1997b

Jadad = 4

3 389 700 D3 + 
500 mg Ca

82.7 M, 
67.5 F

112 0.42 
(0.20–0.88)

Law et al., 
2006

Jadad = 2

1 3,717 1,100 D2 59 77 1.4 
(0.9–2.0)

Pfeifer 
et al., 2000

Jadad = 3

1 148 800 D3 + 
1,200 mg 
Ca

25.6 66.1 0.48 
(0.12–1.99)

Komulainen 
et al., 1998

Jadad = 3 

5 232 300 D3 + 
500 mg Ca

28.6 37.5 0.71 
(0.31–1.61)

Grant et al., 
2005

Jadad = 5 

5 5,292 800 D3 with 
or without 
1,000 mg 
Ca

39 62.2 1.02 
(0.84–1.22)

Flicker 
et al., 2005

Jadad = 4

2 625 1,100 D2 +
1,000 mg 
Ca

NR NR 0.69 
(0.4–1.18)
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threshold concentration of serum 25OHD above which rickets does not 
occur.

TABLE 4-11 Continued

Reference; 
Jadad Score 
for RCTsb

Duration 
(y)

Sample 
Size 
(n)

Vitamin D 
(IU/day) 
Follow-up

Mean 
Baseline 
25OHD for 
IG (nmol/L)

End of trial 
25OHD 
for IG 
(nmol/L)

OR 
(95% CI)

Jackson 
et al., 2006

Jadad = 4

7 36,282 400 D3 + 
1,000 mg 
Ca

46 NR 0.97 
(0.91–1.03)

Porthouse 
et al., 2005

Jadad = 3

2 3,314 800 D3 + 
1,000 mg 
Ca

— — 0.96 
(0.65–1.46) 
Unequal

1.09 
(0.60–1.96) 
Equal

Trivedi 
et al., 2003

Jadad = 3

5 2,686 100,000 D3 
4 mo

NR 74.3 0.78 
(0.60–1.00)

Harwood 
et al., 2004

Jadad = 3

1 150 800 D3 + 
1,000 mg 
Ca

28–30 40–50 0.58 
(0.13–2.64)

NOTE: CI = confidence interval; F = female; IG = intervention group; IU = International 
Units; OR = odds ratio; M = male; mo = month(s); NR = not reported; y = year(s).
 aThis table has been truncated for the purposes of this chapter, but it can be found in its 
entirety in Appendix C.
 bJadad score is based on a scale of 1 to 5. See Box 4-1 for details on the scoring system.
SOURCE: Modified from Cranney et al. (2007).

Six studies (one RCT, three before-and-after studies, and two case–
control studies) reported mean or median serum 25OHD concentrations 
below 30 nmol/L in children with rickets, whereas the other studies re-
ported that the mean or median serum 25OHD concentrations were above 
30 nmol/L (and up to 50 nmol/L). In seven of eight case–control studies, 
serum 25OHD concentrations were lower in children with rickets com-
pared with controls. Information on the 13 studies is shown in Table 4-13.

AHRQ-Tufts identified no new RCTs concerning rickets since the com-
pletion of AHRQ-Ottawa.
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TABLE 4-12 Vitamin D and Bone Health: Characteristics of RCTs 
Published after AHRQ-Ottawaa

Reference; 
Location 
(Latitude) Population Description

Background 
Calcium 
Intake and 
Vitamin D 
Data Comparisons Compliance

Lyons 
et al., 2007

South 
Wales, UK 
(52°N)

Health 
status

Living in 
care facilities 
including 
some elderly 
with mobility, 
cognitive, 
visual, 
hearing, or 
communication 
impairments

nd 100,000 IU 
vit D2 4× 
monthly vs. 
placebo

80% (percentage 
of occasions 
observed to take 
tablets)

Mean age 
(range), y

84 (62–107)

Male (%) 23.7

Burleigh 
et al., 2007

Scotland 
(55°57′N)

Health 
status

Inpatient with 
high levels of 
comorbidity, 
mortality, and 
polypharmacy

25OHD: 22 
nmol/L

800 IU vit 
D3/d + 
1,200 mg Ca 
carbonate/d 
vs. 1,200 
mg Ca 
carbonate/d 

Ca group = 
87%, vit D + Ca 
group = 89% 
(total study drug 
taken/total study 
drug prescribed, 
as recorded in 
drug prescription 
charts)

Mean age 
(SD), y

83 (7.6)

Male (%) 40

Bunout 
et al., 2006

Chile 
(32°S)

Health 
status

Healthy 25OHD: ≤ 
40 nmol/L

800 mg 
Ca/d vs. 800 
mg Ca/d + 
400 IU vit 
D/d (with 
and without 
exercise 
training)

92% (tablet 
counting)

Mean age 
(SD), y

76 (4)

Male (%) 11.6

NOTE: IU = International Units; nd = not determined; SD = standard deviation; UK = United 
Kingdom; vit = vitamin; y = year(s)
 aThis table has been truncated for the purposes of this chapter, but it can be found in its 
entirety in Appendix D.
SOURCE: Modified from Chung et al. (2009).



242 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

BOX 4-6 
AHRQ Findings by Life Stage for Vitamin D and 
Calcium for Clinical Outcomes of Bone Health*

0–6 months: Not reviewed

7 months–2 years: Not reviewed

3–8 years: Not reviewed

9–18 years: Not reviewed

19–50 years: The AHRQ-Ottawa report concluded that supplementation 
with vitamin D (most studies used vitamin D3) plus calcium is effective in 
reducing the risk of fractures in institutionalized populations. One RCT 
of female Navy recruits ages 17 to 35 years showed that vitamin D (800 
IU/day) in combination with calcium (2,000 mg/day) supplementation 
can reduce the risk of stress fractures from military training compared 
with placebo.

51–70 years: No new data were identified in the AHRQ-Tufts report

≥ 71 years: No new data were identified in the AHRQ-Tufts report

Pregnant and lactating women: No data

*Evidence from AHRQ-Ottawa; information from AHRQ-Tufts as noted. 
SOURCE: Modified from Chung et al. (2009).

Pregnancy, Fetal Development, and Lactation

Pregnancy and lactation constitute specific, unique life stages that are 
of current interest regarding calcium and vitamin D functions and nutri-
tional requirements. The body of evidence concerning skeletal health as 
it relates to the calcium and vitamin D nutriture of pregnancy, lactation, 
and fetal development is integrated below so as to provide context for the 
selection of indicators for DRI development.

Pregnancy: Calcium The developing fetus requires calcium, especially 
during the third trimester when the skeleton is undergoing mineralization. 
Direct measurements of the calcium content of the newborn skeleton have 
indicated that 25 to 30 g of calcium is transferred to the fetus by the end 
of gestation (Givens and Macy, 1933; Trotter and Hixon, 1974). Maternal 
intestinal calcium absorption doubles beginning early in pregnancy even 
though little calcium is transferred to the embryo at this stage (Heaney 
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and Skillman, 1971). The increased intestinal calcium absorption causes 
a net positive calcium balance in the mother early in pregnancy (Heaney 
and Skillman, 1971). However, in the third trimester, the rapid maternal-
fetal calcium transfer results in a maternal calcium balance that is zero or 
perhaps slightly negative by the end of pregnancy.

There is controversy about the mobilization of calcium from maternal 
bone during pregnancy and its contribution to fetal calcium needs. A pos-
sible loss of BMC has been seen longitudinally using the modern technique 
of dual-energy X-ray absorptiometry (DXA), but measurements were done 
1 to 18 months prior to pregnancy and 1 to 6 weeks postpartum (i.e., not 
during pregnancy) making it uncertain whether the measured calcium 
loss had truly occurred during pregnancy (Kovacs and Kronenberg, 1997; 
Kovacs and Fuleihan Gel, 2006). Further, the effect of pregnancy on bone 
mineral content may depend on the site examined, with decreases re-
ported for trabecular bone (Black et al., 2000; Naylor et al., 2000; More 
et al., 2001; Kaur et al., 2003; Ulrich et al., 2003; Akesson et al., 2004; 
Pearson et al., 2004), but not cortical bone (Naylor et al., 2000; Pearson 
et al., 2004). Two studies (Kaur et al., 2003; Olausson et al., 2008) used 
contemporaneous non-pregnant and non-lactating age-matched controls 
to compare, to the extent feasible, the effects of pregnancy and age on 
BMD. Kaur et al. (2003) found no significant difference in BMD before 
and after pregnancy. Olausson et al. (2008) found a significant 1 to 4 
percent decrease in whole-body, spine, and total hip BMC before and 2 
weeks after pregnancy, whereas controls had an increase in whole-body 
BMC and a smaller (0.5 to 1 percent) decrease in BMD at the spine and 
hip. These skeletal changes were unrelated to calcium intake in either 
group. Collectively, the evidence tends to suggest that mineral mobiliza-
tion is variable during pregnancy and may contribute, to some extent, to 
fetal calcium needs.

Relatively few studies have examined the effect of calcium supple-
mentation on either fetal or maternal outcomes. In a placebo-controlled 
double-blind randomized trial conducted in the United States, Koo et al. 
(1999) demonstrated that calcium supplementation during pregnancy may 
benefit the offspring’s bone health, but only in those infants whose moth-
ers had very low calcium intake (600 mg/day), based on a post-hoc sub-
group analysis. In contrast to this possible benefit to the offspring, calcium 
supplementation during pregnancy of Gambian women with low calcium 
intakes resulted surprisingly in greater decreases in BMC and BMD and 
related biochemical evidence, consistent with higher bone mineral mobili-
zation during lactation (Jarjou et al., 2010).

Maternal serum calcium levels fall during pregnancy (Pedersen et al., 
1984) as a consequence of plasma volume expansion and reduced albumin 
concentration; lower calcium levels do not imply calcium deficiency. The 
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ionized calcium (i.e., the physiologically important fraction of calcium) 
and the albumin-corrected serum calcium levels do not change during 
pregnancy (Seely et al., 1997). Pregnant women consuming “moderate” 
calcium (800 to 1,000 mg/day) (Gertner et al., 1986; Allen et al., 1991) to 
“high” calcium (1,950 mg/day) (Cross et al., 1995) are often hypercalciu-
ric as a result of increased intestinal calcium absorption (i.e., absorptive 
hypercalciuria); as such, pregnancy itself is a risk factor for kidney stones. 
Urinary calcium excretion increases as early as the 12th week of gestation 
and averages 300 ± 61 mg/24 hours in the third trimester with hypercal-
ciuric levels not uncommon (Pedersen et al., 1984; Gertner et al., 1986; 
Allen et al., 1991; Cross et al., 1995; Seely et al., 1997). While urinary cal-
cium excretion goes up in normal pregnancy, it decreases in women who 
are developing preeclampsia. The risk of preeclampsia can be reduced 
with supplemental calcium when the dietary calcium intake is very low; 
however, there appears to be no effect when dietary calcium intake is ad-
equate (Hofmeyr et al., 2006; Villar et al., 2006; Hiller et al., 2007; Kumar 
et al., 2009).

In the adolescent, whose skeleton is still growing, pregnancy could 
theoretically reduce peak bone mass and increase the long-term risk of 
osteoporosis. Most cross–sectional studies that have compared the BMD in 
teens early postpartum with that in never-pregnant teens have suggested 
that there is no reason to be concerned about BMD or bone mass after ado-
lescent pregnancy (Kovacs and Kronenberg, 1997). A few smaller observa-
tional studies have reported that lower adolescent age at first pregnancy is 
associated with lower BMD in the adult (Sowers et al., 1985, 1992; Fox et al., 
1993). In contrast, an analysis of NHANES III data on BMD by DXA for 
819 women ages 20 to 25 years found that women pregnant as adolescents 
had the same BMD as women pregnant as adults and as nulliparous women 
(Chantry et al., 2004). This study’s population is diverse and representa-
tive of the general U.S. population and thus reassures that teen pregnancy 
does not reduce BMD in most women. An additional study (O’Brien et al., 
2003) found that fractional calcium absorption doubles during adolescent 
pregnancy (as it does in adults) and during the first 2 months postpartum. 
Mean BMD of previously pregnant—but not lactating—adolescents was 
above the expected BMD for age in this study, also suggesting that no 
loss of BMD had occurred during pregnancy. These data indicate that 
adolescent women meet the calcium demands of pregnancy by increasing 
intestinal calcium absorption while preserving maternal bone mass.

Pregnancy: Vitamin D
Maternal outcomes Total calcitriol levels double early in pregnancy 

and remain at this increased level until delivery (Bikle et al., 1984; Cross 
et al., 1995; Ardawi et al., 1997; O’Brien et al., 2006; Papapetrou, 2010). 
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This is related to a concomitant increase in plasma vitamin D binding 
protein (DBP) (Bikle et al., 1984; Ardawi et al., 1997). Free calcitriol levels 
do not increase until the third trimester (Bikle et al., 1984; Specker, 2004; 
Kovacs, 2008). The main source of calcitriol is from the maternal renal 
1α-hydroxylase, with little contribution from the placenta even though it 
expresses 1α-hydroxylase, based on the case report of a pregnant aneph-
ric woman whose low levels of calcitriol increased less than 15 percent by 
the beginning of the third trimester (Turner et al., 1988). Despite the in-
creased synthesis of calcitriol during pregnancy and the passage of 25OHD 
across the placenta to the fetus, maternal serum 25OHD levels are relatively 
unaffected by pregnancy (Hillman et al., 1978; Brooke et al., 1980; Cross 
et al., 1995; Ardawi et al., 1997; Morley et al., 2006; Papapetrou, 2010), 
although one report noted a significant decline by the third trimester in 
Saudi women (Ardawi et al., 1997). Even when baseline serum 25OHD 
level was in the severely deficient range (mean 20.1 ± 1.9 nmol/L), the 
serum levels did not change significantly by the end of pregnancy (Brooke 
et al., 1980).

The increase in maternal intestinal calcium absorption has been posi-
tively associated with the increase in maternal serum calcitriol levels in 
observational studies in humans (Cross et al., 1995; Ritchie et al., 1998). 
Certain results from studies in animal models are relevant to understand-
ing the changes in vitamin D physiology that occur during human preg-
nancy. Intestinal calcium absorption is markedly up-regulated in pregnant 
vitamin D–deficient rats and in mice lacking the VDR (Vdr-null mice) to 
the same high rate achieved in pregnant vitamin D–replete rats and wild-
type mice, respectively (Halloran and DeLuca, 1980a; Brommage et al., 
1990; Fudge and Kovacs, 2010). This suggests that factors other than vita-
min D (e.g., estrogen, placental lactogen, and prolactin) stimulate intesti-
nal calcium absorption during pregnancy.

Very few clinical trials of vitamin D supplementation during pregnancy 
have been conducted. The work of Wagner et al. (2010a, b), reported 
currently in abstract form, has focused on high doses of vitamin D (4,000 
versus 2,000 and 400 IU/day) in intervention trials in which the focus was 
on non-skeletal outcomes. A final report from these studies is expected 
soon. To date, the available intervention studies have shown little effect 
of vitamin D supplementation on maternal, fetal, or neonatal outcomes, 
although it would be expected that higher serum 25OHD levels in the new-
born should protect against neonatal hypocalcemia (Specker, 2004; Kovacs, 
2008). In a study of Asian women with initially low 25OHD levels (mean of 
20 nmol/L) at baseline, daily supplementation with 1,000 IU of vitamin D 
per day did not affect cord blood calcium level or the newborns’ crown–
heel length, forearm length, triceps skinfold thickness, or head circumfer-
ence, but it did reduce the fontanelle area by 32.7 percent (Brooke et al., 
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1980). The achieved serum 25OHD level in the vitamin D–supplemented 
group was 168 nmol/L compared with 10 nmol/L in the control group, 
raising the question as to whether the actual supplemented dose was con-
siderably higher than the intended dose of 1,000 IU/day. In another trial, 
1,000 IU of vitamin D per day was administered during the last trimester 
of pregnancy, compared with controls with no supplementation (Mallet 
et al., 1986). Supplementation resulted in higher maternal and cord blood 
25OHD levels but had no effect on maternal, cord blood, or neonatal 
calcium levels or anthropometric parameters in the infants. In a study of 
vitamin D–deficient Asian women given a single dose of 800,000 IU of vi-
tamin D in the third trimester, cord blood calcium level increased slightly, 
but there was no other benefit compared with women who received either 
no supplement or a daily dose of 1,200 IU of vitamin D (Marya et al., 1981, 
1988). One small randomized but not blinded intervention trial found that 
maternal supplementation with 800 IU of vitamin D per day increased both 
maternal serum and cord blood 25OHD levels significantly, but did not 
affect gestational age at delivery, compared with unsupplemented controls 
(Yu et al., 2009). Observational studies have reported an uneventful clini-
cal course of pregnancy in women with abnormalities of the VDR (vitamin 
D–dependent rickets type I [VDDR I] or VDDR II) when normo-calcemia 
is maintained (Malloy et al., 1997; St-Arnaud et al., 1997).

Fetal outcomes Animal models (e.g., mice, rats, guinea pigs, and sheep) 
have contributed to elucidating aspects of the physiology of fetal vitamin 
D nutriture that cannot be studied during human pregnancy. Studies in 
genetically altered animal models have provided information about the 
requirements for vitamin D and VDR signaling during pregnancy. For this 
reason, reference to such studies is included extensively in this component 
of the literature review.

There is evidence that 25OHD crosses the placenta relatively freely 
based on animal studies (Haddad et al., 1971; Noff and Edelstein, 1978) 
and studies of human perfused placenta (Ron et al., 1984). In contrast, 
calcitriol transfers across the human perfused placenta (Ron et al., 1984), 
but not the rat placenta (Noff and Edelstein, 1978). Overall, however, the 
net transfer from the human mother to fetus appears to be low. By term, 
cord blood 25OHD levels are typically 75 to 90 percent of maternal 25OHD 
levels (Seino et al., 1982; Kovacs, 2008), whereas cord blood calcitriol levels 
are low compared to maternal levels. As already highlighted in previous 
discussions regarding calcium, fetal serum calcium, ionized calcium, and 
phosphorus levels are raised above the maternal values, whereas PTH and 
calcitriol levels are lower. The higher calcium and phosphorus levels in the 
fetus suppress the 1α-hydroxylase in the placenta and fetal kidneys, and 
likely explain the low circulating calcitriol levels in normal fetuses.

Despite widespread expression of the VDR in the early embryo and 
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later in many different fetal tissues, evidence suggests that vitamin D, cal-
citriol, and VDR are not required for skeletal development or mineraliza-
tion prior to birth, as demonstrated in experimental animal studies and 
human observations.

Experimental animal studies have examined vitamin D deficiency as 
well as the genetic absence of the VDR (Vdr-null mice). In Vdr-null fe-
tuses, the rate of placental calcium transfer rates and the expression of 
the calcium transient receptor potential cation channel, vanilloid family 
member 6 (TRPV6), increase compared with normal littermates (Kovacs, 
2005). Further, in multiple animal models fetuses and neonates have been 
shown to have normal calcium homeostasis—i.e., normal blood calcium, 
phosphorus, PTH, and skeletal mineral content—under conditions of se-
vere vitamin D deficiency as shown in: rats (Halloran and DeLuca, 1979, 
1980b, 1981; Halloran et al., 1979; Miller et al., 1983); pigs with a null mu-
tation of the 1α-hydroxylase (Lachenmaier-Currle and Harmeyer, 1989); 
1α-hydroxylase-null mice (Dardenne et al., 2001; Panda et al., 2001); and 
Vdr-null mice (Li et al., 1997, 1998; Kovacs et al., 2005; Fudge and Kovacs, 
2010). In contrast to the fetus, the mothers in these models exhibit severe 
hypocalcemia, hypophosphatemia, and osteomalacia.

Further, serum calcium levels and skeletal mineral content remain 
normal for the first 2 to 3 weeks after birth in vitamin D–deficient rats and 
Vdr-null mice (Kovacs et al., 2005). After weaning, the deficient and Vdr-
null animals develop progressive hypocalcemia, hypophosphatemia, and 
histomorphometric evidence of rickets, not seen in normal or heterozy-
gous littermates. This situation parallels the maturation of calcium absorp-
tion in the intestine, which changes from a non-saturable, passive process 
in the newborn to an active, saturable, calcitriol-dependent process in the 
rat (Ghishan et al., 1980, 1984; Halloran and DeLuca, 1980c). It is also 
consistent with observational evidence from human studies, as discussed 
below. It should be noted that the guinea pig stands in contrast to other 
animal models. Vitamin D deficiency in pregnant guinea pigs reduces fetal 
whole-body BMC, but not BMD (Rummens et al., 2002; Finch et al., 2010). 
It also appears to reduce guinea pig weight at birth (Rummens et al., 2002; 
Finch et al., 2010).

The information gleaned from these studies highlights the importance 
of calcitriol in the regulation of intestinal calcium absorption and the fa-
cilitation of skeletal mineralization in the weaned young, adolescent, and 
adult, but not in the fetus or early neonate. Collectively, the physiologi-
cal data from several different animal models indicate that fetal calcium 
homeostasis and skeletal development/mineralization are regulated inde-
pendently of vitamin D, calcitriol and its receptor. Heterozygous and null 
fetuses of Vdr-null mothers were, however, smaller and weighed less despite 
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maintaining normal blood calcium levels and normal mineral content for 
their proportionately smaller skeletons (Kovacs et al., 2005).

Evidence from humans is mixed on whether the movement of cal-
cium into the fetal body requires calcitriol (Specker, 2004). Both RCTs 
and observational evidence suggest that calcium transfer and fetal skeletal 
outcomes are not affected by vitamin D deficiency (Kovacs, 2008). Brooke 
et al. (1980) reported on an RCT of 126 women in which babies born of 
placebo-treated mothers had a mean serum 25OHD level of 10 nmol/L 
and there were no radiographic signs of rickets. Delvin et al. (1986), re-
porting on an RCT, found that maternal vitamin D supplementation had 
no effect on cord blood calcium level but resulted in higher 25OHD levels 
in both the maternal and cord blood. An observational study found no re-
lationship between maternal 25OHD level and whole-body BMC and BMD 
and a positive relationship of gestational age and birth weight (Akcakus 
et al., 2006). Another observational study (Congdon et al., 1983) reported 
that maternal vitamin D supplementation did not affect neonatal BMC for 
offspring from Asian women with very low serum 25OHD levels.

In human babies lacking the 1α-hydroxylase (VDDR I) or lacking the 
VDR (VDDR II or hereditary vitamin D–resistant rickets) normal skeletons 
and blood calcium at birth have been reported (Silver et al., 1985; Takeda 
et al., 1997; Teotia and Teotia, 1997; Kitanaka et al., 1998; Bouillon et al., 
2006). Regarding rickets, observational studies of babies born of severely vi-
tamin D–deficient mothers generally show normal skeletal mineral content 
with no radiological evidence of rickets at birth (Maxwell and Miles, 1925), 
followed by the development of hypocalcemia or rickets only in postnatal 
weeks to months (Pereira and Zucker, 1986; Campbell and Fleischman, 
1988; Specker, 1994; Beck-Nielsen et al., 2009). Although some isolated 
reports have indicated the presence of congenital rickets at birth, the di-
agnosis was actually made within the first or second week (Begum et al., 
1968; Ford et al., 1973; Moncrieff and Fadahunsi, 1974; Sann et al., 1976; 
Park et al., 1987; Teotia et al., 1995). Radiographic findings have reported 
rickets present at day 15 but not day 2 (Sann et al., 1976). In many cases, 
the cause was not isolated vitamin D deficiency, but malnutrition, malab-
sorption (e.g., celiac disease, pancreatic insufficiency), or very low ma-
ternal intakes of both calcium and vitamin D (Begum et al., 1968; Teotia 
et al., 1995; Innes et al., 2002). In a study in China, neonatal rickets was not 
found, even though 57 percent of the infants had low cord blood 25OHD 
levels (Specker et al., 1992).

Overall, data are not consistent regarding skeletal development, in 
that several observational studies have found an adverse effect of low ma-
ternal vitamin D on fetal skeletal outcomes. An ecological study reported 
a positive association of imputed UVB exposure during the last trimester 
with some neonatal bone outcomes (Sayers and Tobias, 2009). Another 
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study in Korean infants born in winter reported seasonal low neonatal 
total BMC and maternal 25OHD levels (Namgung et al., 1998). Lower 
levels of maternal and neonatal serum 25OHD were found for infants with 
craniotabes (softening of the skull bones along suture lines) compared 
with those without (Reif et al., 1988). Another study reported only a small 
non-significant reduced knee–heel length at birth in neonates whose moth-
ers had a serum 25OHD level below 28 nmol/L (Morley et al., 2006). 
Recently, Mahon et al. (2010) identified an inverse relationship of femur 
metaphyseal cross–sectional area and splaying index with maternal 25OHD 
levels at 34 weeks, using high-resolution three-dimensional ultrasound at 
the 19th and 34th weeks of gestation. Viljakainen et al. (2010), based on a 
study of 124 mothers and their infants, reported impaired fetal neonatal 
tibia BMC and cross–sectional area, but not BMD, when maternal 25OHD 
levels were below the median of 42.6 nmol/L. It is noted that Mahon et al. 
(2010) concluded that the higher cross–sectional area was evidence of 
prenatal rachitic deformity, while Viljakainen et al. (2010) considered the 
higher cross–sectional area to predict higher bone mass in childhood. It is 
unclear whether the investigators in these various studies examined mul-
tiple skeletal measurements in multiple long bones, and these differences 
may explain some of the differences in the reports.

Regarding so-called developmental programming, recent associational 
studies have suggested possible adverse programming (including skeletal 
and selected immunological outcomes) in offspring of mothers with low 
maternal serum 25OHD levels (Arden et al., 2002; Cooper et al., 2005; 
Javaid et al., 2006; Miyake et al., 2009; Nwaru et al., 2010) as well as high 
maternal serum 25OHD levels (Gale et al., 2008). However, a recent ob-
servational study reported no association of maternal 25OHD levels with 
autoimmunity or type 1 diabetes (Marjamaki et al., 2010). Skeletal pa-
rameters at birth and nine months were normal but BMC determined 
later in childhood were reported to be higher in offspring of women with 
higher serum 25OHD levels during pregnancy compared with those with 
the lowest serum 25OHD levels (Javaid et al., 2006). The interpretation of 
these associational studies may be confounded by factors that are associ-
ated with maternal serum 25OHD level during pregnancy and affect fetal 
growth, such as increased maternal weight, lower socioeconomic status, 
and poorer nutrition. These factors may also be conferred on the offspring 
during childhood development, complicating the ability to establish a 
causal relationship.

Overall, the human and experimental animal data indicate that the 
development and mineralization of the fetal skeleton, as well as fetal blood 
calcium and phosphorus levels, are generally normal despite extremes of 
severe vitamin D deficiency, absence of calcitriol, and absence of the VDR. 
In contrast, the data confirm that vitamin D deficiency that is present at 
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birth and left uncorrected will more readily lead to neonatal hypocalcemia 
and the postnatal development of rickets.

Lactation: Calcium Key physiological changes in the female adolescent 
or adult occur to meet the calcium demands of lactation that are higher 
than those in pregnancy, but the adaptations differ from those that oc-
cur during pregnancy (Kovacs and Kronenberg, 1997, 2008; Kalkwarf, 
1999; Prentice, 2003). Maternal bone resorption is markedly up-regulated 
(Specker et al., 1994; Kalkwarf et al., 1997), and it appears that most of 
the calcium present in milk derives from the maternal skeleton. This bone 
resorption is driven by low estradiol and high plasma PTH-related protein 
(PTHrP) levels (and possibly other factors), which act through osteoblasts 
to up-regulate osteoclast number and activity. Maternal BMD can decline 
10 to 45 percent during 2 to 6 months of exclusive breastfeeding, but it 
normally returns to baseline over the succeeding 6 to 12 months post-
weaning (Kalkwarf, 1999).

The effect of dietary intake of calcium on the skeletal resorption that 
occurs during lactation has been examined through randomized trials and 
in observational studies comparing North American and Gambian women. 
The consistent finding is that calcium intakes ranging from very low (< 500 
mg/day) to supplemented well above normal (1.0 to 2.5 g/day) have no 
effect on the degree of skeletal demineralization that occurs during lacta-
tion, but calcium supplementation does increase urinary calcium excre-
tion (Cross et al., 1995; Fairweather-Tait et al., 1995; Prentice et al., 1995; 
Kalkwarf et al., 1997; Laskey et al., 1998; Polatti et al., 1999).

The effect of calcium intake on skeletal recovery after weaning has 
not been rigorously studied. In one RCT that enrolled 95 lactating women 
prior to weaning, use of a 1 g/day calcium supplement resulted in a 5.9 
percent increase in lumbar spine BMD compared with a 4.4 percent in-
crease in women who took a placebo, as well as a 2.5 percent increase 
in non-lactating women compared with a 1.6 percent increase in women 
who took a placebo (Kalkwarf et al., 1997). These studies suggest that a 
higher calcium intake during post-weaning recovery might be beneficial 
for ensuring restoration of skeletal mineral content; conversely, a low 
calcium intake during post-weaning might be expected to impair skeletal 
recovery. However, skeletal recovery was complete in Gambian women with 
habitually very low calcium intakes. Moreover, the large associational stud-
ies mentioned above found no effect (and some found a protective effect) 
of a history of lactation or the number of months that a mother recalled 
breastfeeding her child on BMD, osteoporosis, or fracture risk later in life 
(Sowers, 1996; Kovacs and Kronenberg, 1997). Thus, in the long term, a 
history of lactation does not increase the risk of low BMD or osteoporosis.

The efficiency of intestinal calcium absorption, which is up-regulated 
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during pregnancy, decreases to the non-pregnant level in the puerperium, 
and remains at that level during lactation (Kent et al., 1991; Specker et al., 
1994; O’Brien et al., 2006), then increases slightly during post-weaning 
compared with the level in non-pregnant or lactating women (Kalkwarf 
et al., 1996). Urinary calcium excretion also decreases (Allen et al., 1991; 
O’Brien et al., 2006) and may reach the lower end of the normal range, 
especially in women with low calcium intakes (Specker et al., 1994). This 
effect presumably is due to the influence of PTHrP, which stimulates renal 
calcium reabsorption.

Breast milk calcium content is homeostatically regulated and unaf-
fected by maternal calcium intake. The evidence includes randomized 
trials in which supplemental calcium from 1 g/day (Kalkwarf et al., 1997) 
to 1.5 g/day in Gambian women whose habitual calcium intake was low 
(Jarjou et al., 2006) showed no effect on breast milk calcium content. 
These results are consistent with the notion that the calcium content of 
milk derives from resorption of the maternal skeleton and local regula-
tion within mammary tissue. At least one study has confirmed that the 
breast milk output predicts the decline in maternal BMD during lactation, 
whereas calcium intake, breast milk calcium concentration, and VDR geno-
type have no effect (Laskey et al., 1998).

In lactating women, the albumin-corrected serum calcium as well as 
the ionized calcium levels are normal or slightly increased (Hillman et al., 
1981; Specker et al., 1991). The mean ionized calcium level of exclusively 
lactating women is higher than that of normal controls (Dobnig et al., 
1995; Kovacs and Chik, 1995). Also, mothers nursing twins have signifi-
cantly higher total calcium levels compared with mothers nursing single-
tons (Greer et al., 1984).

These physiological responses appear to be similar for lactating ado-
lescents. In fact, the largest and most reassuring data set from NHANES 
III (described previously), which obtained BMD using the DXA method in 
819 women ages 20 to 25 years (Chantry et al., 2004) indicates that young 
women who had breast-fed as adolescents have higher BMD than those 
who had not breast-fed, even after controlling for obstetrical variables. 
This indicates that the normal loss of BMD during lactation and recovery 
afterward occur in adolescent women and may even lead to a higher BMD 
post-weaning.

Lactation: Vitamin D Breast milk is not normally a significant source of 
vitamin D for the infant. Because vitamin D (calciferol) is usually present 
in the circulation only for short intervals after meals, typically very little 
passes into breast milk. As discussed below, preliminary data may suggest 
that levels of vitamin D and 25OHD in breast milk can be increased by high 
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levels of vitamin D supplementation. Neither 25OHD nor calcitriol passes 
readily into breast milk.

With respect to the effects of vitamin D supplementation on serum 
levels of 25OHD in the infant, several studies have examined supplementa-
tion of infants with 300 or 400 IU of vitamin D per day, which raised levels 
above 75 nmol/L (Hollis and Wagner, 2004; Basile et al., 2006; Wagner 
et al., 2006); however, administering supplements of 300 to 2,000 IU/day 
to the lactating mother did not increase serum levels of the infant (Greer 
et al., 1982; Rothberg et al., 1982; Ala-Houhala, 1985; Ala-Houhala et al., 
1988; Greer and Marshall, 1989; Hollis and Wagner, 2004). However, very 
high doses of vitamin D (4,000 to 6,400 IU/day) given to the mother have 
been reported to raise infant serum 25OHD levels (Hollis and Wagner, 
2004; Wagner et al., 2006). As described by the authors, the work was a pilot 
study and involved 19 subjects. Specifically, when 4,000 IU of vitamin D per 
day was given to the mothers, the mean serum 25OHD level of the infants 
exceeded 75 nmol/L; with a dose of 6,400 IU/day, the serum 25OHD level 
of all infants exceeded this value. However, the functional impact of raising 
infants’ serum 25OHD levels above 75 nmol/L by increasing maternal di-
etary intake to such high levels is not clear, and the small sample size of this 
pilot study (n = 19) precluded conclusions about safety. One RCT found 
no benefit in raising infants’ serum 25OHD level above 50 nmol/L relative 
to measures of weight, length, and skeletal mineral content (Chan et al., 
1982). Other work with the administration of high dosages of vitamin D to 
the mother has not specifically reported any functional health outcome to 
the breast-fed infant other than increased serum 25OHD levels; the breast 
milk calcium content is unaffected (Hollis and Wagner, 2004; Wagner 
et al., 2006). The administration of 400 IU/day to the infant remains the 
American Academy of Pediatrics’ recommendation (Wagner and Greer, 
2008).

Serum 25OHD levels do not appear to change significantly during lac-
tation compared with non-lactating states, although this has been assessed 
in only two small studies (Kent et al., 1990; Sowers et al., 1998). Because 
25OHD does not pass readily into milk, it is not lost to the mother via this 
route. One study (Cross et al., 1995) reported an increase in maternal serum 
25OHD level post-weaning, and although calcitriol levels increased in two 
studies (Cross et al., 1995; Kalkwarf et al., 1997), they did not in another 
(Specker et al., 1991). Studies have generally shown that providing vitamin 
D to lactating mothers increased their serum 25OHD levels, but otherwise 
had no significant effect on maternal outcome parameters (Cancela et al., 
1986; Okonofua et al., 1987; Takeuchi et al., 1989; Kent et al., 1990; Alfaham 
et al., 1995; Sowers et al., 1998) and in clinical trials (Rothberg et al., 1982; 
Ala-Houhala, 1985; Ala-Houhala et al., 1988; Kalkwarf et al., 1996; Hollis and 
Wagner, 2004; Basile et al., 2006; Wagner et al., 2006; Saadi et al., 2007). 
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An observational study in Gambian women consuming a low-calcium diet 
reported no relationship between maternal 25OHD levels and breast milk 
calcium (Prentice et al., 1997). However, many studies measured no out-
come other than the achieved serum 25OHD level in mothers and neonates 
and were not powered to examine outcomes such as hypocalcemia or clinical 
rickets (Rothberg et al., 1982; Ala-Houhala, 1985; Hollis and Wagner, 2004; 
Basile et al., 2006; Wagner et al., 2006).

Maternal skeleton recovers BMC after lactation ceases, but no RCTs 
have tested whether vitamin D sufficiency affects the speed and net recov-
ery of maternal skeletal mineral content after weaning. An observational 
study in Saudi women found no relationship of serum 25OHD level with 
BMD at the lumbar spine, femoral neck, Ward’s triangle, or trochanter, as 
well as no difference in BMD at these sites in women with or without severe 
hypovitaminosis D (Ghannam et al., 1999). None of the intervention stud-
ies that examined the use of vitamin D supplementation during lactation 
enrolled sufficient adolescent women to permit conclusions to be drawn 
about the effect of the intervention.

As noted above, animal models are of interest; in the case of vitamin 
D, rodent models have predominated. Unlike the situation in humans, 
calcitriol levels in lactating rodents remain elevated, but increase further 
in response to a low-calcium diet or larger litter size (Lobaugh et al., 1990, 
1992). This may indicate a compensatory mechanism that increases intesti-
nal calcium absorption even further when extra demands are placed on the 
mother during lactation. However, studies in vitamin D–deficient rats and 
Vdr-null mice have indicated that sufficiency of vitamin D, or responsive-
ness to calcitriol is not required for lactation. Vitamin D–deficient rats and 
Vdr-null mice lactated normally and resorbed the expected proportion of 
bone (Halloran and DeLuca, 1980b; Miller et al., 1982; Fudge and Kovacs, 
2010), although one study in vitamin D–deficient rats found that more 
skeletal mineral content was lost than normal (Marie et al., 1986). Intesti-
nal calcium absorption was twice the control level in lactating vitamin D–
deficient rats, confirming that vitamin D is not required for the intestinal 
adaptation to take place (Halloran and DeLuca, 1980a; Boass et al., 1981).

In rodents, the skeleton is substantially resorbed during lactation, and 
this is followed in the post-lactation period by an interval of up-regulated 
bone formation, which effectively restores BMD to a normal level within 10 
to 14 days. Two studies of vitamin D–deficient rats reported at least partial 
recovery of skeletal mineral content after lactation, with the final value 
exceeding the pre-pregnancy value in one study (Halloran and DeLuca, 
1980b; Miller et al., 1982). Likewise, in Vdr-null mice, BMC after weaning 
also exceeded the pre-pregnancy level (Fudge et al., 2006). Thus, these 
animal studies suggest that calcitriol may not be required for the skeleton 
to recover its normal mineral content after lactation is completed.
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In both Vdr-null and 1α-hydroxylase-null mice, the provision of a high-
calcium, high-phosphorus, lactose-enriched diet, initiated in the neonates 
prior to weaning, prevented the development of rickets in the adult (Li 
et al., 1998; Amling et al., 1999; Van Cromphaut et al., 2001; Hoenderop 
et al., 2002; Dardenne et al., 2003; Rowling et al., 2007). Similar outcomes 
have been reported for children with VDDR-I or VDDRI-II in which rickets 
is mitigated with high levels of oral calcium or intermittent intravenous 
infusions of calcium (Balsan et al., 1986; Hochberg et al., 1992; Kitanaka 
et al., 1998). These results indicate that the main role of calcitriol is to 
stimulate active intestinal calcium absorption rather than to directly af-
fect skeletal development. Moreover, it suggests that the role of calcitriol 
can be bypassed if the calcium content of the experimental diet is suitably 
manipulated.

Other Measures of Interest Related to Bone Health: PTH

PTH is potentially of interest as an indicator of bone health because 
vitamin D intake can lower serum PTH levels (Malabanan et al., 1998) and 
because elevated serum PTH levels have been recognized as a risk factor 
for osteoporosis (Hodsman et al., 2002). The role of PTH in the calcium–
vitamin D homeostatic system is highlighted in Chapter 2. A critical ques-
tion is what levels of PTH are harmful to bone, as only a small amount of 
PTH is needed to maintain a normal level of serum 25OHD.

Measures that have been explored are the levels of serum 25OHD at 
which PTH levels rise as well as the level of serum 25OHD at which PTH 
levels no longer decline (Aloia et al., 2006a; Durazo-Arvizu et al., 2010). 
However, because serum PTH levels increase with age, it is not clear what 
level of PTH should be regarded as normal (Dawson-Hughes et al., 1997a; 
Vieth et al., 2003) or whether the relationship is meaningful for all age 
groups (Abrams et al., 2005). These studies have led some to suggest that 
a serum 25OHD level of 75 nmol/L is consistent with the PTH plateau 
point (Malabanan et al., 1998) and hence demarcates sufficiency and insuf-
ficiency for vitamin D. However, a review of the literature does not show 
widespread agreement on a plateau consistent with a serum 25OHD level 
of 75 nmol/L. In most cases, serum PTH level reaches a plateau at differ-
ent levels of serum 25OHD varying between 37.5 and 125.0 nmol/L. Box 
4-7 summarizes the study outcomes.

Race/ethnicity may be a factor in determining the relationship be-
tween serum 25OHD and PTH levels, although the measures used have 
focused on calcitriol rather than serum 25OHD concentrations. African 
American and dark-skinned populations have lower serum 25OHD and 
calcitriol levels compared with white populations (Bell, 1995, 1997). A 
study of more than 500 healthy women ages 20 to 80 years found that PTH 
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and calcitriol levels were higher in black than in white women and that the 
black women had lower bone turnover rates compared with white women 
(Aloia et al., 1996b). Some evidence, however, suggests that PTH levels are 
similar in both populations (Benjamin et al., 2009).

BOX 4-7 
Studies Demonstrating PTH Plateaus at Various Serum 25OHD Levels

Serum 25OHD < 30 nmol/L:
 • Ooms et al. (1995a)

Serum 25OHD < 50 nmol/L:
 • Malabanan et al. (1998)
 • Levis et al. (2005)
 • Steingrimsdottir et al. (2005)
 • Aloia et al. (2006a)

Serum 25OHD < 75 nmol/L:
 • Vieth et al. (2003)
 • Holick et al. (2005)
 • Durazo-Arvizu et al. (2010)

Serum 25OHD ~ 88 nmol/L:
 • Kinyamu et al. (1998)

Serum 25OHD 100–125 nmol/L:
 • Krall et al. (1989)
 • Dawson-Hughes et al. (1997a)

No plateau:
 • Bates et al. (2003)
 • Benjamin et al. (2009)

No relationship:
 • Rucker et al. (2002)

As reviewed by Prentice et al. (2008), an inverse relationship between 
PTH and serum 25OHD concentrations has been reported in many cross–
sectional and intervention studies in elderly people (Krall et al., 1989; 
Ooms et al., 1995a; Chapuy et al., 1997; Bates et al., 2003), post meno-
pausal women (Krall et al., 1989; Lappe et al., 2006), and young per-
sons (Guillemant et al., 1999). Some studies suggest that the plasma PTH 
concentration reaches a plateau as the 25OHD concentration increases 
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(Chapuy et al., 1997; Lappe et al., 2006), whereas others describe an 
exponential inverse relationship (linear when the data are expressed in 
logarithms) throughout the physiological range of 25OHD concentrations 
(Bates et al., 2003; Vieth et al., 2003). The reasons for these discrepancies 
are unclear, but they could reflect differences among the populations stud-
ied and statistical methods used (Prentice, 2008).

Further, the plasma PTH concentration varies widely within and among 
individuals at any given concentration of 25OHD (Chapuy et al., 1997; 
Bates et al., 2003), because the plasma PTH concentration depends upon 
many factors other than vitamin D, such as stage of life, ethnic background, 
intakes of dietary calcium (Steingrimsdottir et al., 2005) and phosphorus, 
time of day, kidney function (Ooms et al., 1995a), physical activity level, 
and drug use (Slovik et al., 1981; van der Wiel et al., 1991; Vieth et al., 2003; 
Fraser et al., 2004; Patel et al., 2007; Prentice, 2008). In addition, the choice 
of assay method is important because an assay could detect both PTH frag-
ments and intact molecules (van der Wiel et al., 1991).

Most of the studies supporting the use of serum PTH level as either a 
biomarker of exposure or a biomarker of biological effect have been con-
ducted among older white persons living in Europe and the United States. 
However, the available studies in other age groups and in people from 
different geographic locations and ethnic backgrounds do not provide 
evidence that PTH measures can be universally applied relative to informa-
tion about vitamin D intakes and effects. Studies in Africa and China, for 
example, have reported that plasma PTH measures are elevated in popula-
tions with low calcium intake, even when vitamin D nutriture is good, and 
the inverse correlations between plasma PTH measures and bone health 
outcomes such as BMD and fracture risk observed in Western countries are 
not found (Yan et al., 2003; Aspray et al., 2005). Also, PTH measures in-
crease during puberty (Abrams et al., 2005; Tylavsky et al., 2005), a period 
of skeletal growth. Therefore, although the potential for PTH as a useful 
indicator of bone health is acknowledged, it is not a useful indicator for 
DRI development at this point in time.

Integration of Evidence for the Potential Indicator of Bone Health

To be useful for judging bone health outcomes as potential indica-
tors for DRI development, the available evidence must be considered in 
the context of its relevance to bone accretion, bone maintenance, and 
bone loss. The committee therefore arranged the data consistent with 
these physiological states. Although the AHRQ analyses were useful overall 
for this purpose, the committee recognized that there were useful stud-
ies published after the completion of the AHRQ-Tufts as well as several 
relevant studies that did not meet the inclusion criteria stipulated by the 
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AHRQ analyses. These are included and identified in the discussions be-
low. The following sections integrate data on bone accretion, maintenance, 
and loss and refer to the DRI life stage groups as appropriate. Initially, 
the utility of serum 25OHD level for the purposes of DRI development is 
discussed, as is the relationship between calcium absorption and serum 
25OHD concentrations.

Utility of serum 25OHD level for examining bone health outcomes Al-
though serum 25OHD is indicative of vitamin D exposure (see Chapter 3), 
the seemingly logical next step of using serum 25OHD level to explore the 
levels at which vitamin D effects a health outcome requires caution. There 
are a number of studies of good quality that report serum 25OHD concen-
trations in relation to health outcomes such as fracture incidence—and 
which have been described in the AHRQ analyses—but such associations 
are not necessarily causal or predictive, and not all of the variables associ-
ated with serum 25OHD levels are reported. In short, these associations are 
not yet an adequate basis for validating serum 25OHD concentrations as 
a “biomarker of effect” (see Chapter 1) for either an intermediate health 
endpoint (e.g., blood pressure) or disease (e.g., rickets or osteoporosis).

Others have also concluded that the usefulness of serum 25OHD level 
as an indicator of functional outcomes has not been demonstrated in many 
cases, with the possible exception of elderly people (Brannon et al., 2008). 
Further, Brannon et al. (2008) pointed out that the value of the measure 
appears to be most useful at the extremes of the range for detecting defi-
ciency and toxicity, but may be less useful in the middle range and subject 
to confounders. Additionally, it has not been ruled out that vitamin D may 
act to produce health outcomes in a manner that is separate from circulat-
ing 25OHD levels and thereby function in a pathway different from that 
known for 25OHD. Currently there is no evidence confirming pathways 
not involving 25OHD, although their existence is plausible.

Nonetheless, serum 25OHD concentration is a useful measure for sev-
eral reasons, not the least of which is that 25OHD has a long half-life in the 
circulation and its concentration is not under tight homeostatic control. 
It generally demonstrates a direct relationship with “exposure” or “sup-
ply” (i.e., dietary intake and cutaneous synthesis), although, as discussed 
in Chapter 3, the relationship is known to vary with factors ranging from 
body adiposity to aging and is also known to be curvilinear, with decreased 
response as intakes increase. Despite these caveats, serum 25OHD concen-
tration is a useful biomarker of the supply of vitamin D available to target 
tissues in most situations (Prentice et al., 2008). It therefore is relevant as 
a stand-in for overall vitamin D nutriture, although distinguishing between 
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concentrations due to intake and those due to sun exposure is not possible 
for most studies.

The utility of serum 25OHD level as a biomarker of effect is less cer-
tain. Prentice et al. (2008) pointed out that the adequacy of the vitamin 
D supply in meeting functional requirements depends upon many factors, 
including the uptake of 25OHD by target cells, the rate of conversion of 
calcitriol and its delivery to target tissues, the expression and affinity of the 
VDR in target tissues, the responsiveness of cells to the activated VDR, and 
the efficiency of induced metabolic pathways.

Nonetheless, despite these uncertainties, serum 25OHD levels can be 
regarded as a useful tool in considering vitamin D requirements; in fact, 
such measures are virtually the only tool available at this time. As pointed 
out by AHRQ-Tufts, when a non-validated intermediate outcome must be 
considered, the implicit assumption is that it would have the properties of a 
validated surrogate outcome, and this assumption should be made explicit 
and the uncertainties identified. This is a reasonable approach and allows 
the appropriate inclusion of consideration of serum 25OHD concentra-
tions for the purposes of specifying the potential indicator of bone health.

Relationship between calcium absorption and serum 25OHD level Ensur-
ing desirable rates of calcium uptake from the intestinal lumen into the 
body—calcium absorption—is an important aspect of bone health. Because 
vitamin D is instrumental in calcium absorption, the relationship between 
vitamin D and calcium absorption is relevant to an indicator for bone 
health. The literature in this area focuses on fractional calcium absorption 
(i.e., fraction of a given dose of calcium that is absorbed) and its association 
with serum 25OHD level.

Although calcitriol has been shown to stimulate intestinal calcium 
absorption directly and calcitriol levels correlate with absorption, the un-
derstanding of the current relationship between 25OHD level and cal-
cium absorption requires examination. Widely quoted as evidence of the 
threshold for maximal calcium absorption at serum 25OHD levels above 
75 nmol/L is an analysis of results from three separate studies (Barger-Lux 
and Heaney, 2002; Bischoff et al., 2003; Heaney et al., 2003) as put forward 
by Heaney (2005). Less widely understood is the nature of the evidence 
from each of these studies and, thus, the limitations of this graphic analy-
sis. In only one of these studies (Barger-Lux and Heaney, 2002) was cal-
cium absorption directly measured using a single calcium isotope method; 
the difference between the lower (approximately 75 nmol/L) and higher 
(approximately 125 nmol/L) serum 25OHD levels was non-significant. 
Although the single-isotope method is considered less accurate than the 
dual-isotope method for measuring calcium absorption, this method is 
viewed as appropriate. The two values from the Barger-Lux and Heaney 
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(2002) study are the most reliable of the values in this analysis. Two ad-
ditional values taken from Heaney et al. (2003) in this graphic analysis 
(at approximately 50 and 85 nmol/L) are not direct measures of calcium 
absorption, but instead are indirect pharmacokinetic measures based on 
the plasma calcium response to a 500 mg oral calcium load (Heaney et al., 
2003). Thus, the committee found these values limited in their usefulness 
in this analysis. The remaining 25OHD level of a calcium absorption of 
0.15 at serum 25OHD 29 nmol/L was taken from Bischoff et al. (2003). 
It does not represent either a direct or indirect measurement of calcium 
absorption, but was derived from measured urinary calcium excretion 
using subjects that did not reduce serum PTH while on calcium supple-
ments (Heaney, 2005; personal communication, R. P. Heaney, Creighton 
University, Omaha, NE, August 25, 2009). This approach is not generally 
acceptable, and the committee could not consider the value to be valid. In 
conclusion, the portion of this analysis showing a rise in calcium absorp-
tion with an increase in 25OHD level from approximately 28 nmol/L to 80 
or 90 nmol/L is unreliable, because the two values showing this rise either 
are not based on directly measured calcium absorption or are based on an 
unreliable method for estimating calcium absorption as discussed by Aloia 
et al. (2010) and as described below. The remaining two values, although 
reliable, are insufficient to determine the relationship of 25OHD level to 
calcium absorption, if any exists.

The gold standard for assessing fractional calcium absorption is to 
administer two calcium isotopes (one orally, one intravenously) under 
conditions in which blood and/or urine can be collected and assayed for 
both isotopes. Alternatively, calcium absorption can be assessed using a 
single isotope test, although results may be less precise. As discussed below, 
the data from studies published after the Heaney (2005) paper either do 
not show increased calcium absorption with higher levels of 25OHD or 
show only a very slight increase in calcium absorption as serum 25OHD 
level rises.

With respect to children, Abrams et al. (2009) performed dual-label 
calcium absorption studies in 251 children ranging from 4.9 to 16.7 years 
of age and found no effect of higher serum 25OHD level on fractional cal-
cium absorption. In fact, children with 25OHD levels of 28 to 50 nmol/L 
had higher fractional calcium absorption than did children with 25OHD 
levels of 50 to 80 or greater than 80 nmol/L. Data from a 2008 study in 
girls (Weaver et al., 2008) indicated that serum 25OHD level did not pre-
dict net calcium absorption and retention. A study conducted in Nigeria 
(Thacher et al., 2009) demonstrated that in children with rickets, increases 
in serum 25OHD level did not coincide with increased fractional calcium 
absorption.

With respect to adults, there are a number of single-isotope studies of 
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interest. Need et al. (2008) studied fractional calcium absorption in 319 
men (66 ± 10 years) with serum 25OHD levels less than 40 nmol/L. Frac-
tional calcium absorption was 0.36 in men with the lowest quartile serum 
25OHD levels (< 10 nmol/L) and rose significantly to 0.56 in the second 
quartile (11 to 20 nmol/L). No further change in fractional calcium ab-
sorption occurred with 25OHD levels of 21 to 30 or 31 to 40 nmol/L (Need 
et al., 2008). Kinyamu et al. (1998) performed a cross–sectional study of 
376 healthy women (71 ± 4 years) and compared calcium absorption in 
those who took vitamin D supplements with that in non-supplemented 
women. Serum 25OHD level was significantly higher in women who took 
vitamin D (87.9 ± 28.2 nmol/L vs. 73.6 ± 23.0 nmol/L), whereas fractional 
calcium absorption did not differ between the two groups (Kinyamu et al., 
1998). In addition, Devine et al. (2002) used a single isotope of calcium 
in a study of 120 older women and plotted a linear relationship between 
intestinal calcium absorption and serum 25OHD level. Intestinal calcium 
absorption rose from 35 percent at a mean serum 25OHD level of 15 
nmol/L to 50 percent at 150 nmol/L. However, there were few data points 
at any serum 25OHD level, and an alternative fit to the data suggested an 
increase to 50 nmol/L and a plateau thereafter.

Hansen et al. (2008) studied 18 postmenopausal women before and 
after 15 days of supplementation with 50,000 IU of vitamin D2 daily. Serum 
25OHD level rose markedly from 55 ± 10 nmol/L to 160 ± 53 nmol/L (p 
< 0.001), while fractional calcium absorption changed only modestly from 
24 ± 7 percent at baseline to 27 ± 6 percent after vitamin D repletion (p < 
0.04), indicating that the large rise in serum 25OHD levels was statistically 
significant, as was the small rise in intestinal calcium absorption. The 3 
percent absolute increase in fractional calcium absorption was considered 
by the authors to be a minor increment given the large increase in serum 
25OHD level (Hansen et al., 2008).

In a randomized controlled study, postmenopausal women with a 
mean baseline serum 25OHD level of 44 nmol/L receiving 1,000 mg of cal-
cium citrate daily were randomized to daily placebo or 1,000 IU of vitamin 
D2 (Zhu et al., 2008a). Using a single-isotope method, this research group 
found a 36 nmol/L rise in serum 25OHD level and no increase in calcium 
absorption. This outcome is consistent with findings from their longer-term 
study (over 5 years), also demonstrating no rise in absorption (Zhu et al., 
2008a). In both placebo and vitamin D groups, the calcium absorption de-
creased compared with baseline, most likely as a result of greater calcium 
intake (1 g calcium supplementation in both treatment arms). Also, Francis 
et al. (1996) found that 500 to 1,000 IU of vitamin D2 did not increase 
calcium absorption in elderly women. In a randomized double-blind con-
trolled pilot trial in women (mean age = 57 years; dual-isotope method) 
with a baseline serum 25OHD level of 52 nmol/L, it was found that 400 IU 
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of vitamin D per day raised serum 25OHD level (by 14 nmol/L) and did 
not significantly increase calcium absorption compared with placebo.

Personal communication, S. Shapses, Rutgers University, New Brunswick, NJ, April 10, 
2010.

In a recent study, Aloia et al. (2010) performed a single-isotope assay 
of intestinal calcium absorption in 492 white and black women ages 20 to 
80 years. They tested whether serum 25OHD or calcitriol level predicted 
the rate of intestinal calcium absorption in a multivariate model that in-
cluded age, menopausal status, calcium intake, and other factors. The 
serum 25OHD levels ranged from 30 to 150 nmol/L, and were 51.62 ± 
33.67 nmol/L overall or 32.87 ± 21.20 nmol/L in blacks and 67.73 ± 34.11 
nmol/L in whites. Whereas calcitriol level was an important predictor of 
intestinal calcium absorption in the final model, 25OHD level had no ef-
fect. The authors concluded that serum 25OHD level is not an indicator of 
intestinal calcium absorption efficiency by itself, but 25OHD does interact 
at low levels with calcitriol to predict calcium absorption.

Overall, the data are mixed, but most studies show no increase in intes-
tinal calcium absorption across a broad range of serum 25OHD levels. The 
single-isotope study by Need et al. (2008) indicates no increase in fractional 
calcium absorption above 20 nmol/L. The single-isotope studies by Heaney 
et al. (2003), Kinyamu et al. (1998), and Aloia et al. (2010) indicate no 
change in fractional calcium absorption across higher ranges of 25OHD 
levels—specifically, from 60 to 154 nmol/L in Heaney et al. (2003), from 
50 to 116 nmol/L in Kinyamu et al. (1998), and from 30 to 150 nmol/L 
in Aloia et al. (2010). Others (Francis et al., 1996; Patel et al., 2001; Zhu 
et al., 2008a, b) demonstrate no effect on absorption of increasing the se-
rum 25OHD concentrations by 14 to 36 nmol/L, whereas the Hansen et al. 
(2008) study indicates a 3 percent increase in absorption after raising the 
serum 25OHD level from 55 to 160 nmol/L in the short-term (15 days).

The data currently suggest that fractional calcium absorption reaches a 
maximum between 30 and 50 nmol/L in both children and adults. A value 
of 50 nmol/L allows for some uncertainty in the data and a buffer against 
seasonal and dietary variations in calciferol intake that, in turn, cause fluc-
tuations in serum 25OHD levels.

Bone accretion Bone accretion resulting in bone growth and skeletal de-
velopment occurs during the younger life stages. Measures of the amount 
of calcium needed to achieve normal bone accretion as well as the levels 
of vitamin D that support accretion are, therefore, relevant considerations. 
The topics of pregnancy and lactation among adolescent girls, who are 
still accruing bone tissue, are discussed in other sections below jointly with 
pregnancy and lactation among women.
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Calcium retention levels Total body calcium at birth in healthy, full-term 
infants is approximately 30 g (Givens and Macy, 1933; Widdowson et al., 
1951). Based on bone mineral accretion derived as a function of change 
in body weight, total body calcium increases to approximately 80 g by 1 
year of age (Leitch and Aitken, 1959). This suggests an average accretion 
rate of approximately 140 mg calcium per day during the first year of life. 
This greatly exceeds the earlier accretion rate estimates, derived from 
cadaveric sources, of approximately 30 to 35 mg/day and 50 to 55 mg/
day for infants through 4 months of age and 4 through 12 months of age, 
respectively (Fomon and Nelson, 1993; Koo and Tsang, 1997). Yet another 
mean accretion rate of approximately 80 mg/day during the first year of 
life has been derived using metacarpal morphometry data (Garn, 1972; 
Weaver, 1994). Resolution of these different values for usual accretion rate 
is not currently possible, but assessment of these data and the balance data 
suggests that a mean accretion rate of about 100 mg/day overall during 
the first year of life may serve as a reasonable approximation for primarily 
breast-fed infants (Abrams, 2010).

Information about bone accretion in young children is limited given 
the impracticalities associated with studies of young subjects. Lynch et al. 
(2007), using an isotope-based method, evaluated the relationship between 
calcium intake and balance in healthy children 1 to 4 years of age. They 
reported mean calcium retention of 161 mg/day with a mean calcium 
intake of 551 mg/day, reflecting a positive calcium balance. Linear and 
non-linear modeling indicated that calcium intakes of 470 mg/day yielded 
a calcium retention of 140 mg/day, consistent with the growth needs of this 
population (Lynch et al., 2007).

For slightly older children in the 7- to 8-year age range, the work 
by Abrams et al. (1999) has also demonstrated that the average calcium 
accretion rate is 140 mg/day  calcium.

The 140 mg/day value is a modeled value as described in the study (Abrams et al., 1999).

 A small increase is seen in late 
pre-puberty (Leitch and Aitken, 1959; Ellis et al., 1996), yielding a bone 
calcium accretion rate ranging from 140 to 160 mg/day across this age 
group, within which a small percentage will be pre-pubertal. Based on 
modeling, a curvilinear dose–response relationship between calcium intake 
and retention was made evident as shown in Figure 4-8.

A recent publication from Wu et al. (2010) that focused on Chinese 
American boys and girls 11 to 15 years of age reported calcium retention to 
be 1,100 mg/day in boys and 970 mg/day in girls, but these estimates were 
based on intakes to achieve maximal calcium retention as opposed to aver-
age calcium retention, the value needed to determine an EAR. A recent 
study of white children in Canada (Vatanparast et al., 2010) has provided 
bone calcium accretion levels for children and adolescents between the 
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ages of 9 and 18 years as shown in Table 4-14. The differences between girls 
and boys and between the 9- to 13-year and the 14- to 18-year age groups 
are small, but statistically significant. The data provide a basis for estimat-
ing intake levels needed for this age group relative to bone accretion.

FIGURE 4-8 Dose–response relationship between calcium intake and retention.
SOURCES: Abrams et al. (1999); Ames et al. (1999).

TABLE 4-14 Mean Bone Calcium Accretion for Three Age Groupings of 
Girls and Boys

Age (years)

Mean Bone Calcium Accretion (mg/day)

Girls Boys

9–13 151 141
14–18 92 210
9–18 121 175

SOURCE: Vatanparast et al. (2010).

Although it would be expected that bone maintenance is characteristic 
of young adults overall, there is some evidence of a small accretion of bone 
mass for persons in their 20s. The magnitude of this reported accretion 
varies. Specifically, Recker et al. (1992) followed 156 college-age women for 
5 years and reported an increase of 12.4 percent per decade (about 1.24 
percent per year) in whole-body BMC, but there were smaller increases 
in clinically relevant sites such as the forearm (4.8 percent per decade or 
0.48 percent per year) and the lumbar spine (5.9 percent per decade or 
0.59 percent per year). Further, the rate of increase declined each year for 
this group. The variance was also large in this study, which may be due to 
the method selected to assess BMC. Barger-Lux et al. (2005) more recently 
reported an accretion rate of 0.28 percent per year for women in the 20- 
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to 30-year age range. This lower reported accretion rate is equivalent to a 
calcium accretion rate of only 6 mg/day. In addition to reporting only very 
small bone accretion for ages 19 through 30 years, Barger-Lux et al. (2005) 
also noted the possibility that there was no further effect on bone accretion 
above calcium intake levels of approximately 800 mg/day.

In short, bone accretion may continue during this early stage of adult-
hood, but at very low, almost indiscernible, levels. Interpretation of the 
data is further complicated by evidence from the Canadian Multicentre 
Osteoporosis Study (Berger et al., 2010), which demonstrates that attain-
ment of peak bone mass depends upon which site is measured; peak bone 
mass is achieved by age 18 at some sites, but by age 25 or so at others. This 
newer population-based study is much larger than earlier studies, for ex-
ample, Recker et al. (1992), and relies on the newer technique of DXA to 
estimate BMC. Tuck and Datta (2007) reported that maximal bone mass is 
attained in the second decade of life followed by a period of consolidation 
lasting 5 years, such that maximal levels are achieved in the early to mid 
20s. Interestingly, peak trabecular bone mass is achieved earlier, at 15 to 
18 years of age, is maintained for several years, and then begins to decline 
in young adulthood (Riggs et al., 2008).

Bone mineral content/bone mineral density: Calcium Measures of BMC 
and BMD in addition to calcium retention levels are also of interest as 
a measure of bone accretion. In a cross–sectional evaluation in 136 boys 
and men and 130 girls and women, including children beginning at the 
age of 4 years as well as adults through the age of 27 years, BMD of total 
body, lumbar spine, and femoral neck increased significantly with age 
until 17.5 years in boys and 15.8 years in girls (Lu et al., 1994). However, 
care must be taken in interpreting calcium intakes—specifically, calcium 
supplementation that results in total intakes above 1,500 mg/day for these 
groups—relative to BMC or BMD measures. Studies have suggested that in-
creasing intakes of calcium in girls above their habitual intake of about 900 
mg/day is associated with positive effects on bone mineral accretion and, 
in turn, BMD (Johnston et al., 1992; Lloyd et al., 1993; Chan et al., 1995). 
However, there is evidence that the bone mass gained through calcium or 
milk supplementation during childhood and adolescence is not retained 
post-intervention, suggesting that there is no benefit to intakes above that 
needed to ensure normal bone accretion (Fehily et al., 1992; Lee et al., 
1996; Slemenda et al., 1997). A study conducted by Matkovic et al. (2004) 
evaluated BMD measures among female white adolescents 15 to 18 years of 
age in the United States, and reported that there was a positive influence 
of calcium supplementation and dairy products on BMD of the hip and 
forearm. The background level of calcium intake was approximately 833 
mg/day, whereas the supplemented subjects had total calcium intakes of 
1,586 mg/day. The Matkovic et al. (2004) study, however, did not follow 
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the subjects after the intervention ceased in order to determine whether 
the bone mass was retained. Overall, it would appear that levels of calcium 
intake consistent with levels established as supportive of bone accretion 
are associated with a normal, healthy increase in BMD. However, calcium 
intake levels above those consistent with established bone accretion rates 
appear to offer no meaningful benefit.

Bone mineral content/bone mineral density: Vitamin D Regarding vita-
min D nutriture and very young children, virtually no data are available 
to link vitamin D intake or serum 25OHD level to bone accretion mea-
sures. However, for older children and adolescents, as described above, 
there was fair evidence from the AHRQ-Ottawa analyses of an association 
between 25OHD levels and baseline BMD and change in BMD or BMC 
indexes based on observational data. However, the results from the RCTs, 
as described above, did not confirm a consistent benefit on BMD or BMC 
across skeletal sites and age groups. Reasons for these differences may be 
due to the difficulty in controlling confounding variables for bone mass in 
observational studies.

Rickets Although consideration of rickets provides only a starting 
point for considering nutrient reference values, AHRQ-Ottawa, as de-
scribed above, analyzed serum 25OHD concentrations in the context of 
the onset of rickets in children up to 5 years of age. It identified serum 
concentrations below 27.5 nmol/L as consistently associated with rickets. 
However, many of the relevant studies were from developing countries 
where dietary calcium intake is low; therefore, for these studies the onset 
of rickets was associated with higher levels of serum 25OHD, likely due to 
low calcium intakes. Specker et al. (1992) concluded that serum 25OHD 
concentrations of below 27 to 30 nmol/L place the infant at an increased 
risk for developing rickets, although they indicated that the measure is 
not diagnostic of the disease. It is worth noting that there is very limited 
evidence of rickets due to calcium deficiency in the face of vitamin D suf-
ficiency (Abrams, 2002). The minimum calcium intake needed to prevent 
calcium-deficiency rickets has not been precisely identified, and the avail-
able studies (all outside North America) reflect varying levels at which 
calcium-deficiency rickets occurred. Levels of intake between 200 and 300 
mg of calcium per day in infants and small children have been associated 
with risk for rickets in these cases (Abrams, 2002).

Calcium absorption and serum 25OHD As described above, life stages 
that experience bone accretion demonstrate a maximal calcium absorption 
associated with serum 25OHD levels of at least 30 nmol/L and closer to 40 
to 50 nmol/L. Fractional calcium absorption does not appear to increase 
with serum 25OHD concentrations above 50 nmol/L. In addition, rickets 
in populations that are not calcium deficient does not occur until serum 
25OHD levels drop below 30 nmol/L.
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Summary of evidence for bone accretion In summary, average calcium 
retention (100 to 140 mg/day) during periods of bone accretion provide 
critical evidence to support the development of DRIs for calcium for these 
life stages using the factorial method as outlined in the 1997 DRI report 
(IOM, 1997), based on the average calcium retention, the specific age 
period, fractional calcium absorption rate, urinary calcium losses, and 
other small calcium losses. Data of good quality have been made available 
in the past 10 to 15 years for ages 1 through 18 for average bone mineral 
calcium accretion or retention; these can be used to determine the EAR 
and Recommended Dietary Allowance (RDA) for calcium for these age 
groups. BMC is of less utility for developing the DRIs for calcium, as noted 
above, but intakes of calcium that support average calcium accretion are 
also associated with normal healthy BMC/BMD.

Neither rickets nor calcium absorption is informative for establishing 
DRIs for calcium. During bone accretion, low serum 25OHD levels (< 30 
nmol/L) are associated with increased risk of rickets when calcium intakes 
are not limiting. Further, fractional calcium absorption may be impaired 
at low serum 25OHD levels (< 30 nmol/L) and does not appear to be 
enhanced further above serum 25OHD above 50 nmol/L. Although the 
AHRQ-Ottawa report found fair evidence of an association between serum 
25OHD levels and BMC/BMD based on observational data, results from 
the RCTs did not confirm a consistent benefit on BMC/BMD across skel-
etal sites and age groups.

Bone maintenance Whereas bone accretion ceases in early adulthood, 
bone continues to be remodeled throughout life. The goal—bone 
maintenance—is to provide adequate levels of calcium and vitamin D to 
support the process and maintain healthy bone and bone density. In turn, 
maintaining neutral calcium balance is the measure of interest—positive 
balance no longer occurs and negative calcium balance is to be avoided. 
In addition to highlighting the five key indicators relevant to bone main-
tenance, this section addresses pregnancy and lactation within the context 
of relevant indicators for DRI development.

Neutral calcium balance An important body of evidence is contributed 
by a recent comprehensive analysis of metabolic studies, as reported by 
Hunt and Johnson (2007). Their work not only offers solutions for some 
of the confounding associated with the interpretation of data from calcium 
balance studies, as discussed in Chapter 2, but also it provides new infor-
mation on the levels of calcium associated with neutral calcium balance.

Participants in the Hunt and Johnson (2007) study included 73 women 
20 to 75 years of age (average 47 years) and 82 men 19 to 64 years of age 
(average 28 years). The analysis included 19 feeding studies conducted at 
one site in a metabolic unit under carefully controlled conditions. Balance 
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data from the final 6 to 12 days of each dietary period were analyzed. For 
these studies, only healthy individuals participated, calcium intakes below 
and near the presumed required amounts were included, and adequate 
dietary adaptation was ensured by examining only dietary periods greater 
than or equal to 18 days. The statistical model used by Hunt and Johnson 
(2007) predicted neutral calcium balance at calcium intakes of 741 mg/day 
for healthy adults, regardless of age or gender. The upper limit of the 95 
percent prediction interval around this estimate was 1,035 mg/day. Given 
the subjects, the outcomes are most readily applicable for adults up to the 
age of 50 years. These authors concluded that their data indicated tight 
control of calcium homeostasis in the range of typical calcium intakes and 
far above the point at which calcium balance is neutral (i.e., 741 mg/day). 
Moreover, they indicated that calcium balance is highly resistant to changes 
in calcium intake across a broad range of intakes—specifically, 414 to 1,740 
mg/day, the approximate 25th and 99th percentiles from their studies.

Bone mineral density: Calcium In the case of female subjects, there are 
observational studies relating calcium intake to bone mass in premeno-
pausal women, but virtually all are confounded by the absence of data 
on vitamin D (either intake or serum 25OHD concentrations) and fac-
tors such as physical activity and hormonal status. In addition, there are 
only two randomized trials of calcium supplementation and bone mass in 
women (and none in men) from the fourth to the sixth decade of life, de-
spite the relative importance of this period for the maintenance of skeletal 
health. Thus, overall, little information specifically for BMD and calcium is 
available, and there is no evidence that levels above that needed for neutral 
calcium balance are beneficial. Needless to say there are no fracture stud-
ies, in part because of the relative rarity of osteoporotic fractures in this 
age group. However, BMD is considered predictive of future fracture risk.

One recent observational study of 300 premenopausal Greek women 
demonstrated that those who had calcium intakes above 800 mg per day 
and were physically active had higher ultrasound bone mass measurements 
than those with lower calcium intakes, regardless of physical activity level 
(Dionyssiotis et al., 2010). Furthermore, a 10-year observational study of 
133 premenopausal Finnish women demonstrated that those with high 
calcium intake had less trochanteric BMC loss than those with lower intake 
(Uusi-Rasi et al., 2008). A recent observational study from Bischoff-Ferrari 
et al. (2009b) examined NHANES data and calcium intake against the 
incidence of hip BMD and serum 25OHD level among individuals with-
out previous fractures across a wide age range. These authors found that 
among premenopausal women, a higher calcium intake was associated with 
greater BMD only for those women with a serum 25OHD level below 50 
nmol/L. No such association was found for men. The methodologies do 
not indicate whether the authors applied the prescribed weighting factors 
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for NHANES data, which if not carried out could significantly impact the 
nature of the results.

Other observational data provide only marginal evidence to suggest 
that calcium intakes can have an impact on bone mass in men. One obser-
vational study of nearly 2,400 young Swedish men (mean age 18.4 years) 
suggested that physical activity level but not calcium intake was related 
to calcaneal BMD (Pettersson et al., 2010). Similarly, in a study of 131 
men ages 20 to 75 years, calcium intake had no relationship to lumbar or 
femoral BMD at any age (Atalar et al., 2009). In the Amsterdam Growth 
and Health Longitudinal Study of 225 men 27 to 36 years of age during a 
10-year period, calcium intake was not related to lumbar BMD. In contrast, 
in a study of 300 Greek men ages 18 to 30 years, only calcium intakes be-
low 400 mg per day were associated with the lower BMD (Kyriazopoulous 
et al., 2006).

As mentioned, randomized trial data are few and underpowered. In 
one very small (n = 37) randomized trial of women 30 to 42 years of age, 
those who increased their dietary calcium intake by an average of 600 mg/
day for 3 years exhibited no vertebral bone loss compared with the women 
with no calcium supplementation, who lost an average of 1 percent of their 
spine BMD per year (Baran et al., 1990). In another small randomized 
study of 300 women between 45 and 55 years of age who were considered 
“perimenopausal,” Elders et al. (1991) demonstrated that supplemental 
calcium at 1,000 mg/day over 2 years prevented a relatively small degree 
of bone loss in the spine compared with placebo-treated controls.

Bone mineral density: Vitamin D Regarding vitamin D and BMD mea-
sures, the AHRQ analyses incorporated largely studies that administered 
vitamin D in combination with calcium. Further, regarding the relationship 
between serum 25OHD levels and BMD measures for persons likely to be 
experiencing bone maintenance, very few studies for persons between the 
ages of 18 and 20 years were located. Regarding the intake of vitamin D 
with and without calcium supplementation, again most studies focused on 
postmenopausal women. In any case, bone density is known to vary among 
adults with age, gender, and race/ethnicity (Looker et al., 2009).

For studies of vitamin D nutriture and BMD, observational data are 
available. For example, Bischoff-Ferrari et al. (2009b) examined a cohort 
of men and women from NHANES III with average age of 47 years (20 to 
69 years) and found that for both genders, there was a stepwise increase in 
BMD for higher serum 25OHD concentrations, even among individuals less 
than 50 years of age. The analysis is reported on the basis of cutoff point, 
and overall distributions were not provided; further it is not clear that the 
NHANES III sampling weights were applied. Van Dijk et al. (2009) studied 
vitamin D intake and BMD in 320 Dutch men and women at 36 years of 
age and found that vitamin D intake was positively associated with BMD 
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at all sites in men but not in women. AHRQ-Tufts reported inconsistent 
outcomes for the measures of BMD relative to serum 25OHD. In any case, 
observational data are best used when causality has been demonstrated by 
RCTs, which does not appear to be the case for BMD and serum 25OHD.

One recent RCT that focused on vitamin D measures included persons 
between the ages of 18 and 64 years, the period at which bone maintenance 
is paramount. Andersen et al. (2008) analyzed 89 women and 83 men 
separately; subjects were Pakistani immigrants living in Copenhagen, Den-
mark. The men and women were assigned to receive either a daily dose of 
400 or 800 IU of vitamin D3 or placebo for 1 year. For women, the mean 
baseline dietary calcium intake was 495 mg/day, and mean serum 25OHD 
concentration was 12 nmol/L. For men, the mean baseline dietary calcium 
intake was 548 mg/day, and the mean serum 25OHD concentration was 
21 nmol/L. At the end of the study, there was no significant difference in 
lumbar spine BMD changes regardless of the dose in both women or men.

Not unexpectedly, osteoporotic fractures are not a factor during the 
younger years of adulthood, a life stage not characterized by bone loss. In 
young adult women, stress fractures and overuse injuries in Navy recruits 
were examined in relation to calcium and vitamin D intake (Lappe et al., 
2008). Supplementation with these two nutrients (2,000 mg of calcium 
per day and 800 IU of vitamin D per day) reduced the incidence of stress 
fractures. However, the generalizability of this study to the normal popula-
tion is questionable.

Osteomalacia Recent data on osteomalacia are illuminating. A study 
conducted by Priemel et al. (2010) provides useful information on serum 
25OHD levels and osteomalacia. Postmortem bone biopsies and measure-
ment of serum 25OHD levels were performed in 675 individuals between 
20 and 100 years of age. Subjects had been residing in Germany and died 
for reasons not related to cancer, metabolic disorders, or bone diseases. 
The mean age of the persons biopsied was 58.7 years for the 401 men, 
and 68.3 years for the 274 women. The authors noted that unlike PTH or 
calcium, serum 25OHD level has been found to be stable in various experi-
ments for at least 10 days postmortem; one question is the extent to which 
serum 25OHD levels at one point in time (death) correlate with levels dur-
ing adulthood. This is the largest study to date examining vitamin D (in 
the form of serum 25OHD) and undermineralization of bone as reflected 
by pathological accumulation of osteoid.

The Priemel et al. (2010) group defined a mineralization defect as a 
value of greater than or equal to 2 percent for the ratio of osteoid volume 
(i.e., bone matrix that is not mineralized) to total bone volume, referred 
to as OV/BV. The authors pointed out that, based on their findings, no 
subject experienced the defect at serum 25OHD levels of 75 nmol/L. That 
is, 100 percent of the population could be considered “covered” by a se-
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rum 25OHD concentration of 75 nmol/L. However, this conclusion from 
Priemel et al. (2010) over-states the levels of 25OHD in serum consistent 
with population coverage akin to an RDA. The question for DRI develop-
ment is not whether a maximal level provides benefit, but at what level can 
the vast majority of the population (97.5 percent) expect benefit.

The committee, therefore, examined the data provided in Panel D of 
Figure 4 (osteoid volume versus 25OHD scatterplot) from Priemel et al. 
(2010) in detail. Determination of the number of cases with serum 25OHD 
levels above 50 nmol/L and above 40 nmol/L was of interest. The number 
of data points above 50 nmol/L was counted by inspection of the data. At a 
serum 25OHD level of 50 nmol/L, there were seven data points reflecting 
persons who failed to achieve the prescribed bone mineralization (OV/BV 
> 2 percent). This suggested that a serum 25OHD level of 50 nmol/L met 
the needs of 99 percent of the persons in the study (that is, only 7 of 675 
surpassed the measure). In fact, the analysis suggested that 97.5 percent 
of the population met the measure at a serum 25OHD level of approxi-
mately 45 nmol/L; however, as it could not be precisely calculated from the 
graphic, 50 nmol/L was selected to err on the side of caution. Thus, more 
than 97.5 percent of the cohort was protected from the defect (OV/BV of 
≥ 2 percent) at a serum 25OHD concentration of 50 nmol/L. Further, it is 
noteworthy that a majority of subjects for whom serum 25OHD levels were 
below 40 nmol/L actually achieved adequate bone mineralization (OV/
BV < 2 percent) as measured by this study. In fact, even at levels lower 
than 25 nmol/L more than half of the subjects were below the threshold 
defect measure. Premortem calcium intakes were not available, and this 
remains a limitation of this study. It is apparent that calcium intake is an 
important variable in bone mineralization. Calcium intake in children 
can prevent rickets even in the face of low serum 25OHD levels or in the 
genetic conditions of absent calcitriol (VDDR I) and absent VDR (VDDR 
II). From this unique data set of Priemel et al. (2010) it is likely that higher 
calcium intake in adults can have a positive impact on the skeleton even 
in the face of lower vitamin D levels. In this regard, the observational data 
from Bischoff-Ferrari et al. (2009b) using NHANES II, is also noted. In 
short, the indication is that higher calcium intakes can compensate for 
lower intestinal calcium absorption as a result of low serum 25OHD levels. 
Conversely, higher serum 25OHD levels cannot compensate for inadequate 
calcium intake.

Earlier observational studies from the UK (Leeds, Cardiff) and the 
United States (New York) histologically examined the hips of first-time hip 
fracture patients and found that 30 to 40 percent had proven osteomala-
cia in the fractured hip (Jenkins et al., 1973; Aaron et al., 1974; Sokoloff, 
1978; Doppelt, 1984). Additional studies have found serum 25OHD levels 
to be significantly lower, PTH levels higher, and biochemical or histo-
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logical evidence of osteomalacia more likely in patients with hip fracture 
than those without hip fracture (Hoikka et al., 1982; Lips et al., 1982; von 
Knorring et al., 1982; Wilton et al., 1987; Diamond et al., 1998; LeBoff 
et al., 1999). Osteomalacia was also seen on bone biopsy in about 4 to 5 
percent of general medical and geriatric patients who had not suffered 
a fracture (Anderson et al., 1966; Stacey and Daly, 1989). Of 111 women 
with postmenopausal vertebral compression fractures attributed to osteo-
porosis, 8 percent had evidence of osteomalacia (Avioli, 1978). Overall, 
these data suggest that the contribution of osteomalacia to fragility may be 
more significant than previously realized: 30 to 40 percent of hip fractures 
may be due to frank osteomalacia not osteoporosis; the remaining 60 to 
70 percent of hip fractures may represent a spectrum that includes ear-
lier stages of osteomalacia/demineralization due to inadequate calcium/
vitamin D as well as osteoporosis. These data may also explain why vitamin 
D supplementation was found to effectively prevent hip fractures in an el-
derly population (Chapuy et al., 1992): it could be healing various degrees 
of underlying osteomalacia in the hip.

Calcium absorption and serum 25OHD As described earlier, studies of 
serum 25OHD concentrations and calcium absorption in adults (mostly 
in postmenopausal women and older men) have suggested that adequate 
calcium absorption occurs in the range of 30 to 50 nmol/L serum 25OHD 
for most persons. Fractional calcium absorption generally does not appear 
to increase with serum 25OHD concentration levels above 50 nmol/L. In 
addition, osteomalacia as explored in one study is not found to be mean-
ingfully present until levels of serum 25OHD are at least below 30 nmol/L.

Potential indicators for Pregnancy: calcium For the majority of women, 
pregnancy comes at a period of life when the mother’s body is normally 
experiencing bone maintenance. Key physiological changes during preg-
nancy, mediated by hormonal action, assure delivery of adequate calcium 
to meet the needs of the fetus, as discussed earlier (e.g., Kovacs and 
Kronenberg, 1997; Prentice, 2003; and Kovacs, 2008). These key changes 
also affect the utility of the bone health indicators detailed above for assess-
ing dietary calcium needs. Potential indicators for calcium requirements 
during pregnancy are discussed below.

• Calcium absorption Absorption efficiency doubles during preg-
nancy in adults (Heaney and Skillman, 1971; Kent et al., 1991) and 
adolescents (O’Brien et al., 2003). Calcium absorption is, thus, 
informative in the DRI development for pregnancy.

• Calcium balance Pregnant women are in positive calcium balance 
early in pregnancy as indicated by the measures of hypercalciuria 
and direct measurement (Heaney and Skillman, 1971). However, 
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the utility of calcium balance in DRI development in pregnancy 
is complex, because the positive calcium balance achieved early 
in pregnancy is reduced to a neutral calcium balance or a slightly 
negative calcium balance by term.

• Maternal BMD/fetal BMC/maternal fracture risk Neither AHRQ-
Ottawa nor AHRQ-Tufts addressed calcium and bone health in 
pregnancy. Bone turnover is modestly increased from as early as 
the first trimester, and the analysis concludes there is inconsistent 
evidence that BMD may decrease between prepartum and postpar-
tum measurements, as discussed above.

  Olausson et al. (2008) reported 1 to 4 percent decreases in 
whole-body, spine, and total hip BMC and BMD from before preg-
nancy to 2 weeks postpartum compared with a nonpregnant, non-
lactating group, but calcium intake was not related to this skeletal 
change. Thus, it is conceivable that some calcium provided to the 
fetus derives from the maternal skeleton during pregnancy. Cal-
cium supplementation among Gambian women with low calcium 
intakes (355 mg/day) during pregnancy resulted in significantly 
lower maternal hip BMC and BMD and greater loss of bone min-
eral in the lumbar spine and distal radius compared with that 
found in the placebo group (Jarjou et al., 2010). The rate of in-
crease in whole-body BMC is also slower in the breast-fed offspring 
of calcium-supplemented women during the first year (Jarjou et al., 
2006). These two RCTs suggest no benefit to the fetus and possibly 
an adverse effect on the mother and infant, at least in the short 
term, of calcium supplementation during pregnancy. Further, the 
majority of epidemiological and prospective studies report that 
parity is associated with a neutral or even a protective effect relative 
to maternal BMD or fracture risk later in life (Sowers, 1996; Kovacs 
and Kronenberg, 1997; O’Brien et al., 2003; Chantry et al., 2004).

  Thus, additional calcium intake during pregnancy does not ap-
pear necessary for maternal or fetal bone health. Similarly, preg-
nant adolescents, who are in an active period of bone accretion, 
do not have impaired BMD or increased fracture risk as reported 
in observational and large cohort studies (Sowers et al., 1985, 
1992; Fox et al., 1993; Sowers, 1996; Kovacs and Kronenberg, 1997; 
Chantry et al., 2004). Thus, maternal and fetal BMD/BMC and 
maternal fracture risk have utility as an indicator for DRI develop-
ment for pregnant adults and adolescents.

• Hypercalciuria Most pregnant women are hypercalciuric with typi-
cal intakes of calcium (Gertner et al., 1986; Dahlman et al., 1994; 
Cross et al., 1995; Seely et al., 1997). This suggests that increased 
intakes of calcium could aggravate hypercalciuria as well as the 
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inherent risk of kidney stones associated with pregnancy. Thus, 
hypercalciuria may be of some utility in DRI development, in that 
it indicates that dietary intake of calcium is more than adequate.

In sum, although no studies have directly explored levels of calcium 
intake sufficient for pregnant women, indirect measures suggest that the 
maternal calcium requirement is not increased over the non-pregnant state 
because of the physiological changes in calcium absorption and possibly, 
to some extent, bone turnover during pregnancy. The majority of epide-
miological and long-term prospective studies that have examined the ef-
fect of parity on BMD, risk of osteoporosis, and incidence of fracture have 
found that parity is associated with a neutral or even a protective effect 
relative to these outcomes (Sowers, 1996; Kovacs and Kronenberg, 1997). 
In short, pregnancy does not impair long-term BMD or skeletal health of 
the mother.

Potential indicators for Pregnancy: Vitamin d Key physiologic changes 
that occur in pregnancy to assure delivery of adequate calcium to meet 
fetal needs are relevant for DRI development. Potential indicators for vita-
min D requirements during pregnancy are described below.

• Calcium absorption Although the efficiency of calcium absorption 
doubles in pregnancy, evidence from studies in the Vdr-null mouse 
shows that this up-regulation occurs independently of vitamin D or 
calcitriol (Van Cromphaut et al., 2001; Fudge and Kovacs, 2010). 
Mechanistic evidence is not available from humans; indeed, if such 
data were available they would still be difficult to interpret because 
of the known concomitant physiological adaptations. Thus, this 
measure is not useful for an integrated bone health indicator for 
vitamin D in pregnancy.

• Maternal, fetal, and childhood BMC/BMD Regarding biological 
plausibility, fetal calcium homeostasis, skeletal development, and 
bone mineralization appear independent of vitamin D, the VDR, 
and calcitriol, based on animal models, and human genetic muta-
tions, as discussed above. Regarding AHRQ-Ottawa, this analysis 
identified three cohort studies and found insufficient evidence on 
the association of serum 25OHD levels with maternal BMD during 
pregnancy. No additional studies were identified addressing vita-
min D and maternal BMD. One RCT (Delvin et al., 1986) found no 
effect of vitamin D supplementation on fetal calcium homeostasis. 
One observational study (Akcakus et al., 2006) reported no rela-
tionship between maternal 25OHD level and fetal BMC or BMD. A 
number of observational studies found normal fetal skeletal devel-
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opment and mineral content (Maxwell and Miles, 1925; Congdon 
et al., 1983) and no radiological evidence of rickets at birth (Pereira 
and Zucker, 1986; Campbell and Fleischman, 1988; Specker et al., 
1992; Specker, 1994; Beck-Nielsen et al., 2009) in severe vitamin D 
deficiency, or even in the absence of 1α-hydroxylase or the VDR 
(Silver et al., 1985; Takeda et al., 1997; Teotia and Teotia, 1997; 
Kitanaka et al., 1998; Bouillon et al., 2006). In contrast, four as-
sociational studies reported lower maternal serum 25OHD levels 
associated with craniotabes (Reif et al., 1988), lower tibia BMC 
and cross–sectional area, maternal serum 25OHD level below 42.6 
nmol/L (Viljakainen et al., 2010), and higher fetal femur metaphy-
seal cross–sectional area and splaying (Mahon et al., 2010).

  Regarding the developmental programming of later skeletal 
health in older offspring, one observational study, using 33 per-
cent of the initial infants in a cohort, reported an association of 
lower whole-body and lumbar spine BMC and areal BMD at age 9 
years in children whose mothers had low serum 25OHD levels late 
in gestation, even though no skeletal parameters differed at birth 
or nine months of age (Javaid et al., 2006). In offspring of mothers 
whose serum 25OHD levels late in gestation were less than 27.5 
nmol/L or between 27.5 and 50.0 nmol/L, whole-body BMC was 
reduced compared with those whose mothers had serum 25OHD 
levels above 50.0 nmol/L. The definition of developmental pro-
gramming as an indicator per se is questionable; in any case, the 
evidence for developmental programming of offspring skeletal 
health outcomes is insufficient to permit the committee to draw 
any conclusions, but it may be considered within the larger context 
of fetal skeletal BMD.

  Although the congruence of the limited RCT data and major-
ity of the observational data in humans suggests that fetal skeletal 
outcomes are not adversely affected by maternal vitamin D intake 
or serum 25OHD concentrations, fetal BMD and related skeletal 
outcomes may still be of some utility for DRI development. Little 
evidence could be identified for maternal BMD, making it unclear 
as to this measure’s utility for DRI development.

• Neonatal rickets The AHRQ-Ottawa report included neonatal rick-
ets infants 0 to 6 months of age and young children 1 to 6 years 
of age and found fair evidence for an association between low 
serum 25OHD levels and rickets identified as early as 2 months, 
but inconsistent evidence about the threshold level of 25OHD in 
serum above which rickets does not occur. AHRQ-Tufts identified 
no additional studies. Generally, the available observational stud-
ies do not report the development of vitamin D–deficiency rickets 
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until weeks or months after birth (Begum et al., 1968; Ford et al., 
1973; Moncrieff and Fadahunsi, 1974; Sann et al., 1976; Pereira 
and Zucker, 1986; Park et al., 1987; Campbell and Fleischman, 
1988; Specker, 1994; Teotia et al., 1995; Beck-Nielsen et al., 2009). 
Thus, neonatal rickets is of limited utility in the development of 
DRIs for pregnancy.

• Maternal and cord blood 25OHD levels Regarding pregnancy out-
comes, maternal and cord blood 25OHD levels may be of inter-
est. AHRQ-Ottawa reported inconsistent evidence on changes in 
serum 25OHD levels during pregnancy, with two studies reporting 
no change and one study reporting a decline. In a few other stud-
ies, maternal serum 25OHD levels have responded to supplemen-
tal vitamin D (Marya et al., 1981, 1988; Mallet et al., 1986; Yu et al., 
2009). In observational studies, babies born of vitamin D–deficient 
mothers have the lowest serum 25OHD levels and are at higher 
risk for complications sooner after birth than are babies born of 
vitamin D–replete mothers. Maternal serum 25OHD levels were 
stable and largely unaffected by pregnancy (Hillman et al., 1978; 
Brooke et al., 1980; Ardawi et al., 1997; Morley et al., 2006), even 
when the baseline serum 25OHD level was very low (20.1 ± 1.9 
nmol/L) (Brooke et al., 1980).

Overall, fetal BMC and related skeletal outcomes are informative for 
DRI development for pregnancy.

Potential indicators for lactation: calcium The key physiological 
changes to meet the calcium demands of lactation occur through increased 
bone resorption, and most of the calcium in human milk comes from the 
maternal skeleton (Kalkwarf, 1999; Prentice, 2003; Kovacs, 2005; Kovacs and 
Kronenberg, 2008). Thus, lactation is a period of transient bone mineral 
loss and not, per se, a period of bone maintenance, although BMD is re-
stored post-weaning (Kalkwarf, 1999). However, lactation is included in the 
category of bone maintenance in order to discuss pregnancy and lactation 
contiguously, and because bone mineral is restored in the immediate period 
post-lactation. Potential indicators related to calcium requirements during 
lactation are outlined below.

• Maternal BMD The need to provide calcium to the infant—a 
need that is two to three times greater than the daily amount 
needed for fetal development during pregnancy—is met by the 
maternal adaptation of increased bone resorption (Specker et al., 
1994; Kalkwarf et al., 1997), resulting in a 5 to 10 percent de-
cline in BMD during the first 6 months of exclusive breastfeeding 
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(Kalkwarf et al., 1997). Neither of the AHRQ analyses addressed 
calcium and BMD during lactation. Both RCTs and observational 
studies indicate that increased dietary calcium intake does not 
suppress maternal bone resorption during lactation (Cross et al., 
1995; Fairweather-Tait et al., 1995; Prentice et al., 1995; Kalkwarf 
et al., 1997; Laskey et al., 1998; Polatti et al., 1999) nor does it alter 
the calcium content of human milk (Kalkwarf et al., 1997; Jarjou 
et al., 2006). Further, the calcium content of human milk does 
not predict maternal BMD decline, but breast milk volume does 
(Laskey et al., 1998), although milk calcium content is known to 
vary within and between feeds, complicating interpretation. During 
the post-lactation period (6 to 12 months), maternal bone mineral 
is deposited; in turn, maternal BMD is restored to pre-lactation 
levels without any consistent evidence of a need for higher calcium 
intake compared with non-pregnant women (Sowers, 1996; Kovacs 
and Kronenberg, 1997; Kalkwarf, 1999). Two RCTs found no ef-
fect of calcium supplementation post-weaning (Cross et al., 1995; 
Prentice et al., 1995), although one RCT found a slightly greater 
(1.5 percent) increase in BMD in calcium-supplemented women 
post-weaning (Kalkwarf et al., 1997). Adolescents, like adults, re-
sorb bone during lactation and recover fully afterward, with no 
evidence that lactation impairs achievement of peak bone mass 
(Chantry et al., 2004). Maternal BMD is therefore informative for 
DRI development.

• Calcium balance Although calcium balance is negative during lac-
tation owing to the enhanced bone resorption discussed above, 
mothers are restored to a positive balance and net accretion of 
bone mineral immediately upon cessation of lactation, followed 
by BMD restoration. Notably, urinary calcium excretion decreases 
during lactation. Thus, during lactation, higher calcium intakes 
will be less well tolerated and may not be needed, because higher 
calcium intake does not suppress bone loss. Calcium balance in 
lactation can be informative for DRI development.

Overall, available evidence indicates that the maternal calcium require-
ment is not increased during lactation, and it may also not be increased 
during the post-weaning interval in which the skeleton recovers to its pre-
pregnancy baseline BMC.

Potential indicators for lactation: Vitamin d As noted above, lactation 
is a period of transient bone loss, but it is discussed here in order to con-
sider pregnancy and lactation contiguously and because BMD is restored in 
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the post-lactation period. Potential indicators for vitamin D requirements 
during lactation are discussed below.

• Maternal BMD AHRQ-Ottawa found good evidence from one co-
hort study that there is no association between serum 25OHD level 
and maternal BMD during lactation. No studies have examined 
what level of maternal vitamin D intake is required for the maternal 
skeleton to recover lost mineral content after lactation, although 
one observational study (Ghannam et al., 1999) in Saudi women 
found no relationship between maternal serum 25OHD levels (in-
cluding levels consistent with hypovitaminosis D) and lumbar or 
femoral neck BMD. There is no evidence that lactating adolescents 
require any more vitamin D or higher serum 25OHD levels than 
non-lactating adolescents. Thus, maternal BMD is of limited use in 
DRI development for lactation.

• Maternal and infant serum 25OHD levels Regarding lactation, ma-
ternal and infant serum 25OHD levels are of limited use given the 
present lack of consistent data. AHRQ-Tufts identified only one 
RCT, which it graded C (i.e., the report from Wagner et al., 2006), 
that found no effect of maternal supplemental vitamin D (6,400 
IU) during lactation on infants’ weight or length. Eight other RCTs 
(Rothberg et al., 1982; Ala-Houhala, 1985; Ala-Houhala et al., 1988; 
Kalkwarf et al., 1996; Hollis and Wagner, 2004; Basile et al., 2006; 
Wagner et al., 2006; Saadi et al., 2007) suggest that maternal vita-
min D supplementation increases maternal serum 25OHD levels 
but does not affect neonatal serum 25OHD levels unless the ma-
ternal intake of vitamin D is extremely high, in the range of 4,000 
to 6,400 IU/day (Hollis and Wagner, 2004; Wagner et al., 2006). 
With respect to observational studies, maternal serum 25OHD 
levels are not affected by lactation (Kent et al., 1990; Sowers et al., 
1998), although one study found an increase post-weaning (Cross 
et al., 1997). Observational studies (Cancela et al., 1986; Okonofua 
et al., 1987; Takeuchi et al., 1989; Kent et al., 1990; Alfaham et al. 
1995; Sowers et al., 1998) also show little impact of maternal serum 
25OHD levels. Thus, maternal and fetal serum 25OHD concentra-
tions have limited utility for DRI development.

Summary of evidence for bone maintenance During bone maintenance, 
calcium intakes that maintain a neutral calcium balance have been recently 
elucidated in an important 2007 study (Hunt and Johnson, 2007) and are 
informative for the development of an EAR as well as an RDA. The rela-
tionship of calcium intake to BMD is more difficult to discern given the 
limited, and often contradictory observational data and relatively few and 
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6

6

small RCTs. There is little evidence that levels of calcium intake above that 
needed for neutral calcium balance are consistent with an improvement 
in BMD. Of note, the pregnancy-induced increase in fractional calcium 
absorption allows the needs of pregnancy to be met without an increase 
in calcium intake above normal requirements. Although it does result in 
bone resorption, lactation does not increase the risk of reduced BMD or 
osteoporosis.

Osteomalacia, as explored in one recent study, is not found to be 
meaningfully present until serum 25OHD levels are at or below at least 
30 nmol/L and is rarely present when serum 25OHD levels are above 50 
nmol/L, suggesting the possibility of a population distribution. Further, 
fractional calcium absorption is not additionally enhanced when serum 
25OHD levels are above 50 nmol/L. Both osteomalacia and fractional 
calcium absorption are, thus, informative for the development of DRIs for 
vitamin D in periods of bone maintenance.

Finally, calcium and vitamin D requirements are not increased dur-
ing pregnancy or lactation. Nor does vitamin D supplementation alter the 
development of the fetal, infant, or maternal skeletal health outcomes.

Bone loss A sustained bone loss is associated with the normal aging pro-
cess and with menopause, as discussed in Chapter 2. The older adult loses 
bone at an estimated 1 percent per year (Sowers et al., 2010), although 
the rate of loss varies. The loss is abrupt for women at menopause and is 
quite rapid until approximately the sixth or seventh year after the onset of 
menopause. For men, bone loss begins later in life and generally declines 
steadily over time. Although neutral calcium balance is desired, the re-
alities focus on reducing bone loss and mitigating the degree of negative 
calcium balance to the extent possible.

Calcium balance Bone loss is reflected by negative calcium balance, 
and ideally the degree of negative calcium balance would be reduced to 
the extent possible. Therefore, a reasonable starting point for considering 
the nutrient intake levels that may be relevant during the life stages associ-
ated with bone loss is information on calcium balance. However, relatively 
few data are available. The study conducted by Hunt and Johnson (2007), 
described previously, included a few older men up to the age of 64 years 
and some older women up to the age of 75 years. Specifically, information 
provided by the study authors  indicated that there were 2 men and 34 
women between 51 and 70 years of age and 4 women more than 70 years 
of age.

Specific age breakdown for subjects in Hunt and Johnson (2007): ages 19 to 50 years (35 
women, 80 men); ages 51 to 70 years (34 women, 2 men); ages > 70 years (4 women, 0 men). 
Personal communication, L. Johnson, June 30, 2010.

 The Hunt and Johnson (2007) analysis suggested that, overall, per-
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sons of any age in the study achieved neutral calcium balance at calcium 
intakes of 741 mg/day.

Although these data may be relevant for the younger aging male, the 
Hunt and Johnson (2007) analysis may not be adequate for considering 
specific issues of bone loss due to aging among men; there were only two 
men in the age range of 51 to 70 years and no men over the age of 70 years 
in the analysis. Further, it is uncertain what proportion of women in the 
Hunt and Johnson (2007) study were menopausal, although approximately 
half were over the age of 50 years.

Heaney et al. (1977), in examining 130 Catholic nuns as part of a longi-
tudinal study, reported that neutral calcium balance during the perimeno-
pausal state for these women (between the ages of 35 and 50 years) was 
achieved at 1,240 mg/day. This intake is notably higher than that reported 
by Hunt and Johnson (2007). In a second study of the same group of 
women (n = 168), Heaney et al. (1978) reported that perimenopausal and 
estrogen-treated women reached neutral calcium balance with calcium in-
takes of 990 mg/day, whereas untreated postmenopausal women required 
1,504 mg of calcium per day for neutral calcium balance. This suggests, in 
contrast to the findings of Hunt and Johnson (2007), that menopausal state 
may be relevant to considerations of calcium requirements. In any case, be-
cause the indicator of interest is bone health, other measures, such as bone 
density and fracture risk are also considered.

Bone mineral density and fracture risk: Calcium Fracture risk occurs in 
the later years of life and can be useful as an indicator of bone health, but 
fractures are less common in persons less than 70 years of age. Therefore, 
as an indicator, it is not particularly revealing as far as the effects of nutrient 
intake in slowing the bone loss of early menopause, when many women are 
in their 50s. It is also of questionable relevance to men less than 70 years of 
age who generally have yet to experience the full impact of bone loss due 
to aging. However, BMD measures are predictive of future fractures and 
can serve as a relevant indicator to ensure bone health to the extent pos-
sible during the onset of menopause and during the early aging process.

Regarding BMD measures and calcium intake among younger meno-
pausal women, the AHRQ analyses are not specifically helpful in that the 
analyses used primarily studies that supplemented participants with both 
vitamin D and calcium, and neither AHRQ analysis addressed calcium 
alone relative to bone health. One report reviewed by AHRQ, which used 
a combination of calcium and vitamin D supplements, should be noted, 
especially given the large size of the cohort. The study (Jackson et al., 
2006), stemming from the WHI, randomly assigned more than 36,000 post-
menopausal women between the ages of 50 and 79 years (mean = 62 years) 
to a placebo or 1,000 mg of calcium with a supplement of 400 IU of vita-
min D3. Fractures were ascertained during a period of about 7 years, and 
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BMD was measured for some of the subjects. On average, the background 
intake of these women provided a relatively high intake of calcium (aver-
age 1,150 mg/day), compared with that typically reported for the general 
population. With the addition of the supplement given as part of the study 
protocol, calcium intakes approached 2,150 mg/day. Overall, following 
the intervention, the authors found a small, but significant, improvement 
in hip BMD; however, the study did not demonstrate a reduction in hip 
fracture. This appears to be consistent with the understanding that frac-
ture risk is less prevalent under the age of 70 years, particularly among 
persons 50 to 60 years of age. On the basis of age stratification, women 50 
to 59 years of age showed a hazard ratio for hip fracture of 2.17, whereas 
the HR for women 60 to 69 years of age was 0.74. It is notable that the vi-
tamin D supplementation was relatively low, thereby enhancing the ability 
to consider the effects of calcium per se. Under these conditions, there 
is the suggestion that calcium intakes of 2,150 mg/day increased BMD 
slightly compared with intakes of 1,150 mg/day (placebo with background 
diet). However, the calcium–vitamin D treatment was associated with an 
increased risk of kidney stones.

Several studies (Table 4-15) are noted in the context of examining the 
effect of calcium on BMD at times when menopause occurs or is on-going. 
As shown in the table, the data suggest mixed results. None measured the 
nature of the dose–response relationship. Some indicate benefit at lower 
levels of calcium intake, whereas others show no effect at higher levels of 
intake. The benefits vary by bone site, but not consistently; and lifestyle fac-
tors, such as exercise, appear to be related to outcome. However, the meta-
analysis of Shea et al. (2002), which examined calcium supplementation 
with minimal vitamin D intake, suggested a relatively small, but consistent, 
effect of calcium supplementation on BMD in postmenopausal women, 
many of whom were less than 70 years of age. The authors reported that the 
inference that calcium increases bone density for this group was strength-
ened by the consistency of the findings across four sites of measurement, 
but pointed out that loss to follow-up and unexplained heterogeneity con-
founded the conclusions. In a study of free-living menopausal women that 
measured total body calcium (by neutral activation analysis), a retardation 
of bone loss in the femoral neck in early menopause was reported with a 
calcium intake of 1,700 mg/day (Aloia et al., 1994). However, the study 
protocol combined the calcium supplementation with 400 IU of vitamin 
D per day. In contrast, in some studies focused on reducing bone loss in 
menopausal women using various treatments including increased calcium 
intake, it was found that the retardation of bone loss with calcium intake 
was not equivalent to that associated with hormone replacement therapy, 
but also that it appeared to have minimal effect on retarding that compo-

6
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TABLE 4-15 Intervention Studies of Interest: Calcium Supplementation 
(without Vitamin D) and Bone Mineral Density Among Menopausal 
Women < 71 Years of Age

Reference; 
Study 
Type; 
Country Population Description Calcium Intake and BMD Measures

Dawson-
Hughes 
et al., 
1990

RCT

United 
States

Healthy, postmenopausal 
women

Average age = 58 years

n = 301

500 mg with background diet (intakes 
grouped as < 400 mg or 400–650 mg) of 274 
± 80 mg/day and 513 ± 71 mg/day (early 
postmenopausal); 283 ± 89 mg/day and 530 
± 95 mg/day (late postmenopausal)

If postmenopausal for 6+ years, 
maintenance of BMD at hip and radius, but 
loss at spine

Bone loss from spine not affected by 
calcium supplementation if menopausal for 
5 or fewer years

Reid et al., 
1993

RCT

New 
Zealand

Healthy, postmenopausal 
women (≥ 3 years 
postmenopause)

Average age = 58 years

n = 122

1,000 mg supplement with background diet 
of 750 ± 260 mg/day at 2 years (mean)

Loss of total body BMD reduced by 43%

Prince 
et al., 
1995

RCT

Australia

Healthy, postmenopausal 
women 
(> 10 years postmenopause)

Average age = 62 years

n = 168

1,000 mg supplement with background diet 
of 822 ± 286 mg/day (Ca group) and 919 ± 
411 mg/day (Ca + exercise group) (means)

Cessation of bone loss at the 
intertrochanteric and trochanteric hip site; 
reduced bone loss of the tibias (ultradistal); 
no significant bone loss at the spine site in 
any group

Exercise with calcium supplementation 
resulted in less bone loss at the femoral 
neck site compared with calcium 
supplementation alone

Riggs 
et al., 
1998

RCT

United 
States

Healthy, postmenopausal 
women

Average age = 66 years

n = 177

1,600 mg with background diet of 711 ± 276 
mg/day

Small retardation of rate of bone loss (total 
body BMD, lumbar spine, proximal femur), 
but significant difference

NOTE: BMD = bone mineral density; RCT = randomized controlled trials.
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nent of bone loss that was due to estrogen withdrawal (Riis et al., 1987; 
Dawson-Hughes et al., 1990).

Although the meta-analysis of Tang et al. (2007) concluded that in ad-
dition to fracture risk reduction, calcium supplementation was associated 
with a larger reduction in the rate of bone loss when the supplemented 
dose was 1,200 mg/day, the analysis included both men and women, many 
of whom were over the age of 70 years. Further, the authors noted that the 
regimen was most effective for persons who were quite elderly, lived in in-
stitutions, had low body weight, and had low calcium intakes at the time of 
the study. Such persons are likely different from the younger menopausal 
women undergoing the rapid bone loss associated with the early stages of 
menopause.

Taken as a whole, the evidence suggests some benefit for BMD/bone 
loss related to calcium intake, but the minimum level of intake that is effec-
tive is difficult to ascertain, because dose–response relationships were not 
examined and there were many confounding variables. Most studies added 
a large supplemental dose to existing background calcium intakes of ap-
proximately 700 to 800 mg/day. Therefore, the benefit has been studied at 
calcium intakes ranging from about 750 mg/day to 1,700 to 1,800 mg/day.

Bone loss becomes more characteristic of both genders as age in-
creases, and the risk of osteoporotic fracture becomes more common, 
along with decreased bone density. Although most evidence for fractures 
focuses on women, fracture rate for men has also been studied and is of 
concern. Overall, the question is whether and at what levels calcium intake 
can mitigate or reduce fracture risk in older persons.

Relative to calcium intake alone, the meta-analysis offered by Tang 
et al. (2007) and discussed previously, provides some information. While all 
subjects were over 50 years of age, many were in the age range of 70 years 
and above. The results suggested benefit for BMD and fracture risk reduc-
tion relative to calcium in combination with vitamin D or calcium alone. 
However, the number of calcium-alone studies was small, and the vitamin D 
status of those in the trials was not always evident. The authors’ conclusion 
that a calcium intake of 1,200 mg/day was effective in demonstrating this 
benefit must be considered in light of the fact that most studies did not 
provide supplementation at lower levels, such as 1,000 mg/day.

Many of the same studies that were relevant at the time of the 1997 DRI 
review (IOM, 1997) remain relevant today, such as Chevalley et al. (1994) 
and Recker et al. (1996). The available studies in 1997 suggested that there 
was a favorable effect of calcium on reduction in fracture rate, but there 
were insufficient data to allow estimation of the magnitude of the impact 
of calcium intake on fracture rates. The Bischoff-Ferrari et al. (2007) meta-
analysis of RCTs with calcium basically came to similar conclusions. In that 
paper, a summary of prospective cohort studies of calcium alone suggested 
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no effect on non-vertebral fracture risk. However, in a pooled meta-analysis 
of five RCTs of calcium alone, the authors found that risk reduction was 8 
percent (HR = 0.92 [95% CI: 0.81-1.05]) for non-vertebral fractures. 

TABLE 4-16 Intervention Studies of Interest: Calcium Supplementation 
(without Vitamin D) and Fracture Risk and/or BMD in Persons > 70 
Years of Age

Reference; 
Country Subjects Calcium Intake and Fracture Risk and/or BMD 

Peacock 
et al., 
2000

United 
States

Independent, 
mobile older 
men and 
women

n = 316 
women 
n = 122 men

Average age = 
75 years

750 mg/day

Background diet of 670 ± 325 mg/day (men) and 564 ± 294 
mg/day (women) [Note: Study protocol included a group 
receiving 25OHD3]

For hip, calcium supplement recipients had similar BMD 
compared with placebo (at the spine, both placebo and 
calcium supplementation increased BMD during the study)

Grant 
et al., 
2005

UK

Older men 
and women 
with previous 
fracture; 85% 
women

n = 5,292

Average age = 
78 years 

1,000 mg/day

Background diet not reported [Note: Study protocol 
included a group receiving vitamin D3 and a group receiving 
combination of calcium and vitamin D3]

Incidence of new fractures (26% were of the hip) did not 
differ significantly between participants allocated calcium and 
those who were not

Compliance with tablets containing calcium was significantly 
low

Prince 
et al., 
2006

Australia

Healthy, 
older women 
over age of 
70 years

n = 1,460

Average age = 
75 years

1,200 mg/day

Background diet of 897 mg/day (placebo, compliant with 
regimen), 915 mg/day (calcium, compliant with regimen), 
950 mg/day (placebo, noncompliant with regimen), 903 mg/
day (calcium, noncompliant with regimen)

Supplementation overall did not significantly reduce 
fracture risk, but subanalysis on the basis of compliance 
showed significantly reduced fracture incidence with calcium 
supplementation

Calcium recipients had improved quantitative ultrasonography 
findings of the heel, femoral neck, and whole-body DXA 

NOTE: BMD = bone mineral density; DXA = dual-energy X-ray absorptiometry; UK = United 
Kingdom.

This is 
consistent with the committee’s conclusion that calcium supplementation 
alone has a modest benefit for skeletal health, both in terms of increased 
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BMD and a suggestion of non-vertebral fracture risk reduction. Peacock 
et al. (2000) more recently reported no effect of calcium compared with 
placebo relative to hip BMD (see Table 4-16).

In summary, considering calcium alone, intakes at or above 1,200 mg/
day, whether with supplements or diet, are not associated with a reduced 
fracture risk, although calcium supplementation can prevent bone loss 
from both the hip and spine in both young and older postmenopausal 
women. In contrast, there is evidence from several meta-analyses to sug-
gest that sufficient calcium (≥ 1,200 mg/day) with vitamin D supplemen-
tation (800 IU/day) reduces fracture risk, particularly hip, in those over 
age 70 years and those institutionalized (Tang et al., 2007; Avenell et al., 
2009b).

Bone mineral density and fracture risk: Vitamin D The vast majority of the 
studies that consider bone health and the issues of bone loss, BMD, and 
fracture risk contain protocols that administered a combination of vitamin 
D with calcium. These are well described in the AHRQ analyses, which fo-
cused on postmenopausal women and older men. AHRQ-Tufts concluded 
that there is good evidence that vitamin D3 plus calcium supplementation 
resulted in small increases in BMD of the spine, total body, femoral neck, 
and total hip. Based on included trials, it was less certain whether vitamin 
D3 supplementation alone has a significant effect on BMD. Two of the 
three relevant new RCTs identified by AHRQ-Tufts showed a significant in-
crease in hip or total BMD in postmenopausal women, supplemented with 
vitamin D3 or vitamin D2 (300 or 1,000 IU/day, respectively) plus calcium 
(1,200 mg/day), compared with placebo. Only one of these three trials 
did not combine calcium supplementation with vitamin D supplementa-
tion. AHRQ-Ottawa concluded that supplementation with vitamin D (most 
studies used vitamin D3) plus calcium was effective in reducing fractures 
in institutionalized older populations, although the benefit in community-
dwelling individuals was inconsistent. AHRQ-Tufts did not identify any new 
RCTs examining the combined effect of vitamin D plus calcium supple-
mentation on fractures in postmenopausal women and older men. For vi-
tamin D alone, the evidence was specified as inconsistent for a relationship 
with reduction in fracture risk. Three new RCTs identified by AHRQ-Tufts 
(Bunout et al., 2006; Burleigh et al., 2007; Lyons et al., 2007) did not show 
significant effects of either vitamin D2 or vitamin D3 (daily doses ranged 
from 400 to 822 IU) in reducing the risk of total fractures.

Avenell et al. (2009b) performed a meta-analysis comparing the effects 
of vitamin D alone with those of vitamin D plus calcium relative to fracture 
risk. In nine trials encompassing nearly 25,000 participants, vitamin D 
supplementation alone had no effect on risk reduction for hip, vertebral, 
or any fracture. In contrast, calcium plus vitamin D (typical intake range of 
400 to 800 IU/day, but up to a high of 2,286 IU/day, as well as bolus doses 
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on a weekly basis) suggested a 16 percent risk reduction for hip fractures, 
particularly among institutionalized elders.

The meta-analysis conducted by Tang et al. (2007) did not consider 
the effect of vitamin D independently, but is nonetheless of interest. These 
authors analyzed 17 trials that used calcium or calcium in combination with 
vitamin D supplementation and reported fracture as an outcome, conclud-
ing that a supplementation of 800 IU of vitamin D per day or greater in 
combination with a calcium intake of at least 1,200 mg per day is more ef-
fective for fracture risk reduction than supplementation with less than 800 
IU of vitamin D per day with the same level of calcium supplementation.

Another meta-analysis with fewer studies (Bischoff-Ferrari et al., 2009c) 
examined the prevention of non-vertebral fractures with vitamin D supple-
mentation alone. These authors concluded that non-vertebral fracture rate 
is reduced with vitamin D supplementation in a dose-dependent manner. 
The analysis, however, has some limitations. First, it did not take into ac-
count baseline vitamin D intake, which could have been as high as 250 to 
300 IU/day, as was noted in a cohort study of older women (Jackson et al., 
2006). Second, their approach to defining a dose–response relationship 
included a sensitivity analysis, based on analysis of a subgroup of women 
identified as having been the most compliant in taking their supplement. 
Finally, the regression line that produced a 75 nmol/L threshold serum 
25OHD level at which fractures were prevented used an x-axis with irregu-
larly spaced intervals of serum 25OHD level from 50 to 80 nmol/L. With 
this confounding as a limitation on the utility of the data, the Bischoff-
Ferrari et al. (2009c) analysis may support the possibility that vitamin D 
intakes of approximately 400 IU/day provide some level of benefit relative 
to fracture risk reduction.

Two recent RCTs are now available that were not considered in the 
AHRQ analyses. Sanders et al. (2010) treated nearly 2,300 women 70 years 
of age or older with either placebo or 500,000 IU of vitamin D once yearly 
for 3 years. The mean serum 25OHD level in the treated group at baseline 
was 49 nmol/L and rose at 1 month to 120 nmol/L. Remarkably, the risk 
of any fracture was 25 percent higher in the treated group than in the 
placebo group, primarily during the first 3 months of treatment. Salovaara 
et al. (2010) performed a recent 3-year randomized trial of 3,432 free-living 
Finnish postmenopausal women ages 65 to 71 years, testing the effects of 
1,000 mg of calcium per day plus 800 IU of vitamin D per day on incident 
fractures. Baseline average calcium intake was the same for treatment and 
control groups, approximately 950 mg/day likewise, serum 25OHD levels 
were 50 nmol/L for each. After 3 years, the serum 25OHD level in the 
treated group was 75 nmol/L compared with 55 nmol/L in controls. There 
was no statistically significant effect of the combination of calcium and 
vitamin D on incident fractures at any site, although as with other studies, 
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there was a trend in overall fracture risk reduction for the treated group 
(adjusted HR = 0.83; 95% CI: 0.61–1.12).

Osteomalacia The data from Priemel et al. (2010) as examined by the 
committee have been discussed above in the section on bone maintenance. 
Given that this study included persons from 20 to 100 years of age, with a 
majority between 60 and 100 years of age, the information from the study 
is relevant to considerations of bone loss. As determined by the commit-
tee, nearly all persons were free of the measure of osteomalacia used in 
the study when serum 25OHD levels were above 50 nmol/L; a significant 
increase in the number of people displaying the mineralization defect 
was not observed until the serum 25OHD level had decreased below 30 
nmol/L. A number of subjects continued to achieve adequate bone min-
eralization even at very low levels of 25OHD.

Calcium absorption and serum 25OHD level As described above, studies 
of serum 25OHD concentrations and calcium absorption in adults (most 
studies used postmenopausal women and older men) have suggested that 
ample calcium absorption occurs in the serum 25OHD concentration 
range of 30 to 50 nmol/L for most persons. Fractional calcium absorption 
generally does not appear to increase with serum 25OHD concentration 
above 50 nmol/L. In addition, osteomalacia as explored in one study, is 
not found to be meaningfully present until serum 25OHD levels are at least 
below 30 nmol/L 25OHD.

Integration of evidence for bone accretion, maintenance, and loss
Calcium The indicator of bone health for calcium depends on the 

stage of bone health: accretion, maintenance, or loss. For the accretion 
stage, average bone calcium accretion/retention is informative when com-
bined with a factorial approach (IOM, 1997) to develop an EAR and calcu-
late an RDA. During bone maintenance, neutral calcium balance maintains 
bone health. For the bone loss stage, integrating BMD with neutral calcium 
balance may provide additional information for women in the early meno-
pausal period, as discussed above. For younger men entering the same life 
stage, neutral calcium balance maintains bone health. In later menopause 
and with aging, fracture risk integrated with the limited information on 
BMD is informative. Of special note is the pregnancy-induced increase in 
fractional calcium absorption that precludes an increased calcium require-
ment during pregnancy. The period of transient but notable bone mineral 
loss during lactation is not affected by calcium intake and is remedied 
within a short period post-lactation without increased calcium intake.

Vitamin D Specifying the indicator for vitamin D and bone health 
across the key stages of bone accretion, bone maintenance, and bone loss 
presents a challenge because of the limitations of the data and the desir-
able features of an indicator of effect. Serum 25OHD concentrations are 
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often reported for a range of outcomes of interest, making this indicator of 
“exposure” useful, even though it is not a validated intermediate indicator 
of effect. Potentially further complicating the specification of an indicator 
is the public health interest in developing a reference value that addresses 
bone health beyond the impact of classic vitamin D deficiency, such as 
rickets. Of note is that existing evidence does not suggest a unique role for 
vitamin D during pregnancy or lactation beyond that which it plays during 
non-pregnant and non-lactating states.

FIGURE 4-9 Conceptualization of integrated bone health outcomes and vitamin 
D exposure.

 

Risk of vitamin D–
deficiency rickets in

bone accretion
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Low Moderate High

Serum 25OHD Level

As the committee considered the limitations and variability of the evi-
dence across the stages of bone accretion, bone maintenance, and bone 
loss, a strong congruence of several indicators of bone health—no one of 
which was sufficiently informative to serve as a basis for a reference value—
emerged in relation to serum 25OHD levels and, thus, vitamin D exposure. 
Integrating these indicators—BMC/BMD, fractional calcium absorption, 
rickets, osteomalacia, and fracture risk—revealed, as can be seen in the 
conceptual model in Figure 4-9, an increase in risk of rickets or osteomala-
cia, impaired fractional calcium absorption, and fractures in older persons 
when serum 25OHD levels were low, and no apparent benefit for these 



294 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

measures when serum 25OHD levels were higher. At moderate levels of 
serum 25OHD, risk was variable, depending on the specific measure. Col-
lectively, however, the integration of these indicators, if used for DRI devel-
opment, would support the development of an EAR within this moderate 
range in which risk for one or more of these bone health indicators may be 
increased in approximately 50 percent of the healthy population, but re-
duced in the remaining 50 percent of the population. Illustrated, then, in 
the companion Figure 4-10 is the consistency of this integrated conceptual 
model with the classical requirement distribution, or, more specifically, 
with a marker of exposure. As this is a conceptual model, specific values are 
not assigned in this figure for “low,” “moderate,” and “high.”

FIGURE 4-10 Theoretical distribution of serum 25OHD level in healthy popula-
tions based on integrated bone health outcomes.

  Low Moderate High 

Serum 25OHD Level 

CONSIDERATIONS RELATED TO 
AFRICAN AMERICAN ANCESTRY

As a result of their greater skin pigmentation, African Americans as 
well as other dark-skinned groups have lower serum 25OHD concentra-
tions throughout life—as discussed in the section below. However, despite 
lower serum 25OHD concentrations, African Americans have a superior 
“calcium economy” compared with whites in North America and have 
less risk for osteoporosis and fracture (Cohn et al., 1977; Anderson and 
Pollitzer, 1994; Bell et al., 1995; Aloia et al., 1996b, 1999, 2000; Finkelstein 
et al., 2002; Barrett-Connor et al., 2005; Cauley et al., 2005a; Tracy et al., 
2006). Racial/ethnic differences have been sought to explain the paradox 
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of a decreased incidence of osteoporosis in the presence of lower serum 
25OHD levels (Aloia, 2008).

Initially, there is an important caution in considering available data. 
For many comparative studies, the derivation of the assignment of “race” 
is not clear. Detailed ancestry is not included in most studies, and socio-
economic characteristics of the ethnic groups are not described. Usually, 
no genetic data are collected. When the approach has been to consider 
social and behavioral variables in relation to a single ethnic group, there 
have been studies suggesting that there is considerable variability in the 
black ethnic group (Melton et al., 2002; Nelson et al., 2004; Thandrayen 
et al., 2009). For instance, spinal BMD is lower in recent Sudanese im-
migrants than in African Americans or whites (Gong et al., 2006). Thus, 
our interpretation of studies considering bone health in Americans of 
African heritage must be approached with caution. Moreover, the search 
for genomic explanations for bone mass variability has thus far not been 
rewarding (Fleet et al., 1995; Harris et al., 1997; Zmuda et al., 1997, 1999, 
2003; Koller et al., 2000; Nelson et al., 2000; Peacock et al., 2002; Gong and 
Haynatzki, 2003; Edderkaoui et al., 2007; Shaffer et al., 2007; Wang et al., 
2007; Engelman et al., 2008; Foroud et al., 2008; Eisman, 2010).

FIGURE 4-11 Bone density of the femur in the black and white population.
SOURCE: Aloia, 2008. Reprinted with permission from the American Journal of Clini-
cal Nutrition (2008; volume 88: 545S-550S), American Society for Nutrition.

In any case, numerous studies have demonstrated that bone mass is 
higher in African Americans throughout the life cycle (Cohn et al., 1977; 
Li et al., 1989; Luckey et al., 1989; Bell et al., 1991; Gilsanz et al., 1991; 
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Kleerekoper et al., 1994; Nelson et al., 1995, 1997; Aloia et al., 1996a, 
1997). The evidence is illustrated in Figure 4-11, using data from one study 
(Kalkwarf et al., 2007). The advantage in bone mass is associated with one- 
half the prevalence of osteoporosis and one-half the fracture risk of whites 
(Barrett-Connor et al., 2005). Longitudinal BMD studies demonstrate that 
this skeletal advantage for African Americans is present before 6 years of 
age and increases during adolescence, a stage when the skeleton accrues 50 
percent of its peak bone mass (Li et al., 1989; Gilsanz et al., 1991; Cromer 
et al., 2004; Kalkwarf et al., 2007). The skeletal advantage developed during 
adolescence is maintained throughout adult life, with African Americans 
having the same pattern of bone loss as whites in each life stage but at a 
slower rate (Meier et al., 1992; Bryant et al., 2003; Cauley et al., 2005b; 
Looker et al., 2009).

However, the Study of Osteoporotic Fractures has also demonstrated 
that for any given bone density value the risk for fracture is less in African 
Americans, indicating that bone mass is not the only protective factor 
against fracture (Cauley et al., 2005a). Other possible factors are lower 
bone turnover, the micro-architecture of bone, bone geometry, body com-
position, and heredity (Weinstein and Bell, 1988; Schnitzler et al., 1990; 
Faulkner et al., 1993; Cummings et al., 1994; Han et al., 1996; Wang et al., 
1997; Nelson et al., 2000; Gundberg et al., 2002; Hanlon et al., 2002; 
Faulkner et al., 2005; Schnitzler and Mesquita, 2006; Travison et al., 2008). 
Bone biopsies in African Americans show an advantageous architecture 
with more osteocytes and a lower bone formation rate (Parfitt et al., 1997; 
Parisien et al., 1997; Qiu et al., 2006).

African American girls have higher calcium absorption efficiency, pre-
sumably because of their higher calcitriol levels, and lower urinary calcium 
excretion compared with white girls (Abrams et al., 1995; Bryant et al., 
2003; Harkness and Cromer, 2005; Braun et al., 2007; Weaver et al., 2008) 
(Figure 4-12). There is no threshold for calcium retention at calcium in-
takes up to 2,000 mg/day, leading to the conclusion that calcium require-
ments should be the same in the two races.

African American adults retain superior renal calcium conservation 
and generally have higher serum PTH and calcitriol levels and lower uri-
nary calcium excretion (Bell et al., 1985; Meier et al., 1991; Dawson-Hughes 
et al., 1993; Kleerekoper et al., 1994; Harris et al., 2000; Aloia et al., 2006a, 
b; Cosman et al., 2007). Skeletal resistance to PTH is also present in adult 
African Americans, demonstrated by lower bone turnover despite elevated 
PTH levels and by resistance of bone resorption to PTH infusion (Aloia 
et al., 1996a; Cosman et al., 1997; Han et al., 1997, 1999).

Older African Americans—similar to older persons in other popula-
tion groups in the United States and Canada—develop secondary hyper-
parathyroidism and accelerated bone turnover and bone loss, but it is 

6
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FIGURE 4-12 Mean calcium retention and 95% CIs for regression lines across dif-
ferent calcium intakes, by race. The darker shading represents African American 
girls (●, 84 observations in 55 girls), and the lighter shading represents white girls 
( , 98 observations in 66 girls).
SOURCE: Braun et al., 2007. Reprinted with permission from the American Jour-
nal of Clinical Nutrition (2007, volume 85, pages 1657-63), American Society for 
Nutrition.
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unknown if this is attenuated by increasing calcium or vitamin D intake 
(S. S. Harris et al., 2001; Cauley et al., 2005b; Tracy et al., 2005). There is 
limited information on the effect of calcium and vitamin D supplements 
on bone mass or fracture in older subjects, because African Americans 
have usually not been included in clinical trials in meaningful numbers. A 
3-year randomized, double-blind, placebo-controlled vitamin D3 interven-
tion in postmenopausal black women showed no difference in rate of bone 
loss between treatment and control groups (Aloia et al., 2005). There was 
also no relationship between serum 25OHD and rates of bone loss. The 
WHI did include African American subjects, who took part in a calcium 
plus vitamin D trial. Hip fracture risk was not reduced by the intervention 
(Jackson et al., 2006). Changes in bone density in this trial were adjusted 
for race, but separate analyses by race for the positive outcome on BMD of 
the hip were not provided. However, a more recent meeting presentation 
using data from the WHI Observational Study (Cauley et al., 2009) has 
revealed the concerning finding that fracture risk was directly related to 
serum 25OHD level in the African American subgroup.

Thus, although the available, emerging evidence would suggest that 
there is perhaps a lower requirement for calcium and vitamin D among 
African Americans relative to ensuring bone health, at least compared with 
whites, there is a notable lack of high-quality and convincing evidence to 
act on this possibility or to set different requirements for persons of African 
American ancestry. See Chapter 6 for discussions related to race/ethnicity 
and estimation of the Tolerable Upper Intake Levels (ULs) for vitamin D.

SELECTION OF INDICATORS

As described in Chapter 1, following the examination of the relevance 
and quality of the data for the potential indicators of interest, the next step 
in the DRI development process is to select the indicator or indicators to be 
used for estimating average requirements or EARs, in this case for calcium 
and vitamin D. Overall, the selection of indicators is evidence-based; indica-
tors for levels of dietary adequacy are selected based on the strength and 
quality of the evidence and their demonstrated public health significance, 
taking into consideration sources of uncertainty in the evidence.

The indicator of bone health is selected as to form the basis of the DRIs 
for calcium and vitamin D for all life stage groups. With the exception of 
measures related to bone health, the potential indicators examined are 
currently not associated with evidence that could be judged either compel-
ling or sufficient in terms of cause and effect, nor informative regarding 
dose–response relationships for the purposes of determining nutrient re-
quirements. Cancer/neoplasms, cardiovascular disease and hypertension, 
diabetes and metabolic syndrome, falls and physical performance, im-
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mune functioning and autoimmune disorder, infections, neuropsychologi-
cal functioning, and preeclampsia could not be causally linked reliably or 
consistently with relevant outcomes as a function of calcium or vitamin D 
intake. Although the conclusions at this time do not preclude the possibil-
ity that future studies may specify the existence of such relationships, they 
are currently best described as hypotheses of emerging interest, and the 
conflicting nature of the available evidence means that it cannot be used to 
establish a positive impact on health outcomes with any level of confidence.
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5

Dietary Reference Intakes for 
Adequacy: Calcium and Vitamin D

OVERVIEW

Bone health has been selected as the indicator to serve as the basis of 
the Dietary Reference Intakes (DRIs) for calcium and vitamin D. The re-
view that underpins this conclusion has been described in Chapter 4, the 
component of this report addressing the hazard identification step of risk 
assessment and specifying the selected indicator. The next step in the risk 
assessment approach for DRI development—the hazard characterization 
component of risk assessment—is contained in this chapter. The dose–
response relationship between the nutrient intake and bone health is ex-
amined and dietary reference values for adequacy are specified. In the case 
of DRIs for calcium and vitamin D, such values take the form of Estimated 
Average Requirements (EARs) and Recommended Dietary Allowances 
(RDAs) or, alternatively, Adequate Intakes (AIs). The discussions related 
to the Tolerable Upper Intake Level (UL), which is also a DRI value, are 
contained in Chapter 6.

Currently available data on bone health outcomes—when considered 
as an integrated body of evidence—can be used to derive EARs and RDAs 
for calcium and vitamin D for all life stages except infants. Bone health 
measures associated with bone accretion, bone maintenance, and bone 
loss are relevant to different DRI life stages, and thus the indicator of bone 
health has been reflected by different bone health measures depending 
upon the life stage. With respect to infants 0 to 12 months of age, for whom 
data were very sparse, an AI can be specified for each nutrient based on 
the available evidence concerning levels of intake observed to be adequate.
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The DRIs for calcium and vitamin D established in 1997 (IOM, 1997) 
also relied on bone health as the indicator in setting reference values for 
adequacy. However, the 1997 report established an AI for all life stage 
groups; no EARs or RDAs were specified. Newer data plus an integration 
of data have allowed the estimation of EARs and RDAs for all life stages 
except infants. Quantitative comparisons between AIs and EARs and RDAs 
are not appropriate.

In 1997, AIs were established for calcium in lieu of EARs and RDAs as a 
result of uncertainties associated with balance studies, lack of concordance 
between observational and experimental data, and lack of longitudinal 
data to verify the relationship between calcium intake, calcium retention 
and bone loss (IOM, 1997). In the past 10 years, newer evidence on skeletal 
health has emerged from a combination of large-scale randomized trials 
and calcium balance studies as described in Chapter 4. Further, there are 
now data relative to a number of life stage groups, and these help to avoid 
reliance on extrapolating or scaling data from one life stage to another 
unstudied life stage.

In the case of vitamin D, the 1997 report concluded that there were 
inadequate data available for EARs and RDAs as a result of uncertainties 
about sun exposure, the vitamin D content of the diet, and vitamin D stores 
(IOM, 1997). In the intervening years data have emerged that allow a re-
quirement distribution to be simulated for vitamin D, which, in turn, has 
been found to be concordant with other available data. This analysis unex-
pectedly indicated that the dose–response relationship regarding median 
requirements is not significantly affected by age. Further, several newer 
studies can be used to elucidate the contributions made by sun exposure 
and to help separate total intake contributions from contributions stem-
ming from cutaneous synthesis. Strides have been made in estimating the 
vitamin D content of foods as well as the amounts of vitamin D consumed 
by the U.S. and Canadian populations.

Despite new data since the earlier Institute of Medicine (IOM) report 
(IOM, 1997), there remain a number of uncertainties that have caused 
challenges in estimating DRI values for calcium and vitamin D. Notable 
among these is the absence of intervention trials that study dose–response 
relationships for the nutrients. Rather, most of the evidence is derived 
from a single dose that is often relatively high. Further, some studies fail to 
specify information about the background diet and hence the total level of 
intake is lacking. When this is the case, the mean population requirement 
may be below the dose used in the study, but cannot be further specified. 
In addition, there is the common practice of designing studies to examine 
calcium and vitamin D in combination, thereby precluding the ability to 
discern the effects of each nutrient alone, which is of interest when estab-
lishing a reference value for a nutrient.



DIETARY REFERENCE INTAKES FOR ADEQUACY 347

As discussed in Chapter 4, there are very limited data to suggest that 
there may be some biological differences in the way in which different 
ethnic/racial groups respond to calcium and vitamin D, most notably 
among those of African American ancestry. The extent to which such 
observations may affect requirements for the nutrients is unknown at this 
time. Although it is important to take into account biological differences 
where they may exist among, for example, African Americans, Hispanics, 
and those of Asian descent, the available data are too limited to permit 
the committee to assess whether separate, quantitative reference values for 
such groups are required. The DRIs established in this report are based on 
the current understanding of the biological needs for calcium and vitamin 
D across the North American population. Other factors may come into play 
in terms of ensuring adequate intakes of these nutrients—for example, 
lactose intolerance or food choices—but as far as is known these factors 
do not affect the basic biological need for these nutrients. Rather, they are 
discussed in Chapter 8 as issues relevant to the application of the DRIs by 
dietary practitioners.

Described in this chapter is the committee’s decision-making regarding 
the dose–response relationships for calcium and bone health, and for vita-
min D and bone health. From these conclusions, DRI values for adequacy 
are specified. A significant underlying assumption made by the committee 
is that the DRIs for calcium are predicated on intakes that meet require-
ments for vitamin D and that the DRIs for vitamin D rest on the assumption 
of intakes that meet requirements for calcium. In other words, the require-
ment for one nutrient assumes that the need for the other nutrient is being 
met. This is an essential assumption, for three reasons:

1. Given that reference values are intended to act in concert for the 
purposes of planning diets, health policy makers would be working 
to meet all nutritional needs; therefore it would be inappropriate 
to establish requirements for such purposes on the basis that one 
or more related nutrients would be consumed by the population 
in inadequate amounts.

2. An inadequacy in one of the nutrients could cause changes in 
the efficient handling of or physiological response to the other 
nutrient that might not otherwise be present. For example, in vi-
tamin D–deficient states with minimal calcium intake, absorption 
of calcium from the gut cannot be enhanced. The compensatory 
metabolic response to this scenario is the accelerated conversion 
of 25-hydroxyvitamin D (25OHD) to its active form (calcitriol) 
through an increase in parathyroid hormone (PTH) levels. Such 
perturbations confound the estimation of the true requirement 
under neutral circumstances.
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3. No amount of vitamin D is able to compensate for inadequate to-
tal calcium intake; thus, setting a realistic DRI value for vitamin D 
requires that calcium is available in the diet in adequate amounts.

However, the committee has also commented on the consequences 
for one nutrient when the other is inadequate, in order to be transparent 
regarding the science underpinning the determination of reference values 
for these two nutrients.

CALCIUM: DIETARY REFERENCE INTAKES FOR ADEQUACY

The EARs, RDAs, and AIs for calcium are shown in Table 5-1 by life 
stage group. The studies used to estimate these values have been included 
in the review of potential indicators contained in Chapter 4. Therefore, in 
the discussions below, the relevant data are highlighted but not specifically 
critiqued again.

Infants 0 to 12 Months of Age

Infants 0 to 6 Months of Age
AI 200 mg/day Calcium

Infants 6 to 12 Months of Age
AI 260 mg/day Calcium 

Data are not sufficient to establish an EAR for infants 0 to 6 and 7 
to 12 months of age, and therefore AIs have been developed based on 
the available evidence. An AI value is not intended to signify an average 
requirement, but instead reflects an intake level based on approximations 
or estimates of nutrient intakes that are assumed to be adequate. Whether 
and how much the AI values for infants could be lowered and still meet 
the physiological needs for human milk-fed infants are unknown because 
mechanisms for adaptation to lower intakes of calcium are not well de-
scribed for the infant population, and experimental data with overall rel-
evance to estimating average requirements are extremely limited.

Calcium requirements for infants are presumed to be met by human 
milk (IOM, 1997). There are no functional criteria for calcium status that 
reflect response to calcium intake in infants (IOM, 1997). Rather, human 
milk is recognized as the optimal source of nourishment for infants (IOM, 
1991; Gartner et al., 2005). There are no reports of any full-term, vitamin 
D–replete infants developing calcium deficiency when exclusively fed hu-
man milk (Mimouni et al., 1993; Abrams, 2006). Therefore, AIs for calcium 



DIETARY REFERENCE INTAKES FOR ADEQUACY 349

for infants are based on mean intake data from infants fed human milk as 
the principal fluid during the first year of life and on the studies that have 
determined the mean calcium content of breast milk. Additionally, infor-
mation on calcium absorption and calcium accretion is taken into account.

TABLE 5-1 Calcium Dietary Reference Intakes (DRIs) for Adequacy 
(amount/day)

Life Stage Group AI EAR RDA

Infants
 0 to 6 mo 200 mg — —
 6 to 12 mo 260 mg — —
Children
 1–3 y — 500 mg 700 mg
 4–8 y — 800 mg 1,000 mg 
Males
 9–13 y — 1,100 mg 1,300 mg
 14–18 y — 1,100 mg 1,300 mg
 19–30 y — 800 mg 1,000 mg
 31–50 y — 800 mg 1,000 mg
 51–70 y — 800 mg 1,000 mg
 > 70 y — 1,000 mg 1,200 mg
Females
 9–13 y — 1,100 mg 1,300 mg
 14–18 y — 1,100 mg 1,300 mg
 19–30 y — 800 mg 1,000 mg
 31–50 y — 800 mg 1,000 mg
 51–70 y — 1,000 mg 1,200 mg
 > 70 y — 1,000 mg 1,200 mg
Pregnancy
 14–18 y — 1,100 mg 1,300 mg
 19–30 y — 800 mg 1,000 mg
 31–50 y — 800 mg 1,000 mg
Lactation
 14–18 y — 1,100 mg 1,300 mg
 19–30 y — 800 mg 1,000 mg
 31–50 y — 800 mg 1,000 mg

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; RDA = Recommended 
Dietary Allowance.

With respect to estimating AIs for calcium for infants, studies reviewed 
previously in this report have provided the following information:

• Based on infant weighing studies, a reasonable average amount of 
breast milk consumed is 780 mL/day. The average level of calcium 
within a liter of breast milk is 259 mg (± 59 mg). It is therefore 
estimated that the intake of calcium for infants fed exclusively hu-
man milk is 202 mg/day. This number is rounded to 200 mg/day.
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• Calcium absorption for this age group ranges somewhat above and 
below 60 percent depending upon the total amount of calcium 
consumed. For development of the AI, a 60 percent calcium ab-
sorption rate was assumed.

• The usual accretion rate for calcium in infants can be estimated us-
ing the approximation of 100 mg/day overall during the first year 
of life, with the recognition that the available literature contains 
reports of varying rates above and below that level.

Infants 0 to 6 Months of Age

Using the estimates described above for the calcium content of breast 
milk and the amount of milk consumed per day, the AI for calcium for in-
fants 0 to 6 months of age is 200 mg/day, a value reflective of the calcium 
provided to exclusively breast-fed infants. The expected net retention of 
calcium from human milk assuming 60 percent absorption would be 120 
mg/day, which is in excess of the values predicted from calcium accre-
tion based on cadaver and metacarpal analysis. An AI of 200 mg/day is 
expected, therefore, to result in retention of sufficient amounts of calcium 
to meet growth needs.

Further, for infants in the first 4 months of life, balance studies suggest 
that 40 to 70 percent of the daily calcium intake is retained by the human 
milk-fed infant (Widdowson, 1965; Fomon and Nelson, 1993). In balance 
studies using human milk–fed infants, the mean calcium intake was 327 
mg/day, and calcium retention was 172 mg/day on average (Fomon and 
Nelson, 1993). If infants consume calcium at the AI daily, they would 
achieve similar or greater calcium retention even if the efficiency of absorp-
tion was at the lower observed value of 30 percent. Thus, the AI should 
meet most infants’ needs.

The AI established here of 200 mg/day is similar to the AI of 210 mg/
day derived by the 1997 report (IOM, 1997). The difference is extremely 
small—only 10 mg/day—and likely within measurement error; however, 
the new AI reflects the current best estimate for calcium levels obtained 
exclusively from human milk

Infants 6 to 12 Months of Age

Estimation of the AI for infants 6 to 12 months of age takes into ac-
count the additional intake of calcium from food. From 6 to 12 months of 
age, the intake of solid foods becomes more significant, and calcium in-
takes may increase substantially from these sources. Only extremely limited 
data are available for typical calcium intakes from foods by older milk-fed 
infants, and mean calcium intake from solid foods has been approxi-
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mated as 140 mg/day for formula-fed infants (personal communication, 
Dr. Steven Abrams, February 22, 2010).

For the purpose of developing an AI for this age group, it is assumed 
that infants who are fed human milk have intakes of solid food similar to 
those of formula-fed infants of the same age (Specker et al., 1997). Based 
on data from Dewey et al. (1984), mean human milk intake during the 
second 6 months of life would be 600 mL/day. Thus, calcium intake from 
human milk with a calcium concentration of about 200 mg/L during this 
age span (Atkinson et al., 1995) would be approximately 120 mg/day. Add-
ing the estimated intake from food (140 mg/day) to the estimated intake 
from human milk (120 mg/day) gives a total intake of 260 mg/day. Again, 
this AI is slightly and probably insignificantly less than the 1997 AI (IOM, 
1997) but is the current best estimate.

Children and Adolescents 1 Through 18 Years of Age

Children 1 Through 3 Years of Age
EAR 500 mg/day Calcium
RDA 700 mg/day Calcium

Children 4 Through 8 Years of Age
EAR 800 mg/day Calcium

RDA 1,000 mg/day Calcium
Children 9 Through 13 Years of Age
Adolescents 14 Through 18 Years of Age

EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium

For these life stage groups, the focus is the level of calcium intake 
consistent with bone accretion and positive calcium balance. Studies con-
ducted primarily between 1999 and 2009 (see Table 5-2) provide a basis 
for estimating EARs and calculating RDAs. In contrast to earlier reference 
value deliberations for which there were virtually no available studies fo-
cused on children and adolescents, this committee benefited from several 
recent studies that used children as subjects.

The approach used for children was to determine average calcium 
accretion through bone measures such as DXA and average calcium reten-
tion as estimated by calcium balance studies (i.e., positive balance). Next, 
the factorial method (IOM, 1997) was used with these two data sets to 
estimate the intake needed to achieve the bone accretion. Average bone 
calcium accretion is used rather than peak calcium accretion because the 
committee judged this value to be more consistent with meeting the needs 
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of 50 percent of this population, and hence an EAR (rather than an AI). 
Moreover, as discussed in Chapter 2, peak calcium accretion with higher 
total calcium intakes is likely transitory and, thus, not consistent with DRI 
development.

The application of the factorial method using average bone calcium 
accretion allows an estimate of the calcium intake required to support 
bone accretion and net calcium retention, as shown in Table 5-2. The ap-
proach is described below, specifically for each life stage for children and 
adolescents.

Children 1 Through 3 Years of Age

The data are very limited for children 1 through 3 years of age given 
the challenges in studying young children. However, a report by Lynch 
et al. (2007) provides relevant data. Linear and non-linear modeling in 
this study suggested a target average calcium retention level of 142 mg/
day, consistent with the growth needs of this life stage group. Through the 
factorial method, a calcium intake of 474 mg/day is estimated to meet this 
need (see Table 5-2). Given that these data are derived from mean esti-
mates and are assumed to be normally distributed, the mean value is very 
likely the median value. An estimated EAR is, therefore, established as 500 
mg of calcium per day, rounded from 474 mg/day.

An assumption specified by Lynch et al. (2007) is that an additional 30 
percent calcium retention would meet the needs of 97.5 percent of this age 
group. This was calculated as 180 mg/day and is based on calcium absorp-
tive efficiency for young children, and it is judged reasonable. This results 
in an estimated RDA for calcium of 700 mg/day calcium, with rounding.

Clearly, there are uncertainties when reliance is placed on a single 
study. The ability to study calcium requirements in a controlled study, 
however, does offer the ability to estimate an average requirement rather 
than an AI. The study is of high quality, and the reference values specified 
are in line with those specified for younger and older children.

Children 4 Through 8 Years of Age

The work of Abrams et al. (1999) and Ames et al. (1999) has indicated 
that, like that for younger children, an average calcium retention level 
of approximately 140 mg/day is consistent with the needs of bone accre-
tion. However, there is evidence of a small increase during pre-puberty, 
yielding a calcium retention range of approximately 140 to 160 mg/day 
to allow for bone accretion across this age group of which a portion will 
be pre-pubertal. Using the factorial method (see Table 5-2) and from the 
non-linear dose–response relationship identified by the work of Ames 
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et al.(1999) and Abrams et al. (1999), a calcium intake of 800 mg/day 
could be expected to achieve the levels of calcium needed for bone ac-
cretion. Again, the assumption that another approximately 30 percent is 
needed to cover about 97.5 percent of the population—through derivation 
as mean estimates and the assumption of normal distribution—results in a 
calculated and rounded RDA value for calcium of 1,000 mg/day.

Again, as with younger children, there are relatively few studies avail-
able and most have small sample sizes. While the studies included some 
ethnic/racial diversity, they focused on girls. These limitations cannot be 
remedied at this time. However, the data are sufficiently robust to support 
an estimation of an average requirement of 800 mg/day calcium.

Children 9 Through 13 Years of Age and Adolescents 14 Through 18 Years of Age

As reviewed in Chapter 4, data from a recent study (Vatanparast et al., 
2010) have provided bone calcium accretion levels for children and adoles-
cents ranging from 92 to 210 mg/day. Average bone calcium accretion was 
included in the factorial method, and the intake levels can be estimated 
as shown in Table 5-2.

While the committee was aware of data suggesting that calcium re-
tention may vary by gender among children, these differences between 
girls and boys and between the 9- to 13- and 14- to 18-year age groups are 
relatively small quantitatively, and the limited nature of the data do not 
allow further specification of these differences to the extent they are real. 
Given the application of DRI values in real world settings such as school 
meal planning, recommending that boys receive a small amount more 
calcium than girls is not practicable, but it is also not warranted given the 
limited nature of the data suggesting this possibility. Additionally, there 
is wide variability in the onset of puberty and the pubertal growth spurt, 
and it is reasonable to conclude that increases in calcium intake may be 
needed early in puberty at times when children may be only 9 or 10 years 
old. Thus, for reference values for both boys and girls in the 9- to 13- and 
14- to 18-year life stages, the differences in calcium intake to achieve mean 
bone calcium accretion as elucidated by Vatanparast et al. (2010) have 
been interpolated between 9- to 18-year old girls (1,037) and boys (1,224). 
This interpolation yields an estimated mean need for calcium for boys 
and girls of 1,100 mg/day with rounding, a value approximately at the 
midpoint between the two groups. Again, assuming a normal distribution, 
this estimate to achieve a mean calcium accretion represents the median 
and, thus, an EAR. The EAR is therefore set at 1,100 mg for both boys and 
girls for both life stages encompassed by the 9 through 18 year age range. 
In order to cover 97.5 percent of the population, an estimated RDA value 
for calcium of 1,300 mg/day is established.
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The uncertainties surrounding the reference value stem from reli-
ance on primarily a single study. Although carefully carried out, the study 
included only white children. These newer data, however, provide the op-
portunity to identify an average requirement.

Adults 19 Through 50 Years of Age

Adults 19 Through 30 Years of Age
Adults 31 Through 50 Years of Age

EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium

While there is evidence of minor bone accretion into early adulthood, 
the levels required to achieve this accretion—which appears to be site 
dependent—are very low. The goal, therefore, is intakes of calcium that 
promote bone maintenance and neutral calcium balance.

The report from Hunt and Johnson (2007) provides virtually the only 
evidence for these life stage groups. Based on a series of controlled calcium 
balance studies, they have established a calcium intake level of 741 mg/day 
to maintain neutral calcium balance. They further provide the 95 percent 
prediction interval around the level required for neutral calcium balance.

Other available measures that relate to bone maintenance include 
bone mineral density (BMD), but studies that measured bone mass con-
comitant to calcium intake are highly confounded by failures to control 
for other variables that impact bone mass and to specify a dose–response 
relationship. There is no evidence that intakes of calcium higher than 
those specified by Hunt and Johnson (2007) offer benefit for bone health 
in the context of bone maintenance for adults 19 to 50 years of age. Os-
teoporotic fracture is not a relevant measure for this life stage, therefore 
extrapolating from the more prevalent data focused on older adults is not 
appropriate, nor is extrapolating from the data for younger persons for 
whom the concern is bone accretion.

Therefore, the Hunt and Johnson (2007) data, which reflect the out-
comes of a series of metabolic studies, provide a reasonable basis for an 
EAR for calcium of 800 mg/day calcium. That is, the observed value of 741 
mg/day is rounded, but rounded up to 800 mg/day given the uncertainty. 
The upper limit of the 95 percent prediction interval around this estimate 
(1,035 mg/day) is appropriate as the basis for an RDA for calcium and 
rounded to 1,000 mg/day. As is the case with younger life stage groups, 
there is now the 2007 Hunt and Johnson study on the topic of calcium and 
bone health, which has allowed the estimation of an average requirement. 
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However, the data are still very sparse, and the DRI for this age group relies 
on one study, albeit a well-controlled and carefully analyzed study.

Adults 51 Years of Age and Older

Men 51 Through 70 Years of Age
EAR 800 mg/day Calcium

RDA 1,000 mg/day Calcium
Women 51 Through 70 Years of Age

EAR 1,000 mg/day Calcium
RDA 1,200 mg/day Calcium

Adults >70 Years of Age
EAR 1,000 mg/day Calcium
RDA 1,200 mg/day Calcium

Men and Women 51 Through 70 Years of Age

The natural process of bone loss begins to manifest itself in the latter 
stages of adulthood. It begins earlier for women than for men as a result 
of the onset of menopause, which usually occurs when women reach 50 
to 55 years of age. By the time both men and women have reached 70 or 
more years of age, each are experiencing bone loss. However, women—
who have been undergoing the loss longer—are more at risk for adverse 
consequences. It is important to underscore that the goal of calcium intake 
during these life stages is to lessen the degree of bone loss; calcium intake 
at any level is not known to prevent bone loss.

Although calcium absorption (active calcium transport) has been re-
ported to decrease with age (Avioli et al., 1965; Bullamore et al., 1970; 
Alevizaki et al., 1973; Gallagher et al., 1979; Tsai et al., 1984), it is challeng-
ing to consider higher calcium intake as a remedy given that calcium intake 
must be extremely high to have an effect on calcium uptake via passive 
absorption (i.e., paracellular transport, see Chapter 2).

The relative lack of data pertaining to bone changes in men as they 
age has received comment (Orwoll et al., 1990). It has been pointed out 
that cross–sectional data suggest that, overall, the rate of bone loss in men 
is substantially slower than that in women, and men have a lower incidence 
of fractures (Khosla et al., 2008); perhaps this accounts for the lack of re-
search focused on this group. The limited available trials and observation 
studies (e.g., Osteoporotic Fractures in Men [MrOS] study) concerning 
bone health focus on men older than the 5 through 70 year age range (usu-
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ally > 65 years) and typically include vitamin D administration. Likewise, 
organizations such as the National Osteoporosis Foundation have issued 
guidelines that do not stipulate BMD testing for men until the age of 70 
years (NOF, 2008), whereas they recommend BMD testing at an earlier age 
for women. Given this context, the data from Hunt and Johnson (2007) 
with respect to neutral calcium balance among adults can provide some 
information for specifying requirements among men between the ages 
of 51 and 70 years. Although there were only two men over the age of 50 
years in the Hunt and Johnson (2007) study, the absence of evidence that 
significant changes occur in skeletal maintenance for men in their 50s and 
60s results in the assumption that their needs are akin to those of younger 
men. Therefore, the calcium EAR and RDA for men 51 to 70 years of age 
are set at the same levels as for persons 31 to 50 years of age: the EAR for 
calcium is established as 800 mg/day, and the RDA for calcium is 1,000 
mg/day. The newer calcium balance data are used with caution, given its 
limitations for this purpose.

Women 51 through 70 years of age are considered separately from 
men. Although it is evident that calcium intake does not prevent bone less 
during the first few years of menopause, there is the question of whether 
or to what extent calcium intake can mitigate the loss of bone during and 
immediately following the onset of menopause. Although about half of 
the women in the Hunt and Johnson (2007) study were over the age of 50, 
the authors did not stratify on the basis of menopausal status. Therefore, 
there are some uncertainties surrounding the use of these newer calcium 
balance data for the purposes of determining an EAR and RDA for women. 
However, other information is available that can be useful. Absolute hip 
fracture rates are lower than for women in this age rang than for women 
over the age 70 but still greater than for premenopausal women. Moreover, 
BMD is a reliable predictor for fracture risk later in life and therefore be-
comes a useful measure for DRI purposes.

The available data for BMD among women 51 through 70 years of 
age provide mixed results concerning the relationship between BMD and 
calcium intake in menopausal women. This may be due in part to study 
protocols—which usually have relied on a single dose of 1,000 mg or more 
daily—that have failed to clarify background diet or estimate total intake. 
On balance, there is somewhat more evidence for a benefit of higher cal-
cium intake among women over the age of 60 years, a group that is likely 
about half of the DRI life stage of women 51 through 70 years of age. Spe-
cifically, the meta-analysis conducted by Tang et al. (2007), which included 
studies in women ranging in mean age from 50 to 85 years, indicated 
that total calcium intake alone equal to 1,200 mg or more per day had a 
positive effect on BMD as well as a modest (relative risk [RR] = 0.88; 95% 
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confidence interval [CI]:0.83–0.95), but significant, effect on fracture risk 
reduction. In breaking down the meta-analysis further, there were six stud-
ies of more than 1,100 women with a mean age of 60 years who received 
additional calcium without vitamin D compared with placebo. The aver-
age calcium supplementation was 1,100 mg/day in the treated group, and 
those women had risk reduction for hip fracture and significant increases 
in both hip and spine BMD.

Further, evidence from the Women’s Health Initiative trial (WHI) 
(Jackson et al., 2006) conducted using 36,282 women ages 50 to 79 years 
indicated that participants who were randomized to 1,000 mg of calcium 
plus 400 International Units (IU) of vitamin D per day experienced a small, 
but significant, improvement in hip bone density and a modest reduction 
in hip fractures, although the change in hip fracture risk was not statisti-
cally significant. A subgroup analysis indicated that women over the age of 
60 years also experienced a small but statistically non-significant reduction 
in hip fracture risk (hazard ratio [HR] = 0.74; 95 percent CI 0.52–1.06) 
compared with those randomized to placebo. These data are taken into 
account cautiously for several reasons. The WHI study may be confounded 
by both hormone replacement therapy considerations as well as the inclu-
sion of vitamin D, although the supplementation level of vitamin D was 
relatively low. The appropriateness of conducting a subgroup analysis for 
fracture risk, although interesting, is always considered questionable. Fur-
ther, the same subgroup analysis revealed that women between the ages 
of 50 and 60 years experienced a greater hip fracture risk when they were 
supplemented with calcium and vitamin D. The absolute risk of hip frac-
tures for women 50 to 60 years of age is derived from a small number of 
fractures per total cohort (i.e., 13 fractures in 6,694 women 50 to 60 years 
of age). The Tang et al. (2007) meta-analysis is compromised by the inabil-
ity to study a true dose–response relationship; many studies were grouped 
at the 1,200 mg/day level of intake and could not be used to reveal the 
effects at lower levels of intake.

Within the confines of these limitations, there is nonetheless the emerg-
ing conclusion that in regard to the relevant indicator for this group, that 
is, BMD, a somewhat higher intake of calcium than required by men or 
suggested by the newer calcium balance data is justified for all postmeno-
pausal women within the life stage 51 through 70 years. Not unexpectedly, 
absolute hip fracture rates are very low in the 50- to 60-year age group (e.g., 
0.03 percent per year in WHI), and therefore fracture risk is not a particu-
larly relevant factor, although to the extent that a subgroup analysis can be 
relied upon, women greater than 60 years of age appear to experience some 
benefit from calcium intake relevant to fracture risk reduction.

It would appear that the life stage consisting of women 51 through 
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70 years of age reflects a diverse set of physiological conditions—notably 
premenopausal, perimenopausal, and postmenopausal—with respect to 
the condition of bone health, and cannot be reliably characterized as a 
homogeneous single group for the purpose of deriving EARs and RDAs for 
calcium. Some may benefit from increased calcium, and some may not. Fur-
ther, there is considerable variability in the age of onset of menopause, and 
so assumptions about the proportion of this age group that may or may not 
benefit cannot be made. Therefore, to ensure public health protection and 
to err on the side of caution, preference is given to covering the apparent 
benefit for BMD with higher intakes of calcium for postmenopausal women 
within this group. The EAR for women 51 through 70 years is set at 1,000 
mg calcium per day. The addition of 200 mg/day to the estimates provided 
by Hunt and Johnson (2007) gives a reasonable margin of safety for lessen-
ing bone loss to the extent that is possible and is reasonably consistent with 
data from the existing intervention trials. Further, the value of 1,000 mg/
day is still within the 95 percent prediction interval offered by Hunt and 
Johnson (2007) for a value that encompasses a wider range of persons than 
younger menopausal women. Although this does result in a different DRI 
for women than for men in the 51 through 70 year age group, the physi-
ological differences and apparent response to increased calcium intake 
evidenced from randomized trials warrants this difference.

As there is no reason to assume that requirements for this life stage 
are not normally distributed, the approximate 20 to 30 percent addition 
to achieve the level needed to cover 97.5 percent of the population results 
in an estimated RDA of 1,200 mg/day. The level errs in the direction of a 
lower value given concerns about an upper level of intake (see Chapter 6).

This reference value for women 51 to 70 years of age is notably uncer-
tain and reflects a decision to provide public health protection in the face 
of inconsistent data. It also identifies menopausal women between the ages 
of 51 and 70 years as the basis for the reference value, rather than non-
menopausal women, on the assumption that during this life stage many 
and eventually all will become menopausal. The value cannot be more 
certain until such time as there is information on calcium balance specifi-
cally for women experiencing the early stages of menopause, as well as well-
controlled trials that more clearly elucidate dose–response measures for 
menopausal younger women relative to calcium intake and bone health.

Adults >70 Years of Age

Bone loss and the resulting osteoporotic fractures are the predominant 
bone health concern for persons >70 years of age. Although measures to 
ascertain fracture risk are often self-reported and can be challenging to 
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verify, fracture risk represents the best measure for bone health for this 
life stage. One important caution is that the estimation of the effect of 
fracture risk is greatly complicated by the limited evidence concerning 
dose–response data relative to calcium intake. Importantly, calcium bal-
ance studies to determine the levels of calcium that result in neutral cal-
cium balance are lacking in the literature for persons over the age of 70 
years. Hunt and Johnson (2007) were able to incorporate only two women 
over the age of 70 years.

The analysis of Tang et al. (2007) is limited by the nature of the studies 
available, in that most studies tested intervention levels at or above 1,200 
mg/day and often did not report total calcium intake. Those studies in the 
Tang et al. (2007) analysis that examined calcium alone, without vitamin 
D supplementation, were few. The authors’ conclusion that 1,200 mg/
day was beneficial relative to reduced fracture risk is relevant, but may be 
compromised by the inability to examine the effectiveness at other levels. 
In contrast to the Tang et al. (2007) analysis, Peacock et al. (2000), Grant 
et al. (2005), and Prince et al. (2006), who studied calcium intake alone, 
were unable to demonstrate benefits for bone health among persons over 
70 years of age with supplemental calcium intakes (750 to 1,200 mg/day); 
however, a compliance sub-analysis conducted by Prince et al. (2006) sug-
gested reduced fracture incidence with calcium supplementation of 1,200 
mg/day.

The data available do not clearly elucidate a requirement for calcium 
and primarily suggest values that may result in covering nearly all of the 
population group in terms of reduced fracture risk. That is, the available 
studies were not examining the levels of calcium intake that were effective, 
but rather were examining whether their administered calcium intake was 
effective. Further, the benefit of calcium supplementation was evident in 
the case of sub-analysis on the basis of compliance, which, while informa-
tive, are not ideal data sets. In addition, the populations studied varied 
considerably, many could be considered at high risk (such as institutional-
ized older persons and persons with low body weight), and the effect of 
calcium supplementation was usually not taken into account in the context 
of vitamin D status or existing calcium nutriture.

For this reason, public health protection was considered, and it was 
determined that a requirement somewhat above that established by cal-
cium balance studies for bone maintenance was appropriate despite the 
unknowns and the inability to clearly estimate a dose–response for calcium 
relative to fracture risk. As with those estimates used for postmenopausal 
women, a 200 mg/day calcium increment was added to the estimated 
requirements for younger persons, resulting in an EAR value of 1,000 mg 
of calcium per day. It is assumed that the rapid and notable bone loss ob-
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served for early menopause has ceased, and the bone loss for women in this 
life stage group is similar to that experienced by men. The estimation of 
an RDA to cover more than 97.5 percent of the life stage group consistent 
with normally distributed data results in an RDA of 1,200 mg/day, again in 
the face of concerns about high levels of intake (see Chapter 6).

Pregnancy and Lactation

Pregnant 14 Through 18 Years of Age
EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium

Pregnant 19 Through 30 Years of Age
Pregnant 31 Through 50 Years of Age

EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium

Lactating 14 Through 18 Years of Age
EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium

Lactating 19 Through 30 Years of Age
Lactating 31 Through 50 Years of Age

EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium

Pregnancy

The EAR for non-pregnant women and adolescents is appropriate for 
pregnant women and adolescents based on the randomized controlled 
trials (RCTs) of calcium supplementation during pregnancy that reveal 
no evidence that additional calcium intake beyond normal non-pregnant 
requirements has any benefit to mother or fetus (Koo et al., 1999; Jarjou 
et al., 2010). Consistent with the RCT data indicating the appropriateness 
of the non-pregnant EAR and RDA for the pregnant woman is (1) the epi-
demiologic evidence suggesting that parity is associated with a neutral or 
even a protective effect relative to maternal BMD or fracture risk (Sowers, 
1996; Kovacs and Kronenberg, 1997; O’Brien et al., 2003; Chantry et al., 
2004), and (2) the physiologic evidence that maternal calcium needs are 
met through key changes resulting in a doubling of the intestinal fractional 
calcium absorption, which compensates for the increased calcium trans-
ferred to the fetus (200 to 250 mg/day) and potentially some transient mo-
bilization of maternal bone mineral, particularly in the late third trimester. 
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Overall, it appears that pregnant adolescents make the same adaptations as 
pregnant women, and there is no evidence of adverse effects of pregnancy 
on BMD measures among adolescents.

The EARs are thus 800 mg/day for pregnant women and 1,100 mg/
day for pregnant adolescents. Likewise, the RDA values for non-pregnant 
women and adolescents are applicable, providing RDAs of 1,000 mg/day 
and 1,300 mg/day, respectively.

Lactation

The EAR for non-lactating women and adolescents is appropriate for 
lactating women and adolescents based on (1) the strong evidence of 
physiologic changes resulting in a transient maternal bone resorption to 
provide the infant with calcium (Kalkwarf et al., 1997; Specker et al. 1997; 
Kalkwarf, 1999) and (2) evidence from RCTs and observational studies 
that increased total calcium intake does not suppress this maternal bone 
resorption (Cross et al., 1995; Fairweather-Tait et al., 1995; Prentice et al., 
1995; Kalkwarf et al., 1997; Laskey et al., 1998; Polatti et al., 1999) or alter 
the calcium content of human milk (Kalkwarf et al., 1997; Jarjou et al., 
2006). Post-lactation maternal bone mineral is restored without consistent 
evidence that higher calcium intake is required, as based on two RCTs 
(Cross et al., 1995; Prentice et al., 1995) and several observational studies 
(Sowers, 1996; Kovacs and Kronenberg 1997; Kalkwarf, 1999).

Adolescents, like adults, resorb bone during lactation and recover fully 
afterward with no evidence that lactation impairs achievement of peak 
bone mass (Chantry et al., 2004).

The EARs are thus 800 for lactating women and 1,100 mg/day for 
lactating adolescents. Likewise, the RDA values for non-lactating women 
and adolescents are applicable, providing RDAs of 1,000 and 1,300 mg/
day, respectively.

VITAMIN D: DIETARY REFERENCE 
INTAKES FOR ADEQUACY

The EARs, RDAs, and AIs for vitamin D are shown in Table 5-3 by life 
stage group. The identical EARs across age groups are notable and, as 
discussed below, reflect the concordance of serum 25OHD levels with the 
integrated bone health outcomes as well as the lack of an age effect on the 
simulated dose–response. Studies used to estimate these values have been 
included in Chapter 4 in the review of potential indicators.

While at the outset the consideration of vitamin D requirements rec-
ognizes that humans are physiologically capable of obtaining vitamin D 
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through exposure to sunlight, the estimation of DRIs for vitamin D im-
mediately requires a plethora of related considerations ranging from fac-
tors that affect and alter sun exposure and vitamin D synthesis, to public 
health recommendations regarding the need to limit sun exposure to avoid 
cancer risk. Just as importantly, the available data have not sufficiently ex-
plored the relationship between total intake of vitamin D per se and health 
outcomes. In short, a dose–response relationship between vitamin D intake 
and bone health is lacking. Rather, measures of serum 25OHD levels as a 
biomarker of exposure (i.e., intake) are more prevalent.

TABLE 5-3 Vitamin D Dietary Reference Intakes (DRIs) for Adequacy 
(amount/day)

Life Stage 
Group AI EAR RDA

Infants
 0 to 6 mo 400 IU (10 µg) — —
 6 to 12 mo 400 IU (10 µg) — —
Children
 1–3 y — 400 IU (10 µg) 600 IU (15 µg)
 4–8 y — 400 IU (10 µg) 600 IU (15 µg)
Males
 9–13 y — 400 IU (10 µg) 600 IU (15 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg)
Females
 9–13 y — 400 IU (10 µg) 600 IU (15 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg)
Pregnancy
 14–18 y — 400 IU (10 µg) 600 IU (15 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg)
Lactation
 14–18 y — 400 IU (10 µg) 600 IU (15 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg)

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; IU = International 
Unit; RDA = Recommended Dietary Allowance.

After considering the available evidence, including data published 
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after the 2009 analysis by the Agency for Healthcare Research and Quality 
(Chung et al., 2009), hereafter referred to as AHRQ-Tufts, the committee 
concluded:

• A dose–response relationship can be simulated based on serum 
25OHD measures. That is, serum 25OHD levels can reflect intake, 
and there are studies that relate bone health outcomes to serum 
25OHD levels, as described in Chapter 4.

• Newer data provide the ability to link vitamin D intakes to the 
change in serum 25OHD level under conditions of minimal sun 
exposure, thereby reducing the confounding introduced by the 
effect of sun exposure on serum 25OHD concentrations. These 
data also provide an approach for estimating dietary reference 
values related to intakes that will achieve targeted serum 25OHD 
concentrations, albeit without regard to the contributions from 
sun exposure.

Generally, association studies that use a biomarker of exposure in re-
lation to health outcomes can present challenges when establishing refer-
ence values. Such measures are not necessarily valid or reliable markers, 
and they can be subject to considerable confounding by a host of variables. 
In the case of vitamin D, there are certain factors that allow more confi-
dence in using this measure in the estimation of reference values. Specific 
deficiencies of vitamin D lead to recognized, measurable deficiency states 
with adverse effects on the indicator of interest, in this case bone health as 
evidenced by rickets and osteomalacia. The next consideration is whether 
the biomarker is an accurate reflection of intake. In the case of serum 
25OHD concentrations, despite the lack of clarity about the impact of a 
number of variables on serum 25OHD concentrations, the measure can be 
reasonably associated with total intake when sunlight exposure is minimal.

On this basis, serum 25OHD concentrations were used to simulate 
a dose–response relationship for bone health. Next, the available data—
notably those obtained under conditions of limited sun exposure—were in-
tegrated in order to estimate a total intake that would result in the desired 
serum 25OHD relative to measures of bone health. This step-wise process 
for simulating a dose–response relationship for vitamin D considered, first, 
the relevance to this study of the confounding introduced by 25OHD assay 
methodologies and related measurement problems, including “assay drift.” 
Next, the data from three bodies of evidence described in Chapter 3—the 
relationship between calcium absorption and serum 25OHD levels; serum 
25OHD levels and bone health in children; and serum 25OHD levels 
and bone health in older adults—were summarized and used to specify 
a dose–response curve for serum 25OHD. Interestingly, concordance of 
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1

1

serum 25OHD levels and bone health for median requirements emerged 
across all age groups. Finally, the relationship between changes in vitamin 
D intake and changes in serum 25OHD concentrations was considered.

Simulation of a Dose–Response Relationship for 
Vitamin D Intake and Bone Health

“Assay Drift” and Implications for Interpretation of 
Serum 25OHD Data in the Literature

In considering serum 25OHD levels as reported by various studies, 
the committee was aware of the so-called “assay drift” associated with lon-
gitudinal comparison of assay results collected in the National Health 
and Nutrition Examination Survey (NHANES), as well as the large inter-
laboratory variation worldwide (Carter et al., 2010) and the differences in 
performance characteristics between the various antibody-based and liquid 
chromatography (LC)-based assays. Although it was reported that a con-
sistent assay bias was recognized within the NHANES data for certain time 
periods (2000–2006) , this assay drift as described in Chapter 3 is small in 
comparison with the inter-laboratory variation or the methodological dif-
ferences observed in data from the Vitamin D External Quality Assurance 
Scheme (DEQAS)(Carter et al., 2010).

Centers for Disease Control and Prevention (CDC). Available online at http://www.cdc.
gov/nchs/data/nhanes/nhanes3/VitaminDanalyticnote.pdf (accessed July 8, 2010).

Accordingly, for the purposes of this study, a correction of data based 
on knowledge of assay drift was neither practical nor necessary for the de-
termination of DRI values. The NHANES assay drift applies to certain data 
analyzed within a known time frame (2004–2006), but at the same time 
other data using similar methods might have experienced drift that was un-
known and therefore could not be accounted for or corrected. Moreover, 
the dispersion of serum 25OHD levels across the range of vitamin D intakes 
is very large, as exemplified by data from Millen et al. (2010).

Although methodological issues contribute to uncertainty in compar-
ing data among studies, the differences in serum 25OHD over time due 
to assay drift are relatively small and thus inconsequential when viewed 
relative to other sources of biological variation. In essence, assay drift is 
considered to be a component of the noise within the signal, and one of 
the contributors to uncertainty. But for DRI purposes it did not require 
re-evaluation or normalization of data. Regarding NHANES data specifi-
cally as they were used by the committee as a basis for the intake assess-
ment (Chapter 7), the ramifications of “assay drift” are more significant 
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for longitudinal comparisons, which were not a component of the intake 
assessment.

Conclusions Regarding Data for Serum 25OHD and Bone Health

The evidence presented in Chapter 4 allows the following conclusions 
about serum 25OHD concentrations relative to DRI development:

• Calcium absorption
 Given that an identified key role of vitamin D is to enhance cal-

cium absorption, evidence regarding the level of serum 25OHD 
associated with maximal calcium absorption is relevant to estab-
lishing a dose–response relationship for serum 25OHD level and 
bone health outcomes. As outlined in Chapter 4, for both children 
and adults there was a trend toward maximal calcium absorption 
between serum 25OHD levels of 30 and 50 nmol/L, with no clear 
evidence of further benefit above 50 nmol/L.

• Rickets
 In the face of adequate calcium, the risk of rickets increases below 

a serum 25OHD level of 30 nmol/L and is minimal when serum 
25OHD levels range between 30 and 50 nmol/L. Moreover, when 
calcium intakes are inadequate, vitamin D supplementation to 
the point of serum 25OHD concentrations up to and beyond 75 
nmol/L has no effect.

• Serum 25OHD level and fracture risk: Randomized clinical trials using 
adults

 Because available trials often administered relatively high doses 
of vitamin D, serum 25OHD concentrations varied considerably. 
Although some studies suggested that serum 25OHD concentra-
tions of approximately 40 nmol/L are sufficient to meet bone 
health requirements for most people, findings from other studies 
suggested that levels of 50 nmol/L and higher were consistent with 
bone health. Given that causality has been established between 
changes in serum 25OHD levels and bone health outcomes, infor-
mation from observational studies can be useful in determining 
the dose–response relationship.

• Serum 25OHD level and fracture risk: Observational studies using adults
 Melhus et al. (2010) found that serum 25OHD levels below 40 

nmol/L predicted modestly increased risk of fracture in elderly 
men, but there was no additional risk reduction above 40 nmol/L, 
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suggesting maximum population coverage at 40 nmol/L. In con-
trast, Ensrud et al. (2009) observed that men with 25OHD levels 
below 50 nmol/L had greater subsequent rates of femoral bone 
loss, and there was no additional benefit from serum 25OHD con-
centrations higher than 50 nmol/L, suggesting maximum popu-
lation coverage at 50 nmol/L. Still other studies suggested that 
somewhat higher serum 25OHD concentrations were needed to 
provide maximum population coverage. For example, Cauley et al. 
(2008), in a prospective cohort study, reported that serum 25OHD 
concentrations in the range of 60 to 70 nmol/L were associated 
with the lowest risk of hip fracture; above this level, risk was re-
ported to increase, but not significantly. Looker and Mussolino 
(2008), using NHANES data, found that, among individuals with 
serum 25OHD levels above 60 nmol/L, the risk of hip fracture was 
reduced by one-third. The van Schoor et al. (2008) study reported 
that in more than 1,300 community-dwelling men and women 
ages 65 to 75 years, serum 25OHD levels less than or equal to 30 
nmol/L were associated with a greater risk of fracture. Cauley et al. 
(2010) noted that men in the MrOs cohort with levels of serum 
25OHD less than 50 nmol/L experienced a significant increase in 
hip fracture risk that was attenuated somewhat when considering 
hip BMD.

• Osteomalacia from postmortem observational study
 Data from the work of Priemel et al. (2010) have been used by 

the committee to support a serum 25OHD level of 50 nmol/L as 
providing coverage for at least 97.5 percent of the population. The 
data, however, do not allow specification of serum 25OHD levels 
above which half of the population is protected from osteomalacia 
and half is at risk; rather the evidence indicated that even relatively 
low serum 25OHD levels were not associated with the specified 
measures of osteomalacia, mostly likely owing to the impact of 
calcium intake. This is consistent with a number of studies, both 
from trials and from observational work, indicating that vitamin D 
alone appears to have little effect on bone health outcomes; it is 
most effective when coupled with calcium.

The wide variation in the precise relationship of serum 25OHD levels 
to any specific outcome for bone health is evident in the discussion above 
and the conclusion of the 2007 AHRQ report (Cranney et al., 2007; here-
after referred to as AHRQ-Ottawa) that a specific threshold serum 25OHD 
level could not be established for rickets. Nonetheless, the committee 
found a striking concordance of the data surrounding serum 25OHD lev-
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els across several of the specific outcomes and across age groups, which, 
in turn, allows an estimation of serum 25OHD concentrations that are 
consistent with an EAR- and RDA-type reference value when the indicators 
of bone health are integrated (see Figure 5-1). As shown above, the levels 
range between 30 and 50 nmol/L, respectively, for the EAR and the RDA. 
Further, the higher level of 75 nmol/L proposed by some as “optimal” and 
hence consistent with an RDA-type reference value is not well supported.

FIGURE 5-1 Conceptualization of integrated bone health outcomes and vitamin 
D exposure.  

Risk of vitamin D–
deficiency rickets in

bone accretion

Risk of vitamin D–
deficiency

osteomalacia in bone
maintenance

BMD

Calcium absorption

30 nmol/L 40 nmol/L 50 nmol/L 

Serum 25OHD Level

The congruence of the data links serum 25OHD levels below 30 
nmol/L with the following outcomes: increased risk of rickets, impaired 
fractional calcium absorption, and decreased bone mineral content (BMC) 
in children and adolescents; increased risk of osteomalacia and impaired 
fetal skeletal outcomes; impaired fractional calcium absorption and an 
increased risk of osteomalacia in young and middle-aged adults; and 
impaired fractional calcium absorption and fracture risk in older adults. 
Similarly, for all age groups, there appears to be little causal evidence of ad-
ditional benefit to any of these indicators of bone health at serum 25OHD 
levels above 50 nmol/L, suggesting that this level is consistent with an RDA-
type reference value in that this value appears to cover the needs of 97.5 
percent of the population. For some bone health outcomes, such as BMD 
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in adults, the results of the available RCT(s) show a negative relationship 
between serum 25OHD level and outcome, and the available observational 
studies yield mixed results. In addition, for several of these specific out-
comes, the RCTs that show benefit for what is generally a single tested dose 
of supplemental vitamin D do not allow inference of intermediate levels 
of 25OHD in serum between the placebo and dose. When evaluating the 
congruence of the data, the committee, therefore, looked at the lowest ef-
fective dose and the achieved serum 25OHD level. Uncertainty does exist 
for the selected serum 25OHD levels consistent with an EAR- and RDA-type 
level; this uncertainty stems from the wide range of effects and relation-
ships and the lack of a relevant dose–response relationship.

Overall, when the data are examined for an EAR-type of serum 25OHD 
concentration—that is, a median type of value, a level above which approxi-
mately half the population might meet requirements and below which 
one-half might not—the data do not specifically provide such information, 
although this value can be concluded to lie between 30 and 50 nmol/L for 
all age groups. This is likely due to the unique inter-relationship between 
calcium and vitamin D. At lower levels of vitamin D, there appears to be 
a compensation on the part of calcium, and calcium intake can overcome 
the marginal levels of vitamin D. Calcium appears to be the more critical 
nutrient in the case of bone health, and therefore has an impact the dose–
response relationship. Therefore, calcium or lack thereof may “drive” the 
need for vitamin D.

In the case of vitamin D—or more precisely serum 25OHD concentrations—
the data, especially for adults, do not lend themselves readily to the usual DRI 
model, which is based on the assumption that data concerning a median 
intake will be as available or even more prevalent than data concerning cover-
age for most of the population. The standard model specifies, based on the 
assumption of a normal distribution for requirements, that the average or 
median requirement (i.e., the EAR) is used to calculate the RDA. This unan-
ticipated situation is primarily evident for adults for whom it is not possible to 
estimate the level of 25OHD in serum at which 50 percent of the population 
is at increased risk of osteomalacia. Rather, in this case, the data allow a bet-
ter estimation of the serum 25OHD level that likely covers most persons in 
the population. In children and adolescents, however, and to some extent in 
adults, the integration of these indicators as shown in Figure 5-1 enables an 
approximation of a level of serum 25OHD at which the risk of adverse bone 
health outcomes increases; however, there is uncertainty associated with this 
value given the limitations of the data at present. Thus, for children and ado-
lescents, a serum 25OHD level of 40 nmol/L from the middle of the range of 
30 to 50 nmol/L, at which risk to the population is increasing, was selected to 
serve as the targeted level for a median dietary requirements. For adults, the 
evidence that most are covered by a serum 25OHD level of 50 nmol/L is used 
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as the starting point, and a value of 40 nmol/L is estimated as the targeted 
level for a median dietary requirement.

Overall, as shown in Figure 5-1, the data suggest that 50 nmol/L can 
be set as the serum 25OHD level that coincides with the level that would 
cover the needs of 97.5 percent of the population. The serum 25OHD level 
of 40 nmol/L serum 25OHD is consistent with the median requirement. 
The lower end of the requirement range is consistent with 30 nmol/L, and 
deficiency symptoms may appear at levels less than 30 nmol/L depending 
upon a range of factors. What remains is to ascertain the level of vitamin 
D intake that would achieve these levels of 25OHD in serum.

Integration of Data to Estimate Vitamin D Intakes to 
Achieve Serum 25OHD Concentrations

As diet is not necessarily the only source of vitamin D for the body, it 
would be ideal if the relative contribution made by sunlight to the overall 
serum 25OHD levels could be quantified, thereby clearing the path to bet-
ter estimate total intakes of the nutrient needed to maintain a specified 
serum 25OHD level associated with the health outcome. In fact, however, 
the examination of data related to dietary recommendations about vitamin 
D is complicated by the confounding that sun exposure introduces, espe-
cially because the factors that affect sun exposure—such as skin pigmen-
tation, genetics, latitude, use of sunscreens, cultural differences in dress, 
etc.—are not clearly measured and controlled for in research studies and 
in some cases not fully understood. Further, and just as critically, vitamin D 
requirements cannot be based on an accepted or “recommended” level of 
sun exposure as a means to meet vitamin D requirements, because existing 
public health concerns about sun exposure and skin cancer preclude this 
possibility. The absence of studies to explore whether a minimal-risk ultra-
violet B (UVB) exposure relative to skin cancer exists to enable vitamin D 
production has been noted (Brannon et al., 2008).

Instead, the best remaining approach is to describe the relationship 
between total intake and serum 25OHD levels under conditions of minimal 
sun exposure. In doing so, the committee made the assumption that the 
outcomes, therefore, would reflect only a very small component attribut-
able to sun exposure as would occur naturally in free-living individuals in 
winter in the northern hemisphere. This approach to DRI development 
requires that persons who use the DRI values for health policy or public 
health applications adjust their considerations relative to adequacy of the 
diet based on whether the population of interest is minimally, moderately, 
or highly exposed to sunlight. As mentioned previously, the potential 
contribution from body stores remains unknown and thus introduces un-
certainty. Further, the application of the DRIs relative to assessing the 
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Slightly higher intake of vitamin D (of approxi-
mately 10 to 150 IU/day, compared with other studies) in the study with 

adequacy of vitamin D intake/exposure for the population (foods, supple-
ments, and sun exposure) would benefit from consideration of the serum 
25OHD concentrations in the population of interest.

The committee examined information from controlled trials in 
younger and older adults and in children that could be used in the simula-
tion to describe the relationship between vitamin D intake and changes in 
serum 25OHD concentrations. Of interest was the condition of minimal 
sun exposure, which occurs in northern latitudes and in Antarctica during 
their respective winters. The focus was clinical trials in Europeans or North 
Americans in which baseline total intake was measured or could be reliably 
estimated using peer-reviewed published data on baseline intakes of the 
population studied. In this way, the total intake of vitamin D (baseline plus 
supplement) was known or could be reliably estimated at latitudes greater 
than 50°N during late fall (October) through early spring (April) or in Ant-
arctica during its fall (March) through its winter (October). These studies 
are summarized in Table 5-4. Studies needed to report measured serum 
25OHD levels as means or medians with estimates of variance (standard 
deviation [SD], CI, or inter-quartile ranges) are included. Some studies 
in the United State at 40°N to 46°N were identified that met all inclusion 
criteria except that of latitude. These are also included in Table 5-4.

In reviewing these studies, most of which were published in the past 2 
years, the committee noted the variability in the declines in serum 25OHD 
levels during the winter seasons in the respective hemispheres and the ex-
istence of a non-linear response to doses of vitamin D. These are discussed 
below prior to the description of the simulated dose–response analysis.

Winter season change in serum 25OHD levels across age groups As shown 
in Figure 5-2, the serum 25OHD levels of the placebo groups in the stud-
ies conducted with children (Viljakainen et al., 2006) and with younger, 
middle-aged, and older adults (Cashman et al., 2008, 2009; Smith et al., 
2009) decreased over a wide range during the winter season at each lati-
tude. In one study where participants started the season with lower base-
line serum 25OHD levels (i.e., 36 nmol/L), the concentrations decreased 
only slightly (i.e., to 34 nmol/L) (Smith et al., 2009). However, in other 
studies where participants began the season with higher baseline serum 
25OHD levels (i.e., 57 to 66 nmol/L, respectively) the serum 25OHD lev-
els decreased more (i.e., to 34 and 43 nmol/L, respectively) (Viljakainen 
et al., 2006; Cashman et al., 2008, 2009), compared with those participants 
with lower baseline levels. In short, the decline in serum 25OHD levels in 
the placebo arm of these studies appears to be greatest when initial serum 
25OHD levels are higher. 
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the lowest baseline serum 25OHD levels (Smith et al., 2009) may have ac-
counted for the attenuated reduction in serum 25OHD level.

FIGURE 5-2 Fall (baseline) and winter (final) values of serum 25OHD concentra-
tions in non-supplemented placebo (or no pills) groups measured during minimal 
sun and UVB exposure (Cashman et al., 2008, 2009; Smith et al., 2009) or at the 
same season for the year-long trials in children (Viljakainen et al., 2006) at latitudes 
above 50°N or in Antarctica.
NOTE: Values in the graph from Viljakainen et al. (2006) differ from values listed 
in Table 5-4 due to the use of a subgroup (6-month values for girls recruited in the 
fall) for graphing purposes.

A similar trend exists across many of the studies with a placebo group, 
as summarized in Table 5-4. Declines of 3 to 13 nmol/L in serum 25OHD 
level are reported for those with baseline levels from 36 to 47 nmol/L. 
Larger declines in serum 25OHD levels of 8 to 62 nmol/L are reported 
for those with baseline levels of 64 to 96 nmol/L. However, considerable 
variability exists in the seasonal decline in serum 25OHD level in winter 
months, as demonstrated by the increases of 1 nmol/L in some participants 
with baseline serum 25OHD levels of 33 nmol/L at latitudes above 50°N 
(Larsen et al., 2004), and increases of 4.6 to 10.8 nmol/L from a baseline 
of 48.9 to 61.9 nmol/L in some participants at latitudes above 42°N (Harris 
et al., 2002; Nelson et al., 2009).

These observations suggest that the assumption of minimal sun ex-
posure was met. Further, they suggest that during the winter season small 
intakes of vitamin D may play a role in attenuating the winter decline in se-
rum 25OHD levels in those with lower baseline serum 25OHD levels. They 
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also suggest that the kinetics of vitamin D turnover or mobilization from 
stores may differ in those who have lower baseline serum 25OHD levels. 
Further, it is possible that the greater decline of serum 25OHD levels in 
those with higher baseline levels could, perhaps, also represent regression 
to the mean, at least in part. At this time, it is not possible to clarify which 
of these possibilities occur.

Non-linear response to vitamin D dosing The available data suggest a 
non-linear response of serum 25OHD above baseline levels to doses of vita-
min D for all age groups. Non-linear response to doses of vitamin D (total 
or IU/kg) is also reported in mice (Fleet et al., 2008) and rats (Anderson 
et al., 2008; Fleet et al., 2008), demonstrating the biological plausibility 
of a non-linear response of serum 25OHD concentrations to vitamin D 
intake. It is noted that AHRQ-Ottawa and Heaney et al. (2003) reported a 
linear relationship between serum 25OHD levels and vitamin D dosing that 
ranges from 0.7 nmol/L per 40 IU (Heaney et al., 2003) to 1 to 2 nmol/L 
per 100 IU (AHRQ-Ottawa). Notably, AHRQ-Ottawa found heterogeneity 
that remained after adjusting for dose. However, in the studies considered 
by the committee, there is a steeper rise in serum 25OHD levels when 
vitamin D dosing is less than 1,000 IU/day of vitamin D. A slower, more 
flattened response is seen when doses of 1,000 IU/day or higher are ad-
ministered. In short, regardless of baseline intakes or serum 25OHD levels, 
under conditions of dosing the increment in serum 25OHD above baseline 
differs depending upon whether the dose was above or below 1,000 IU/
day. This is evidenced by examining several studies in young, middle-aged 
and older adults.

Smith et al. (2009) in Antarctica found a low serum 25OHD level of 
37 nmol/L in men and women during the winter season (June to Septem-
ber). The rise in serum 25OHD levels with doses of 400, 1,000, and 2,000 
IU/day after 13 and 20 weeks was 2.1, 0.8 and 0.54 nmol/L per 40 IU/
day, respectively. In two other studies at latitudes of 52°N to 55°N during 
winter, the rise in serum 25OHD levels in response to 200, 400, or 600 IU 
of vitamin D per day with serum 25OHD baseline levels of 37 to 42 nmol/L 
was examined in young and older individuals. The average rise in serum 
25OHD levels was equivalent to approximately 2.3 nmol/L for an intake of 
40 IU vitamin D3 per day without a difference due to age (Cashman et al., 
2008, 2009). Others also found that age does not influence the change in 
serum 25OHD level in response to vitamin D intake (Harris and Dawson-
Hughes, 2002). When the dose is 1,000 IU/day or higher, the rise in serum 
25OHD level in individuals of all ages is approximately 1 nmol/L for a 40 
IU/day intake, which is similar to the response to vitamin D intake found 
in the AHRQ-Ottawa analysis.
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Analysis and Outcomes

A regression analysis of the relationship between serum 25OHD level 
and total intake of vitamin D during the winter season at latitudes above 
49.5°N or in Antarctica, a period of low sun and UVB exposure, was car-
ried out for each of three age groups—children and adolescents, young 
and middle-aged adults, and older adults. This approach differs from the 
others such as the study reported by Heaney et al. (2003) in that total 
vitamin D intake and not just a supplemental dose of vitamin D was con-
sidered, and because we show a non-linear response to total intake rather 
than the linear response published previously. The interest for this report 
was an approach that would be relevant to determining the intake needed 
to achieve the serum 25OHD levels consistent with an EAR- and RDA-type 
value. The regression analysis using a mixed effect model was preceded 
by a log transformation of the total vitamin D intake data because the log 
transformation was the best curvilinear fit. The model controlled for the 
effect of study clustering by including study as a random effect. Controlling 
for study effect using a random effect was needed because the interclass 
correlation of the variance due to study effect compared with the total 
variance was very high, approximately 95 percent overall, with about 88 
percent for children and adolescents, 95 percent for young and middle-
aged adults, and 96 percent for older adults. The regression was set for a 
y0 intercept of 0 nmol of 25OHD per liter of serum, consistent with the 
biological reality preventing a negative value for achieved serum 25OHD 
levels. Baseline serum 25OHD levels did not have significant effect, and 
was, therefore, not included in the analysis.

The outcome is presented in Figure 5-3. Importantly, age did not signif-
icantly affect the response of serum 25OHD level to log vitamin D intake. 
Neither the main effect of age (p = 0.162) nor the interaction term between 
age and the log of total vitamin D intake (p = 0.142) was significant. Thus, 
there was no effect of age in the response of serum 25OHD level to total 
intake among the three age groups—children and adolescents, young and 
middle-aged adults, or older adults. This finding suggests that across ages 
under conditions of minimal sun exposure, similar intakes of vitamin D 
result in similar serum 25OHD concentrations, as shown in Figure 5-4.

Because there was no age effect in the response of serum 25OHD level 
to total intake of vitamin D, a single, combined regression analysis with 
study as a random effect was carried out. This resulted in the predictive 
equation of achieved 25OHD in nmol/L = 9.9 ln (total vitamin D intake) 
with predicted CIs of y = 8.7 ln total vitamin D intake) and upper interval 
of y = 11.2 ln (total vitamin intake), as specified in Figure 5-4.

The committee also analyzed the achieved 25OHD with total vitamin 
D intake at latitudes between 40°N to 49°N during the winter (data shown 
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in Table 5-4 above) for which assumption of minimal sun exposure may 
not be as fully met as at latitudes above 49.5°N or in Antarctica during the 
winter. The approach was the same as described above for the simulated 
dose–response in which achieved serum 25OHD level was analyzed at 
latitudes above 49.5°S. The interclass correlation was large, approximately 
80 percent, and study effect was again included as a random effect in the 
mixed effects model. Age did not affect achieved serum 25OHD level rela-
tive to log total vitamin D intake (p = 0.09 for main effect and p = 0.6 for 
the interaction of age and log total vitamin D intake), although the data 
available for children was limited to one study. Therefore, a combined anal-
ysis of all age groups at the lower latitudes was conducted. The predicted 
achieved serum 25OHD level was y = 12.3 ln (total vitamin D intake), which 
explained 45 percent of the within-study variability and 96.6 percent of the 
between-study variability. The predicted upper and lower CIs for achieved 
serum 25OHD levels were y = 10.1 ln (total vitamin D intake) and y = 14.5 
ln (total vitamin D intake). There was a significant difference between 
lower and higher latitudes (p = 0.000 for the main effect and p = 0.021) 
for the interaction of latitude and ln (total vitamin D intake). Compared 
to the simulated dose–response at higher latitudes, the achieved serum 
25OHD level at lower latitudes was 24 percent greater for the same total 
intake as that achieved at higher latitudes. Of note, less of the within-study 
variance at lower latitudes was explained by the total vitamin D intake (45 
percent) compared to that explained (72 percent) for the higher latitudes. 
Taken together, these results suggest that sun exposure may be more than 
minimal at lower latitudes, as anticipated. Thus, the committee used the 
simulated dose–response at the higher latitudes to ensure minimal sun 
exposure to ensure as little contribution from endogenous production as 
the evidence allows.

Given the lack of an age effect in the response of the achieved serum 
25OHD levels to any total intake of vitamin D, the intake to achieve the 
EAR-type value of 40 nmol/L was the same across all groups. An intake of 
400 IU is associated with a predicted mean circulating 25OHD level of 59 
nmol/L in children and adolescents, young and middle-aged adults, and 
older adults with a lower predicted CI of approximately 52 nmol/L. An 
intake of 600 IU/day predicts a mean serum 25OHD level of 63 nmol/L in 
children, adults, and older adults with a lower predicted CI of 56 nmol/L. 
Although this suggests that intakes of 400 and 600 IU would over-shoot 
the targeted serum 25OHD concentrations, there is considerable uncer-
tainty in this simulated dose–response relationship that needs to be taken 
into account. This includes: (1) the large inter-study variance, which is 
most pronounced in older persons; (2) predicted lower CIs for each age 
group resulting in an achieved serum 25OHD level of 36 to 46 nmol/L for 
a 400 IU/day intake and a 38 to 49 nmol/L for a 600 IU/day intake (as 
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shown in Figure 5-4), even though there is no significant age effect; (3) the 
uncertainties in the comparability of the serum 25OHD levels measured 
with different assays across these studies; and (4) the uncertainty surround-
ing the predicted CIs of this relationship. Given these limitations and the 
uncertainties, the committee selected the estimated intakes needed in 
a fashion that would err on the side of the specified intake “overshoot-
ing” the targeted serum value to ensure that the specified levels of intake 
achieved the desired serum 25OHD levels of 40 and 50 nmol/L. This ap-
proach is used despite possible contributions to serum 25OHD from sun 
exposure that could not be taken into account.

FIGURE 5-3 Response of serum 25OHD level to total intake of vitamin D in 
northern latitudes in Europe and Antarctica during their respective winter seasons 

-

Children & Adolescents
Young & Middle-Aged Adults
Older Adults
Predicted Children & Adolescents
Predicted Adults
Predicted Older Adults
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when effective sun exposure for endogenous vitamin D synthesis is minimal. Mean 
or median responses of serum 25OHD level to total intake in the winter seasons at 
northern latitudes (> 49.5°N) and in Antarctica (78°S) (summarized in Table 5-4) 
were analyzed using a mixed effect model by regression following log transforma-
tion with study in a random effects model to control for the large study residual 
variability for: (1) children and adolescents (boys and girls) ages 6 to 14 years in 
Finland (Ala-Houhala et al., 1988); (2) young and middle-aged adults ages 19 to 59 
years from men in Antarctica (Smith et al., 2009), Ireland (Cashman et al., 2008, 
2009), and Finland (Viljakainen et al., 2006, 2009), and Denmark (Schou et al., 
2003); and (3) older adult women and men > 60 years of age in Ireland (Cashman 
et al., 2009), the Netherlands (Van Der Klis et al., 1996), Finland (Viljakainen et al., 
2006), and Denmark (Larsen et al., 2004). The relationship of serum 25OHD level 
to total intake of vitamin D is:
 •  For children and adolescents: achieved serum 25OHD = 8.6 ln(total vitamin D 

intake), which explains 68.8 percent of the within-subject variability and 98.3 
percent of the between-study variability. Predicted CIs were y = 6.0 ln (total 
vitamin D intake) for lower limit, and y = 11.3 ln (total vitamin D intake) for 
upper limit.

 •  For young and middle-aged adults: achieved serum 25OHD = 10.1 ln (total 
vitamin D intake), which explained 70.3 percent of the within-study variability 
and 98.4 percent of the between-study variability. Predicted CIs were y = 6.3 ln 
(total vitamin D intake) for lower limit, and y = 13.8 ln (total vitamin D intake) 
for upper limit.

 •  For older adults > 71 years: achieved 25OHD = 10.9 ln (total vitamin D intake), 
which explains 77.5 percent of the within-study variability and 92.2 percent 
of the between-study variability. Predicted CIs were y = 7.7 ln (total vitamin D 
intake) for lower limit and y = 14.2 ln (total vitamin D intake) for upper limit.

 •  The interaction term between age and the log of total vitamin D intake (p = 
0.142), as well as the main effect of age (p = 0.162) were not significant.

NOTE: log(total vitamin D) has been back-transformed to total vitamin D for pre-
sentation in this figure.

Specification of Vitamin D Dietary Reference Intakes for Adequacy

The DRIs for adequacy for vitamin D have been introduced previously 
in Table 5-3. The rationale for each is presented in the discussions below.

Infants 0 to 12 Months of Age

Infants 0 to 6 Months of Age
Infants 6 to 12 Months of Age

AI 400 IU (10 µg)/day Vitamin D
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FIGURE 5-4 Response of serum 25OHD level to total intake of vitamin D in all 
age groups in northern latitudes in Europe and Antarctica during their respective 
winter seasons when effective sun exposure for endogenous vitamin D synthesis is 
minimal. Mean responses of serum 25OHD level to total vitamin D intake in the 
winter seasons at latitudes 49.5°N (Europe) and 78°S (Antarctica) for ages 6 to > 
60 years (Ala-Houhala et al., 1988; Van Der Klis et al., 1996; Schou et al., 2003; 
Larsen et al., 2004; Viljakainen et al., 2006, 2009; Cashman et al., 2008, 2009; Smith 
et al., 2009; see Table 5-4 for summary of studies) were analyzed by regression using 
mixed effect model following log transformation controlling for study effect by a 
random effects model because there was no effect of age on the response of serum 
25OHD level to total intake of vitamin D. The relationship for achieved vitamin D 
is y achieved 25OHD in nmol/L = 9.9 ln (total vitamin D intake) (shown as solid 
line) with predicted CIs (shown as two dashed lines) for lower interval of y = 8.7 ln 
(total vitamin D intake) and upper interval of y = 11.2 ln (total vitamin D intake). 
This regression explains 72 percent of the within-study variability and 96.4 percent 
of the between-subject variability.
NOTE: Log (total vitamin D intake) was back-transformed to total vitamin D intake 
for presentation in this figure.

Children & Adolescents
Young & Middle-Aged Adults
Older Adults
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Data are not sufficient to establish an EAR for infants less than 1 year of 
age, and therefore an AI has been developed. Unlike the case for calcium, 
the content of human milk does not shed light on the vitamin D require-
ments of infants, as breast milk is not a meaningful source of vitamin D.

The AI for the 0 to 6 months and 6 to 12 months life stage groups is 
set at 400 IU of vitamin D per day. There are very limited data beyond the 
conclusion that maintaining serum 25OHD concentrations in this life stage 
group above 30 nmol/L, and more likely closer to 50 nmol/L, appears to 
cover adequately the needs of the majority of the infants and support nor-
mal bone accretion. There are no data to suggest that older infants would 
benefit from higher intakes.

Intakes in the range of 400 IU/day appear consistent with mainte-
nance of the desirable serum 25OHD concentrations. There are no reports 
of a clinical deficiency in infants receiving 400 IU of vitamin D per day, 
and an intake of 400 IU/day appears to maintain a serum 25OHD level 
generally above 50 nmol/L in infants (Greer et al., 1982; Rothberg et al., 
1982; Ala-Houhala, 1985; Ala-Houhala et al., 1988; Greer and Marshall, 
1989; Hollis and Wagner, 2004). There are differences in the volume of 
milk or formula intake during this 12-month period, with newborns taking 
in less than older infants. The AI of 400 IU/day, therefore, represents an 
overall intake for the first year of life, and may vary across the life stages; 
it also assumes early introduction of a supplement for breast-fed babies. In 
the case of exclusive formula feeding, there is an assumption of a gradual 
increase in intake to 800 to 1,000 mL/day during infancy, which for most 
standard formulas provides about 400 IU/day. Note is made of the case 
reports concerning the development of rickets among dark-skinned infants 
who are exclusively breast-fed and not provided a vitamin D supplement 
(see Chapter 8).

Children and Adolescents 1 Through 18 Years of Age

Children 1 Through 3 Years of Age
Children 4 Through 8 Years of Age
Children 9 Through 13 Years of Age
Adolescents 14 Through 18 Years of Age

EAR 400 IU (10 µg)/day Vitamin D
RDA 600 IU (15 µg)/day Vitamin D

For these life stage groups, ensuring normal, healthy bone accretion is 
central to the DRI values. The requirement distribution developed using 
serum 25OHD concentrations and the intakes estimated to achieve such 
concentrations are the basis for the reference values.
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For very young children in this life stage group, virtually no data are 
available to link vitamin D nutriture directly to measures related to bone 
health outcomes. AHRQ-Ottawa examined the relationship between vi-
tamin D and rickets in children 0 to 5 years of age but found no studies 
that evaluated BMC, BMD, or fractures in comparison with measures of 
vitamin D intake. Likewise, AHRQ-Tufts found no studies that update 
AHRQ-Ottawa.

AHRQ-Ottawa did consider serum 25OHD concentrations in the con-
text of the onset of rickets in newborns through children 5 years of age and 
identified serum concentrations below 27.5 nmol/L as being consistently 
associated with rickets. However, many of the relevant studies were from de-
veloping countries where calcium intake is low; therefore, for these studies, 
the onset of rickets was associated with higher levels of 25OHD in serum, 
likely due to low calcium intakes. Specker et al. (1992) has concluded that 
serum concentrations of approximately 27 to 30 nmol/L places the infant 
at an increased risk for developing rickets, although the measure is not 
diagnostic of the disease.

Although the prevention of rickets can be a factor in establishing ref-
erence values, it is important to seek measures that are consistent with fa-
vorable bone health outcomes. Maximizing calcium absorption, especially 
for this life stage group, is therefore a reasonable parameter to take into 
account. Here, as with rickets, serum 25OHD measures are the only data 
available and there are no direct measures of vitamin D intake. Abrams 
et al. (2009) conducted calcium absorption studies in 251 children ranging 
in age from 4.9 to 16.7 years and found that children with serum 25OHD 
levels of 28 to 50 nmol/L had higher fractional calcium absorption than 
children with serum 25OHD levels at or greater than 50 nmol/L, sug-
gesting again at the least that maximal calcium absorption is reached at 
50 nmol/L. Fractional calcium absorption did not increase with serum 
25OHD concentration levels above 50 nmol/L. The findings are consis-
tent with the conclusions reached previously concerning serum 25OHD 
levels associated with maximum population coverage. Further, as rickets in 
populations that are not calcium deficient occurs at serum 25OHD levels 
below 30 nmol/L, it is reasonable to assume that 40 nmol/L is associated 
with an average requirement.

Serum 25OHD concentrations of 40 to 50 nmol/L would ideally coin-
cide with bone health benefits such as positive effects on BMC and BMD. 
AHRQ-Ottawa found that there was fair evidence that circulating 25OHD 
levels are associated with a positive change in BMD and BMC in studies in 
older children and adolescents. The serum 25OHD concentrations varied 
from 30 to 83 nmol/L. A study conducted by Viljakainen et al. (2006) 
reported that vitamin D intakes of 200 and 400 IU/day in adolescent 
girls were associated with positive BMC measures at serum 25OHD levels 
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of 50 nmol/L and above. This is consistent with conclusions inferred 
from calcium absorption studies and, in turn, with the ability to cover the 
requirements for nearly all in the population. A relatively wide range of 
total vitamin D intakes reportedly achieved serum 25OHD concentrations 
between approximately 40 and 60 nmol/L, but most intakes were between 
about 350 and 600 IU/day. The variability in the data cannot be readily 
attributed to differences in sun exposure because the studies were all con-
ducted in northern locations during primarily winter months.

Taken as a body of evidence and in the absence of measures that di-
rectly relate total intake to health outcomes, the information concerning 
serum 25OHD concentrations associated with rickets prevention, calcium 
absorption, and positive effects on BMC measures are consistent with 
discussions above concerning a requirement distribution based on serum 
25OHD concentrations. They support the conclusion that an average re-
quirement for vitamin D for these life stage groups is associated with the 
achievement of concentrations of 25OHD in serum of 40 nmol/L. Further, 
they support the conclusion that the requirements for nearly all children 
and adolescents are covered when serum 25OHD concentrations reach 50 
nmol/L. These findings are universally applicable across all children and 
adolescents from 1 to 18 years of age.

The analysis conducted, described above, indicates that an intake of 
vitamin D of 400 IU/day achieves serum concentrations of 40 nmol/L, and 
this intake is therefore set as the EAR for persons 1 to 3 years, 4 to 8 years, 
9 to 13 years, and 14 to 18 years of age. As this requirement distribution 
appears to be normally distributed, the assumption of another 30 percent 
to cover nearly all the population (i.e., 97.5 percent) is appropriate and 
consistent with a serum 25OHD level of approximately 50 nmol/L as the 
target for an RDA value. Based on the same analysis relating serum 25OHD 
levels to intake, an intake of 600 IU/day is set as the RDA. These reference 
values assume minimal sun exposure.

Adults 19 Through 50 Years of Age

Adults 19 Through 30 Years of Age
Adults 31 Through 50 Years of Age

EAR 400 IU (10 µg)/day Vitamin D
RDA 600 IU (15 µg)/day Vitamin D

For these life stage groups, bone maintenance is the focus. The re-
quirement distribution based on serum 25OHD concentrations and the 
intakes estimated to achieve such concentrations are the basis for the ref-
erence values. As described below, the available data have provided more 
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information about intakes and serum 25OHD levels consistent with an 
RDA value than they have for an EAR value.

Data relating bone health outcomes to vitamin D intake are generally 
limited for adults 19 to 50 years of ages. Although bone mass measures are, 
of course, studied in this population, consideration of the dose–response 
relationship between vitamin D and bone health are not usually included 
in such studies. In fact, there are no randomized trials in this age group,  
and whatever data are available come from association studies. The results 
are inconsistent, in part because the confounding inherent in observa-
tional studies.

Serum 25OHD concentrations relative to calcium absorption, there-
fore, provide an important basis for DRI development for vitamin D for 
these life stage groups. The conclusions described above indicating that 
calcium absorption is maximal at serum 25OHD concentrations between 
30 and 50 nmol/L with no consistent increase in calcium absorption above 
approximately 50 nmol/L are informative in estimating the relevant EAR 
and RDA values for vitamin D for these life stage groups.

In contrast, although data from a very recent study (Priemel et al., 
2010) based on post-mortem analysis of the relationship between serum 
25OHD levels and osteomalacia and re-examined by the committee (as de-
scribed above) suggest a serum 25OHD level that would cover the needs of 
approximately 97.5 percent of the population, they also reveal that a level 
of serum 25OHD consistent with an average requirement is somewhat elu-
sive. That is, serum 25OHD levels of approximately 40 nmol/L to even 30 
nmol/L might be expected to be consistent with coverage for no more than 
half of the population (i.e., a mean/median value). But, in the Priemel 
et al. (2010) report, even at serum 25OHD levels well below 30 nmol/L 
more than half of the population studied failed to demonstrate osteomala-
cia as defined histologically in the study. In essence, these data, which ad-
mittedly have limitations, suggest that for some adults the need for vitamin 
D is extremely low. This is likely due to the very strong interrelationship 
between calcium and vitamin D; it may even suggest that calcium is the 
“driver” nutrient relative to bone health, and that calcium is able to more 
readily overcome lower levels of vitamin D for the purposes of bone health, 
while vitamin D is likely unable to compensate for a lack of calcium. This 
finding underscores the uncertainties that are introduced by the calcium-
vitamin D interrelationship.

For the purposes of ensuring public health in the face of uncertainty 
and providing a reference value for stakeholders, a prudent approach is 
to begin the consideration of the DRIs for these age groups with the level 
of 25OHD in serum that is consistent with coverage of the requirement 
of nearly all adults in this age range, that is, 50 nmol/L. Taken together 
with calcium absorption and BMD, and assuming a normal distribution 
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of requirements, given no evidence that the distribution is not normal, a 
serum level of 40 nmol/L can be set as consistent with a median require-
ment. This modified approach is bolstered by—and consistent with—the 
relationship between serum 25OHD levels and calcium absorption, in 
which serum 25OHD levels of between 30 and 50 nmol/L were consistent 
with maximal calcium absorption. Based on these considerations as well as 
the intake versus serum response analysis described above, an EAR of 400 
IU/day and an RDA of 600 IU/day are established for adults 19 to 50 years 
of age. These DRI values assume minimal sun exposure.

Adults 51 Years of Age and Older

Adults 51 Through 70 Years of Age
EAR 400 IU (10 µg)/day Vitamin D
RDA 600 IU (15 µg)/day Vitamin D

Adults >70 Years of Age
EAR 400 IU (10 µg)/day Vitamin D
RDA 800 IU (20 µg)/day Vitamin D

For persons in these life stage groups of 51 through 70 years and >70 
years, the ability to maintain bone mass and reduce the level of bone loss 
is the primary focus for DRI development. Evidence related to fracture 
risk becomes central. For this reason, DRIs for adults >70 years of age are 
discussed first, followed by DRIs for adults 51 through 70 years of age.

Adults 70 Years of Age and Older

The discussions above concerning serum 25OHD levels in relation to 
bone health indicate that several newer studies have helped to elucidate 
a relationship between serum 25OHD concentrations and bone health 
benefits based on measures of calcium absorption and osteomalacia for a 
wide age range of adults. These data when used for the purposes of DRI 
development—coupled with the approximation of intake associated with 
serum 25OHD concentrations derived from the simulation analysis carried 
out by the committee—provide a basis for an EAR for young and middle-
aged adults of 400 IU/day vitamin D consistent with a serum 25OHD con-
centration of 40 nmol/L, and for an RDA of 600 IU/day consistent with a 
serum 25OHD concentration of 50 nmol/L. However, for adults more than 
70 years of age, the number of unknowns associated with the physiology 
of normal aging, coupled with the level of variability around the average 
requirement for this group that such factors may introduce, all of which 
may affect the estimation of the RDA (the level of intake needed to cover 
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97.5 percent of the population) causes a closer examination of the level of 
intake appropriate for an RDA value.

For this life stage group (> 70 years), the reduction in fracture risk is 
the most important indicator of interest, not only because of the actual 
event, but also because of the high mortality and morbidity associated with 
fractures. The factors that may have an impact on fracture risk range from 
functional status to neurological, metabolic, and physical determinants. 
Such factors enhance uncertainties about vitamin D nutriture. Changes 
such as impaired renal function, less efficient synthesis of vitamin D in skin, 
lower endogenous production of active vitamin D, increased PTH as well 
as age-related changes in body composition affect the daily requirement 
of vitamin D. Moreover, a sizeable proportion of this population can be 
categorized as frail compared with other age groups, and the concerns for 
bone health are increased. Factors of increased institutionalization also 
come into play. Although there is insufficient evidence to point to any one 
of these factors as a contributor to increasing the variability at which 97.5 
percent coverage of the population occurs, when taken as a group of un-
knowns, it would be inappropriate to ignore the concern when considering 
the level of vitamin D commensurate with an RDA for this group.

For this reason, the level of uncertainty should be taken into account 
during the specification of the RDA for vitamin D for persons more than 
70 years of age. There are very few data that are relevant to adjusting 
for such uncertainty. There are no dose–response data that would allow 
comparisons for adults more than 70 years of age regarding the effects of 
intakes of 600 IU of vitamin D per day with that of a higher level of intake 
such as 800 or 1,000 IU/day. Moreover, the evidence for fracture risk in 
relation to vitamin D intake for this older life stage is confounded by study 
protocols that do not allow separation of the effect of calcium from vitamin 
D; as discussed previously there is reasonably compelling evidence that 
calcium alone in this age group can modestly reduce the risk of fracture. 
Therefore, it is not surprising that the inclusion of calcium with vitamin 
D treatment generally, albeit not consistently, reduces the risk of fractures 
among the oldest adults, especially when vitamin D nutriture is considered 
in the context of serum 25OHD concentrations (Tang et al., 2007; Avenell 
et al., 2009; AHRQ-Tufts, Tang et al., 2007). Even the 10 trials that exam-
ined vitamin D alone (Lips et al., 1996; Peacock et al., 2000; Meyer et al., 
2002; Trivedi et al., 2003; Avenell et al., 2004; Harwood et al., 2004; Grant 
et al., 2005; Law et al., 2006; Lyons et al., 2007; Smith et al., 2007), when 
pooled by Avenell et al. (2009), showed no statistically significant effect 
on fracture risk. As shown in Table 5-5, which is focused on studies with 
subjects more than 70 years of age and vitamin D intakes as opposed to 
serum 25OHD concentrations, such studies are generally non-significant 
for fracture risk on the basis of both vitamin D alone and vitamin D with 
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calcium. The exception is Trivedi et al. (2003), which examined vitamin 
D supplementation and fracture risk in a population of men and women 
of average age 75 years. In any case, interpretation of these data is compli-
cated by the unknowns surrounding the background intake of vitamin D 
over and above the supplemented dose.

TABLE 5-5 Randomized Trials on Fracture Risk Associated with Vitamin 
D and Calcium or Vitamin D Alone in Older Men and Women

Author, Date
Gender/
Mean Age

Vitamin D Dose
(IU/day)

Calcium Dose
(mg/day)

Relative Risk 
of Fracture

Vitamin D plus Calcium
Chapuy et al., 2002 F, 85 y 800 1,200 0.85 NS
Harwood et al., 2004 F, 81 y 800 1,000 0.49 NS
Grant et al., 2005 M/F, 77 y 800 1,000 0.94 NS
Porthouse et al., 2005 F, 77 y 800 1,000 0.96 NS
Vitamin D Alone 
Lips et al., 1996 M/F, 80 y 400 — 1.1 NS
Meyer et al., 2002 M/F, 85 y 400 — 0.92 NS
Trivedi et al., 2003* M/F, 75 y 800 — 0.67 Significant
Lyons et al., 200) M/F, 84 y 800 — 0.96 NS

 *100,000 IU every four months.
NOTE: NS = Non-significant

The large study (n = 2,686) carried out by Trivedi et al. (2003) in-
cluded more men than women (suggesting that the included population 
was actually at lower risk for fracture than would have been the case if 
the study had focused predominantly on women) and was longitudinal (5 
years), including repeat measures on the same individual. The amount of 
vitamin D used for treatment was the equivalent of 800 IU/day, although it 
was administered as a 100,000 IU dose every 4 months for the duration of 
the study. Although this may limit somewhat the applicability of the study 
for DRI purposes, it is not as large as the 500,000 IU dose once yearly used 
by others (e.g., Sanders et al., 2010). Under these circumstances, the work 
of Trivedi et al. (2003) is helpful in taking uncertainty into account.

The reason not to dismiss the effect of 800 IU of vitamin D per day 
as an aberration because of a lack of dose–response data, even in the face 
of data generally not supportive of an effect of vitamin D alone regard-
ing reduced fracture risk for the oldest adults, is that persons more than 
70 years are a very diverse group. This group is undergoing a number of 
physiological changes with aging that could have an impact on and in-
crease the variability around an average requirement, particularly in light 
of the known and high variability of these physiological changes among 
aging individuals. If this is assumed to be the case, then it is likely that the 
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RDA for persons more than 70 years of age would be higher due to this 
variability. In addition, there is insufficient evidence to provide assurances 
that 600 IU/day vitamin D is as effective as 800 IU/day. By comparing the 
projected RDA based on the simulation analysis (600 IU/day) with the 
available evidence indicating benefit at 800 IU of vitamin D per day, taking 
into account the uncertainties would result in an estimation of an RDA of 
approximately one-third higher than the simulation analysis suggests. Over-
all, this is a small increase that is not known to increase the possibility of 
adverse events while providing a certain level of caution for this particularly 
vulnerable and potentially frail segment of the population. This approach 
is predicated on caution in the face of uncertainties, and it is anticipated 
that newer data in the future will help to clarify the uncertainties surround-
ing the level of intake of vitamin D that could be expected to cover 97.5 
percent of persons over the age of 70 years.

The EAR of 400 IU/day and RDA of 800 IU/day for this life stage 
group, consistent with the DRIs for other life stage groups, assume minimal 
sun exposure.

Adults 51 Through 70 Years of Age

A question in establishing an EAR and RDA for this life stage group 
is the relevance of vitamin D in affecting bone loss due to the onset of 
menopause. Men in this life stage group have not yet reached the levels of 
bone loss and fracture rates associated with aging as manifested in persons 
more than 70 years of age and, unlike their female counterparts, they are 
not experiencing significant bone loss due to menopause. However, a 
portion—in fact perhaps the majority—of women in this life stage group 
are likely to be experiencing some degree of bone loss due to menopause.

As discussed above for adults more than 70 years of age, the available 
data do not suggest that median requirements increase with aging, result-
ing in support for an EAR of 400 IU/day, the same as for younger adults. 
Likewise, the EAR for both women and men in the 51 through 70 year life 
stage group is set at 400 IU of vitamin D per day.

With respect to women 51 through 70 years of age, fracture risk is 
lower than it is later in life; and as such, it is not entirely congruent with 
the situation for adults more than 70 years of age. Further, findings for 
this age group are at best mixed, but are generally not supportive of an 
effect of vitamin D alone on bone health. Although the AHRQ analyses 
of studies using vitamin D alone found the results to be inconsistent for 
a relationship with reduction in fracture risk, more recent studies have 
trended toward no significant effects (Bunout et al., 2006; Burleigh et al., 
2007; Lyons et al., 2007; Avenell et al., 2009b). For those studies showing 
benefit for BMD with a vitamin D and calcium combination, interpretation 
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is confounded by the effects of calcium especially since calcium alone ap-
pears to have at least a modest effect on BMD. The report from the WHI 
(Jackson et al., 2006), a very large cohort study, has limited applicability 
to the question of the effect of vitamin D on bone health among women 
because of relatively high levels of calcium intake (baseline mean calcium 
intake of approximately 1,150 mg/day at randomization plus 1,000 mg/day 
supplement) and the confounding due to hormone replacement therapy. 
Given these data plus the inability to extrapolate the variability seen in the 
requirements surrounding persons 70 or more years of age to this life stage 
group, the RDA for women 51 through 70 years of age is set at 600 IU of 
vitamin D per day, the same level as that for younger adults. With respect 
to men 51 through 70 years of age, there is also no basis to deviate from the 
RDA set for younger adults. The available evidence for men is extremely 
limited, and there are not data to suggest that bone health is enhanced by 
vitamin D intake among men in this life stage group. An RDA of 600 IU/
day is established for these men.

The DRIs for these two life stage groups assume minimal sun exposure.

Pregnancy and Lactation

Pregnant 14 Through 18 Years of Age
Pregnant 19 Through 30 Years of Age
Pregnant 31 Through 50 Years of Age

EAR 400 IU (10 µg)/day Vitamin D
RDA 600 IU (15 µg)/day Vitamin D

Lactating 14 Through 18 Years of Age
Lactating 19 Through 30 Years of Age
Lactating 31 Through 50 Years of Age

EAR 400 IU (10 µg)/day Vitamin D
RDA 600 IU (15 µg)/day Vitamin D

Pregnancy The EAR for non-pregnant women and adolescents is appro-
priate for pregnant women and adolescents based on: (1) AHRQ-Ottawa’s 
finding of insufficient evidence on the association of serum 25OHD level 
with maternal BMD during pregnancy and (2) the 1 available RCT (Delvin 
et al., 1986) and 14 observational studies reviewed in Chapter 4 regarding 
vitamin D deficiency and genetic absence of the vitamin D receptor (VDR) 
or 1α-hydroxyalase, which all demonstrate no effect of maternal 25OHD 
level on fetal calcium homeostasis or skeletal outcomes. Of the limited 
number (i.e., four) of observational studies that suggest an influence of 
maternal serum 25OHD levels on the offspring’s skeletal outcomes later 
in life (so-called developmental programming), one study reports associa-
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tions consistent with an EAR-type value of approximately 40 nmol/L below 
which negative fetal skeletal outcomes were reported (Viljakainen et al., 
2010), and another reports an RDA-type value of 50 nmol/L late in gesta-
tion above which reduced skeletal BMC was not seen in offspring at 9 years 
of age (Javaid et al., 2006). In addition, development of the fetal skeleton 
without dependence on maternal vitamin D is also biologically plausible 
as indicated by the studies in animal models in rats, mice, pigs, and sheep 
(see review in Chapter 3). Finally, there is no evidence that the vitamin D 
requirements of pregnant adolescents differ from those of non-pregnant 
adolescents.

The EAR is thus 400 IU of vitamin D per day for pregnant women and 
adolescents. Likewise, the RDA values for non-pregnant women and ado-
lescents are applicable, providing an RDA of 600 IU/day for each group.

Lactation The EAR for non-lactating women and adolescents is ap-
propriate for lactating women and adolescents based on evidence from 
RCTs (Rothberg et al., 1982; Ala-Houhala, 1985; Ala-Houhala et al., 1988; 
Kalkwarf et al., 1996; Hollis and Wagner, 2004; Basile et al., 2006; Wagner 
et al., 2006; Saadi et al., 2007), which are consistent with observational 
data (Cancela et al., 1986; Okonofua et al., 1987; Takeuchi et al., 1989; 
Kent et al., 1990; Alfaham et al., 1995; Sowers et al., 1998) that increased 
maternal vitamin D intakes increase maternal serum 25OHD levels, with 
no effect on the neonatal serum 25OHD levels of breast-fed infants unless 
the maternal intake of vitamin D is extremely high (i.e., 4,000 to 6,400 IU/
day) (Wagner et al., 2006). Observational studies report no relationship 
between maternal serum 25OHD levels and BMD (Ghannam et al., 1999) 
or breast milk calcium content (Prentice et al., 1997). Also, there is no 
evidence that lactating adolescents require any more vitamin D or higher 
serum 25OHD levels than non-lactating adolescents. The EAR is thus 400 
IU of vitamin D per day for lactating women and adolescents. Likewise, 
the RDA values for non-lactating women and adolescents are applicable, 
providing an RDA of 600 IU/day for each group.
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6

Tolerable Upper Intake Levels: 
Calcium and Vitamin D

The Tolerable Upper Intake Level (UL) is not a recommended intake. 
Rather, it is intended to specify the level above which the risk for harm 
begins to increase, and is defined as the highest average daily intake of a 
nutrient that is likely to pose no risk of adverse health effects for nearly all 
persons in the general population. As intake increases above the UL, the 
potential risk for adverse effects increases. In short, the UL is a reference 
value intended to guide policy-makers and scientists charged with ensuring 
a safe food supply and protecting the health of the U.S. and Canadian pop-
ulations. It applies to intakes on a chronic basis among free-living persons. 
Those responsible for determining the appropriate dosages of nutrients to 
be studied in carefully controlled experimental trials conducted in clinical 
or community settings have the opportunity to bring other considerations 
into play when deciding on the acceptable levels of nutrients that are ap-
propriate for subjects taking part in such studies. ULs are not designed to 
address experimental protocols in which safety monitoring occurs.

This chapter is organized to include hazard identification (indicator 
review and selection) and hazard characterization (intake–response assess-
ment and reference value specification), the first two steps of the general 
risk assessment approach for Dietary Reference Intake (DRI) development. 
Therefore, compared with the discussions presented in the two chapters on 
reference values for adequacy (Chapters 4 and 5), the discussions for ULs 
are contained in a single chapter. This chapter addresses adverse effects of 
excess intakes of calcium and vitamin D. Although adverse effects are also 
associated with deficiencies of calcium and vitamin D, those concerns are 



404 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

incorporated into the previous discussions focused on establishing refer-
ence values for adequacy.

There are often ethical issues associated with conducting clinical trials 
designed to study the adverse effects of substances that can limit the types 
of data available for DRI development. For this reason, the derivation of 
ULs for DRI purposes necessarily relies more heavily on observational data 
and information derived from animal models than does the approach for 
the determination of levels of intake for nutritional adequacy. Thus, the 
emphasis on causality and strength of evidence needed for establishing 
reference values for adequacy is difficult to apply to the derivation of ULs.

At the outset, it is important to distinguish between the relatively 
“acute” toxic effects of excess intake and the “chronic” adverse effects of 
high levels of intake that may manifest in other ways including disease risk. 
When the ULs for calcium and vitamin D were originally established in 
1997, it was noted that the available data were limited relative to adverse 
outcomes and dose–response relationships (IOM, 1997). In that report, 
adverse effects from excess intakes of calcium and vitamin D were consid-
ered primarily in terms of acute toxicity, which was defined as the condi-
tion of hypercalcemia or, in some cases, hypercalciuria with or without 
hypercalcemia.

The conditions associated with the intoxication syndrome for calcium 
and vitamin D are informative, but avoiding acute toxicity is not the ideal 
basis for a UL, a reference value with the larger purpose of public health 
protection over a life time of chronic intake. Although information con-
cerning chronic excess intakes remains limited, data have emerged recently 
that may warrant caution about the levels of vitamin D that are consumed 
and raise questions about the long-term effects of high intakes that are less 
than those associated with toxicity and that may result in an increase in 
serum 25-hydroxyvitamin D (25OHD) levels into upper ranges previously 
considered physiological. Caution may also be warranted in comparing 
the effects at these high physiological levels of 25OHD achieved through 
supplementation versus sun exposure, and further research is needed to 
clarify the relative adverse effects of different sources of vitamin D.

The model developed for UL derivation was summarized in 1998 (IOM, 
1998), and it acknowledged that the lack of data would affect the ability 
to derive precise estimates. Specifically: “Several judgments must be made 
regarding the uncertainties and thus the uncertainty factor (UF) associated 
with extrapolating from the observed data to the general population.” Al-
though a number of reports describe the underlying basis for uncertainty 
factors (Zielhuis and van der Kreek, 1979; Dourson and Stara, 1983), the 
strength of the evidence supporting the use of a specific UL undoubtedly 
varies. The summary of the 2007 workshop focused on enhancing DRI 
development (IOM, 2008) and pointed out the need for uncertainty fac-
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tors, but also indicated that the scientific judgment involved should be 
described. In developing ULs for calcium and vitamin D, the limited nature 
of the data resulted in the committee using UFs to adjust for uncertainties 
in the data. These were necessarily qualitative adjustments rather than 
quantitative adjustments. As suggested repeatedly during the 2007 work-
shop on DRIs (IOM, 2008), an educated guess for a reference value is more 
useful to stakeholders than the failure to set a reference value in the face 
of uncertainty.

Discussions related to calcium ULs are provided first, and then vitamin 
D ULs are considered. At the start, the committee identified potential indi-
cators to assess adverse effects for excess intakes of calcium and vitamin D 
based on the available literature, as described below. The potential indica-
tors considered are presented in Box 6-1.

BOX 6-1 
Potential Indicators of Adverse Outcomes for 

Excess Intake of Calcium and Vitamin D

Calcium
 • Hypercalcemia
 • Hypercalciuria
 • Vascular and soft tissue calcification
 • Nephrolithiasis (kidney stones)
 • Prostate cancer
 • Interactions with iron and zinc
 • Constipation

Vitamin D
 • Intoxication and related hypercalcemia and hypercalciuria
 • Serum calcium
 • Measures in infants: retarded growth, hypercalcemia
 •  Emerging evidence for all-cause mortality, cancer, cardiovascular 

risk, falls and fractures

CALCIUM UPPER LEVELS: REVIEW OF POTENTIAL 
INDICATORS AND SELECTION OF INDICATORS

Excess calcium intake from foods alone is difficult if not impossible to 
achieve. Rather, excess intakes are more likely to be associated with the use 
of calcium supplements. However, the potential indicators for the adverse 
outcomes of excessive calcium intake are not characterized by a robust 
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data set that clearly provides a basis for a dose–response relationship. The 
measures available are confounded by a range of variables including other 
dietary factors and pre-existing disease conditions.

The “classic” toxicity state of hypercalcemia is seen with either calcium 
or vitamin D excess, although it appears that the symptoms of hypercal-
cemia are manifested at relatively lower intake of calcium compared with 
vitamin D, for which high intakes are required to reach a toxic state. In 
the discussions below, hypercalcemia, as well as, hypercalciuria is described 
first as general conditions associated with the toxicity of either nutrient, 
followed by a discussion of adverse outcomes associated with excess calcium 
intake.

The Toxic Condition of Hypercalcemia and Hypercalciuria

Hypercalcemia occurs when serum calcium levels are 10.5 mg/dL (also 
expressed as 2.63 mmol/L) or greater depending on normative laboratory 
values. It can be induced by excess intake of calcium or vitamin D, but it 
is more commonly caused by conditions such as malignancy and primary 
hyperparathyroidism (Moe, 2008). Clinical signs and symptoms of hyper-
calcemia may vary depending on the magnitude of the hypercalcemia 
and the rapidity of its elevation; they often include anorexia, weight loss, 
polyuria, heart arrhythmias, fatigue, and soft tissue calcifications (Jones, 
2008). When serum calcium levels rise above 12 mg/dL, the kidney’s abil-
ity to reabsorb calcium is often limited; in turn, hypercalciuria can occur, 
particularly with increased calcium or vitamin D intake. Hypercalciuria is 
present when urinary excretion of calcium exceeds 250 mg/day in women 
or 275-300 mg/day in men. Often, urinary calcium excretion is expressed 
as the ratio of calcium to creatinine excreted in 24 hours (milligrams of 
calcium per milligram of creatinine). Values above 0.3 mg/mg creatinine 
are considered to be within the hypercalcuric range.

Hypercalcemia, in addition to leading to hypercalciuria, can cause re-
nal insufficiency, vascular and soft tissue calcification including calcinosis 
leading to nephrocalcinosis, and nephrolithiasis. Nephrolithiasis, often 
referred to as kidney stones, can also be caused by hypercalciuria. Hyper-
calciuria may occur in the absence of hypercalcemia and is related to either 
hyperabsorption of calcium in the gut or a renal leak whereby calcium 
excretion is enhanced. Both etiologies can lead to nephrocalcinosis.

In the North American population, as many as 30 percent of persons 
ages 60 years or older have some degree of renal insufficiency (Coresch 
et al., 2005; Szczech et al., 2009). Decreased renal functioning may make 
persons more sensitive or susceptible to the effects of excess calcium or 
vitamin D intake. Urinary calcium excretion decreases in older adults, 
although it is not clear the extent to which this may be due to decreased 
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calcium intake as compared to decreased renal function. However, if due 
to decreased renal function, older persons may be at higher risk for adverse 
effects derived from excess intakes. Moreover, decreased renal function 
simultaneously increases cardiovascular disease (CVD) risk and impairs cal-
ciuric responses and calcium and phosphate homeostasis. Likewise, those 
using thiazide-based diuretics—a sizeable proportion of older adults—are 
more readily challenged by excess calcium and vitamin D due to reduction 
in calcium excretion from the kidney (Medarov, 2009).

Excess Calcium and Hypercalcemia Leading to Renal Insufficiency

Prior to the introduction of histamine-2 blockers and proton pump 
inhibitors, liquid formulations that contained high calcium levels and 
absorbable alkali were used to treat gastric and duodenal ulcers. High 
intake of these formulations, however, caused a variety of adverse effects 
including hypercalcemia and renal failure. The syndrome became known 
as “milk-alkali syndrome” or MAS (Hardt and Rivers, 1923; Burnett et al., 
1949) and was originally associated with men with peptic ulcer disease. In 
this context, hypercalcemia causes emesis and natriuresis, which result in 
significant drops in extracellular blood volume. This contraction worsens 
the hypercalcemia. Decreases in blood volume also induce an alkalotic 
state that causes an increase in proximal tubular bicarbonate resorption. 
Also, high serum calcium levels worsen the alkalosis through suppression 
of parathyroid hormone (PTH), which physiologically enhances bicarbon-
ate excretion. Although the availability of absorbable alkali in the diet may 
enhance the alkalotic state, it is not the major pathogenic factor in MAS.

Recently, Patel and Goldfarb (2010) suggested renaming MAS as 
“calcium-alkali syndrome” to better reflect the current understanding of 
the disorder, which now has shifted to be more prevalent in other groups 
including postmenopausal women. The earlier MAS presented with hyper-
phosphatemia after prolonged ingestion of phosphorus-containing milk 
with cream (Patel and Goldfarb, 2010). In contrast, the modern version of 
the syndrome is associated with hypophosphatemia or low-normal serum 
phosphorus levels as a result of the phosphorus-binding properties of cal-
cium carbonate. The hypophosphatemia is more pronounced in elderly 
patients or those with eating disorders, who tend to have relatively low 
consumption of protein and therefore phosphorus (Picolos et al., 2005; 
Felsenfeld and Levine, 2006; Medarov, 2009). Confounding this, however, 
is the chronic renal insufficiency that often accompanies MAS; in that case, 
serum phosphorus levels may be normal or high. Available case reports 
tend to provide only serum calcium levels and do not specify calcium in-
takes per se, or serum phosphate, associated with the condition.

As shown in Table 6-1, a number of recent case reports have been iden-
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1

tified for calcium-alkali syndrome. For these individuals, a calcium intake 
of 3,000 mg/day was associated with the onset of hypercalcemia. However, 
in every case except one, all outcomes were found in individuals with im-
paired renal function and high serum creatinine levels. The one exception 
(Nabhan et al., 2004) was a patient who was using hydrochlorothiazide as 
a diuretic and was hypoparathyroid. Although these data cannot be ap-
plied directly to the normal, free-living population, they are informative 
and indicate that calcium levels of 3,000 mg/day are problematic for these 
compromised persons.

Patel and Goldfarb (2010) suggested that the incidence of calcium-
alkali syndrome is growing as a result of the widespread use of over-the-
counter calcium and vitamin D supplements, particularly among older 
persons. The basis for the suggestion is that while healthy younger adults 
rely on the bone reservoir to buffer excess calcium, the net flux of calcium 
is out of the bone for older persons, thereby making the bone less func-
tional as a reservoir. These older persons are more susceptible to the syn-
drome when they begin taking supplemental calcium. Patel and Goldfarb 
(2010) also noted that the excess ingestion of calcium with or without 
vitamin D is an integral feature of this syndrome, making it potentially 
relevant to the consideration of upper levels of calcium intake.

Excess Calcium and Soft Tissue Calcification

Associated with Hypercalcemia

Calcification of soft tissues—calcinosis—occurs as a result of long-
standing hypercalcemia, increased serum phosphate levels, or local abnor-
mality in the affected tissues. Clinically, the condition is linked to metabolic 
disorders such as hyperparathyroidism, sarcoidosis, or connective tissue 
disease such as scleroderma.

Soft tissue calcifications are more severe in hypocalcemic disorders such as hypoparathy-
roidism and renal failure, but in such cases it is the associated hyperphosphatemia that is 
causing the calcifications.

Calcification of kidney tissues, or nephrocalcinosis, results in symptoms 
similar to those of renal dysfunction, ranging from painful and frequent 
urination to nausea, vomiting, and swelling. Although nephrocalcinosis 
has been reported to be induced by calcium intake in rats (Peterson et al., 
1996), no data link calcium intake or the use of calcium supplements in 
humans to the onset of nephrocalcinosis. Nephrocalcinosis may be associ-
ated with calcium nephrolithiasis under particular conditions (Vervaet 
et al., 2009).

Relative to hypercalcemia and calcification of vascular tissue, there is 
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experimental evidence in humans and laboratory animals indicating that 
hypercalcemia can lead to vascular calcification in the setting of renal in-
sufficiency as a result of elevated calcium and phosphate concentrations 
(Reynolds et al., 2004; Yang et al., 2004; Cozzolino et al., 2005). However, 
this has not been demonstrated clinically.

Associated with Calcium Supplements

Calcification of vascular tissues has been reported with high calcium 
intake (Goodman et al., 2000; Asmus et al., 2005; Block et al., 2005; Raggi 
et al., 2005); however, the reports are based on individuals with compro-
mised kidney function. No link has been clearly established for a general 
population.

Bolland et al. (2008), in a recent randomized, placebo-controlled 
trial, found that cardiovascular events may be slightly more prevalent in 
older women on calcium supplementation. Reid and Bolland (2008), in 
a subsequent companion publication, suggested among other possibilities 
that vascular calcification may be relevant to their finding of an upward 
trend in cardiovascular event rates in healthy postmenopausal women 
supplemented with calcium. These findings were contrary to the purported 
benefits of calcium supplementation and CVD.

A more recent meta-analysis conducted by Bolland et al. (2010) ex-
amined 11 randomized controlled trials of calcium supplements in 12,000 
older patients and found that there was a 30 percent increased risk of heart 
attack independent of age, gender, and type of supplement. Although this 
report is of concern, there are several relevant limitations. The studies 
included are small, the event frequency is low, and most outcomes have 
confidence intervals (CIs) that overlap. Moreover, cardiovascular events 
were not a primary outcome, the events may not have been well adjudi-
cated, and renal function was not considered as a covariate. Many of the 
studies supplemented with 1,000 to 1,200 mg of calcium per day and did 
not report the total calcium intake (supplement plus diet). The events may 
therefore be associated with intakes higher than the supplemented dose, 
perhaps 2,000 mg of calcium per day or more, as reported, for example, by 
Jackson et al. (2006). Under these circumstances, it is difficult to conclude 
that calcium intakes per se in the range of 1,000 to 1,200 mg/day can be 
associated with cardiovascular events. In addition, some questions remain 
as to whether the addition of this amount of calcium to a baseline diet as 
a calcium supplement may have adverse consequences.

Excess Calcium and Nephrolithiasis (Kidney Stones)

More than 12 percent of men and 6 percent of women in the general 
population will develop kidney stones (Stamatelou et al., 2003). The mor-
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bidity of kidney stones is not limited to the pain of stone passage; stones 
increase the risk of renal and urinary tract infections as well as renal insuffi-
ciency. A contributing factor in stone formation is hypercalciuria from any 
cause; another is hyperabsorption of calcium from the gut. Hypercalciuria 
increases the risk for nephrolithiasis (Pak and Holt, 1976). Hypercalciuria 
can be present in the absence of hypercalcemia and may reflect routine 
excretion of excess calcium intake.

Incidence rates for kidney stones vary by age and gender. The rates are 
highest in men, rising after age 20, peaking between 40 and 60 years, and 
then beginning to decline (Johnson et al., 1979; Hiatt et al., 1982; Curhan 
et al., 1993). For women, incidence rates seem to be higher in the late 20s, 
decreasing by age 50, and then remaining relatively constant (Johnson 
et al., 1979; Hiatt et al., 1982; Curhan et al., 1997, 2004).

Although calcium is present in approximately 80 percent of kidney 
stones (Coe et al., 1992), the role of calcium and other nutrients, acting 
alone or in concert as risk factors, is not completely understood and may 
be a function of physiological context. Various dietary and non-dietary fac-
tors are associated with stone formation, making data difficult to interpret. 
Rodent models that have been used to explore the effect of dietary factors 
on the propensity to form calcium oxalate and calcium phosphate stones 
suggest that the role of supplemental calcium in determining risk for neph-
rolithiasis varies by interaction with a given dietary component. One study 
in rats compared renal oxalate crystallization relative to the consumption 
of calcium-supplemented or oxalate-rich diets as well as control diets. The 
study found that rats fed the calcium-supplemented diet had enhanced 
calcium and oxalate accumulation as well as crystallization in renal tissues, 
even though urinary oxalate and citrate excretion was not significantly 
different in rats fed the control diet (Mourad et al., 2006). In this study, 
measures of renal function, including glomerular filtration rate, fractional 
excretion of urea, and fractional reabsorption of water and magnesium 
were not affected by the calcium-supplemented diet, and calciuria was only 
slightly increased.

Nephrolithiasis in Adults

Recently, a study using data from the Women’s Health Initiative (WHI) 
trial, which recruited more than 36,000 post-menopausal women ages 50 
to 79 years (mean age 62 years), reported findings on the incidence of 
kidney stones (Jackson et al., 2006). Participants were randomly assigned 
to receive a placebo or 1,000 mg of elemental calcium (calcium carbon-
ate) per day with 400 International Units (IU) of vitamin D3. The primary 
outcome focus was fractures and measures of bone density. Mean baseline 
intake of calcium was approximately 1,100 mg/day and the supplement 
added another 1,000 mg/day, for a total average calcium intake of about 
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2,100 mg/day for the experimental group. The mean baseline intake for 
vitamin D was about 365 IU/day, which, when combined with the vitamin 
D supplement, resulted in an approximate vitamin D intake of 765 IU/day 
for the experimental group. The rate of adherence (defined as use of 80 
percent or more of the assigned study supplements) ranged from 60 to 63 
percent during the first 3 years of follow-up, with an additional 13 to 21 
percent of the participants taking at least half of their study pills. At the 
end of the trial, 76 percent were still taking the study supplements, and 59 
percent were taking 80 percent or more of the supplements.

Among the healthy postmenopausal women in the WHI study, the 
doses of calcium and vitamin D resulted in an increased risk (17 percent) 
of kidney stones. Kidney stones were reported by 449 women in the supple-
mented group, compared with 381 women in the placebo group. With 
respect to the intention to treat, the reported hazard ratio (HR) was 1.17 
(95% CI: 1.02–1.34). Although this study did not focus on calcium intake 
alone, the total vitamin D intakes were around 800 IU/day, a level that is 
not associated with either hypercalcemia or hypercalciuria. Therefore, it 
is reasonable to consider the possibility that total calcium intake of 2,100 
mg per day were associated with increased kidney stones in this popula-
tion. Although the kidney stone events were not adjudicated specifically, 
adjudication problems should be randomly distributed and thus not a 
contributing factor to the outcome.

The WHI reflects a large, well-designed cohort study. There is also a re-
port from a small, short trial (covering 4 years) of 236 elderly women with a 
baseline calcium intake of 800 mg/day and with calcium supplementation 
of 1,600 mg/day for 1 year (total calcium intake of approximately 2,400 
mg/day) (Riggs et al., 1998). In this study, 50 percent of subjects receiv-
ing supplemental calcium and 8 percent of placebo controls had urinary 
calcium levels exceeding 350 mg/day, but no subjects in the calcium group 
experienced nephrolithiasis, nephrocalcinosis, or a decrease in glomerular 
filtration rate. Other smaller trials among older subjects have shed little 
light on the issue of nephrolithiasis and calcium intake, either because the 
doses were relatively low or because subjects were recruited on the basis 
of having had previous incidence of kidney stones (Levine et al., 1994; 
Williams et al., 2001; Borghi et al., 2002).

Curhan et al. (1997) examined the risk for kidney stones in women 34 
to 59 years of age, using data from the Nurses’ Health Study (NHS), a nota-
bly younger group of subjects than those included in the WHI study. They 
reported an inverse association between calcium intake from foods, but a 
positive relationship between risk and intake of calcium from supplements 
(Curhan et al., 1997). In a 2004 study, Curhan and colleagues (Curhan 
et al., 2004) prospectively examined data again from the NHS for an 8-year 
period relative to dietary factors and the risk for kidney stones in women 27 
to 44 years of age. In this analysis, the inverse relationship between calcium 
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intake from foods and the risk of kidney stone formation remained, but 
there was no apparent relationship between supplement use and risk. In a 
study of 50,000 men 40 to 75 years of age (Curhan et al., 1993), the same 
relationship was evident: reduced risk with increased intake of calcium 
from food sources, but no association with use of calcium supplements.

The suggested discrepancy between the risks from food sources of 
calcium and from calcium supplements may in part be due to the timing 
of the supplement intake (Curhan et al., 2007). Calcium present in the 
food will bind oxalate, a known contributor to kidney stone formation, and 
prevent its absorption. If taken between meals, the calcium would have less 
opportunity to bind oxalate, and so oxalate absorption would be increased. 
These observations suggest that taking calcium supplements with meals 
should reduce the formation of kidney stones, but this has not been tested.

Overall, the data indicate that the calcium content of foods does not 
cause stone formation, but may be protective against it. On the other 
hand, calcium supplements are emerging as a concern based on observa-
tional data, at least for some groups under certain circumstances. Further, 
individuals with a history of kidney stones are at increased risk if they 
obtain their calcium from supplements rather than food sources. There 
is, however, limited evidence from small, short-term trials suggesting that 
supplemental calcium in moderate doses may not increase risk for stone 
recurrence. The most important evidence to date is from the WHI trial 
(Jackson et al., 2006), which indicated that a mean calcium intake from 
foods and supplements that totaled about 2,150 mg/day—plus a vitamin 
D supplement of 400 IU/day, a level low enough to avoid potential con-
founding effects for adverse events given the mean total vitamin D intake of 
approximately 750 IU/day—resulted in a 17 percent increased incidence 
of kidney stones among postmenopausal women, regardless of whether 
the subjects had experienced previous clinical events related to urinary 
calculi formation.

Nephrolithiasis in Children

Hypercalciuria, as a secondary outcome to high calcium intake, can 
occur in children as well as in adults. However, the incidence of kidney 
stones in children is rare. There is limited evidence concerning high cal-
cium intakes in young children relative to calcium excretion. In a study of 
children ages 1 to 6 years and designed to test the effects of 1,800 mg/day 
total calcium (supplementation adjusted on the basis of dietary calcium 
questionnaire), the calcium intake of 1,800 mg/day calcium did not cause 
urinary calcium/creatinine ratios to differ significantly from those of pla-
cebo controls (Markowitz et al., 2004).

A study by Sargent et al. (1999) provides information relevant to infants 
and calcium excretion. This study supplemented the formula of full-term 
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infants with calcium glycerophosphate, providing 1,800 mg of calcium (and 
1,390 mg of phosphate) per liter of formula. The mean calcium intake for 
infants receiving the supplemented formula was more than 4 times that of 
children in control groups at months 4 and 9, with a mean calcium intake 
of 1,563 ± 703 mg/day at 9 months. Although the focus of the study was 
lead absorption, the data demonstrated that total calcium intakes of about 
1,550 to 1,750 mg/day did not affect urinary calcium excretion. The data 
are somewhat limited in that younger infants were not studied; further, the 
contribution from solid foods in older infants was not clearly tracked. With 
these limitations, the authors’ conclusion that this level of intake probably 
would not increase the likelihood of nephrolithiasis is reasonable.

Excess Calcium and Prostate Cancer

The vast majority of the data relating to prostate cancer and calcium in-
take are derived from observational studies, and the ability to sort the effect 
of dairy products from that of calcium is challenging. Some observational 
data suggest a role for dairy products as a risk factor for prostate cancer 
(Tominaga and Kuroishi, 1997; Grant, 1999). A recent case–control study 
examined associations between dairy products and dietary calcium and 
prostate cancer risk among men ages 35 to 84 years with a histological di-
agnosis of prostate cancer (Raimondi et al., 2010). Intake of dairy products, 
in particular milk consumption, was associated with a two-fold increased 
risk for prostate cancer, whereas consumption of other dairy products 
(cheese, yogurt, and cream) suggested no association for increased risk. 
Total calcium intake was not significantly associated with risk for prostate 
cancer (p = 0.09).

Other observational studies evaluating associations between milk or 
dairy product intake and overall risk for prostate cancer have suggested 
that supplemental calcium intake may be a stronger risk factor for prostate 
cancer than calcium from foods, particularly for aggressive prostate cancer 
with high mortality. Studies of associations between calcium supplement 
use and risk for incident prostate cancer provide mixed results. A small 
case–control study assessed men ages 40 to 64 years with newly diagnosed 
prostate cancer for multivitamin and supplement use by questionnaire 
(Kristal et al., 1999). Although about a third of both cases and controls 
reported using multivitamins, only 5 percent reported taking calcium sup-
plements. No association was found between calcium supplement use and 
risk for incident prostate cancer in this relatively young and low-risk popu-
lation. A prospective study of male participants ages 50-74 years from the 
Cancer Prevention Study II examined associations between calcium and 
dairy product intake and risk for incident prostate cancer (Rodriguez et al., 
2003). This analysis of 65,321 men found a small increase in overall pros-
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tate cancer risk for calcium intakes of 2,000 mg/day and higher compared 
with intakes less than 700 mg/day. High calcium intake (≥ 2,000 mg/day), 
however, was significantly associated with risk for advanced prostate cancer. 
When calcium supplements (≥ 500 mg/day) were analyzed, controlled 
for total calcium intake, a weak association was found for prostate cancer 
risk. Dairy product intake was not associated with risk for prostate cancer. 
The report from the World Cancer Research Fund/American Institute for 
Cancer Research (WCRF/AICR, 2007) concluded that the relationship 
between prostate cancer and milk and dairy product intake is inconsistent 
from both cohort and case–control studies, and there is limited evidence 
suggesting that milk and dairy products are a cause of prostate cancer. 
A food-use questionnaire administered at baseline to participants in the 
Alpha-Tocopherol, Beta-Carotene Cancer Prevention (ATBC) Study ex-
plored associations between intake of certain foods and nutrients and risk 
for incident prostate cancer in a large cohort of male smokers ages 50 to 
69 years. This study analyzed intake of calcium and dairy foods and found 
no associations with development of prostate cancer (Chan et al., 2000). 
In a longitudinal follow-up of this cohort, Mitrou et al. (2007) found a 
graded positive association between increasing total calcium intake and to-
tal prostate cancer risk. A prospective study of male participants ages 40 to 
75 years from the Health Professionals Follow-Up Study (HPFS) examined 
whether calcium and fructose intake were risk factors for prostate cancer 
(Giovannucci et al., 1998). Calcium intake exceeding 2,000 mg/day was 
found to be associated with higher risk for total, advanced, and metastatic 
prostate cancer. Further, supplemental calcium intake above 900 mg/
day was associated with metastatic prostate cancer risk at all levels of total 
calcium intake. In a follow-up analysis of this cohort, Giovannucci et al. 
(2006a) found a significantly increased risk for advanced prostate cancer 
associated with increasing total calcium intake and for fatal prostate cancer 
associated with supplemental calcium intakes of 401 mg/day and above. 
The WCRF/AICR (2007) concluded that there is a probable association 
between diets high in calcium and prostate cancer.

In the case of intervention studies, one randomized controlled multi-
center clinical trial based on 672 men (mean age 61.8 years) living in 
the United States examined risk for prostate cancer from supplemental 
calcium intake. Participants received either 3 g of calcium carbonate or 
placebo daily for 4 years and were followed for up to 12 years for prostate 
cancer diagnosis (Baron et al., 2005). Over the entire study period, risk 
for prostate cancer was lower in the calcium-supplemented group than in 
controls (relative risk [RR] = 0.83; 95% CI: 0.52–1.32) but was not statisti-
cally significant. For specific years in the study, increase in prostate cancer 
risk was statistically significant between baseline and year 6 (RR = 0.52; 95% 
CI: 0.28–0.98) and between years 2 and 6 (RR = 0.44; 95% CI: 0.21–0.94). 
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No significant differences were found for total calcium intake and prostate 
cancer risk.

The 2009 analysis from the Agency for Healthcare Research and Qual-
ity (Chung et al., 2009; hereafter referred to as AHRQ-Tufts) examined 
12 cohort studies that reported on the association between calcium intake 
and the risk of prostate cancer (Schuurman et al., 1999; Chan et al., 2001; 
Rodriguez et al., 2003; Baron et al., 2005; Tseng et al., 2005; Giovannucci 
et al., 2006a; Koh et al., 2006; Mitrou et al., 2007; Park et al., 2007a,b; 
Rohrmann et al., 2007; Kurahashi et al., 2008). One of the studies also 
provided a post hoc analysis of a randomized controlled trial on calcium 
supplementation. The incidence of prostate cancer in these studies ranged 
from 0.008 to 0.10. Most of the studies were conducted in Europe or North 
America, and one study was conducted in Japan. The mean age of the 
subjects ranged from 53 to 67 years, but did include men 51 to 70 years of 
age. No study specifically targeted men older than 70 years of age. Total 
calcium intake ranged from less than 500 mg/day to at least 2,000 mg/day. 
The time between dietary assessment and the diagnosis of prostate cancer 
varied from 1 to 17 years. AHRQ-Tufts rated the studies for methodologi-
cal quality as follows: four studies were rated A, seven studies were rated 
B, and one study was rated C. The studies included participants in the age 
range of 51 to 70 years. Seven studies did not find an association between 
calcium intake and the risk of prostate cancer (Baron et al., 2005; Koh 
et al., 2006; Mitrou et al., 2007; Park et al., 2007a,b; Kurahashi et al., 2008). 
The remaining five studies found that the risk was higher in the groups 
that took more calcium compared with those that took a lower amount; the 
higher amount ranged from 921 to at least 2,000 mg of calcium per day.

Overall, data in this area are at best emerging. Although observational 
studies suggest that total calcium intake of 2,000 mg/day or higher may 
be associated with increased risk for prostate cancer and particularly with 
advanced and metastatic cancer, these data are not sufficiently robust to 
serve as an indicator for a UL. The one available trial was negative. The 
observations, however, are notable for levels of intake that are less than 
those that produce hypercalcemia and hypercalciuria.

Excess Calcium and Nutrient Interactions: Iron and Zinc

Despite the absence of clinically or functionally significant depletion of 
relevant mineral nutrients, calcium interaction with other minerals in the 
diet has been considered a potential risk related to high calcium intakes. 
The 1997 DRI report (IOM, 1997) specifically called for increased study in 
this area. However, data remain limited.

With respect to iron, Ilich-Ernst et al. (1998) carried out a placebo-
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controlled randomized trial assessing the effects of calcium supplemen-
tation on bone mass in adolescent girls ages 8 to 13 years (n = 354). A 
secondary analysis at year 4 of this 7-year trial found that girls in the 
supplemented group achieved a total calcium (food plus supplements) 
intake of 1,500 mg/day. When assessed for interactions between calcium 
and iron, measures of iron status—hemoglobin, hematocrit, and corpus-
cular indexes—were not significantly different from those of girls in the 
placebo group who reached a calcium intake of 800 mg/day. Ames et al. 
(1999) found no effect of a calcium intake of approximately 1,200 mg/day 
compared with 500 mg/day for 5 weeks on iron absorption in children 3 
to 5 years of age.

With respect to zinc, McKenna et al. (1997) conducted a calcium and 
zinc balance study on a subset (n = 26) of participants in a longitudinal clin-
ical trial of the effects of calcium supplementation on bone mass in girls 
with a mean age of 11 years. Trial participants received either 1,000 mg/
day of supplemental calcium or a placebo. Mean calcium intake reached 
847 ± 287 and 821 ± 224 mg/day from diet for placebo and intervention 
groups, respectively, at 6 months. With the additional supplement, the 
mean calcium intake in the intervention group exceeded 1,700 mg/day. 
The results of the balance study found no effect in the intervention group 
from intake of approximately 1,700 mg of calcium per day on net zinc 
absorption, zinc excretion, or zinc balance compared with intakes of ap-
proximately 800 mg/day in the placebo group.

Taken together, the studies suggest that calcium intakes of 1,500 to 
1,700 mg/day do not interfere with iron or zinc absorption in adolescent 
girls. However, as calcium intakes among this age group could be higher 
than those studied, there is little evidence to shed light on the larger issue.

Excessive Calcium and Constipation

Calcium supplement intake has long been associated with constipa-
tion. In fact approximately 1 of every 10 participants in the WHI calcium–
vitamin D supplementation trial reported moderate to severe constipation 
(Jackson et al., 2006). If a food source of calcium is the problem, the con-
stipation is likely due to the components of dairy products (Anthoni et al., 
2009) rather than to the calcium in food. Calcium supplements, which 
are regarded as “binding,” can cause side effects for some people, such as 
constipation and gas (Jackson et al., 2006; Prince et al., 2006), which var-
ies greatly from person to person. Usually the constipation is alleviated by 
increasing intakes of water or fiber-rich foods, or by trying another form of 
supplement (calcium citrate may be less constipating than calcium carbon-
ate, for example). Although such conditions warrant attention, the utility 
of constipation as an indicator for DRI development is doubtful.
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Selection of Indicator for Calcium UL

The risk assessment framework, as described in Chapter 1, specifies 
that, in the case of ULs, the available data pertaining to adverse effects 
be first examined for evidence of a benchmark intake (BI). Alternatively, 
either a no observed adverse effect level (NOAEL) or a lowest observed 
adverse effect level (LOAEL) is considered. In the case of calcium, limited 
new information has become available since 1997. The indicators selected 
are calcium excretion for younger age groups, and kidney stone formation 
for older age groups. The calcium excretion data provide information for a 
group for which no data were available in 1997. The newer data on kidney 
stone formation form a basis for a UL that is more akin to conditions expe-
rienced by the normal, healthy population than is calcium-alkali syndrome, 
although the cautions expressed by Patel and Goldfarb (2010) concerning 
the vulnerability of older persons to calcium-alkali syndrome with the use 
of calcium supplements are worthy of note.

The available data could not offer a BI or be used to estimate a dose–
response relationship. The basis for the ULs is a NOAEL for infants and a 
LOAEL for adults, as described further below for specific life stage groups.

CALCIUM UPPER LEVELS: INTAKE-RESPONSE 
ASSESSMENT AND SPECIFICATION OF UPPER LEVELS

The ULs for calcium established for the DRI life stage groups are 
shown in Table 6-2. These values suggest that the levels of intake regarded 
as consistent with a UL are relatively close to the levels of intake considered 
to be appropriate for nutritional adequacy.

ULs for Infants 0 to 12 Months of Age

Infants 0 to 6 Months of Age
UL 1,000 mg/day Calcium

Infants 6 to 12 Months of Age
UL 1,500 mg/day Calcium

In the previous 1997 DRI report (IOM, 1997), a UL for calcium for in-
fants was not specified owing to lack of data. The 1997 report noted a small, 
randomized trial of 81 infants (103 at baseline, ages 2.5 to 5.0 months at 
entry) designed to examine the tolerance of calcium-supplemented infant 
formula through 9 months of age (Dalton et al., 1997). The data, as ana-
lyzed in 1997 (IOM, 1997), indicated only that infants fed calcium at up to 
approximately 1,750 mg/day experienced no adverse effect on iron status.
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Using these same data, Sargent et al. (1999) later reported on calcium 
excretion measures, and this measure serves as the UL indicator for infants. 
This 1999 report has provided the ability to estimate a NOAEL for calcium 
intake for infants based on calcium excretion. Within the confines of the 
limitations of the data, they suggest that infants can tolerate approximately 
1,750 mg of calcium per day with no noted adverse effects. A NOAEL of 
1,750 mg/day is therefore established for infants on this basis.

TABLE 6-2 Calcium Tolerable Upper Intake Levels 
(UL) by Life Stage

Life Stage Group UL

Infants
 0 to 6 mo 1,000 mg
 6 to 12 mo 1,500 mg
Children
 1–3 y 2,500 mg
 4–8 y 2,500 mg
Males
 9–13 y 3,000 mg
 14–18 y 3,000 mg
 19–30 y 2,500 mg
 31–50 y 2,500 mg
 51–70 y 2,000 mg
 > 70 y 2,000 mg
Females
 9–13 y 3,000 mg
 14–18 y 3,000 mg
 19–30 y 2,500 mg
 31–50 y 2,500 mg
 51–70 y 2,000 mg
 > 70 y 2,000 mg
Pregnancy
 14–18 y 3,000 mg
 19–30 y 2,500 mg
 31–50 y 2,500 mg
Lactation  
 14–18 y 3,000 mg
 19–30 y 2,500 mg
 31–50 y 2,500 mg

Infants 0 to 6 Months of Age

The presumed sensitivity of the young infant to excess intakes of any 
substance, as well as the lack of direct evidence to clarify the nature of 
adverse effects for this group, warrants a cautious approach. Quantitative 
factors relative to metabolic differences between younger infants and older 
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2

2

infants in terms of handling excess calcium cannot be derived based on the 
literature, and little is available to inform the scientific judgment for public 
health protection except body weight. According to the Centers for Disease 
Control and Prevention (CDC) growth charts,  infants should increase 
their weight between birth and 3 months of age from about 7.0 pounds 
(3.5 kg) to 13.0 pounds (6 kg), and then to about 17.5 pounds (8 kg) by 6 
months of life.

Available online at http://www.cdc.gov/growthcharts/ (accessed July 19, 2010).

 The NOAEL of 1,750 mg/day—which is derived from one 
study within the age range of 3 to 9 months (Sargent et al., 1999)—is re-
duced by an uncertainty factor of 2 to adjust for this weight difference and 
rounded to 1,000 mg of calcium per day to serve as the UL for this life stage 
group. This is admittedly a cautious approach but, by establishing a UL for 
infants, their safety is more readily ensured than would be the case in the 
absence of a UL, and the value is reasonable in view of the available data 
and current biological understandings. The 1997 IOM report on calcium 
DRIs did not establish a UL for infants (IOM, 1997).

Infants 6 to 12 Months of Age

The NOAEL of 1,750 mg/day is a reasonable starting point for the 
UL for older infants. Consistent with general principles of human physi-
ology and toxicology, the committee considered that an infant’s capacity 
to handle excess nutritional substances is increased with increased body 
size. Presumably in the case of calcium, which is a critical requirement 
during these periods of bone development, the infant’s ability to tolerate 
higher levels of intake is greater as the infant grows and develops skeletal 
structure. Therefore, the NOAEL of 1,750 mg/day is not unreasonable as 
the basis for a UL. However, given the paucity of data, a slight uncertainty 
correction is warranted, and the UL is set at 1,500 mg/day for infants 7 to 
12 months of age. No UL for this age group was established in 1997 (IOM, 
1997).

ULs for Children and Adolescents 1 Through 18 Years

Children 1 Through 3 Years of Age
Children 4 Through 8 Years of Age

UL 2,500 mg/day Calcium
Children 9 Through 13 Years of Age
Adolescents 14 Through 18 Years of Age

UL 3,000 mg/day Calcium
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New data on adverse outcomes due to excess calcium intake among 
children and adolescents—specifically data that would identify a NOAEL 
or LOAEL—have not emerged since the last DRI report on calcium in 1997 
(IOM, 1997). At that time, it was noted that the safety of excess calcium 
intake in children and adolescents had not been studied. A UL of 2,500 mg 
of calcium per day was established in 1997 for all children and adolescents 
in these life stage groups, largely on the basis of the UL established for 
adults (i.e., 2,500 mg/day) (IOM, 1997).

There is currently no evidence that the 1997 level is too low to provide 
public health protection for this group; further, when compared with the 
new UL set for infants, the level of 2,500 mg of calcium per day is a reason-
able increase given the expected increases in body weight and metabolic 
capacities, especially for younger children between the ages of 1 and 8 
years.

However, for older children it is also appropriate to take into account 
the likely increases in tolerated intakes as metabolic demands increase and 
the pubertal growth spurt associated with bone accretions sets in, primarily 
between 9 and 18 years of age. Again, there are no data to allow quantita-
tive uncertainty factors to be developed to mathematically correct for the 
likelihood of increased capacities during the bone growth spurt, but to do 
so in some fashion is consistent with a general toxicological approach. An 
added level of 500 mg/day is reasonable, resulting in a UL of 3,000 mg of 
calcium per day for children 9 to 13 years of age and adolescents 14 to 18 
years of age.

The UL for children 1 through 8 years of age is the same as that estab-
lished for these life stage groups in 1997 (IOM, 1997). However, the UL 
has been increased by 500 mg/day for older children and adolescents com-
pared with 1997 (IOM, 1997). This is based on a biologically reasonable 
adjustment intended to take into account increased need and therefore 
increased capacity to tolerate a slight increase in a UL value.

ULs for Adults 19 or More Years of Age

Adults 19 Through 30 Years of Age
Adults 31 Through 50 Years of Age

UL 2,500 mg/day Calcium
Adults 51 Through 70 Years of Age
Adults >70 Years of Age

UL 2,000 mg/day Calcium

The onset of hypercalcemia is clearly an adverse outcome. However, 
it was not selected as an indicator for ULs for adults because it reflects an 



422 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

extreme pathological condition, and the ability to consider other adverse 
events associated with sustained, high levels of intake has emerged. Spe-
cifically, kidney stone formation is an adverse outcome, notably among 
post-menopausal women. Although there is also evidence related to 
calcium-alkali syndrome among adults, most of the data relate to those with 
compromised kidney function. Vascular calcification in postmenopausal 
women has emerged as an interesting hypothesis, but available data are 
conflicting, and threshold levels for intake are unknown. Evidence related 
to prostate cancer, although concerning, was too confounded to allow this 
disease risk to serve as an indicator for establishing ULs for calcium intake. 
Further, neither constipation nor nutrient interactions were associated 
with data to suggest that these outcomes would serve as indicators for UL 
development.

Given the size and quality of the WHI trial, its outcome relative to the 
incidence of kidney stones (Jackson et al., 2006) results in the selection of 
kidney stones as the indicator for adults for DRI purposes. The levels of 
calcium intake that may cause kidney stones within a normal population 
cannot be specified with certainty and are known to be variable depending 
upon a number of factors, including baseline renal function, pre-existing 
disease conditions, and interactions with drugs. Based on the findings of 
Jackson et al. (2006), and with the understanding that the data are derived 
from women between the ages of 50 and 79 years, there is a concern for 
kidney stone risk at total calcium intakes of approximately 2,000 mg/
day. Underpinning the concern is the recognition that intakes of calcium 
from food do not readily result in excess intakes and are not associated 
with adverse effects; rather, the adverse effects appear to be a function of 
calcium supplementation added to baseline intake. The level of 2,000 mg 
of calcium per day is established as the LOAEL for adults, including men, 
more than 50 years of age. The very limited data available for adults 19 to 
50 years of age do not allow the specification of a LOAEL or NOAEL for 
this younger group and the UL for this group is derived from consider-
ations used for the UL for persons above 50 years of age. For this reason 
the ULs for older adults are discussed first below, followed by adults 19 to 
50 years of age.

Adults 51 Years of Age and Older

The committee considered the option of applying an uncertainty fac-
tor to lower the LOAEL, given the limited data. However, the unknowns 
surrounding the precision of the LOAEL coupled with the observation 
that the LOAEL is very close to intakes that are considered adequate and 
recommended, caused the committee to conclude that, until there are 
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better data related to calcium intakes from supplements and the incidence 
of kidney stones or other relevant health outcomes, establishing a UL of 
2,000 mg of calcium per day is justified and provides a reasonable degree 
of public health protection without overly restricting the intake of calcium 
(notably from calcium supplements) for both men and women. There is no 
apparent reason to conclude that men in this age group are more sensitive 
than women. Although one 1993 observational study does not support the 
potential for increased kidney stone formation with supplement use among 
men, public health protection warrants caution for this older group. More-
over, the value of 2,000 mg of calcium per day is also somewhat below the 
3,000 mg/day associated with calcium-alkali syndrome among persons with 
waning kidney function, the only other potential indicator with an estimate 
of threshold levels for effect.

The new UL of 2,000 mg of calcium per day for persons 51 to 70 years 
of age and for persons more than 70 years of age is lower than the 1997 
UL of 2,500 mg/day for these groups (IOM, 1997). The newer data related 
to kidney stone formation are the primary basis for the new UL. It is ex-
tremely difficult to reach the UL on the basis of food sources of calcium. 
Rather, the excess intake comes about from the use of calcium supple-
ments. Special considerations about the use of high level calcium supple-
ments and the timing of supplement intake are discussed in Chapter 8.

Adults 19 Through 50 Years of Age

Although the LOAEL (which is also the UL, as described above) for 
older adults more than 50 years of age is established at 2,000 mg/day, it 
can only serve as a starting point for UL consideration for adults 19 to 50 
years of age given the observations that kidney stone formation in younger 
adults does not appear to be driven by calcium supplement use, and, as a 
rule, calcium supplement use is not as prevalent among younger adults. 
However, kidney stone formation is notable among younger persons; as 
discussed previously, the incident rate is actually higher among younger 
adults than among older adults. Given the UL of 3,000 mg/day for calcium 
set for adolescents up to the age of 18 years (based on high rate of bone 
accretion) as well as the likelihood that younger adults are able to toler-
ate higher maximal levels of calcium than other adults for whom kidney 
function may be slowly decreasing, an interpolation approach is used to 
establish a UL of 2,500 mg/day for adults 19 to 30 and 31 to 50 years of 
age, based on the mid-point between the UL of 2,000 mg of calcium per 
day set for persons more than 50 years of age and the UL of 3,000 mg/
day set for adolescents 14 to 18 years of age. Further, concerns about the 
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timing of calcium supplement intake would still be relevant to this group 
and are discussed in Chapter 8.

ULs for Pregnancy and Lactation

Pregnant or Lactating 14 Through 18 Years of Age
UL 3,000 mg/day Calcium

Pregnant or Lactating 19 Through 30 Years of Age
Pregnant or Lactating 31 Through 50 Years of Age

UL 2,500 mg/day Calcium

Hypercalciuria is often present during normal pregnancy as a conse-
quence of the doubling of intestinal calcium absorption that occurs, and 
pregnancy itself increases the risk of kidney stones. Consequently, excess 
intakes of calcium during pregnancy will aggravate hypercalciuria and pos-
sibly increase the risk of kidney stones. During lactation, the serum calcium 
(both ionized and albumin-corrected total calcium) level rises and usu-
ally remains within the normal range (although hypercalcemia can occur 
during normal lactation), and urinary excretion of calcium is reduced to 
the low-normal range or below. Consequently, higher intakes of calcium 
during lactation could potentially increase the risk of hypercalcemia. How-
ever, there is no evidence to suggest that the risk manifests itself at intakes 
lower than the UL for non-pregnant or non-lactating women, although it 
is acknowledged that relevant studies have not been rigorously carried out 
for pregnancy and lactation. Given that available evidence suggests that 
requirements for calcium among pregnant and lactating females are simi-
lar to those of non-pregnant and non-lactating females, and lacking data 
to suggest a basis for a different UL, the ULs for calcium for pregnancy 
and lactation have been kept the same as those for their non-pregnant and 
non-lactating counterparts.

VITAMIN D UPPER LEVELS: REVIEW OF POTENTIAL 
INDICATORS AND SELECTION OF INDICATORS

Few studies have been designed to specifically evaluate the safety of 
vitamin D intake, and there is not general agreement about the intake 
levels at which vitamin D may cause harm. A recent National Institutes of 
Health conference highlighted the lack of knowledge about mechanisms 
of action and toxic forms of the vitamin as well as the many limitations 
in the available evidence. Conference participants noted that available 
randomized controlled trials designed to illuminate health benefits likely 
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underestimate the true potential for risk because: (1) for ethical reasons, 
adverse outcomes are secondary outcomes, (2) studies are of relatively 
short duration, (3) adverse outcomes are not always adequately monitored 
or completely reported, and (4) adverse outcomes generally lack adequate 
statistical power for detection (Brannon et al., 2008). Further, inclusion 
and exclusion criteria prevent persons at greatest risk from being study 
participants (Yetley et al., 2009).

Over the years, excess intake of vitamin D has been considered in the 
context of “intoxication” or “hypervitaminosis D”; as such, the condition is 
perhaps best regarded as a relatively acute response. Symptoms can appear 
in less than 4 weeks of continual excess ingestion. The hallmark of vitamin 
D intoxication is hypercalcemia, which is associated with a rise in serum 
25OHD levels. The conditions of hypercalcemia and hypercalciuria were 
described previously in the section on calcium. Vitamin D intoxication gen-
erally presents with non-specific symptoms that may vary and often include 
anorexia, weight loss, polyuria, and heart arrhythmias (Jones, 2008). The 
condition eventually leads to vascular and tissue calcification with subse-
quent renal and cardiovascular damage.

Although data about vitamin D intoxication are informative, avoiding 
this relatively acute toxicity is not the intended purpose of a UL. Rather, 
the UL reflects a long-term level of intake that will not cause harm to the 
normal, free-living population. The 2007 AHRQ analysis (Cranney et al., 
2007; hereafter referred to as AHRQ-Ottawa) concluded that few adverse 
outcomes could be identified for intakes “above current recommended 
levels,” but it raised concerns about potential previously unrecognized 
adverse effects, including an increased risk of pancreatic cancer. The later 
AHRQ-Tufts analysis further identified all-cause mortality as an emerging 
concern, but the authors also pointed to the dearth of data.

Unfortunately, as pointed out in the earlier IOM report on DRIs for 
vitamin D, there continues to be a large uncertainty about the progressive 
health effects for regular ingestion of even moderately high amounts of 
vitamin D over several decades (IOM, 1997). Most available evidence is 
based on short-term exposures (less than 6 months). Generalization to 
long-term exposures—as would occur during a lifetime—is challenging. 
Also, most evidence is derived from adult populations with few data spe-
cific to children or vulnerable groups. For the purposes of an overview of 
the literature concerning adverse effects of excess vitamin D, the effects 
related to vitamin D intoxication (hypervitaminosis D) are discussed first 
and are based on a paper prepared for the committee by Hector DeLuca 
(DeLuca, 2009). They can provide a starting point for UL considerations. 
The emerging concerns about the adverse effects at higher intakes that 
are less than those associated with the toxicity are discussed next and are 
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examined in the context of the appropriateness of introducing caution 
into the specification of ULs for vitamin D.

Vitamin D Intoxication and Related Hypercalcemia

Etiology and Effects of Vitamin D Intoxication

Increased serum 25OHD levels and resulting hypercalcemia are the 
hallmarks of vitamin D toxicity (Jones, 2008). Although intakes of either 
vitamin D2 or vitamin D3 can cause toxicity, there is evidence that higher 
levels of vitamin D2 can be tolerated (Hunt et al., 1972; Stephenson and 
Peiris, 2009). Similarly, in laboratory animal experiments, vitamin D3 has 
been reported to be more toxic (Roborgh and de Man, 1960).

The hypercalcemia that occurs from a rise in serum 25OHD level is 
due to increased bone resorption (Jones, 2008). In the early stages of in-
toxication, hypercalcemia may be modest and the renal glomerular filtra-
tion rate (GFR) remains stable. As bone resorption continues, however, the 
increasing blood levels of calcium lead to suppression of PTH production. 
The function and activity of the parathyroid–kidney–bone axis have thus 
emerged as contributors to the “set point” for toxicity of excess vitamin 
D and calcium. Decreased renal function simultaneously increases CVD 
risk and impairs calciuric responses and calcium phosphate homeostasis. 
Thus, elderly people represent a high-risk group for both extant CVD 
and impaired parathyroid–kidney–bone interactions that preserve normal 
calcium–phosphate homeostasis. Eventually, there is a loss of urinary con-
centrating mechanisms of the kidney tubule as well as a decrease in GFR 
(Towler, 2009). Hypercalciuria results from the hypercalcemia and the dis-
ruption of normal reabsorption processes of the renal tubules (IOM, 1997). 
As renal function declines (as occurs in disease and, to a lesser extent, with 
aging), there is additional loss of homeostatic control of serum calcium and 
phosphorus levels. Failure of the kidney and cardiovascular system is likely 
the ultimate cause of death in vitamin D intoxication. The prolonged inges-
tion of excess amounts of vitamin D and the accompanying hypercalcemia 
can cause metastatic calcification of soft tissues (IOM, 1997). Calcification 
of vascular tissue has long been known to be associated with vitamin D 
toxicity (Taussig, 1966; Bajwa et al., 1971; Kamio et al., 1979). Major pertur-
bations in calcium–phosphate homeostasis may increase the risk of CVD, 
related in part to arterial calcium deposition (Hruska et al., 2009). The 
hypothesis that excess vitamin D intake may be associated with kidney stone 
formation is not supported by the available data.

Animal models of vitamin D toxicity reveal symptoms that are almost 
identical to those described for humans and have provided useful in-
formation (Shephard and DeLuca, 1980; Littledike and Horst, 1982a,b; 
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Tryfonidou et al., 2003; Harmeyer and Schlumbohm, 2004). Rats, in par-
ticular, have been used to study vitamin D toxicity. The form of vitamin 
D that rises exponentially in plasma following overdose is 25OHD, not 
calcitriol (Vieth, 1990; Jones, 2008; Stephenson and Peiris, 2009). Sheph-
ard and DeLuca (1980) administered graded doses of either vitamin D3 or 
calcitriol to rats for a 2-week period. The results indicated that frank toxic-
ity was achieved at 650 nmol of vitamin D3 per day or 50,000 IU/kg body 
weight, producing a blood 25OHD level of 1,607 nmol/L, while calcitriol 
levels were markedly reduced. These results support 25OHD and not cal-
citriol as the likely toxicant. In fact, in most species, vitamin D intoxication 
is accompanied by a decrease in plasma calcitriol level (Hughes et al., 1977; 
Shephard and DeLuca, 1980; Harrington and Page, 1983). Nonetheless, 
a case has been made that the “free” calcitriol level in the plasma—that 
is, the metabolite displaced from the plasma transport protein, vitamin D 
binding protein, by other accumulating metabolites—increases in vitamin 
D intoxication (Vieth, 2007; Jones, 2008). Overall, however, the accumulat-
ing 25OHD appears to be the critical factor in triggering the intoxication.

Serum 25OHD Concentrations as Indicative of Toxicity

In the absence of well-controlled studies, the serum 25OHD level rep-
resenting the vitamin D toxicity threshold in humans is not readily defined. 
Similarly, the vitamin D intakes required to trigger toxicity symptoms are 
not precisely known. Moreover, even though the physiological changes that 
occur with vitamin D toxicity are correlated to serum 25OHD levels, they 
may not be precisely aligned (Towler, 2009) and may vary from subject to 
subject and among sub-populations. Appendix G summarizes a number of 
human vitamin D toxicity case studies gathered from the scientific litera-
ture from early in the 20th century to the present. Some of these reports 
originated from a time before vitamin D metabolism was discovered and 
hence lack confirmation that the causative agent was vitamin D overdose. 
Table 6-3 contains case reports from the past 35 years in which the data are 
supported by vitamin D dose administered, serum calcium levels, and se-
rum 25OHD levels. Also provided are data from several month-long studies 
with a range of vitamin D supplements in which fully documented vitamin 
D intoxication was not identified. It is concluded that occasional reports of 
hypercalcemia in these studies are not related to vitamin D.

As shown in Table 6-3, the literature contains evidence that a range of 
vitamin D supplements from 800 to 300,000 IU/day have been used for 
periods ranging from months to years. Doses below 10,000 IU/day are not 
usually associated with toxicity, whereas doses equal to or above 50,000 IU/
day for several weeks or months are frequently associated with toxic side 
effects including documented hypercalcemia.
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TABLE 6-3 Case Reports of Vitamin D Intoxication: Intake and Plasma 
Measures

Vitamin D 
Intake (IU/day) Duration

Serum 
Calcium 
(mg/
dL)

Serum 
25OHD 
(nmol/L)

Serum 
Creatinine 
(µmol/L)

Urinary 
Calcium 
(mmol/L 
GFR) Reference

Vitamin D supplementation studies without documented hypercalcemia

800 4–6 mo NCaa 60–105b — — Byrne et al., 
1995e

1,800 3 mo NCa 65, 80c — — Byrne et al., 
1995e

1,800 3 mo NCa 57–86 82.4–3.8 — Honkanen 
et al., 1990f

2,000 6 mo NCa — — — Johnson 
et al., 1980g

10,000 4 wk — 105d — — Stamp et al., 
1977

10,000 10 wk — 110d — — Davie et al., 
1982

20,000 4 wk — 150d — — Stamp et al., 
1977

Vitamin D supplementation studies reporting hypercalcemia

50,000 6 wk 15.0 320 388 — Schwartzman 
and Franck, 
1987

50,000 15 y 12.5 560 — — Davies and 
Adams, 1978

100,000 10 y 12.8 865 215 0.508 Selby et al., 
1995

200,000 2 y 15.1 1,202 207 — Selby et al., 
1995

300,000 6 y 13.2 1,692 184 0.432 Rizzoli et al., 
1994

300,000 3 wk 11.3 800 339 0.065 Rizzoli et al., 
1994

Accidental vitamin D intoxication

~ 1,131,840; 
vitamin D 
overdose

— 15.0 1,171 265 — Klontz and 
Acheson, 
2007
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TABLE 6-3 Continued

~ 1,700,000; 
vitamin D 
poisoning

— 15.3 1,555 442 — Vieth et al., 
2002

~ 9,000,000; 
vitamin D 
overdose

— 11.3 > 375 159 — Chiricone 
et al., 2003

~ 18,000,000; 
vitamin D 
overdose

— 15.3 > 375 329 — Chiricone 
et al., 2003

Vitamin D 
poisoning

— 13.8–18.4
(n = 11)

847–1,652 — — Pettifor 
et al., 1995

Overfortification 
of milk

— 13.1
(n = 35)

560 — — Blank et al., 
1995

Reference levels — 8.6–10.6 20–100 
(10)

18–150 < 0.045 Blank et al., 
1995

25–200 
(9)

Haddad, 
1980

NOTE: IU = International Units; GFR = glomerular filtration rate; mo = month(s); wk = 
week(s); y = year(s).
 aNCa = normocalcemic.
 bFive studies; n = 188.
 cTwo studies; n = 55.
 dIndicates extrapolation from graphic data.
 eByrne et al. (1995) reported that 3 of 449 subjects had hypercalcemia, but 2 were deemed 
to be non–vitamin D related.
 fHonkanen et al. (1990) measured serum 25OHD levels but observed no side effects of the 
vitamin D or calcium supplements.
 gJohnson et al. (1980) reported that 2 of 63 subjects developed hypercalcemia but provided 
no details of the 2 subjects and did not measure serum 25OHD levels in their study protocol.

DeLuca (2009) concluded that, overall, the toxicity of hypercalcemia 
becomes evident at vitamin D intakes above 25,000 IU/day, corresponding 
to a serum 25OHD level of about 500 nmol/L. Hathcock et al. (2007), fol-
lowing an analysis of more than 20 publications, concluded that there was 
no association between harm and intakes of 10,000 IU/day. Although toxic 
effects associated with 400 IU/day seem implausible,  the diverse range of 
intakes and serum 25OHD levels is notable.

It is noted that Adams and Lee (1997) reported toxicity at a serum 25OHD level of 160 
nmol/L, but this is based on a single patient with an elevated urinary calcium level that was 
corrected by withdrawing a vitamin D supplement of 1,200 IU/day.

 Most reports suggest that the 
toxicity threshold is between 10,000 and 40,000 IU of vitamin D per day. 
Also, most do not identify toxicity until serum 25OHD levels of 500 to 600 
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nmol/L or higher are reached; frank toxicity has been associated with a 
serum 25OHD level of 750 nmol/L (Jones, 2008; Deluca, 2009).

There have been no reports of vitamin D intoxication by ultraviolet B 
light alone (Webb et al., 1989). Davie et al. (1982), using high-performance 
liquid chromatographic analysis, found that skin irradiation reached a pla-
teau after 5 to 6 weeks of exposure and achieved a plasma 25OHD3 level of 
no more than 45 nmol/L. In a study of healthy men (n = 26) who had just 
completed a summer of extended outdoor activity, Barger-Lux and Heaney 
(2002) found that the median serum 25OHD level was 122 nmol/L in late 
summer and decreased to 74 nmol/L by late winter. Binkley et al. (2007) 
found that among subjects (n = 93) with habitually high sun exposure 
(~ 29 hours/week), the mean serum 25OHD level was 79 nmol/L, with the 
highest reported level of 155 nmol/L. In a study of subjects (n = 50) who 
used a tanning bed on a regular basis (at least once a week), serum 25OHD 
levels were 90 percent higher in tanners than in controls (n = 106) (115.5 
± 8.0 nmol/L vs. 60.3 ± 3.0 nmol/L) (Tangpricha et al., 2004).

Conclusion

Clearly, there are a number of variables that may affect the onset of 
toxic symptoms in the face of excess vitamin D intake. There has been a 
paucity of longer-term studies that have investigated the effects of doses 
over 10,000 IU or the maintenance of serum 25OHD levels above 250 
nmol/L. What the data do suggest is that it would be unlikely to observe 
symptoms of toxicity at daily intakes below 10,000 IU, while it is possible 
that daily intakes above 10,000 IU could be associated with toxicity. In any 
case, such short-term findings related to the extreme conditions of toxicity 
are not the ideal basis for setting ULs for the general population, which 
apply to long-term (essentially lifetime) exposures. Thus, additional con-
siderations were evaluated, as discussed next.

Excess Vitamin D and Serum Calcium

The 1997 IOM report on DRIs for vitamin D used the effect of vitamin 
D intake on serum calcium level in humans as the basis for developing 
ULs for vitamin D (IOM, 1997). The work of Johnson et al. (1980) and 
most notably that of Narang et al. (1984) were taken into account. In the 
Narang et al. (1984) study, serum calcium levels in humans (with and 
without tuberculosis) were measured as a function of daily vitamin D doses 
of 400, 800, 1,200, 2,400, and 3,800 IU for 3 months. Thirty healthy men 
and women ranging in age from 21 to 60 years and without tuberculosis 
were included in the study. Hypercalcemia with vitamin D supplementation 
was reported in 63 percent of the patients with active tuberculosis, consis-
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tent with the known effect of granulomatous diseases on enhancement of 
1α-hydroxylase activity. In the 30 subjects reported to be normal, statisti-
cally significant increases in serum calcium level were observed with vita-
min D doses of 2,400 and 3,800 IU/day; however, only at the dose of 3,800 
IU/day did the serum calcium level exceed the upper limits of normal (i.e., 
10.5 mg/dL). Moreover, there were only five subjects in the highest dose 
group, the duration of the effect was not reported, and the heterogeneity 
within that subgroup was reflected by the large standard error.

Although increased serum calcium levels are of concern, the Narang 
et al. (1984) study is likely too small to allow any conclusions to be drawn 
beyond the potential risk of hypercalcemia during vitamin D supplemen-
tation in patients with tuberculosis. More recently, Aloia et al. (2008) 
conducted a 6-month dose–response study using 138 white and African 
American adults to determine the intake of vitamin D3 needed to achieve 
a targeted plasma 25OHD level. Doses of vitamin D varied but reached 
means of 3,915 ± 840 IU/day for blacks and 3,040 ± 1,136 IU/day for 
whites. No patient presented with a serum calcium level above 265 mmol/L 
(or 10.6 mg/dL).

Excess Vitamin D and Measures in Infants

Jeans and Stearns (1938) found a retarded linear growth rate in 35 
infants up to 45 weeks of age who received daily doses of 1,800 to 4,500 IU 
of vitamin D as supplements (without regard to sun exposure), for a mini-
mum of 6 months, compared with infants receiving supplemental doses of 
340 IU/day or less. Fomon et al. (1966), in a similar study, explored the 
effects of vitamin D on linear growth in infants (n = 13) ingesting 1,380 to 
2,170 IU/day (mean = 1,775 IU/day) of vitamin D from fortified evapo-
rated milk formulas as the only source of vitamin D, compared with infants 
receiving 350 to 550 IU/day (n = 11) from another batch of formula. No 
effect was found in infants who were enrolled in the study from the first 9 
days after birth up to 6 months of age. Newer data to better elucidate the 
relationship between vitamin D and retarded linear growth in infants have 
not emerged in recent years.

Reports in Britain in the 1950s, when foods were being liberally forti-
fied with vitamin D, indicated an unusually large number of cases of “id-
iopathic hypercalcemia” (British Paediatric Association, 1956). Given the 
number of foods fortified at the time, the British Paediatric Association 
(1956) estimated an intake of about 4,000 IU of vitamin D per day for an 
infant who consumed a typical diet of milk (1.5 pints), cereal (1 ounce), 
and cod liver oil (1 teaspoon). The outbreak of idiopathic hypercalcemia 
that took place was attributed to vitamin D supplementation, but the cause 
cannot be determined with certainty. Survey data apparently reported a 
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marked decline in hypercalcemia in infants, from 7.2 cases per month 
in a 1953 to 1955 survey, to 3.0 cases per month in a 1960 to 1961 survey 
(British Paediatric Association, 1956, 1964). This change occurred at the 
time new guidelines were introduced for fortification of food products with 
vitamin D. Data from the British Paediatric Association (1956) and Bransby 
et al. (1964) also suggested that the estimated total vitamin D intake in in-
fants at the 75th percentile declined from 4,000 IU/day to a range of 724 
to 1,343 IU/day between the two surveys.

Other Adverse Effects of Excess Vitamin D: Mortality, 
Chronic Disease, Falls and Fractures

The committee reviewed the evidence emerging from observational/
association studies and a limited number of clinical trials related to vitamin 
D intake and a diverse set of health outcomes, ranging from breast cancer 
to falls and fractures. The purpose was not to determine that certain levels 
of intake definitively cause harm, but rather to decide whether the emerg-
ing data were sufficiently compelling to warrant caution relative to vitamin 
D intakes and associated serum 25OHD concentrations that may be less 
than those associated with the more widely known acute toxicity but still 
associated with adverse effects that may occur as a result of chronic intake. 
The potential adverse effects are considered in alphabetical order.

All-Cause Mortality

All-cause mortality data emerging from the examination of national 
survey data as well as observational studies suggest adverse effects at serum 
25OHD levels much lower than those associated with the toxicity demon-
strated by hypervitaminosis D. The AHRQ-Tufts analysis identified four 
cohort studies (Sambrook et al., 2004, 2006; Visser et al., 2006; Jia et al., 
2007; Melamed et al., 2008) that focused on the relationship between 
serum 25OHD level and all-cause mortality. In general, these studies, as 
expected, indicated that low serum 25OHD levels akin to deficiency states 
(< 30 nmol/L) are associated with an increased risk of mortality. Further, 
as serum 25OHD levels increase—up to a point—mortality is lowered.  

Note: The studies adjusted for lifestyle factors linked with poor vitamin D nutriture and 
other factors; not unexpectedly the relationship became weaker, reflecting some confound-
ing factors.

However, some, but not all, of the studies have observed a troubling U-
shaped (or perhaps more appropriately a reverse-J-shaped) relationship. 
For example, Jia et al. (2007) found a statistically significant trend be-
tween increasing serum 25OHD levels and lower odds ratios for all-cause 



TOLERABLE UPPER INTAKE LEVELS 433

mortality (p = 0.03); however, a U-shaped or reverse-J-shaped relationship 
between serum 25OHD level and mortality was observed, with the lowest 
mortality at serum 25OHD levels below 50 nmol/L (see Figure 6-1).

FIGURE 6-1 Hazard ratios of risk of death according to baseline serum 25OHD 
level (subjects with serum 25OHD levels 39.1–82.0 nmol/L are the referent 
category).
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NOTE: Model 1 is adjusted for age and gender; model 2 is adjusted for model 1 
and taking five or more kinds of medicine and self-perceived health status; model 
3 is adjusted for model 2 and having heart problem and/or diabetes at baseline; 
model 4 is adjusted for model 3 and sunlight exposure (i.e., season of blood sam-
pling, sunbathing, and outdoor physical activity); model 5 is adjusted for model 
3 and use of a supplement containing vitamin D; model 6 is adjusted for model 3 
and variables in models 4 and 5.
SOURCE: Jia et al. (2007).

 Visser 
et al. (2006) showed a similar pattern, with reduced mortality associated 
with higher than deficiency levels, but increased mortality at the high-
est blood 25OHD levels (see Figure 6-2). Melamed et al. (2008), using 
data from the Third National Health and Nutrition Examination Survey 
(NHANES III), also suggested a U-shaped or reverse-J-shaped risk curve 
with increasing risk at about 75 nmol/L (see Figure 6-3). The similar pat-
terns emerging in these studies are of concern and are suggestive of at least 
a reverse-J-shaped curve, if not precisely a U-shaped curve for risk relative 
to serum 25OHD levels and all-cause mortality. Of note, Sambrook et al. 
(2004, 2006) found no relationship between mortality and the log of serum 
25OHD levels in a sample (n = 842) of frail, institutionalized persons, most 
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over the age of 80 years. Also, the committee identified another cohort 
study not included in the AHRQ-Tufts report (Semba et al., 2009) that did 
not observe a U-shaped relationship, but the highest exposure category 
in this Italian cohort was approximately 64 nmol/L. In addition to these 
published observational studies, a preliminary analysis of NHANES III data 
limited to data on non-Hispanic blacks with follow-up as of December 31, 
2006, also saw a U-shaped relationship, although the suggested increase 
in risk was seen at a lower serum 25OHD concentration of approximately 
60 nmol/L.

Personal communication, R. Durazo-Arvizu, Loyola University, Maywood, IL, May 28, 2010. 

FIGURE 6-2 Risk of death in elderly people according to baseline serum 25OHD 
level in the Longitudinal Aging Study (subjects with serum 25OHD levels of 50.0–
74.9 nmol/L are the referent category).
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SOURCE: Visser et al. (2006).

Turning to evidence from vitamin D supplementation trials, AHRQ-
Tufts calculated an overall relative risk (RR) for all-cause mortality of 0.97 
(95% CI: 0.92–1.02), with no evidence of between-study heterogeneity. The 
doses studied included 400 and 880 IU of supplemental vitamin D per day, 
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and one trial that gave a supplement of 100,000 IU every 3 months, which 
is roughly equivalent to 1,100/day.

Because the trials did not evaluate particularly high doses and as obser-
vational studies are subject to confounding, one cannot interpret conclu-
sively whether or not this U-shaped relationship is real or causal. However, 
the data are clearly suggestive of a U-shaped or reverse-J-shaped risk curve 
between serum 25OHD level and all-cause mortality; increases in risk are 
suggested at thresholds in the range of 75 to 120 nmol/L for the white 
population, with lower levels for the black population.

FIGURE 6-3 Rate ratios of all-cause mortality by serum 25OHD level in NHANES III 
(subjects with serum 25OHD levels above 80.3 nmol/L are the referent category).
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tal cholesterol, use of cholesterol medications, estimated glomerular filtration rate 
categories, serum albumin, log (albumin-creatinine ratio), log (C-reactive protein), 
body mass index, physical activity level, vitamin D supplementation, and low socio-
economic status; model 3 is adjusted for age, gender, race, season, cigarette use, 
body mass index, log (C-reactive protein), serum albumin, physical activity level, 
vitamin D supplementation, and low socioeconomic status.
SOURCE: Melamed et al. (2008).

Cancer

Breast cancer A study from the randomized, double-blind, placebo-
controlled WHI trial (Chlebowski et al., 2008) indicated overall that daily 
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supplementation with 1,000 mg of elemental calcium combined with 
400 IU of vitamin D3 had no effect on breast cancer incidence. However, 
through a stratified analysis, the data demonstrated an increased risk of 
breast cancer for women who were already consuming 600 IU of vitamin 
D per day at baseline, to which a supplement of 400 IU/day was added 
(Pinteraction = 0.003). Serum 25OHD measures were analyzed by quintile and 
the highest quintile was 67.6 nmol/L and above.

Pancreatic cancer Some, but not all, observational studies suggest that 
higher serum 25OHD levels are associated with an increased risk of pancre-
atic cancer. Beginning with negative studies, Skinner et al. (2006) examined 
two large cohort populations—the HPFS and the NHS—for associations 
between pancreatic cancer incidence and vitamin D intake from diet and 
supplements. Another study of the HPFS cohort examined associations 
between serum 25OHD level and total cancer mortality or digestive (includ-
ing pancreatic) cancer incidence (Giovannucci et al., 2006b). Both studies 
found reduced risk for pancreatic cancer incidence: in one instance associ-
ated with higher vitamin D intake (≥ 600 IU/day) (Skinner et al., 2006) and 
in the other based on a predicted serum 25OHD level (as described by the 
authors) for which RR was calculated for incremental increases in serum 
25OHD level of 25 nmol/L (Giovannucci et al., 2006b).

In contrast, an initial study from Stolzenberg-Solomon et al. (2006), 
using a nested case–control protocol to evaluate associations between 
vitamin D nutriture and incidence of pancreatic cancer in subjects from 
the ATBC Study, found a positive association between higher serum 
25OHD levels (highest quintile at 83.2 nmol/L) and risk for pancreatic 
cancer. In a subsequent nested case–control analysis of a cohort from 
the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screen-
ing Trial, the same investigators found no association between higher 
serum 25OHD level and increased pancreatic cancer risk as an outcome 
(Stolzenberg-Solomon, 2009). The difference between the study popula-
tions included living at a northern latitude, positive smoking history, and 
gender (male) in the ATBC Study compared with a mixed gender U.S. 
population that was controlled for smoking history in the PLCO Cancer 
Screening Trial.

To address the dissimilarity in results from individual large cohort 
studies, Stolzenberg-Solomon et al. (2010) conducted a pooled nested 
case–control analysis of participants from several cohorts (the ATBC Study, 
CLUE, the Cancer Prevention Study II Nutrition Cohort, the New York Uni-
versity Women’s Health Study, the PLCO Cancer Screening Trial, and the 
Shanghai Women’s and Men’s Health Studies) to determine associations 
between serum 25OHD levels pre-diagnosis and risk for incident pancre-
atic cancer. This large-scale pooled analysis (n = 2,285) found a statistically 
significant two-fold increased risk for pancreatic cancer in participants with 
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serum 25OHD levels at or above 100 nmol/L compared with those with lev-
els between 50 to 75 nmol. Further, the association was strongest for whites, 
participants in northern latitudes (> 35°N), and participants whose blood 
was collected in summer months. Thus, a pooled analysis of large cohort 
studies suggests an association for increased risk of pancreatic cancer with 
serum 25OHD levels greater than 100 nmol/L that is not consistently seen 
in analyses of individual large cohorts.

Prostate cancer Regarding prostate cancer, Tuohimaa et al. (2004) found 
a higher risk of prostate cancer for those with serum 25OHD levels above 
80 nmol/L. The subjects were 67 men, mostly from Norway. Although 
another study from Finland (Tuohimaa et al., 2004) also found an associa-
tion between serum 25OHD levels and prostate cancer at levels above 80 
nmol/L, a study conducted by Faupel-Badger et al. (2007) also in Finland 
did not find a relationship.

Cardiovascular Risk

Although Linden (1974) observed that myocardial infarct patients in 
Norway were more likely than matched controls to have consumed vitamin 
D in excess (greater than 1,200 IU/day), two later studies (Schmidt-Gayk 
et al., 1977; Vik et al., 1979) failed to confirm these results. Melamed et al. 
(2008) examined data from 3,439 persons in the NHANES 2001 to 2004 
surveys to determine the relationship between serum 25OHD level and 
peripheral arterial disease (defined as an ankle-brachial index < 0.9). The 
researchers noted that there was a lower risk of CVD mortality in men and 
women at levels of 75 to 122 nmol/L, but a higher risk of CVD mortality 
in women at levels above 125 nmol/L. Recently, Ginde et al. (2009), in a 
prospective cohort analysis of NHANES III data (1988 to 1994) on serum 
25OHD levels in adults ages 65 years and older (n = 3,408) over a median 
7.3-year follow-up, examined CVD mortality. Analysis of fully adjusted data 
indicated an inverse relationship between CVD mortality and baseline 
serum 25OHD level of 50.0 to 74.9 nmol/L. Risk began to increase at ap-
proximately 75 nmol/L and then it declined after 100 nmol/L.

Analyses from the Framingham Offspring Study (Wang et al., 2008), 
which followed 1,739 participants (mean age 59 years) with an average 
follow-up at 5.4 years, found a significant relationship between low serum 
25OHD levels and incident cardiovascular risk. During a mean follow-up 
of 5.4 years, 120 individuals developed a first cardiovascular event; vitamin 
D deficiency as defined in the study (serum 25OHD level < 37.5 nmol/L) 
was associated with increased risk for cardiovascular events. However, a 
closer look at the individuals with the highest serum 25OHD levels suggests 
that there was no additional reduction in risk with 25OHD levels above 75 
nmol/L and even that the dose–response relationship may be U-shaped or 
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reverse-J-shaped, with increased risk not only at low but also at the higher 
levels of serum 25OHD (i.e., > 75 nmol/L).

Fiscella and Franks (2010) conducted a retrospective cohort analysis 
also based on NHANES III data. They examined serum 25OHD levels and 
CVD mortality in participants ages 18 years and older (n = 15,363). Analysis 
of fully adjusted data showed a U-shaped risk profile for CVD mortality, 
as reported by others. Without consideration of vitamin D status, after 
adjusting for age, gender, season, and region, non-Hispanic blacks had 
a 38 percent higher cardiovascular mortality than whites. Adjusting for 
low serum 25OHD levels reduced the racial difference in risk by about 
60 percent (to 23 percent). Including both low serum 25OHD level and 
poverty level reduced the racial difference in risk to 1.0, suggesting that 
low serum 25OHD level and poverty capture much of the racial disparity in 
cardiovascular mortality in blacks compared with whites; however, it must 
be recognized that the low serum 25OHD level may be a marker for other 
factors (obesity, inactivity, etc.). Additionally, a cross-sectional study con-
ducted by Freedman et al. (2010) reported a positive association between 
serum 25OHD level and calcified atherosclerotic plaque in the aorta and 
carotid arteries of African Americans.

Falls and Fractures

In a recent trial of 2,256 community-dwelling women 70 years of age 
and older residing in Australia and presenting with high risk of fracture, 
the women were treated with 500,000 IU of vitamin D annually for 3 to 
5 years (Sanders et al., 2010). Sanders et al. (2010) reported that “…
participants receiving annual high-dose oral cholecalciferol experienced 
15% more falls and 26% more fractures than the placebo group. Women 
not only experienced excess fractures after more frequent falls but also 
experienced more fractures that were not associated with a fall. A post hoc 
analysis found that the increased likelihood of falls in the vitamin D group 
was exacerbated in the 3-month period immediately following the annual 
dose and a similar temporal trend was observed for fractures. An increased 
risk (albeit, not significant because of smaller numbers) of falls and frac-
ture in the vitamin D group was apparent for each year of the intervention. 
The results were similar after adjustment for baseline calcium intake.…”

The non-physiological nature of a large one-time dose cannot be read-
ily extrapolated to the situation in which smaller daily doses are provided. 
However, in view of a number of studies in the literature (e.g., Trivedi 
et al., 2003) in which large bolus doses have been given without apparent 
adverse effect, the results of the study by Sanders et al. (2010) are unex-
pected, but not readily dismissed. The study is notable because the adverse 
effect was demonstrated as a result of the intervention (which was primarily 
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for safety) as well as through a measure of interest, serum 25OHD concen-
tration. The median serum 25OHD concentration 1 month after dose for 
study participants was 120 nmol/L. By 3 months, the median value was ap-
proximately 90 nmol/L. One other study (Smith et al., 2007) also reported 
an increase in fracture associated with vitamin D treatment. Participants 
were 75 years of age or older (4,354 men and 5,086 women) and received 
an annual injection of 300,000 IU as ergocalciferol or placebo. In men, 
treatment had no effect on fractures. However, women treated with vitamin 
D had increased risk of fractures classified as non-vertebral (HR = 1.21), 
hip/femur (HR = 1.80), and hip/femur/wrist/forearm (HR = 1.59). No 
effect on falls was observed; however, falls were a secondary outcome and 
ascertainment was based on 6-month recall. Baseline serum 25OHD levels 
and changes in serum 25OHD levels were very similar to the results from 
Sanders et al. (2010). Another common feature was that calcium supple-
ments were not given.

A recent study reported by Cauley et al. (2009) indicated that in con-
trast to white and American Indian women, black women and possibly 
Asian women appeared to be at greater risk of fracture with higher serum 
25OHD levels (≥ 75 nmol/L).

Conclusion

Despite the limitations of the evidence, there is a notable congru-
ence across different health indicators—all-cause mortality, some cancers, 
CVD risk, fractures and falls—for adverse outcomes associated with serum 
25OHD levels ranging from about 75 to 120 nmol/L. The U-shaped curve, 
or possibly a reverse-J-shaped curve, for risk does indeed emerge, with 
adverse effects reported at either end of the serum 25OHD concentration 
span. Data for associated intakes of vitamin D are limited.

The committee’s approach was to consider whether it was reasonable 
to use these findings as a basis for adjusting data on the toxicity of vitamin 
D, discussed above. In doing so, it was aware of recent criticisms related 
to taking into account these so-called U-shaped serum 25OHD response 
curves for elucidating levels of vitamin D that may cause adverse effects 
(e.g., Grant, 2010). However, although these data may be characterized 
as emerging and in need of further study before firm conclusions can be 
made, they are not reflective of flawed studies nor are they readily dis-
missed by other literature. Further, in the absence of data to demonstrate 
benefit at such serum 25OHD levels, a cautious approach is justified and 
appropriate given the purpose of the UL. In the committee’s view, these 
emerging relationships do not have to be definitively proven in order to 
justify a cautious approach that is most likely to ensure safety, and in the ab-
sence of data to demonstrate benefit from the higher intake level or higher 
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serum 25OHD levels, these signals can be taken into account. Focusing 
exclusively on vitamin D acute toxicity for the purposes of establishing a 
UL and ignoring the emerging data related to other adverse events is not 
in the best interests of public health.

Selection of Indicator for the UL: Vitamin D

The best available data set for establishing a UL for vitamin D is associ-
ated with the onset of hypercalcemia and related toxicity. This indicator is 
selected as the basis for the UL for all age groups except infants, with the 
caveat that while it serves as a starting point, it is to be subject to adjust-
ment for uncertainty. The adjustment is based on: (1) the recognition of 
the goal of public health protection, which suggests that avoiding hypervi-
taminosis D is, of course, desirable, but not necessarily sufficient; and (2) 
the emerging data concerning other adverse effects at intakes lower than 
those associated with acute toxicity and at serum 25OHD levels previously 
considered to be at the high end of physiological values. Taken as a whole, 
the body of evidence suggests that there is reason to proceed cautiously in 
assuming that higher levels of vitamin D intake below those expected to 
cause hypervitaminosis D are harmless, especially in the absence of data 
to demonstrate benefit at such intake levels. For infants, the long-standing 
measures related to retarded linear growth serve as the indicator for the 
UL.

The available data could not offer a BI or be used to estimate a dose–
response relationship. The basis for the ULs is a NOAEL as described 
further below for specific life stage groups.

VITAMIN D UPPER LEVELS: INTAKE-RESPONSE 
ASSESSMENT AND SPECIFICATION OF UPPER LEVELS

The ULs established for vitamin D are shown in Table 6-4 by life stage 
group. The ULs for infants are discussed first. This is followed by a discus-
sion of ULs for adults rather than children and adolescents because the 
UL for adults is used to extrapolate or scale a UL value for children and 
adolescents. A discussion of ULs during pregnancy and lactation follows.

ULs for Infants 0 to 12 Months of Age

Infants 0 to 6 Months of Age
UL 1,000 IU (25 µg)/day Vitamin D

Infants 6 to 12 Months of Age
UL 1,500 IU (38 µg)/day Vitamin D
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TABLE 6-4 Vitamin D Tolerable Upper Intake Levels 
(UL) by Life Stage

Life Stage Group UL 

Infants
 0 to 6 mo 1,000 IU (25 µg)
 6 to 12 mo 1,500 IU (38 µg)
Children
 1–3 y 2,500 IU (63 µg)
 4–8 y 3,000 IU (75 µg)
Males
 9–13 y 4,000 IU (100 µg)
 14–18 y 4,000 IU (100 µg)
 19–30 y 4,000 IU (100 µg) 
 31–50 y 4,000 IU (100 µg)
 51–70 y 4,000 IU (100 µg)
 > 70 y 4,000 IU (100 µg)
Females
 9–13 y 4,000 IU (100 µg)
 14–18 y 4,000 IU (100 µg)
 19–30 y 4,000 IU (100 µg) 
 31–50 y 4,000 IU (100 µg)
 51–70 y 4,000 IU (100 µg)
 > 70 y 4,000 IU (100 µg)
Pregnancy
 14–18 y 4,000 IU (100 µg)
 19–30 y 4,000 IU (100 µg)
 31–50 y 4,000 IU (100 µg)
Lactation
 14–18 y 4,000 IU (100 µg)
 19–30 y 4,000 IU (100 µg)
 31–50 y 4,000 IU (100 µg)

NOTE: IU = International Unit.

The work of Fomon et al. (1966) forms the starting point for these life 
stage group, as it did in the 1997 IOM report (IOM, 1997). Given the small 
sample size used in the study, the NOAEL for infants is based on the mean 
intake in this study rather than the high end of the range. The NOAEL 
was rounded to 1,800 IU/day from 1,775 IU/day. The British Paediatric 
Association (1956) data and data reported by Bransby et al. (1964) sug-
gested that hypercalcemia could be present at intakes of 4,000 IU/day, 
but appeared to decline at intakes between 700 and 1,300 IU/day, lend-
ing some support to the NOAEL of 1,800 IU/day as reasonable. However, 
considerable uncertainty surrounds this estimate, and newer data have not 
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emerged regarding vitamin D intake and hypercalcemia in infants. Stearns 
(1968) commented that Fomon et al. (1966) did not study the infants long 
enough, because the greatest differences in the Jeans and Stearns (1938) 
study appeared after 6 months. Also, a report from 1959 (Graham, 1959) 
suggested that a serum calcium level obtained from a study in Glasgow of 
infants with hypercalcemia ages 3 weeks to 11 months was associated with 
an estimated vitamin D intake of 1,320 IU/day. Overall, on balance, 1,800 
IU/day is reasonable as a NOAEL and offers an appropriate starting point.

Infants 0 to 6 Months of Age

The first order of importance is to protect young infants, and the in-
take of 1,800 IU/day may not be entirely protective of such young infants. 
As the UL can reasonably be considered to affect all non-growth retarded 
infants at greater than 37 weeks gestational age at birth, and given the 
current practice to begin vitamin D supplementation within days of birth 
(Wagner and Greer, 2008), it is necessary to ensure an absence of toxicity 
in infants as small as 2,500 to 3,000 grams who would meet this definition. 
As such, applying an uncertainty factor of 0.5 and rounding would rea-
sonably give a level of 1,000 IU/day, which is also about 400 IU/kg body 
weight per day, a dose that can reasonably be considered an upper safety 
level on a body weight basis. This UL is the same as the UL established in 
1997 (IOM, 1997).

Infants 6 to 12 Months of Age

Consistent with general principles of toxicology, the committee consid-
ered that an infant’s capacity to handle excess substances such as vitamin D 
is likely increased with increased body size, organ maturation, and growth 
needs. Therefore, for older infants it is reasonable to consider a higher UL 
than for younger infants, although available data are inadequate for quan-
titative risk assessment. Also, the endpoint is acknowledged to be relatively 
insensitive. The UL for infants 6 to 12 months of age is increased by 500 
IU/day from that established for infants 0 to 6 months of age, to a value of 
1,500 IU/day. This reflects a more cautious approach than would be taken 
if the UL were doubled and is consistent with public health protection. 
This UL is slightly greater than the UL for vitamin D established for this 
life stage group in 1997, but is consistent with the toxicological principles 
that older infants are likely to have greater tolerances than younger infants 
(IOM, 1997).
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ULs for Adults 19 or More Years of Age

Adults 19 Through 30 Years of Age
Adults 31 Through 50 Years of Age
Adults 51 Through 70 Years of Age
Adults >70 Years of Age

UL 4,000 IU (100 µg)/day Vitamin D

The indicator of hypercalcemia for vitamin D toxicity is the starting 
point for the UL for adults. This condition is at an extreme end of an ad-
verse outcome continuum and it may be appropriate to consider instead 
as a starting point for other measures, such as hypercalciuria. However, 
interpretation of measures such as hypercalciuria as a predictor of adverse 
outcomes is unclear. Therefore, the best available option as an indicator 
is hypercalcemia. In this case, an intake value of 10,000 IU/day reflects a 
NOAEL. This NOAEL is initially adjusted for uncertainty to establish a UL 
of 4,000 IU/day, as described below.

Initially, it should be noted that evidence pertaining to the levels of 
25OHD in serum that are associated with adverse effects is less well estab-
lished than that associated with benefit, and the available literature sug-
gests considerable variability. As shown above in Table 6-3, frank toxicity 
has been reported to have occurred within a wide range of serum 25OHD 
levels, from as low as 60 nmol/L (Byrne et al., 1995) to values above 1,500 
nmol/L (Rizzoli et al., 1994; Pettifor et al., 1995; Vieth et al., 2002), al-
though the majority of available reports of toxicity involve serum 25OHD 
values above 350 nmol/L. The variability in the toxicity data may mean that 
toxicity can be affected by numerous mitigating factors or perhaps may 
be a function of the diversity in the nature of the available case reports. 
Reports on maximal sun exposure also described previously (Barger-Lux 
and Heaney, 2002; Binkley et al., 2007) suggest that serum 25OHD levels 
under these circumstances generally remain below 125 to 150 nmol/L, 
although the populations studied are not diverse and generally include 
younger men. The emerging data related to all-cause mortality, chronic 
disease risk, and falls would appear to suggest that adverse events may oc-
cur with serum 25OHD levels of approximately 75 nmol/L or above (Visser 
et al., 2006; Ginde et al., 2009), but ranging up to approximately 125 
nmol/L (Melamed et al., 2008). The vagaries of serum 25OHD measures 
in general, the sparse data available, and the uncertainty as to the nature 
of the adverse effects preclude strong conclusions. On the basis of avail-
able reports, the committee considered that serum 25OHD levels above 
approximately 125 to 150 nmol/L should be avoided. Given the conclusion 
derived in Chapter 5 that bone health benefit is achieved by 97.5 percent 
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of the population at 50 nmol/L, there is a range of serum 25OHD levels 
between 50 and 150 nmol/L that remains undescribed. The adjustment to 
the starting point of 10,000 IU/day reflects first data concerning adverse ef-
fects related to all-cause mortality, falls and fractures, and CVD risk, which, 
taken as a total body of evidence, provide reason for caution, as described 
earlier. More specifically, the evidence from the studies that focused on 
all-cause mortality, chronic disease, falls and fractures suggested that se-
rum 25OHD levels between 75 nmol/L and approximately 120 nmol/L 
were associated with the adverse effect. There is considerable uncertainty 
surrounding such values, and—using information on the serum levels 
achieved during maximal sun exposure and to avoid being unnecessarily 
restrictive given the uncertainties—the committee determined that for the 
purposes of the UL, concern would be for levels above approximately 125 
to 150 nmol/L.

Further, there are emerging data concerning the possible differences 
in adverse event response for African Americans and perhaps other dark-
skinned population groups. The cross–sectional study from Freedman et al. 
(2010) reported a positive association between serum 25OHD levels and 
calcified atherosclerotic plaque in the aorta and carotid arteries of African 
Americans, and preliminary reports from NHANES suggest that the risk 
for all-cause mortality among non-Hispanic blacks compared with whites 
occurs at a lower serum 25OHD level (60 vs. 75 nmol/L).  

Personal communication, R. Durazo-Arvizu, Loyola University, Maywood, IL, May 28, 2010.

These data are 
limited, are not necessarily consistent with other findings, and may even-
tually be explained by factors other than serum 25OHD levels, but they 
are concerning. Although data on race and ethnic differences are much 
too sparse to justify providing different ULs for different racial or ethnic 
groups, they can be incorporated as a source of uncertainty.

To determine an adjustment from the starting point of 10,000 IU/day 
as a NOAEL taking into account the uncertainties introduced by reports 
concerning all-cause mortality and other chronic disease outcomes as well 
as the possibility that blacks in the North American population may experi-
ence adverse effects at lower serum 25OHD concentrations than whites, the 
committee considered the work of Heaney et al. (2003). As suggested by 
the study, vitamin D intakes of 5,000 IU/day achieved serum 25OHD levels 
that range between 100 and 150 nmol/L, but do not surpass 150 nmol/L 
after 160 days of administration. Almost no other studies have assessed the 
safety of long-term maintenance of serum 25OHD levels in this range in 
relation to chronic disease risk and all-cause mortality, so the information 
about the increases in serum levels is useful for the purposes of establishing 
a UL. Given the uncertainties surrounding the data and the reliance on a 
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single report, the UL is set 20 percent below the level identified by Heaney 
et al. (i.e., 5,000 IU), specifically at 4,000 IU/day.

This value is greater than that set in 1997 by the previous IOM commit-
tee. A UL of 4,000 IU/day is still, however, a reference value that reflects 
the interest in providing public health protection, especially when exist-
ing data do not support benefit above such intakes. Intake values in the 
range of 4,000 IU/day would not appear to cause serum 25OHD levels to 
exceed 125 to 150 nmol/L,  a concentration which is at the high end of 
the range of serum levels associated with nadir risk of outcomes such as 
all-cause mortality.

Use of the regression model developed to estimate the vitamin D intakes needed to achieve 
a specific level of 25OHD in serum is not appropriate for this situation, in that the model was 
derived using data based on minimal sun exposure and did not anticipate estimations of such 
high levels of intake. However, the use of the related equations suggests that 4,000 IU/day re-
sults in a mean serum 25OHD concentration of 91 nmol/L and an upper level of 105 nmol/L.

ULs for Children and Adolescents 1 Through 18 Years of Age

Children 1 Through 3 Years of Age
UL 2,500 IU (63 µg)/day Vitamin D

Children 4 Through 8 Years of Age
UL 3,000 IU (75 µg)/day Vitamin D

Children 9 Through 13 Years of Age
Adolescents 14 Through 18 Years of Age

UL 4,000 IU (100 µg)/day Vitamin D

No specific data are available for age groups other than adults and 
infants. In 1997 it was determined that increased rates of bone formation 
in toddlers, children, and adolescents suggested that the adult UL is ap-
propriate for these age groups (IOM, 1997). The present committee chose 
to scale down the adult UL for younger children—to 2,500 IU/day for 
1- to 3-year-olds and 3,000 IU/day for 4- to 8-year-olds—so as to be more 
consistent with concepts of graded tolerances with maturity. Although the 
simulated dose–response relationship between vitamin D intake and serum 
25OHD level described in Chapter 5 is not affected by age, the data avail-
able did not include any children younger than 6 years old. There is no 
quantitative basis for such scaling, but it reflects a cautious and prudent ap-
proach given current biological understandings. Children and adolescents 
between 9 and 18 years of age have ULs that are the same as that for adults. 
All the UL values for children are slightly higher than the values provided 
in 1997 (IOM, 1997).
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ULs for Pregnancy and Lactation

Pregnant or Lactating 14 Through 18 Years of Age
Pregnant or Lactating 19 Through 30 Years of Age
Pregnant or Lactating 31 Through 50 Years of Age

UL 4,000 IU (100 µg)/day Vitamin D

The available data do not indicate a basis for deriving a UL for preg-
nant and lactating women or adolescents that is different from those for 
their non-pregnant and non-lactating counterparts.
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7

Dietary Intake Assessment

Conducting an intake assessment—after the available scientific data 
have allowed the estimation of reference values (see Chapters 5 and 6)—is 
one of the hallmarks of nutrient risk assessment. Estimates of population 
intake (i.e., “exposure”) are obtained, and these are examined in view of 
the estimated reference values. When information is available, consider-
ation of biochemical and clinical measures of nutriture is a useful adjunct 
to the intake assessment and can provide important information about the 
adequacy of intake as well as excess intake.

In the case of the United States and Canada, data from national gov-
ernment surveys form the basis for the intake assessment. In this chapter, 
the national surveys are described first. Then information about calcium 
intake is presented, followed by information about vitamin D intake and 
serum 25-hydroxyvitamin D (25OHD) concentrations. In this report, the 
term “dietary intake” includes the intake of foods and supplements and is 
also referred to as “total intake.”

THE NATIONAL SURVEYS AND APPROACH USED

Nutrient intake data for the intake assessment are available through 
the websites for the national surveys in each country. The U.S. survey data 
are reported on the basis of Dietary Reference Intake (DRI) life stage 
groups and are divided by males and females rather than combined. In 
the case of intake estimates, Canadian data are reported for children ages 
1 to 3 and 4 to 8 years without distinction by gender, but they are reported 
on the basis of males and females for the older groups. Serum 25OHD 
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levels for Canadians are collected for persons between the ages of 6 and 79 
years. However, in arranging these data from survey age/sex groups into 
the DRI life stage groups, sample sizes did not allow adequate representa-
tion for children less than 9 years of age. Therefore, the data were used 
to construct values for the DRI life stage groups only between ages 9 to 79 
years for Canadians. In addition, neither country reports data for infants 0 
to 12 months of age or for pregnant and lactating women; sample sizes for 
these groups are too low in the surveys to provide nationally representative 
estimates.

United States: The National Health and 
Nutrition Examination Survey

Information about the U.S. National Health and Nutrition Examina-
tion Survey (NHANES) is available from the survey’s main website,  and is 
therefore only summarized here.

Available online at http://www.cdc.gov/nchs/nhanes.htm (accessed July 23, 2010).

 In the 1960s, the U.S. government initi-
ated the National Health Examination Survey to assess the health status of 
individuals ages 6 months through 74 years. Nutritional intake was added 
as a survey component in the 1970s, beginning with the first NHANES, 
known as NHANES I (1971 to 1974). NHANES II covered the time period 
1976 to 1980, and NHANES IIII encompassed 1988 to 1994. NHANES 
has reflected a continuous and standardized data collection based on a 
representative sample of the U.S. population and provides critical diet 
and health measures for federal program planning and policy making. 
The survey relies on the gold standard for dietary intake measures, two or 
more 24-hour dietary recalls per person (IOM, 2000). The U.S. Depart-
ment of Agriculture’s (USDA’s) food composition database has provided 
the sources of information that allow the estimates of food intake collected 
in the NHANES to be translated into quantitative nutrient intake (Bodner-
Montville et al., 2006; Briefel, 2006).

In 1999, the survey became a continuous program that has a changing 
focus on a variety of health and nutrition measurements to meet emerging 
needs;  the survey data are reported on the basis of 2-year periods.

Available online at http://www.cdc.gov/nchs/nhanes/about_nhanes.htm (accessed July 
23, 2010).

 The 
survey now examines a nationally representative sample of about 5,000 per-
sons each year. These persons are located in counties across the country, 
15 of which are visited each year.

Available online at http://www.cdc.gov/nchs/nhanes/about_nhanes.htm (accessed July 
23, 2010).

 The NHANES and related food intake 
surveys conducted by the USDA were integrated in 2002; at that time, the 
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dietary reports from the integrated survey became known as What We Eat 
in America (WWEIA). For this report data for the 2003 to 2004 and 2005 
to 2006 period were used because the data for the 2007 and 2008 period 
did not become available until after the committee had completed its delib-
erations. Calcium intake has been estimated since NHANES I. Intakes for 
vitamin D were first published in 2009 and currently are available for the 
2003–2006 survey period. The NHANES is said to “follow the sun” in that 
the survey is generally conducted in the southern states during the winter 
months and in the northern states in the summer months.

The NHANES is unique in that it collects and tracks both total intake 
and health measures in a national sample of Americans, and provides an 
important aspect of the nation’s health monitoring system. As would be 
expected, total intake estimates are limited by survey respondents’ abili-
ties to accurately report foods and amounts consumed and by the accu-
racy, specificity, and timeliness of the food composition databases linked 
to foods reported in the survey. Respondents are also prone to under-
reporting intake (IOM, 2000). Issues related to estimation of usual intake 
from WWEIA-NHANES have been reviewed by others (Dwyer et al., 2003), 
including the challenges of updating food composition tables and address-
ing the under-reporting of intake amounts by participants.

In the case of nutrient intake data for the United States, calcium and 
vitamin D intake estimates from the WWEIA report series  have formed 
the basis of an expanded analysis conducted and made available by the 
National Cancer Institute (NCI) of the National Institutes of Health.

Available online at http://www.ars.usda.gov/Services/docs.htm?docid=13793 (accessed 
July 23, 2010).

 The 
NCI analysis was used in this report, as described below.

Intake Estimates for Calcium and Vitamin D

The USDA has produced the Vitamin D Addendum to the USDA 
Food and Nutrient Database for Dietary Studies 3.0,  and in turn WWEIA 
reported the vitamin D intake from foods as well as calcium intake from 
foods.

Available online at http://www.ars.usda.gov/Services/docs.htm?docid=18807 (accessed 
July 23, 2010).

Available online at http://www.ars.usda.gov/Services/docs.htm?docid=18349 (accessed 
July 23, 2010).

 The expanded analysis carried out by NCI has allowed the incorpo-
ration of estimates of intake from dietary supplements collected as part of 
the NHANES but not included in the WWEIA reports, thereby providing 
an estimate of total calcium and vitamin D intake. Calcium intake data were 
available for the entire period 2003 to 2006 for the United States. However, 
although the USDA released vitamin D intake data for the 2003 to 2006 
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period in July 2010, vitamin D intake data at the time of the NCI analysis 
were available only for 2005 to 2006. Therefore, the calcium and vitamin 
D intake data used in this report reflect overlapping, but not identical, 
time periods.

Given that there is considerable interest in estimates of total calcium 
intake and total vitamin D intake from all sources (i.e., foods and supple-
ments), and data on total intake provide the best basis for DRI assessments, 
the committee relied on the expanded analysis of the NHANES data con-
ducted by NCI and reported by Bailey et al. (2010).

In addition, the study authors provided tables of intakes arrayed for percentile groupings. 
These have been made available in the Institute of Medicine public access file available at 
http://www8.nationalacademies.org/cp/. 

 Detailed information 
provided to the committee by NCI staff appears in Appendix H. The re-
lated methodologies have been described in detail by Bailey et al. (2010) 
and provide the opportunity to take into account sources of calcium and 
vitamin D from supplements.

As described in Bailey et al. (2010), the intake estimates for calcium 
and vitamin D derived through the NCI method will vary slightly (i.e., by 
less than 1 percent) from those that appear in the WWEIA. This is because 
the NCI method uses supplement intake as a covariate in the model for 
nutrient intake from foods, and because—relative to obtaining usual intake 
percentiles—a shrinkage estimator approach was incorporated into the 
analysis rather than a Monte Carlo approach.

Serum 25OHD Concentrations

Measures of serum 25OHD concentrations among survey participants 
are relevant to the process of a dietary intake assessment in that, whenever 
possible, the assessment should consider biological parameters thereby 
basing the assessment on the totality of the evidence and not on intake 
from foods and supplements alone (IOM, 2000). Also, intake from foods 
and supplements can often be under-reported by survey participants (IOM, 
2000). Analysis of serum 25OHD concentrations has been a component of 
the NHANES survey since NHANES III. The laboratory methodologies are 
described on the related website.

Available online at http://www.cdc.gov/nchs/data/nhanes/nhanes_09_10/labcompf.pdf 
(accessed July 23, 2010).

 In 2009, the Centers for Disease Control 
and Prevention (CDC) posted an Analytical Note  regarding the analysis 
of serum 25OHD levels.

Available online at http://www.cdc.gov/nchs/nhanes.htm (accessed July 23, 2010).

 Users were cautioned about making direct com-
parisons between values from NHANES 2000 to 2006 and values obtained 
in NHANES III. Further, it was noted that serum 25OHD data from the 
2000 to 2006 surveys were likely affected by drifts in the assay performance 
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(method bias and imprecision) over time. For this reason, the committee 
used serum 25OHD levels that had been adjusted for this assay drift and 
posted on the agency’s website. This assay drift was discussed in Chapter 3.

Canada: Canadian Health Measures Survey and 
Canadian Community Health Survey

Data relevant to the Canadian intake of calcium and vitamin D from 
foods, as well as measures of serum 25OHD concentrations  for a repre-
sentative sample of Canadians, are available from national surveys con-
ducted by the Government of Canada. 

 These measures reflect plasma 25OHD concentrations in the case of the Canadian survey 
data, but for the purposes of this report they are described as serum 25OHD concentrations.  

These are described below.

Intake Estimates for Calcium and Vitamin D

The Canadian Community Health Survey (CCHS) began in 2000, 
with the goal of providing population-level information on health deter-
minants, health status, and health system utilization.

Available online at http://www.hc-sc.gc.ca/fn-an/surveill/index-eng.php (accessed July 
23, 2010).

 The survey series is 
a joint effort among Health Canada, Statistics Canada, and the Canadian 
Institute for Health Information. The CCHS, a nationally representative 
cross–sectional survey, that operated on a 2-year data collection cycle from 
2000 to 2007, and now operates on an ongoing basis, comprises two types 
of surveys. The first is a general health survey that takes place in the first 
year of the cycle (i.e., Cycle 1.1, 2.1, etc.). It samples approximately 130,000 
Canadians and provides information at the level of regional health units 
within each province. The second is a focused topic survey that until 2007 
took place in the second year of each cycle (i.e., Cycle 1.2, 2.2, etc.), and 
now takes place every 3 years. It samples approximately 35,000 Canadians, 
providing information at the national and provincial levels. The focused 
topic for CCHS 2004 was a food consumption survey and was designed 
to estimate the distribution of usual total intake in terms of foods, food 
groups, dietary supplements, nutrients, and eating patterns among a rep-
resentative sample of Canadians at the national and provincial levels using 
the same 24-hour recall methodology used in the NHANES. The data from 
CCHS 2004 were disseminated in three separate releases between 2005 and 
2008 (and revised February 2009). The data reflect nutrient intakes from 
foods only; information on the quantitative contributions from supple-
ment use is not available at this time, but data on the frequency of general 
supplement use have been collected. Survey methodologies are described 
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online.

Available online at http://www.statcan.gc.ca/cgi-bin/imdb/p2SV.pl?Function=getSurvey
&SDDS=5049&lang=en&db=imdb&adm=8&dis=2#a2 (accessed July 23, 2010).

 The food composition data used to estimate the nutrient values 
of the foods consumed are provided by the Canadian Nutrient File (CNF). 
This database reports the average nutritional values for foods available in 
Canada. According to the CNF documentation,  many of the data in the 
CNF have been derived from the USDA data base because these foods are 
available on the Canadian market.

Available online at http://www.hc-sc.gc.ca/fn-an/nutrition/fiche-nutri-data/user_guide
_d_utilisation02-eng.php (accessed July 23, 2010).

 Canadian modifications included in 
the CNF consist of levels of fortification and regulatory standards specific 
to Canada and certain foods that are unique to the Canadian food supply.

Serum 25OHD Concentrations

Serum 25OHD concentrations have been measured and reported as 
part of the Canadian Health Measures Survey (CHMS). The CHMS, which 
was initiated in 2007, collects blood and urine for analysis and also carries 
out direct physical measurements of blood pressure, height, and weight. 
Those surveyed are persons 6 through 79 years of age and reflect approxi-
mately 97 percent of the population. Participants are those living in pri-
vately occupied dwellings in the 10 provinces and the 3 territories; persons 
living on Indian (First Nation) reserves or Crown land, as well as residents 
of institutions are excluded. Descriptions of sampling, data sources, error 
detection, quality evaluation, and laboratory methods can be found on-
line.  

Available online at http://www.statcan.gc.ca/cgi-bin/imdb/p2SV.pl?Function=getSurvey
&SDDS=5071&lang=en&db=imdb&adm=8&dis=2#b3 (accessed July 23, 2010).

The currently available data are from the 2007 to 2009 time period 
and can be accessed online.

Available online at http://www.statcan.gc.ca/pub/82-623-x/2010002/part-partie1-eng.
htm (accessed July 23, 2010).

Approach Used

An earlier IOM committee addressed applications of the DRIs in di-
etary assessment and described statistical approaches to estimating the 
prevalence of inadequate intakes, specifically the probability approach 
and a shortcut to the probability approach called the Estimated Average 
Requirement (EAR) cut-point method (IOM, 2000). These approaches are 
based on a distribution of usual intakes, and by definition the prevalence 
of inadequate intakes for a group is the proportion of the group with intakes 
below the median requirement (or EAR). The 2000 IOM report also points 
out that it is inappropriate to compare usual nutrient intakes with the 
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Recommended Dietary Allowance (RDA), because this approach will lead 
to estimates of inadequacy that are too large.

Based on the 2000 IOM report cited above (IOM, 2000), whenever pos-
sible, the assessment of apparent dietary adequacy should consider relevant 
biological parameters. In the case of vitamin D, an important biological 
parameter reflective of dietary exposure—serum 25OHD concentrations—
was available and could be compared to values that the committee esti-
mated to be approximately equivalent to an EAR or an RDA. However, the 
existing statistical models provided in the 2000 IOM report (IOM, 2000) 
address only dietary intake data and do not provide a basis for consider-
ing a biological parameter such as serum measures in order to specify the 
prevalence of inadequate intakes in population groups. Further, the appar-
ent discrepancy between the intake data for vitamin D, as described below, 
and the biological parameter was also concerning and decreased the confi-
dence in the appropriateness of estimating prevalence of inadequacy based 
on a distribution of vitamin D intakes. Therefore, a descriptive rather than 
an analytical approach is used for the vitamin D intake assessment.

CALCIUM INTAKE

As presented in Chapters 5 and 6, the Estimated Average Require-
ments (EARs), Recommended Dietary Allowances (RDAs), Adequate In-
takes (AIs), and Tolerable Upper Intake Levels (ULs) for calcium are 
summarized in Table 7-1. The intake assessment takes into account these 
reference values.

U.S. Calcium Intake

Estimated calcium intakes from food sources only, by intake percentile 
groups, are shown as bar graphs in Figure 7-1. The prevalence of dietary 
inadequacy for a group can be estimated by the proportion of the group 
with intakes less than the EAR (IOM, 2000). The 5th percentile of intake 
for children 1 to 3 years of age is approximately equal to their EAR of 500 
mg/day, implying a low prevalence of inadequacy (less than 5 percent). 
However, for all other age and gender groups of children, the prevalence is 
at least 25 percent, because intake at the 25th percentile is below the EAR. 
For adults, the prevalence of inadequacy from food sources alone is high.

As shown in Figure 7-2, the addition of information about calcium 
intake from supplements to the data set, thereby allowing an estimate of 
total intake, appears to impact primarily women over 50 years of age. All 
life stage groups show a slight increase when supplements are taken into 
account, but women 51 to 70 years of age demonstrate an estimated me-
dian total calcium intake (i.e., from foods plus supplements) of 1,044 mg/
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day compared with 755 mg/day from foods alone, while median intake 
for women more than 70 years of age was 983 mg/day compared to 706 
mg/day without supplements. Thus, when intake from supplements is 
considered, the prevalence of dietary inadequacy for older women is ap-
proximately 50 percent (i.e., intake at the 50th percentile is approximately 
equal to the EAR of 1,000 mg/day calcium in Figure 7-2, Panel B).

TABLE 7-1 Calcium Dietary Reference Intakes by Life Stage 
(amount/day)

Life Stage Group AI EAR RDA UL

Infants
 0 to 6 mo 200 mg — — 1,000 mg
 6 to 12 mo 260 mg — — 1,500 mg
Children
 1–3 y — 500 mg 700 mg 2,500 mg
 4–8 y — 800 mg 1,000 mg 2,500 mg
Males
 9–13 y — 1,100 mg 1,300 mg 3,000 mg
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
 51–70 y — 800 mg 1,000 mg 2,000 mg
 > 70 y — 1,000 mg 1,200 mg 2,000 mg
Females
 9–13 y — 1,100 mg 1,300 mg 3,000 mg
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
 51–70 y — 1,000 mg 1,200 mg 2,000 mg
 > 70 y — 1,000 mg 1,200 mg 2,000 mg
Pregnancy
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg
Lactation  
 14–18 y — 1,100 mg 1,300 mg 3,000 mg
 19–30 y — 800 mg 1,000 mg 2,500 mg
 31–50 y — 800 mg 1,000 mg 2,500 mg

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; RDA = Recommended 
Dietary Allowance; UL = Tolerable Upper Intake Level.

Total calcium intakes at the 95th percentile are below the UL of 2,000 
mg of calcium per day for most of the adult life stage groups, implying that 
less than 5 percent are at risk of excessive intake. The exception is older 
women, who have estimated total calcium intakes at the 95th percentile of 
2,364 mg/day for those 51 to 70 years of age, and 2, 298 mg/day for those 
more than 70 years of age, so more than 5 percent are at risk of excessive 
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intakes. By contrast, the 95th percentile of calcium consumption from food 
sources alone are 1,353 and 1,337 mg/day for these two life stage groups, 
respectively.

FIGURE 7-1 Estimated calcium intakes in the United States from food sources 
only, by intake percentile groups, age, and gender.
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NOTE: F = female; M = male; y = years.
SOURCE: NHANES 2003–2006 as analyzed by Bailey et al. (2010). Data used to 
create figure can be found in Appendix H.

Canadian Calcium Intake

Estimates of calcium intake from foods for Canadians appear to be 
similar to those reported for the United States, although the median intake 
drops at a younger age for men, at the 31- to 50-year life stage as compared 
to the 51- to 70-year life stage in the United States (Figure 7-3). Overall, es-
timated intakes of calcium from foods in Canada appear to be slightly lower 
than those reported for the United States. Although differences in survey 
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methodologies could be responsible for some of the difference, the surveys 
use very similar methodologies and work to ensure uniformity as much as 
possible. A more likely possibility is that the differences are attributable 
to food fortification practices. In Canada, calcium may only be added to 
a limited number of foods. Flour, cornmeal, plant-based beverages, and 
orange juice may be fortified with calcium, but not breakfast cereals and 
bread. However, discretionary fortification with calcium is widespread in 
the United States and can encompass breakfast cereals, breads, and an ar-
ray of beverages.

FIGURE 7-2 Estimated total calcium intakes in the United States from food and 
supplements, by intake percentile groups, age, and gender.
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SOURCE: NHANES 2003–2006 as analyzed by Bailey et al. (2010). Data used to 
create figure can be found in Appendix H.

At the time of this study, only intake data for foods were available for 
Canadians; estimates of total calcium intake (i.e., foods plus supplements) 

6
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FIGURE 7-3 Estimated calcium intakes in Canada from food sources only, by in-
take percentile groups, age, and gender. 
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had not yet been compiled. After the completion of the study, information 
on total intake was published (Garriguet, 2010).

VITAMIN D INTAKE AND SERUM 
25OHD CONCENTRATIONS

The EARs, RDAs, AIs, and ULs for vitamin D as presented earlier in 
Chapters 5 and 6 are relevant to the intake assessment discussions and are 
shown in Table 7-2.

Considerations about the adequacy of vitamin D intake must be in-
terpreted in view of the fact that these reference values assume that no 
vitamin D is contributed to the human body by sun exposure. Given the 
unknowns concerning the contribution from sunlight as well as the inabil-
ity to recommend an acceptable level of sun exposure, this assumption was 
necessary. However, it confounds interpretation of the intake assessment. 
If persons are obtaining some vitamin D from sun exposure, they are less 
likely to be at risk for inadequacy if their intakes are below the reference 
value. Although the extent to which this may be the case cannot be deter-
mined, a concomitant examination of serum 25OHD levels can assist in 
better describing the assessment. Moreover, as mentioned earlier, it is an 
appropriate component of the assessment of dietary adequacy (foods and 
supplements) because, whenever possible, the assessment should consider 
biological parameters (IOM, 2000).

U.S. Vitamin D Intakes and Serum 25OHD Concentrations

Figure 7-4 shows U.S. vitamin D intake from foods alone. Median 
vitamin D intake levels for males ranged from 272 to 396 International 
Units (IU)/day depending upon life stage group. For females, median vi-
tamin D intakes spanned between 160 and 260 IU/day. When intake from 
supplements is considered to provide total intakes (Figure 7-5), all life 
stage groups for both male and female Americans show a slight increase in 
values. The most marked increase is among older women, as was the case 
for calcium. For women 51 to 70 years of age, median intake of vitamin D 
from both food and supplements increases to 308 IU/day, compared with 
vitamin D intake from foods alone, at 140 IU/day. For women more than 
70 years of age, the increase in median intake associated with supplement 
use is an additional 196 IU/day (356 IU with supplements vs. 160 IUs from 
foods alone).

As shown in Figure 7-5, the 95th percentiles for total vitamin D (foods 
plus supplements) for males and females range between 568 and 940 IU/
day, with both this high and low value found among the female life stage 
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groups. Persons in the 95th percentile for total intake did not appear to 
exceed the UL for their group.

TABLE 7-2 Vitamin D Dietary Reference Intakes by Life Stage (amount/
day)

Life Stage Group AI EAR RDA UL

Infants
 0 to 6 mo 400 IU (10 µg) — — 1,000 IU (25 µg)
 6 to 12 mo 400 IU (10 µg) — — 1,500 IU (38 µg)
Children
 1–3 y — 400 IU (10 µg) 600 IU (15 µg) 2,500 IU (63 µg)
 4–8 y — 400 IU (10 µg) 600 IU (15 µg) 3,000 IU (75 µg)
Males
 9–13 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg) 
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg) 4,000 IU (100 µg)
Females
 9–13 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg) 
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 51–70 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 > 70 y — 400 IU (10 µg) 800 IU (20 µg) 4,000 IU (100 µg)
Pregnancy
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
Lactation
 14–18 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 19–30 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)
 31–50 y — 400 IU (10 µg) 600 IU (15 µg) 4,000 IU (100 µg)

NOTE: AI = Adequate Intake; EAR = Estimated Average Requirement; IU = International 
Units; RDA = Recommended Dietary Allowance; UL = Tolerable Upper Intake Level.

The comparison between vitamin D intake estimates and serum 25OHD 
concentrations is worthy of note, but it is important to recognize that this 
comparison, although interesting, is somewhat problematic because the 
only possible comparison is based on group means, rather than on data 
linked to individuals. Moreover, as pointed out previously (IOM, 2000; 
Dwyer et al., 2003), estimates of intake tend to reflect an underestimation. 
With these caveats, the comparison is presented in Table 7-3. Shown are 
the average intakes for the various life stage groups, along with the aver-
age serum 25OHD levels for those life stage groups. For this table, serum 
25OHD concentration data from the 2005 to 2006 surveys were used rather 
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than those from the 2003 to 2006 data set because intake estimates for total 
vitamin D (i.e., the NCI method) are currently available only for the 2005 
to 2006 data.

16

16

FIGURE 7-4 Estimated vitamin D intakes in the United States from food sources 
only, by intake percentile groups, age, and gender.
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SOURCE: NHANES 2005–2006 as analyzed by Bailey et al. (2010). Data used to 
create figure can be found in Appendix H.

Assuming that a serum 25OHD level of 40 nmol/L is consistent with a 
desirable median intake,  the comparison would suggest that, on average, 

0

 As discussed in Chapter 5, measures of 27.5 nmol/L in children, and 30 nmol/L in 
adults remain a level below which frank deficiency including rickets and osteomalacia may 
be expected to occur. The vitamin D-related bone health needs of approximately one-half of 
the population may be expected to be met at serum 25OHD concentrations between 30 and 
40 nmol/L; most of the remaining members of the population are likely to have vitamin D 
needs met when serum concentrations between 40 and 50 nmol/L are achieved. Failure to 
achieve such serum concentrations place persons at greater risk for less than desirable bone 
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persons may be experiencing intakes below the reference values, but are 
exhibiting serum 25OHD levels above 40 nmol/L. 

health as manifested by, depending upon age, rates of bone accretion, bone mineral density, 
 and fractures. 

In fact, all are above 
the 50 nmol/L concentration, the level associated with the RDA. There is 
an additional factor to consider in this comparison, in that the NHANES 
data are generally collected during the summer months in the northern 
regions of the United States and in the winter months in the southern 
regions; this introduces the variable of sun exposure into the comparison 
in that it decreases the likelihood that individuals surveyed will be experi-
encing low levels of sun exposure. 

FIGURE 7-5 Estimated total vitamin D intakes in the United States from food and 
supplements, by intake percentile groups, age, and gender. 
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As an informal conceptual check, it is 
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possible to adjust these data so as to roughly simulate a reduction in serum 
25OHD levels consistent with the difference between the summer zenith 
and the winter nadir. Specifically, if the estimate that there is a one-third 
difference in serum 25OHD levels between the winter nadir and summer 
zenith as described in Chapter 3 is applied to this comparison, reducing 
these serum 25OHD levels by one-third results in a range of serum 25OHD 
levels from a low of 37 nmol/L (women > 70 years) to a high of 47 nmol/L 
(found in four life stage groups), which are still very close to, and in many 
cases above, a 40 nmol/L concentration consistent with an estimated av-
erage required intake.

TABLE 7-3 Mean Vitamin D Intake and Mean Serum 25OHD 
Concentrations for the United States, 2005–2006, by Life Stage Groups

Life Stage 
Group 
(years)

Vitamin D Intake 
(IU/day) Serum 25OHD Levels (nmol/L)

Food Alonea
Total 
Intakeb Meanc

Adjusted for Sun Exposure 
(Reduced by 1/3)

Males
1–3 288 ± 8 364 ± 16 71.1 ± 2.0 47
4–8 256 ± 12 372 ± 16 70.5 ± 2.0 47
9–13 228 ± 8 300 ± 28 65.9 ± 2.2 44
14–18 244 ± 16 276 ± 20 60.1 ± 1.9 40
19–30 204 ± 12 264 ± 16 57.9 ± 2.0 38
31–50 216 ± 12 316 ± 12 58.5 ± 1.1 39
51–70 204 ± 12 352 ± 16 57.3 ± 1.8 38
> 70 224 ± 16 428 ± 28 58.9 ± 1.3 39

Females
1–3 276 ± 16 336 ± 16 71.4 ± 1.9 47
4–8 220 ± 12 316 ± 24 70.5 ± 2.1 47
9–13 212 ± 24 308 ± 40 59.1 ± 1.6 39
14–18 152 ± 8 200 ± 20 57.6 ± 1.9 38
19–30 144 ± 12 232 ± 12 62.7 ± 2.8 41
31–50 176 ± 12 308 ± 20 57.6 ± 1.7 38
51–70 156 ± 16 404 ± 40 57.2 ± 1.5 38
> 70 180 ± 8 400 ± 20 56.5 ± 1.8 37

NOTE: IU = International Units; SE = standard error.
 aData are mean ± SE for foods only.
 bData are mean ± SE for total intake: foods and dietary supplements.
 cData are mean ± SE.
SOURCE: NHANES, 2005–2006; Bailey et al., 2010.

 Given the observation made in Chapter 5 that the 
seasonal decline during the winter may differ between those with high and 
low initial baseline values, the correction applied using a 30 percent reduc-
tion may overestimate the decline in those at lower baseline 25OHD levels 
below 50 nmol/L. Moreover, this adjustment is excessive because for those 
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persons living in the southern United States, their serum 25OHD measures 
were taken generally during the winter, not summer, months; the one-third 
reduction is therefore an over-correction in this case. However, because 
it is not possible using the data available to the committee to distinguish 
between values taken in the summer in northern areas and in the winter 
in southern areas, the adjustment cannot be further refined.

Although serum 25OHD levels from the 2005 to 2006 period in the 
United States are the data used for Table 7-3 because total intake data are 
available only for 2005 to 2006, serum 25OHD levels are available for the 
2003 to 2006 data set, the two most current surveys, which, when combined, 
provide a larger data set. For comparison, these are shown in Table 7-4 
and appear to reflect values very similar to those reported for 2005 to 2006 
alone. No effort has been made to consider vitamin D intake for this period 
(2003 to 2006) because only data from the WWEIA are available for 2003 
to 2006, which would not provide information on total intake (foods plus 
supplements).

TABLE 7-4 Mean Serum 25OHD Concentrations for 
the United States, 2003–2006, by Life Stage Group

Life Stage Group (years)
Mean Serum 25OHD 
Concentration (nmol/L ± SE)

Males
1–3 71.8 ± 1.4
4–8 70.6 ± 1.2
9–13 64.7 ± 1.4
14–18 60.3 ± 1.4
19–30 57.2 ± 1.3
31–50 59.3 ± 1.1
51–70 59.9 ± 1.2
> 70 59.1 ± 1.0

Females
1–3 70.4 ± 1.2
4–8 69.3 ± 1.4
9–13 58.9 ± 1.1
14–18 59.9 ± 1.7
19–30 62.2 ± 1.9
31–50 58.1 ± 1.2
51–70 57.6 ± 1.1
> 70 57.4 ± 1.1

NOTE: SE = standard error.
SOURCE: NHANES, 2003–2006.
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Canadian Vitamin D Intakes and Serum 25OHD Concentrations

As previously mentioned, the available Canadian survey data provided 
information on vitamin D intake from foods alone; quantified informa-
tion on vitamin D supplement intake among Canadians, and thus on total 
intake from foods and supplements, was not available at the time of the 
study. Figure 7-6 outlines the estimated intakes of vitamin D from foods 
alone, which overall tend to be slightly higher than those reported for the 
United States. Median vitamin D intakes ranged from a low of 176 IU/
day (women 51 to 70 years) to a high of 264 IU/day (boys 9 to 13 years). 
Similar to the U.S. population, persons in the 95th percentile of intake of 
vitamin D from foods would be expected to be considerably below the UL 
for their life stage.

Comparison between mean intakes of vitamin D and mean serum 
25OHD concentrations for Canadians is problematic. For Canada, intake 
estimates are provided for the survey year 2004 based on the CCHS, whereas 
the serum 25OHD concentrations available reflect data from the 2007 to 
2009 CHMS. The mean serum 25OHD levels for Canadians are shown in 
Table 7-5, and no effort has been made to compare these with intake esti-
mates. As a general matter, average serum 25OHD concentrations of Cana-
dians are above both the 40 and 50 nmol/L concentration levels. Although 
average intakes of vitamin D among Canadians from foods alone (i.e., not 
taking into account supplements) are less than the EAR, measures of serum 
25OHD levels are well above the 40 nmol/L level consistent with the EAR. 
Again, as described earlier, the ability to interpret the prevalence of inad-
equacy based on serum 25OHD concentrations using the methodology as 
established in the 2000 IOM report (IOM, 2000) is unclear.

DIFFERENCES BETWEEN THE UNITED 
STATES AND CANADA: NATIONAL SURVEY 

DATA FOR CALCIUM AND VITAMIN D

All total intake estimates are subject to uncertainties owing to a variety 
of factors that affect estimates of food intake, ranging from the depth and 
nature of the probing carried out to obtain the information on food con-
sumption to the ability of persons to accurately recall and estimate their 
food intake. Overall, the nature and approach of the national surveys in 
the United States and Canada are notably similar, which suggest that the 
small differences seen in intake estimates for calcium and vitamin D may 
reflect true differences in intake.

With respect to vitamin D intake from foods alone, to the extent a 
comparison is appropriate given that they reflect different periods—2004 
for Canada and 2005 to 2006 for the United States—Canadian intakes of 

4
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FIGURE 7-6 Estimated vitamin D intakes in Canada from food sources only, by 
intake percentile groups, age, and gender.
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vitamin D from food sources are somewhat more than those in the United 
States. This may be due to the Canadian food supply having mandatory for-
tification of margarine with vitamin D in addition to fortification of milk.

TABLE 7-5 Serum 25OHD Levels for Canadians by 
Percentile Group, Age, and Gender

Life Stage Group (years)
Mean Serum 25OHD Level 
(nmol/L) (Confidence Interval)

Males
9–13 73.4 (69.7–77.2)
14–18 65.2 (57.2–73.1)
19–30 62.5 (53.3–71.7)
31–50 61.6 (57.0–66.2)
51–70 69.2 (65.4–73.1)
71–79 73.7 (67.1–80.3)

Females
9–13 69.5 (63.6–75.5)
14–18 68.6 (63.0–74.2)
19–30 72.5 (67.2–77.9)
31–50 67.1 (63.7–70.4)
51–70 68.9 (66.3–71.5)
71–79 77.8 (72.6–83.0)

SOURCE: Statistics Canada, Canadian Health Measures Survey 
(CHMS), Cycle 1, 2007–2009.

Further, differences in serum 25OHD concentrations between the 
United States and Canada are evident. The estimates for Canadians are 
consistently higher than those for the United States. Although differences 
in the food supply may account for some of these differences, it is noted 
that the analyses for the Canadian data are based on the use of the “Liai-
son” kit,  whereas the U.S. data are derived from the “DiaSorin RIA” kit.  

DiaSorin Liaison (Stillwater, MN).
DiaSorin Radio-immunoassay (RIA) (Stillwater, MN).

Direct comparison of the two kits within the CHMS laboratory at Health 
Canada indicates a 6 to 9 percent difference, with the Liaison measuring 
values higher than the RIA kit.

Personal communication, S. Brooks, Health Canada, August 9, 2010.

 Other researchers have also performed 
comparisons with various outcomes. The differences may be laboratory-
specific because Wagner et al. (2009) found no difference, although data 
from Carter et al. (2010) suggest a 5 percent bias, with the RIA kit giving 
higher values. It is notable that the serum 25OHD levels in Canada are 
not lower than those in the United States, as would be predicted if higher 
latitudes were responsible for reduced serum 25OHD levels.

Finally, Appendix I contains information about the proportion of per-
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sons in both countries above or below designated levels of serum 25OHD. 
These data are included as information for the users of this report and 
have been provided by the U.S. Centers for Disease Control and Preven-
tion and by Statistics Canada. However, these data were not reviewed by the 
committee given that the analyses did not take place until after the close 
of the committee deliberations.

SUMMARY

The intake assessment conducted in this report suggests that calcium 
remains a nutrient of public health concern in some population groups. 
Girls 9 to 18 years of age, who have a fairly high requirement for calcium, 
are clearly falling below desirable intake estimates in both countries when 
only food sources of calcium are considered, as are women over the age of 
50 years. On the other hand, available data from the United States on the 
total intake of calcium when dietary supplements are considered, suggests 
that older women on average, at least in the United States, have added to 
their calcium intakes through supplement use. For girls, the increase in 
intake that might be attributable to supplement use is small. No life stage 
groups exceeded the UL for calcium when foods alone were considered. 
However, when supplement use was taken into account (United States 
only), those women consuming at the 95th percentile of calcium intake ap-
peared to be at risk for exceeding the UL. This suggests that there may be 
value in underscoring the need for older girls to modestly increase intake 
of calcium, and in emphasizing that for older women high intakes from 
supplements may be concerning.

Due to the desirability of considering biological parameters for intake 
assessments whenever possible (IOM, 2000), the vitamin D assessment pre-
sented some challenges. Although median vitamin D intakes from foods in 
both countries for all life stage groups were below the EAR of 400 IU/day, 
these data and any future intake analyses conducted using the IOM meth-
odology (IOM, 2000) should be considered in light of the correspond-
ing serum 25OHD concentrations. However, specific prevalence estimates 
based on serum values are not provided here because the appropriate 
application of the IOM methodology outlined in 2000 (IOM, 2000), which 
is focused on use of dietary intake estimates, is currently unclear and may 
not be appropriate for use with serum values. 

Average serum 25OHD concentrations from the NHANES were well 
above the 40 nmol/L established as consistent with an intake equivalent 
to the EAR, although a number of North Americans have serum values 
below 40 nmol/L. All average values were above 50 nmol/L, the level 
consistent with an intake equivalent to the RDA. When the U.S. data were 
“adjusted” to simulate conditions more consistent with winter months, at 
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least in the more northern parts of the United States, mean serum 25OHD 
levels hovered around 40 nmol/L, consistent with an EAR intake. Further, 
this adjustment over-corrects because for persons living in southern parts 
of the United States—where NHANES generally is conducted during the 
winter months—their serum 25OHD levels are already reflective of winter 
and are not appropriately corrected from a summer level to a winter level. 
In the case of data for Canada from the CHMS, the mean serum 25OHD 
levels for all life stage groups are at or above 60 nmol/L. The fact that they 
are higher than those for the U.S. population may be in part a function 
of differences in the assay methods used, although this is not clearly estab-
lished. If it is assumed that the Canadian values would be 8 percent lower 
if analyzed using the same methodology that was used in the U.S. survey, 
then they would then be quite similar to those for the United States, leav-
ing open the question of whether the latitude difference between the two 
countries has a meaningful impact on serum 25OHD levels.
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8

Implications and Special Concerns

The last step in the risk assessment process is the step of so-called risk 
characterization. Its intent is to highlight the nature of the “risks” or public 
health problems that are relevant to the use of Dietary Reference Intakes 
(DRIs) and to alert users of the DRI reference values to implications of the 
assessors’ work and to related special issues. This chapter reflects the risk 
characterization step of the risk assessment approach and is organized to 
provide: a brief summary of the assessment; discussions about the implica-
tions of the committee’s work for stakeholders; and discussions to highlight 
population segments and conditions of interest relative to calcium and 
vitamin D nutriture.

SUMMARY OF ASSESSMENT

The new DRIs establish, for the first time, an Estimated Average Re-
quirement (EAR) and a Recommended Dietary Allowance (RDA) for cal-
cium and vitamin D. Previously, the DRIs for these nutrients reflected 
Adequate Intakes (AIs). The ability to set EARs and RDAs rather than 
AIs enhances the utility of the reference values for national planning and 
assessment activities. It is important to recognize that these values are in-
tended for the North American population, and also that the requirement 
for each nutrient is based on the assumption that the requirement for the 
other nutrient is being met.

Considerable effort was made to ensure that an array of indicators was 
examined as a possible basis for setting requirements, as well as upper lev-
els of intake. The intent was to fully and objectively examine the scientific 
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basis for the suggested benefit before drawing conclusions. Despite the 
many claims of benefit surrounding vitamin D in particular, the evidence 
did not support a basis for a causal relationship between vitamin D and 
many of the numerous health outcomes purported to be affected by vi-
tamin D intake. Although the current interest in vitamin D as a nutrient 
with broad and expanded benefits is understandable, it is not supported by 
the available evidence. The established function of vitamin D remains that 
of ensuring bone health, for which causal evidence across the life stages 
exists and has grown since the 1997 DRIs were established (IOM, 1997). 
The conclusion that there is not sufficient evidence to establish a relation-
ship between vitamin D and health outcomes other than bone health does 
not mean that future research will not reveal a compelling relationship 
between vitamin D and another health outcome. The question is open as 
to whether other relationships may be revealed in the future.

Of great concern recently have been the reports of widespread vitamin 
D deficiency in the North American population. Based on this commit-
tee’s work and as discussed below, the concern is not well founded. In fact, 
the cut-point values used to define deficiency, or as some have suggested, 
“insufficiency,” have not been established systematically using data from 
studies of good quality. Nor have values to be used for such determinations 
been agreed upon by consensus within the scientific community. When 
higher cut-point values are used compared with those used in the past, they 
necessarily result in a larger proportion of the population falling below 
the cut-point value and thereby defined as deficient. This, in turn, leads 
to higher estimations of the prevalence of deficiency among the popula-
tion and possibly to unnecessary intervention incorporating high-dose 
supplementation in the health care of individuals. National survey data 
suggest that the serum 25-hydroxyvitamin D (25OHD) levels in the North 
American population generally exceed the levels identified in this report 
as sufficient for bone health, underscoring the inability to conclude that 
there are significant levels of deficiency in the population.

Specifically in terms of the new DRIs and challenges for calcium and 
vitamin D nutriture, several points can be highlighted, within the context 
of the limitations of estimates of dietary intake, which tend to be under-
estimates of actual consumption. First, for calcium, adolescent girls con-
tinue to be a group at risk for low intakes from food sources. Older women 
use calcium supplements in greater proportion, and some may be at risk 
for excess intake as a result of the use of high-dose supplements. If supple-
ments are needed to ensure adequate calcium intake, it would appear that 
lower dose supplements should be considered. Many older women have 
baseline calcium intakes that are close to or just below requirements, and 
therefore the practice of calcium supplementation at high levels may be 
unnecessary. This is a special concern for calcium supplement use given 
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the possibility that total intakes (diet plus supplements) above 2,000 mg/
day may increase the risk for kidney stones, and demonstrate no increase 
in benefits relative to bone health. There is also some limited evidence 
that the long-term use of calcium supplements may increase the risk for 
cardiovascular disease. Although no attempt was made to compare system-
atically the data used for the North American population that is the subject 
of this report with data from other countries focused on persons who are 
genetically and environmentally different from those in the United States 
and Canada, it should be recognized that calcium requirements may be 
subject to a variety of factors that have not yet been fully elucidated and so 
therefore cannot yet be integrated into DRI reviews.

For vitamin D, the challenges introduced by issues of sun exposure 
cannot be ignored. This nutrient is unique in that it functions as a pro-
hormone, and the body has the capacity to synthesize the nutrient if sun 
exposure is adequate. However, concerns about skin cancer risk preclude 
making recommendations about sun exposure; in any case, there are a 
number of unknowns surrounding the effects of sun exposure on vitamin 
D synthesis. At this time, the only solution when DRIs are to be set for 
vitamin D is to proceed on the basis of an assumption of minimal sun ex-
posure and set a reference value assuming that all of the vitamin D must 
come from the diet. Moreover, the possibility of risk for persons typically 
of concern because of reduced synthesis of vitamin D, such as persons with 
dark skin or older persons in institutions, is minimized given the assump-
tion of minimal sun exposure for the DRIs.

One unknown in the process of DRI development for vitamin D is 
the degree to which waning kidney function with aging may be relevant. 
It appears that increasing serum 25OHD levels do not typically increase 
calcitriol levels in aging persons with mild renal insufficiency, and a dietary 
strategy to address the concern is not evident.

Although ensuring adequacy is important, there is now an emerging 
issue of excess vitamin D intakes. A congruence of diverse data on health 
outcomes ranging from all-cause mortality to cardiovascular risk suggests 
that adverse health outcomes may be associated with vitamin D intakes that 
are much lower than those classically associated with hypervitaminosis D 
and that appear to occur at serum 25OHD levels achievable through cur-
rent levels of supplement use.

IMPLICATIONS

The extensive review of the data required to conduct this study and to 
determine DRIs for calcium and vitamin D that are consistent with existing 
scientific understandings has answered many questions. But, the process 
has also identified or left unanswered other questions due to the limita-
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tions of the available evidence. Because uncertainties exist in the knowl-
edge base related to the role of vitamin D and calcium in health outcomes, 
it is important to acknowledge that there are uncertainties surrounding 
these reference values for calcium and vitamin D. The development of 
any reference value should be viewed as a work in progress, which may be 
subject to change if there are significant changes in the science base.

Further, an important aspect of DRI development is its grounding in 
public health applications and the concept of distributions of risk. This ap-
proach may appear strange to some and may be disconcerting to those with 
a clinical orientation who are familiar with the medical model in which the 
goal is to treat the patient in the most efficacious manner to enhance a 
positive outcome. The interpretation and use of data in the case of DRI de-
velopment are within the context of the relevant probability distributions 
of risk; the DRI task focuses on median requirements and the description 
of risk, whereas the medical model is based on maximizing effects that en-
sure beneficial outcomes for all persons. This report, therefore in contrast 
to a medical model approach, determines dose–response relationships 
by assessing the level at which 50 percent of the population’s needs are 
met (the EAR) and the level at which approximately 97.5 percent of the 
population are likely to have their needs met (the RDA). The distribution 
of dose–response effects is highly relevant to DRI development, compared 
with information about a maximizing effect for benefit. A difficulty the 
committee too often faced was studies that included only a placebo or 
baseline low dose coupled with a relatively large, single supplemental dose, 
as these are relatively uninformative for DRI development.

Discussions below call attention to the uncertainties surrounding the 
DRI values for calcium and vitamin D and also highlight important con-
clusions that stem from the process of developing these DRIs. In addition, 
given that this report is the first effort to develop DRIs since the 2007 IOM 
workshop that explored lessons learned and new challenges and outlined 
the risk assessment approach for DRI development (IOM, 2008; Taylor, 
2008), comments are offered about the process. Specific research recom-
mendations for the future development of DRIs related to calcium and 
vitamin D are presented in Chapter 9.

Assumption of Minimal Sun Exposure

The committee’s assumption of minimal sun exposure is a markedly 
cautious approach given that the vast majority of North Americans appear 
to obtain at least some vitamin D from inadvertent or deliberate sun expo-
sure. Currently, there is a lack of information about whether certain levels 
of sun exposure may be experienced without increased risk of cancer and 
whether such exposure would be consistent with a contribution of vitamin 
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D useful to the body. Therefore, at this time, recommendations concerning 
sun exposure relative to vitamin D requirements cannot and should not be 
offered; there are no options other than to base dietary recommendations 
on the assumption of minimal sun exposure. The evidence to indicate that 
the synthesis of vitamin D from sun exposure is subject to a feedback loop 
that precludes toxicity from sun exposure is reassuring and, when coupled 
with the checks and balances introduced into the DRI development pro-
cess, makes it very unlikely that consumption of the DRI levels of vitamin 
D, even if combined with high levels of sun exposure, will be problematic 
to the general population.

However, given that many North Americans appear to obtain at least 
some vitamin D from inadvertent or deliberate sun exposure, there are 
implications for the interpretation of intake levels of the vitamin. In short, 
the intake data for vitamin D cannot stand alone as a basis for public health 
action on a national population level. Such considerations are consistent 
with the 2000 IOM report on applications of DRIs in dietary assessment 
(IOM, 2000), which states: “Whenever possible, the assessment of apparent 
dietary adequacy should consider biological parameters such as anthro-
pometry, … biochemical indices, … diagnoses, … clinical status, and other 
factors as well as diet. Dietary adequacy should be assessed and diet plans 
formulated based on the totality of the evidence, not on dietary intake data 
alone.” In short, for policy making and decisions about the adequacy of 
the food supply for the general population at the national level, vitamin 
D must be considered in the context of measures of serum 25OHD, an 
established biomarker of exposure from endogenous synthesis as well as 
diet, including supplements. Although the reported estimates of vitamin 
D intake appear to be less than needed to meet requirements, the serum 
25OHD data available—when coupled with the committee’s assessment of 
serum 25OHD levels consistent with EAR and RDA values—suggest that 
average requirements are being met for the DRI age groups nationally in 
both countries. That is, although mean total intakes of vitamin D generally 
are lower than the estimated median requirement (the EAR), the avail-
able clinical measures do not suggest widespread deficiency states. This 
underscores the possibility that sun exposure is contributing generally to 
the maintenance of adequate serum 25OHD concentrations.

Uncertainties

As discussed in the preceding chapters, there are limited data for 
many topics of interest in setting DRI values for calcium and vitamin D. 
Overall, the uncertainties surrounding the DRI values for calcium are less 
than those for vitamin D, because the evidence base is considerably larger 
for calcium, and the physiology and metabolism of calcium are better 



484 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

understood. The following key issues were identified by the committee as 
introducing uncertainty into the DRI values for calcium and vitamin D, as 
based on bone health outcomes:

• The tendency for study protocols to administer a combination of 
calcium and vitamin D, reducing the opportunity to ascertain the 
effects of each nutrient independently;

• The lack of data examining the responses and health outcomes 
due to graded doses of calcium or vitamin D intake so as to eluci-
date dose–response relationships;

• The interaction between calcium and vitamin D to the extent that 
it would appear that adequate calcium intake greatly diminishes 
the need for vitamin D relative to bone health outcomes;

• The unique situation in which a nutrient (vitamin D) physiologi-
cally serves as a prohormone introduced a myriad of variables and 
feedback loops related to its health effects;

• The paucity of data and resulting uncertainty concerning sun ex-
posure that confound interpretation of the dose–response relation-
ship between intakes of vitamin D and various health outcomes. 
This, coupled with the apparent contribution of sun exposure to 
overall vitamin D nutriture in North American populations, leads 
to an inability to characterize and integrate sun exposure with in-
take recommendations as much as may be appropriate, given the 
concern for skin cancer risk reduction, which must be paramount. 
Thus, for individuals who do not follow recommendations to avoid 
sun exposure, the uncertainty of the DRI values is greater than for 
those who do;

• The lack of clarity concerning the validity of the serum 25OHD 
measure as a biomarker of effect;

• The variability surrounding measures of serum 25OHD concentra-
tions as a result of different methodologies used;

• A number of findings suggesting a strong role for metabolic adap-
tations and controls in the case of vitamin D, which complicates 
estimations of nutrient requirements. These include: the non-
linear response of serum 25OHD level to vitamin D intake, which, 
in turn, suggests that it requires proportionately more vitamin D 
to continue to increase serum 25OHD levels after a certain serum 
25OHD level is reached; the observation that seasonal declines 
in serum 25OHD level are greater if a person begins the winter 
season with a higher compared with a lower serum 25OHD level; 
and the lack of effect of age and body size (other than adiposity) 
on serum 25OHD levels;
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• The limited number of long-term clinical trials related to calcium 
and vitamin D intakes and health outcomes; and

• The need to set ULs based on limited data in order to ensure 
public health protection.

An important question that will undoubtedly be asked given this com-
mittee’s report, is: Why is it that so much information about the positive 
effects of vitamin D on outcomes such as cancer, diabetes, and immunity 
is said to exist and is reported almost daily in the press, but this committee 
found no basis to support these causal relationships? The short answer is 
that a systematic examination of the evidence, using established guidelines 
for measuring the strength and quality of studies, revealed that the claimed 
benefits based on the associations of low or high intakes of vitamin D on 
non-skeletal health outcomes could not be supported by the studies—
the evidence was inconsistent and/or conflicting or did not demonstrate 
causality. In addition, some effects were not related to setting nutritional 
requirements for vitamin D. This conclusion, however, does not preclude 
pursuing investigation of causal relationships.

Moreover, a related question that will be asked is: With the advent of 
newer studies, why is there still so much uncertainty? At least one reason is 
that most studies were not designed to seek data maximally useful for DRI 
development, which is well described by others (Yetley et al., 2009). DRI 
development fundamentally requires elucidation of dose–response rela-
tionships and benefits from data of high quality obtained in randomized 
controlled trials. In making its conclusions about potential indicators other 
than bone health, the committee noted the findings previously specified by 
an IOM committee tasked with examining the evolution of evidence for nu-
trient and disease relationships (IOM, 2002). That committee concluded 
that evidence about relationships between specific nutrients and a disease 
or health outcome typically remains elusive for a number of reasons (IOM, 
2002). These include the following:

• Although preliminary evidence, usually from mechanistic studies, 
experimental animal studies, and observational studies in humans, 
can generate exciting new hypotheses about nutrient–health re-
lationships, evidence from these studies has limitations. For in-
stance, even in well-designed, large-scale observational studies, it 
is difficult to isolate the effects of a single nutrient under investi-
gation from the confounding effects of other nutrients and from 
non-nutrient factors.

• Scientific advances in understanding relationships between spe-
cific nutrients and health outcomes do not necessarily emerge 
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within a short time, and progress is often erratic. Some gaps are 
filled, while others are created.

• The etiology of disease–health relationships, especially in the case 
of chronic disease, is commonly multi-factorial. Even if diet has a 
prominent role, it is extremely unlikely that a single nutrient is di-
rectly responsible for a chronic disease or, conversely, that addition 
of a single nutrient will eliminate disease risk. It is possible that a 
focus on specific nutrients as risk factors for diseases in relatively 
homogeneous or diseased populations can lead to a number of 
spurious associations.

• Clinical trials, which are generally considered to provide the stron-
gest evidence about the effects of nutrient intake on subsequent 
disease and health, are complex, expensive, and time-consuming, 
especially for chronic diseases that develop over decades and are 
influenced by a host of genetic, physiological, and environmental 
factors that may also affect risk.

The committee found all of the above findings to be the case for non-
skeletal health outcomes for vitamin D, as the discussions of the strength, 
consistency, and causality of the evidence demonstrate in Chapter 4.

Finally, an important uncertainty focuses on the issue of excess in-
take. This is particularly true for vitamin D, which has been hypothesized 
to confer health benefits at relatively high levels of intake. Although the 
committee’s decisions for the ULs made use of emerging data concerning 
a U-shaped (or perhaps reverse-J-shaped) curve for risk, which suggested 
adverse effects at levels much lower than those associated with hypervita-
minosis D, the lack of data on the safety of higher intakes of vitamin D 
when used chronically is very concerning. Byers (2010), in a recent edito-
rial commenting on the outcomes of a pooling study focused on vitamin 
D and six types of cancer in which the only association observed was a 
doubling of the risk for pancreatic cancer for those in the highest quintile 
of circulating serum 25OHD levels, offered the following observation: “We 
have learned some hard lessons…. and we now know that taking vitamins 
in supernutritional doses can cause serious harm.”

Conclusions About Vitamin D Deficiency in 
the United States and Canada

Serum 25OHD levels have been used as a “measure of adequacy” for 
vitamin D, as they reflect intake from the diet coupled with the amount 
contributed by cutaneous synthesis. The cut-point levels of serum 25OHD 
intended to specify deficiency and sufficiency for the purposes of interpret-
ing laboratory analyses and for use in clinical practice are not specifically 
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within the charge to this committee. However, the committee notes with 
some concern that serum 25OHD cut-points defined as indicative of defi-
ciency (or as reported by some, “insufficient”) for vitamin D have been sub-
ject to a wide variation in specification without a systematic, evidence-based 
consensus development process. In order to ensure clarity, the discussion 
in this section expresses serum 25OHD levels in both nmol/L and ng/mL 
measures.

From this committee’s perspective, a considerable over-estimation of 
the levels of vitamin D deficiency in the North American population now 
exists due to the use by some of cut-points for serum 25OHD levels that 
greatly exceed the levels identified in this report as consistent with the avail-
able data. The 1997 IOM report (IOM, 1997) specified a serum 25OHD 
concentration of 27.5 nmol/L (11 ng/mL) and above as an indicator of vi-
tamin D adequacy from birth through 18 years of age, and a concentration 
of 30 nmol/L (12 ng/mL) and above as an indicator of vitamin D adequacy 
for adults. This level (27.5 nmol/L for children, and 30.0 nmol/L for 
adults) remains a level below which frank deficiency including rickets and 
osteomalacia may be expected to occur. In recent years, others have sug-
gested different cut-point values as determinants of deficiency (or “insuf-
ficiency”). These include values ranging from less than 50 nmol/L (20 ng/
mL) to values above 125 nmol/L (50 ng/mL). Based on this committee’s 
deliberations, the vitamin D–related bone health needs of approximately 
one-half of the population may be expected to be met at serum 25OHD 
concentrations between 30 and 40 nmol/L (12 and 16 ng/mL); most of 
the remaining members of the population are likely to have vitamin D 
needs met when serum concentrations between 40 and 50 nmol/L (16 and 
20 ng/mL) are achieved. Failure to achieve such serum concentrations 
place persons at greater risk for less than desirable bone health as mani-
fested by, depending upon age, increased rates of bone accretion, bone 
mineral density, and fractures.

Use of higher than appropriate cut-points for serum 25OHD levels 
would be expected to artificially increase the estimates of the prevalence 
of vitamin D deficiency. The specification of cut-point values for serum 
25OHD levels has serious ramifications not only for the conclusions about 
vitamin D nutriture and nutrition public policy, but also for clinical prac-
tice. At this time, there is no central body that is responsible for establish-
ing such values for clinical use. This committee’s review of data suggests 
that persons are at risk of deficiency at serum 25OHD levels of below 30 
nmol/L (12 ng/mL). Some, but not all, persons are potentially at risk 
for inadequacy at serum 25OHD levels from 30 up to 50 nmol/L (12 to 
< 20 ng/mL). Practically all persons are sufficient at levels of 50 nmol/L 
(20 ng/mL) and above. Serum concentrations of 25OHD above 75 nmol/L 
(30 ng/mL) are not associated with increased benefit. There may be reason 
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for concern at serum 25OHD levels above 125 nmol/L (50 ng/mL). Given 
the concern about high serum 25OHD levels as well as the desirability of 
avoiding mis-classification of vitamin D deficiency, there is a critical pub-
lic health and clinical practice need for consensus cut-points for serum 
25OHD. The current lack of evidence-based consensus guidelines is prob-
lematic and of concern because individuals with levels of 25OHD serum 
above 50 nmol/L (20 ng/mL) may at times be diagnosed as deficient and 
treated with high-dose supplements of vitamin D containing many times 
the levels of intake outlined in this report.

Decisions Regarding Levels of Calcium and Vitamin D 
to Be Administered in Controlled Clinical Trials

Although this report identifies upper levels of intake below which 
adverse effects are not expected to arise, ULs are intended to serve as a 
lifetime public health measure for a free-living, unmonitored population. 
Those responsible for determining the appropriate dosages of nutrients 
to be studied in carefully controlled experimental trials conducted with 
appropriate adverse event and safety monitoring have the opportunity 
to bring other considerations into play when deciding on the levels of 
nutrients that are acceptable and appropriate for subjects taking part and 
being monitored in such studies. Research using intakes higher than those 
specified in the ULs can be justified under a number of circumstances after 
careful review of the literature and through the use of appropriate study 
protocols. Indeed, such studies are likely to be informative to the under-
standing of dose–response relationships and the health benefits or risks 
associated with calcium and vitamin D intakes.

The DRI Development Process

As described in Chapter 1, the DRI development process has recently 
been subjected to a review as well as targeted discussions about the process 
and ways to enhance it (IOM, 2008). As an overall result of these discus-
sions, DRI development is now placed more clearly in the context of the 
risk assessment approach—that is, an organizing framework for conducting 
evaluations with public health implications often made with evidentiary 
uncertainties. There is also a series of existing “gap issues”—specifically, 
needed methodologies and guidelines—that have been identified as im-
portant to improving and enhancing the process for developing DRIs and 
would benefit from targeted efforts to resolve the gaps (Taylor, 2008).

The report of this committee is the first DRI report to be completed 
subsequent to the 2004 to 2008 evaluation of the DRI development pro-
cess. It has been structured to be consistent with the risk assessment pro-
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cess with the intent of enhancing its transparency, especially in the face 
of uncertainties. Although this committee was mindful of the identified 
methodological gaps for enhancing the DRI process, it was not tasked with 
addressing them; in any case, virtually all of the relevant issues are complex 
and suggest a need to convene groups of individuals with specific expertise 
germane to the question at hand. Because this DRI report is an initial ef-
fort to set DRI development on the path of a risk assessment approach, its 
experience points to the importance of addressing several gap issues.

Specifically:

• The identification of dose–response relationships for calcium and 
vitamin D relative to health outcomes was a major challenge. The 
gap issue  (number 5-5 in Taylor, 2008) that is focused on meth-
odologies for approximating dose–response relationships warrants 
attention, as it is likely that DRI efforts in the future will face the 
same challenges.

“New methodologies—many from other fields of study—are emerging and can be use-
ful for examining and approximating dose–response relationships when available data are 
limited. These should be more closely examined and incorporated into the DRI process as 
appropriate” (Taylor, 2008).

• With the exception of the inclusion of osteoporosis within the 
bone health measures, the existing data precluded the use of a 
chronic disease such as cancer or heart disease as an indicator for 
DRI development. However, had it been possible, this DRI process 
would have benefited from guidelines specifying what, if any, dif-
ferences may apply to using chronic disease endpoints versus other 
types of endpoints for DRI development (gap issue number 4-4  in 
Taylor, 2008).

“There is considerable interest—as well as more than 10 years of experience—surrounding 
the inclusion of chronic disease indicators within DRI development. A variety of perspectives 
were put forward. There is a need for focused discussions about how to include chronic 
disease indicators in the DRI process, including specific approaches for addressing their 
confounders, identification of appropriate biomarkers, and quantifying their effects” (Taylor, 
2008).

• In the committee’s judgment, sufficient new data were available 
to allow the development of EARs and RDAs, and it was no longer 
necessary to make use of AI estimates for calcium and vitamin D, 
except for infants. The AI is useful in that it allows the specifica-
tion of some type of a reference value for use in public health 
settings—which is better than the absence of any value. However, 
it presents challenges in public health applications (gap issue num-
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ber 4-2

“There is broad interest in addressing the AIs as a component of the DRI values, but no 
clear path has emerged in terms of clarifying, adapting or eliminating AIs. Nor is there agree-
ment about directions to be taken in the future for AI development” (Taylor, 2008).

 in Taylor, 2008), because it is not entirely consistent with 
the statistical approach based on distributions of requirements that 
underpin the DRIs. Guidelines for the use of AIs would be helpful, 
both those that exist for other nutrients at this time as well as those 
that might be specified in the future.

POPULATION SEGMENTS AND CONDITIONS OF INTEREST

Adiposity

As highlighted in Chapter 3, excess adiposity or obesity—defined as a 
body mass index (BMI) measure of 30 mg/m2 or higher—is associated with 
lower serum 25OHD concentrations (and higher parathyroid hormone 
levels) than found in non-obese counterparts. This would appear to be due 
to sequestration of 25OHD by adipose tissue, given that supplementation 
of obese and lean persons with vitamin D appears to result in no significant 
difference in response between the two groups (Jones, 2008). Moreover, 
a few studies of modest weight loss have found circulating 25OHD levels 
to increase despite no increased intake of vitamin D from diet or sun 
exposure (Riedt et al., 2005; Reinehr et al., 2007; Zittermann et al., 2009; 
Tzotzas et al., 2010), suggesting release from adipose stores with adipose 
depletion. Further, neither season nor ethnicity influences these biochemi-
cal parameters (Alemzadeh et al., 2008).

An important concern is whether the lower serum 25OHD levels associ-
ated with obesity have meaningful consequences for the DRI indicator of 
bone health. Evidence for effects of obesity on bone density is mixed. The 
combined influence of increased weight-bearing activity and endogenous 
synthesis of estrogen due to outcomes of increased adiposity has long been 
associated with higher bone density (Reid, 2008). In a population-based 
study in Finland of perimenopausal and early postmenopausal women, 
Pesonen et al. (2005) found that increased body weight was a strong predic-
tor of high bone density. Likewise, Morin and Leslie (2009), in a retrospec-
tive cohort study, found a strong correlation between higher BMI category 
and high bone density in postmenopausal women.

Although these and other studies have suggested that total body mass 
contributes to bone density and would appear to support the role of 
increased weight-bearing activity as a factor positively influencing bone 
density (Prentice et al., 1991; Khosla et al., 1996; Wortsman et al., 2000; 
Finkelstein et al., 2002, 2008), more recent studies lead to further ques-
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tions. The distribution of body fat may influence bone mass, such that ex-
cess intra-abdominal fat could adversely affect bone remodeling and even 
contribute to greater fracture risk (Premaor et al., 2010; Sukumar et al., 
2011). One possibility is that intra-abdominal adipose tissue is more bio-
logically active than subcutaneous fat, secreting cytokines and adipokines 
that negatively affect osteoblast and osteoclast activity (Kawai and Rosen, 
2010). Moreover, both lean and fat mass contribute to weight-bearing ef-
fects. Because obesity is accompanied by increases in both lean mass and fat 
mass, at least in younger individuals, it is difficult to attribute the effect on 
bone density to fat mass as opposed to lean mass. Further, body composi-
tion changes with age, even in the obese; in turn, there may be less lean 
body mass in older individuals.

This complicates the ability to clarify how adiposity may affect bone 
health. As noted, some studies have suggested that adiposity or increased 
fat mass itself may be a factor in the development rather than the preven-
tion of osteoporosis, particularly in the elderly. Zhao et al. (2007) observed 
that when the effect of mechanical loading from high body weight on 
bone density was statistically controlled, fat mass was inversely correlated 
with bone mineral content. Further investigation by Zhao et al. (2008) 
suggested that molecular signaling pathways involved in osteoblast dif-
ferentiation may contribute to the previously identified effect of increased 
adiposity on decreased bone mineral content, although a mechanism has 
not been elucidated. However, this science is just emerging and it is pre-
mature to speculate on its significance or relevance to bone health and 
bone density.

At this time, there is the possibility that obesity, at least in older per-
sons, may not be beneficial for bone health and may be demonstrated 
to be a risk factor, not an advantage, for decreased bone density and, in 
turn, reduced bone health. There is no evidence that increases in calcium 
or vitamin D nutriture beyond the requirements specified for non-obese 
persons can affect this purported outcome.

Persons Living at Upper Latitudes in North America

The question of the impact of latitude on vitamin D nutriture is often 
a topic of concern or, at least, interest. The issue, however, is set in the 
context of the inability to specify a safe dose of sunlight that could con-
tribute to vitamin D synthesis while also avoiding the risk of skin cancer. 
There are also the recognized challenges associated with quantifying the 
contributions from sun exposure coupled with the limited information 
on the role of stored vitamin D during seasonal changes. The prevailing 
assumption about the effect of latitude is that ultraviolet B (UVB) penetra-
tion decreases with increasing latitude (i.e., distance from the equator) and 



492 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

this, in turn, causes persons living at higher latitudes in North America to 
experience little or no UVB exposure, making them at risk for vitamin D 
deficiency. This assumption may not be entirely accurate. However, the 
question of latitude may work in tandem with other factors, discussed be-
low, such as limited sun exposure overall or cultural and dietary practices. 
This section focuses only on the issue of latitude per se.

The relationship between UVB penetration and latitude is complex 
and not merely a function of distance from the equator. Other factors that 
come into play include the reduced atmosphere at the poles (about 50 
percent less than at the equator), more cloud cover at the equator than at 
the poles, differences in ozone cover, and the duration of sunlight in sum-
mer versus winter. Geophysical surveys have indicated that UVB penetra-
tion over 24 hours during the summer months at Canadian north latitudes 
equals or exceeds UVB penetration at the equator (Lubin et al., 1998), 
suggesting that persons living in the northern latitudes are not necessarily 
receiving notably less total sunlight during the year. Rather, it suggests that 
there may be considerable opportunity during the spring, summer, and fall 
months in the far north for humans to form vitamin D and store it in liver 
and fat. Likewise, animals living in the same region that are consumed as 
part of the traditional diet are also rich sources of vitamin D (Keiver et al., 
1988; Kenny et al., 2004; Brunborg et al., 2006; Kuhnlein et al., 2006).

These factors help to explain why latitude alone does not appear 
to predict serum 25OHD concentrations in humans. In a Finnish study, 
healthy subjects living above the Arctic Circle (latitude 66°N) did not 
have lower serum 25OHD levels than subjects living in southern Finland; 
in fact, the group living above the Arctic Circle had higher levels. Both 
groups achieved mean serum 25OHD levels above 90 nmol/L during the 
summer, whereas the mean serum 25OHD level at the winter nadir was 56 
nmol/L in the south and 68 nmol/L in those living above the Arctic Circle 
(Lamberg-Allardt et al., 1983).

Persons Experiencing Reduced Vitamin D 
Synthesis from Sun Exposure

The DRIs for vitamin D established in this report are based on the 
assumption of minimal sun exposure. Therefore, they are regarded as 
adequate for persons who may be experiencing a reduced synthesis of 
vitamin D from sun exposure. Assuming that some population groups may 
be consuming less than the current DRI values for vitamin D, the ques-
tion is to what extent are these persons at risk for vitamin D deficiency, or, 
conversely, to what extent can inadvertent sun exposure be expected to 
compensate for lower intakes for these persons?
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Dark Skin

As described in Chapter 3, skin pigmentation—due to melanin in the 
epidermal layer—can reduce the amount of vitamin D synthesized by the 
human body. The amount of UVB required for changes in serum 25OHD 
levels is partly related to the degree of skin pigmentation. Further, a num-
ber of reports through the years have indicated consistently lower serum 
25OHD levels in persons identified as black compared with those identified 
as white (Specker et al., 1985; Harkness and Cromer, 2005; Stein et al., 
2006; Armas et al., 2007; Basile et al., 2007; Bodnar et al., 2007). Looker 
et al. (2008), using the National Health and Nutrition Examination Surveys 
(NHANES) 2000 to 2004, reported lower serum 25OHD levels for non-
Hispanic blacks compared with Mexican Americans and whites. Mexican 
Americans had serum 25OHD concentrations that were intermediate be-
tween those of non-Hispanic blacks and whites.

The question is whether the consistently lower levels of serum 25OHD 
for persons with dark skin pigmentation have significant health conse-
quences. Based on the data of Looker et al. (2008), non-Hispanic blacks 
in the NHANES had an average serum 25OHD concentration of 40.14 
nmol/L (± 0.88 nmol/L [standard error of the mean]). Given that 40 
nmol/L may be reflective of an acceptable median level for serum 25OHD 
in serum based on this committee’s work, it is difficult to suggest that this 
average serum 25OHD level is indicative of widespread deficiency, although 
such conclusions cannot be based solely on mean values. However, at least 
for those of African American ancestry, there are corollary data to suggest 
that rates of osteoporosis and bone disease are not higher among African 
Americans; in fact, African Americans have reduced rates of fracture and 
osteoporosis compared with whites (see Chapter 4). There are no data in 
this regard for other ethnic groups with dark skin, such as South Asians, so 
firm conclusions about their risk related to bone health cannot be drawn. 
Furthermore, it is possible that risk may be introduced or modulated by an 
array of variables, including cultural and ethnic practices.

Given the unknowns, dark-skinned immigrant groups who now reside 
in North America may present a concern, as described below. There is also 
a concern for dark-skinned infants and children whose overall diet may be 
low in calcium and who may have low serum 25OHD levels, especially if 
exclusively breast-fed and not otherwise supplemented (see below). The 
vitamin D and calcium issues related specifically to African Americans have 
been described earlier in Chapter 4.

South Asian and Middle Eastern immigrant groups South Asians (e.g., 
Indians, Pakistanis, Sri Lankans) are now residing in greater numbers in 
North America, and are reported to be at increased risk for vitamin D–



494 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

deficiency. This group has a significant presence in Canada and is growing 
in number (Statistics Canada, 2010). A recent study by Wu et al. (2009) 
measured vitamin D intakes and serum 25OHD levels in three different 
ethnic groups in southern Ontario and found that levels were significantly 
lower in South Asians than in Eastern Asian or European groups. Over the 
past few decades, there have been sporadic reports of vitamin D–deficiency 
rickets in Canadians, almost always in breast-fed, dark-skinned Canadians 
of African or Asian descent, but the total number of cases, even in a major 
metropolitan area like Toronto, is small (17 over a 5-year period from 
1988 to 1993) (Binet and Kooh, 1996). Similar to the situation in African 
Americans (see Chapter 3), the lower serum 25OHD levels observed are 
not associated with significant rises in the rates of bone disease (osteoma-
lacia or rickets) in the Canadian South Asian cohort. In other South Asian 
communities living at relatively high latitudes (> 50°N) in Europe (e.g., 
Scotland), there have been reports of rickets and osteomalacia dating back 
to the early 1970s (Ford et al., 1976; Goel et al., 1976) and suggestions that 
vitamin D deficiency might also be associated with higher rates of tubercu-
losis (Yesudian et al., 2008). Although ensuring that the DRIs are met for 
these groups should reduce the risk for deficiency states to the extent that 
their conditions mimic those from minimal sun exposure, it is considered 
advisable to exercise vigilance for this growing group.

Some immigrant populations or religious groups adhere to cultural 
practices regarding clothing that can greatly reduce exposure to sun light 
and exacerbate the effects of low intake of vitamin D. There is the sugges-
tion that at least 20 percent of the body’s surface must be exposed to UVB 
for serum 25OHD levels to increase (Specker et al., 1985; Hollis, 2005). 
Whether such sun exposure is a wise public health practice for any group 
is not the issue, only that there is a need for awareness when such cultural 
practices limit sun exposure.

Dark-skinned, exclusively breast-fed infants In 2000, a report was pub-
lished concerning rickets among nine children from various areas of the 
United States (Shah et al., 2000). Eight children were described as African 
American, and one child was described as Hispanic. All patients were pri-
marily breast-fed for more than 11 months, with minimal intake of dairy 
products and without vitamin D supplementation. Breast milk, is of course, 
not a source of vitamin D for infants. This report had been preceded by 
a 1979 report from Bachrach et al. (1979), who noted 24 cases of vitamin 
D–deficiency rickets in black, breast-fed infants who were otherwise healthy 
and had no underlying malabsorptive or renal diseases, but whose parents 
belonged to groups that subscribed to dietary restrictions and clothing 
habits that minimized their exposure to sunlight. Later, a 2001 report 
described a black infant who was breast-fed until 10 months of age and 
then weaned to a soy food beverage that was not fortified with vitamin D 
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or calcium (Carvalho et al., 2001). The infant developed normally until 
about 9 months of age when the child’s height and weight became severely 
arrested. In 2003, DeLucia et al. (2003) commented on 43 children with 
nutritional rickets reported from 1986 through 2002 and located in the 
New Haven, Connecticut area. Approximately 86 percent were of African 
American, Hispanic, or Middle Eastern descent. More than 93 percent of 
the children had been breast-fed. In this case, the authors implicated both 
low calcium intake as well as marginal vitamin D nutriture in rickets.

A recent 2-year survey of Canadian pediatricians found the incidence 
of rickets in their patients to be 2.9 per 100,000; the mean age at diagnosis 
was 1.4 years (range of 2 weeks to 6.3 years). Ninety-four percent of the 
children with rickets had been breast-fed. Additional risk factors included 
dark skin, living in the far north, born of mother who took no vitamin 
supplements, limited sun exposure, emigrated from a region where vita-
min D deficiency is endemic, and delayed initiation of solid foods (Ward 
et al., 2007).

Vitamin D supplementation of partially or fully breast-fed infants should 
begin in the first week of life and provide approximately 400 IU/day, as 
breast milk is not a source of this nutrient for infants, and sun exposure 
to compensate for this cannot be adequately described but neither can 
it be recommended given the concerns for skin cancer. It is important to 
be especially vigilant regarding supplementation in the case of exclusively 
breast-fed, dark-skinned infants, as they appear to be at higher risk than 
lighter-skinned infants.

Use of Sunscreen

Sunscreen absorbs ultraviolet light and prevents it from reaching the 
skin. It has been reported that sunscreen with a sun protection factor (SPF) 
of 8 based on the UVB spectrum can decrease vitamin D synthetic capacity 
by 95 percent, whereas sunscreen with an SPF of 15 can reduce synthetic 
capacity by 98 percent (Matsuoka et al., 1987). The extent and frequency 
of use of sunscreen are unknown, and therefore the significance of the role 
that sunscreen may play in reducing the opportunity to synthesize vitamin 
D is unclear. Increases in serum 25OHD levels seen in summer months in 
national surveys conducted in both the United States and Canada would 
suggest either that sunscreen is not used consistently by the population as a 
whole or that the actual decrease in serum 25OHD level due to appropriate 
use of sunscreen has been overstated. Although inconsistent with advice 
provided by the American Academy of Dermatology  and the National 

5

Available online at http://www.aad.org/media/background/news/Releases/American_
Academy_of_Dermatology_Issues_Updated_Pos/.(accessed July 28, 2010).
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5Council on Skin Cancer Prevention  

Available online at http://www.skincancerprevention.org/ (accessed July 28, 2010).

for skin cancer protection, given the 
carcinogenic potential of UVB light, one report indicated that there is 
adequate vitamin D production when exposure of hands, face, arms and 
legs to sunlight is for an amount of time equal to about 25 percent of what 
it would take to develop a “mild sunburn”; after this extent of exposure, a 
sunscreen should be applied to prevent damage (Holick, 2003). However, 
this is in contrast to a recent report on mathematical models of observa-
tional data regarding the impact of seasonal sun exposure (Diffey, 2010). 
The effect of the use of sunscreen, as with other factors that may limit expo-
sure, warrants vigilance. However, its use should not constitute a concern, 
given that the DRI values assume minimal sun exposure.

Indoor Environments and Institutionalized Older Persons

Increased urbanization and the normative condition among North 
Americans to work and recreate indoors cannot be quantified or addressed 
in terms of increased risk for vitamin D deficiency. The newly established 
DRI values assume minimal sun exposure, and therefore vitamin D intake 
need not be increased above this level for normal persons living in urban 
settings and spending time primarily indoors.

However, data for institutionalized, frail older persons suggest a pro-
pensity for lower serum 25OHD levels generally. Causation, however, is 
uncertain. It is likely that many factors contribute, such as their restric-
tion to primarily indoor environments often coupled with inadequate 
total intake overall. Further, aging skin is known to be less effective in 
synthesizing vitamin D in part because of a decrease in skin provitamin 
D (7-dehydrocholesterol) levels and in part because of alterations in skin 
morphology (MacLaughlin and Holick, 1985). The EAR and RDA values 
have taken this group into consideration to the extent possible and allowed 
by the data. Given the unknowns, however, monitoring institutionalized 
elderly people for vitamin D (and calcium) nutriture is appropriate. Sup-
plementation, however, should not be random and without cause, because 
excess intakes of these nutrients may have adverse consequences for this 
frail sub-population.

Alternative Diets or Changes in Dietary Patterns

Dairy and Animal Product Exclusion: Lactose Intolerance, Cow’s 
Milk Food Allergy, Ovo-Vegetarianism, and Veganism

Exclusion of dairy products occurs therapeutically in those with lactose 
intolerance or cow’s milk food allergy, and voluntarily in those who are 
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vegans or non-lacto vegetarians. As noted in the recent National Institutes 
of Health (NIH) Consensus Statement on Lactose Intolerance (Brannon 
et al., 2010; Suchy et al., 2010), exclusion of dairy products, all of which 
are rich sources of calcium and some of which are fortified with vitamin D 
(e.g., fluid milks, some yogurts, and limited other dairy products [Yetley, 
2008]), can be a risk factor for inadequate intakes of calcium and vitamin 
D. This is also true for vegans (Craig, 2009) and likely others who systemati-
cally exclude dairy foods as well as other animal products from their diets. 
However, as pointed out by the American Dietetic Association (American 
Dietetic Association and Dieticians of Canada, 2003; Craig and Mangels, 
2009) as well as the Dietitians of Canada (American Dietetic Association 
and Dietitians of Canada, 2003), appropriately planned vegetarian diets, 
including total vegetarian or vegan diets, are healthful and nutritionally 
adequate.

The North American prevalence of lactose intolerance, a clinical syn-
drome characterized by diarrhea, bloating and/or flatulence following 
consumption of lactose, is challenging to determine because the param-
eters surrounding lactose intolerance, lactose malabsorption, and lactase 
non-persistence are not well defined, and frequent self-diagnosis occurs 
(Brannon et al., 2010; Suchy et al., 2010). The prevalence of cow’s milk 
allergy reported in a systematic evidence review (Rona et al., 2007) was 
0.6 to 0.9 percent by skin test, specific immunoglobulin E measurement, 
or food challenge test; this is lower than the self-reported prevalence of 3 
percent. Similarly to lactose intolerance, individuals may perceive that they 
have cow’s milk food allergy when they do not. With respect to vegetarians, 
in 2006, approximately 1.4 percent of U.S. adults and nearly 1 percent of 
children and adolescents 8 to 18 years of age self-reported that they were 
vegans, and 2.3 to 3 percent reported themselves to be vegetarians.

Available online at http://www.vrg.org/journal/vj2006issue4/vj2006issue4poll.htm (ac-
cessed July 28, 2010).

 In a 
2002 survey, about 4 percent of Canadian adults reported being vegetarians 
(American Dietetic Association and Dietitians of Canada, 2003). Although 
there are few data to document the consequences of poorly planned di-
ets that exclude dairy or animal products—it is noted that Craig (2009) 
reported a 30 percent increased risk of fracture for vegans—it is best to 
assume that persons who have chosen or must follow such diets should 
make special efforts to ensure nutritional adequacy.

Strategies for ensuring adequate intakes of calcium and vitamin D 
vary depending on the reason for dietary exclusion. Using an Agency for 
Healthcare Research and Quality systematic evidence review as a basis 
(Shaukat et al., 2010; Wilt et al., 2010), an NIH Consensus Panel found 
that individuals with lactose intolerance or lactose malabsorption are able 
to tolerate up to 12 g of lactose, the equivalent of one cup of milk, in a 
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single dose and may be able to tolerate larger amounts if consumed in 
smaller doses spread over the day and with other foods. Larger amounts 
of reduced-lactose dairy products such as certain yogurts and fluid milks 
as well as virtually unrestricted amounts of reduced-fat hard cheeses with 
very low amounts of lactose may be ingested to ensure adequate intakes 
of calcium. For those who avoid all dairy because of allergies or personal 
choice, consumption of non-dairy sources of calcium, such as low-oxalate 
vegetables (e.g., kale, bok choy, Chinese cabbage, broccoli, and collards), 
calcium-containing tofu, or fortified plant-based foods, such as cereals 
or fruit juice are feasible strategies to ensure adequate intakes of highly 
bioavailable calcium (Weaver et al., 1999). Finally, supplements of calcium 
are also a strategy, although care should be taken not to over-supplement.

Meeting vitamin D needs is more challenging in the absence of sun 
exposure. Plant foods are not natural sources of vitamin D,  but the mar-
ketplace in the United States is increasingly offering plant-based fortified 
alternatives such as cereals and juices.

Some algal supplements and mushrooms that have been processed with irradiation con-
tain vitamin D, but not in significant amounts. Available online at http://ods.od.nih.gov/
factsheets/vitamind.asp (accessed July 28, 2010).

 In addition, the Canadian food sup-
ply includes margarines fortified with vitamin D and plant-based beverages 
that are fortified with vitamin D and calcium. Such fortified foods can be 
helpful in meeting the DRIs across age groups. As with calcium, a dietary 
supplement of vitamin D is also an option, but total intake (foods plus 
supplements) should not exceed the Tolerable Upper Intake Level (UL).

Changes in Dietary Patterns of Indigenous Canadian Populations

Among the indigenous Canadian populations, switching from a tra-
ditional diet that contains vitamin D–rich foods to a westernized diet may 
increase the likelihood of vitamin D deficiency, especially if UVB exposure 
is limited or avoided. This has been underscored by a survey of Inuit living 
in Greenland, which reported that those consuming a westernized diet had 
lower serum 25OHD levels than those consuming a traditional diet (32 vs. 
53 nmol/L in summer, 29 vs. 41 nmol/L in winter) (Rejnmark et al., 2004). 
As noted above, there is ample opportunity during the spring, summer, 
and fall months in the far north for animals that commonly comprise the 
traditional diet of indigenous groups to form vitamin D and store it in liver 
and fat. In turn, the blubber and liver of various arctic marine mammals 
(e.g., seal, narwhal, beluga, walrus) and fish (e.g., char, cisco, lake trout, 
loche, sculpin, whitefish) are sources of vitamin D for those who consume 
a traditional diet (Keiver et al., 1988; Kenny et al., 2004; Brunborg et al., 
2006; Kuhnlein et al., 2006).
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The Canadian Health Measures Survey does not collect data on these 
indigenous populations living at upper northern latitudes, and overall di-
etary and health data for them are limited. One recent survey (Kuhnlein 
et al., 2008) in northern Canada found that the intakes of vitamin D dif-
fered by ethnic group. The median vitamin D intake was 200 IU/day in 
both Yukon First Nations  and Dene/Métis.

First Nation: A term that came into common usage in the 1970s to replace the word “In-
dian.” Among its uses, the term “First Nations peoples” refers to the Indian peoples in Canada, 
both Status and non-Status. Definitions available online at http://www.ainc-inac.gc.ca/ap/
tln-eng.asp (accessed July 28, 2010).

 However, much higher median 
intakes were found in older (over age 40) Inuit who consumed a traditional 
diet (1,000 IU/day and 680 IU/day in men and women, respectively), 
whereas younger Inuit had much lower intakes (328 IU/day and 372 IU/
day in men and women, respectively). This research group also surveyed 
indigenous women of reproductive age from various communities in the 
Canadian Arctic and found the mean daily intakes of vitamin D to be 456 
IU/day in Inuit from Qikiqtarjuaq, 364 IU/day in Inuit from 18 other 
communities, and 228 IU/day in a combined data set of Dene, Métis, and 
Yukon First Nations. Pregnant and lactating women had higher vitamin D 
intakes, with the highest mean intake being 816 IU/day in lactating Inuit 
from Qikiqtarjuaq (Berti et al., 2008). Neither of these surveys measured 
serum 25OHD levels.

A 1999 survey (Smith, 1999) estimated vitamin D intakes and measured 
serum 25OHD levels in 121 pregnant women living in the Inuvik region 
of the Northwest Territories. The sample included 33 whites, 51 Inuit, 
and 37 First Nations people. The investigator did not report whether the 
First Nations and Inuit mothers were consuming a traditional or a western 
diet; moreover, the accuracy for the measures of the vitamin D content of 
traditional foods is unclear. The estimated daily mean vitamin D intake of 
Inuit and First Nations people was 324 IU/day with supplements (136 IU/
day without) compared with 532 IU with supplements (232 IU without) to 
whites. At the point of delivery, the plasma levels of 25OHD were lower in 
the First Nations and Inuit mothers and their babies than in their white 
counterparts. Not quite as far north, a survey of 104 pregnant women 
from three First Nations communities in northern Manitoba found that 
their serum 25OHD levels ranged from < 15 nmol/L (undetectable) to 63 
nmol/L, with mean values of 18, 21, and 24 nmol/L in each of the three 
communities (Smith, 1999). No information was provided in that report 
as to whether the women were consuming a traditional or western diet. A 
chart review was done of all babies born in 1993 and 1994 to determine 
how many had been diagnosed with rickets, and a high prevalence was 
found. Despite similar serum 25OHD levels in all three communities, 
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there was a marked difference in the prevalence of rickets: 85/1,000 and 
55/1,000 in two communities, but none in the third. No clear explanation 
for the differing prevalence was obtained by the investigator (Smith, 1999).

Taken as a whole, the limited data surrounding indigenous Canadian 
populations suggest a basis for concern regarding vitamin D nutriture, 
most notably in the likelihood that typical diets are changing from tra-
ditional foods to more westernized foods. Although the assumption of 
minimal sun exposure underpinning the DRI values may not entirely align 
with this group of people who may experience considerable sun exposure 
in the summer, ensuring that the diet meets the DRI values should provide 
assurances that risk of vitamin D deficiency has been greatly reduced.

Use of Calcium Supplements

The forms and nature of calcium supplements have been discussed in 
Chapter 2, and their possible role in kidney stone formation as well as the 
emerging data regarding possible adverse cardiovascular effects have been 
outlined in Chapter 6. The mechanisms for differential effects of food 
sources and supplement forms of calcium on kidney stone formation are 
complex and may relate to the timing of calcium administration. Approxi-
mately 80 percent of kidney stones contain calcium combined with oxalate 
or, less often, phosphate (Park and Pearle, 2007). Calcium in food or in 
supplements taken with food is believed to bind to dietary oxalate in the 
digestive tract, reducing the absorption and subsequent urinary excretion 
of oxalate and thus risk for kidney stones (urinary oxalate may be more 
critical than urinary calcium with respect to calcium oxalate crystallization) 
(Curhan et al., 1997). When calcium supplements are not taken with food, 
dietary oxalate is absorbed unopposed and thus is more available for stone 
formation. Although dairy foods, which are the major source of calcium in 
much of North America, have been suggested to contain an unidentified 
protective compound not found in supplements (Curhan et al., 1997), 
this possibility has not been well studied. Obtaining sufficient calcium via 
dietary sources is the preferred strategy—and it remains uncertain as to 
whether taking calcium supplements with food may reduce the likelihood 
of stone formation associated with supplement use. Head-to-head compari-
sons of different calcium supplement formulations with respect to risk for 
kidney stone formation are also lacking. In any case, given the desirability 
of not surpassing the UL for calcium intake and given that even those not 
meeting their requirement for calcium are nonetheless consuming some 
calcium from dietary sources that range from breads to dairy products, care 
must be taken in selecting a calcium supplement that when combined with 
dietary intake does not result in a total intake above the UL. The UL for 
a sizable proportion of the population, including groups that commonly 
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consume calcium supplements, is 2,000 mg/day, which is relatively close to 
the EAR and RDA values. For these more vulnerable groups, supplements 
containing amounts less than the RDA may be appropriate given that their 
diet is likely to contain at least some calcium. Further, until better informa-
tion is available to clarify the possible link between supplement use and kid-
ney stone formation, taking calcium supplements with foods is advisable.

Moreover, in the case of persons prone to developing kidney stones 
who cannot get adequate calcium from diet (e.g., due to lactose intoler-
ance), there is limited evidence from small, short-term trials suggesting 
that supplemental calcium in moderate doses may not increase risk for 
stone recurrence (Levine et al., 1994; Williams et al., 2001; Lewandowski 
and Rodgers, 2004). Again, taking supplements with food is desirable.

The ULs are defined for the healthy, general population. Nonetheless, 
gray areas are acknowledged to exist between healthy people and those 
with medical conditions; for some persons in these gray areas a calcium 
intake as high as the UL may no longer be considered without any risk. The 
effect of calcium intake in situations of hypercalciuria is not fully under-
stood, but conditions leading to hypercalciuria (which may be exacerbated 
by adding extra vitamin D to an already high calcium intake) may warrant 
a more cautious approach to ULs for calcium in the future. In older adults 
experiencing illness or decline, hypercalciuria may develop. For pregnant 
women experiencing absorptive hypercalciuria and therefore at higher risk 
of renal stone formation, keeping calcium intake below the UL may also 
be most appropriate. Similarly, as lactation drives bone resorption, urinary 
calcium excretion decreases, the ionized serum calcium concentration 
rises slightly, intravascular volume is contracted and occasionally women 
become hypercalcemic. Under these and similar conditions, ensuring a 
calcium intake below the UL may be most appropriate. Greater surveil-
lance of urinary calcium excretion in future studies may shed more light 
on the relationship between higher levels of total calcium intake and risk 
of hypercalciuria or hypercalcemia under special conditions.

Oral Contraceptive Use

The use of ethinyl estradiol oral contraceptives (OCs) has been hypoth-
esized to reduce bone resorption and preserve bone density in premeno-
pausal and postmenopausal women. This concept was based on clinical 
and observational evidence that ethinyl estrogen–based hormone replace-
ment therapy reduced risk for osteoporosis in postmenopausal women 
(Zittermann, 2000). A non-systematic review of clinical trials carried out 
before 1994 indicated that the evidence at that time largely supported 
positive effects of OCs on bone density in postmenopausal women, al-
though a number of trials in the review showed no effects (DeCherney, 
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1996). Among clinical trials and observational evidence examining the 
effects of OCs on bone density from the past two decades, results have 
been mixed and, when considered in total, are inconclusive. A systematic 
review of 75 studies of varied design, including 11 randomized controlled 
trials, examined outcomes of OC use and bone density in healthy pre-
menopausal, amenorrheic premenopausal, anorexic premenopausal, and 
perimenopausal women (Liu and Lebrun, 2006). A meta-analysis was not 
done; however, the review found good evidence for a positive effect of OCs 
on bone density in perimenopausal women, fair evidence for an effect in 
amenorrheic premenopausal women, and limited evidence for an effect in 
anorexic and healthy premenopausal women.

Observational studies published since Liu and Lebrun (2006) also 
suggest mixed results from studies on OC use and bone density that may 
be related to the population group studied. A small study on OC use and 
bone density and bone size in a young white female cohort found that OC 
use had a significant negative effect on bone density at the spine and heel 
and resulted in a non-significant decrease in hip bone density (Ruffing 
et al., 2007). Similarly, Hartard et al. (2007), in a cross–sectional analysis 
of young white women taking OCs, also suggested a negative effect of OCs 
on bone density. Women who had ever used OCs had significantly lower 
bone densities at the tibial shaft and femoral neck compared with those 
who had never used OCs. In premenopausal and postmenopausal women 
no significant difference was found between OCs users and never users in 
another cross–sectional study of the effects of OCs on bone density and 
bone markers (Allali et al., 2009).

Randomized trials of estrogen treatment with and without vitamin D 
and calcium supplementation suggest a positive effect on bone density in 
postmenopausal women. Recker et al. (1999) tested vitamin D and calcium 
supplementation with and without low-dose hormone replacement therapy 
for effectiveness in maintaining bone density in postmenopausal women 
more than 65 years of age. Although this study did not differentiate be-
tween hormone replacement therapy alone and therapy combined with 
vitamin D and calcium supplementation, it did suggest an effect of increas-
ing bone density and bone markers in older women who received the com-
bination therapy compared with those who received vitamin D and calcium 
supplementation alone. A randomized, double-blind, placebo-controlled 
trial of OC therapy either alone or combined with calcitriol therapy found 
a significant increase in bone density and reduction in bone resorption at 
the hip compared with OC therapy alone in postmenopausal women (ages 
65 to 77 years) who had normal bone density for their age (Gallagher et al., 
2001). Another prospective randomized trial in postmenopausal women 
(ages 53 to 79 years) treated with hormone replacement therapy alone or 
with calcitriol also found a significant increase in bone density, at multiple 
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sites and total body, for the combined therapy compared with hormone 
replacement alone (Gutteridge et al., 2003).

Given the variability in all the study outcomes reviewed by the commit-
tee and the unresolved question of the effect of age and endogenous estro-
gen status on the ability of OCs to preserve bone density or prevent bone 
resorption, specific recommendations to address the impact of OCs with or 
without vitamin D and calcium supplementation for both premenopausal 
and postmenopausal women cannot be offered at this time.

Premature Infants

Premature infants are a clinical population and thus outside the scope 
of this committee’s task, which is focused on the normal, healthy popula-
tion. However, because premature infants are a highly vulnerable group 
and do raise special concerns relative to calcium and vitamin D nutriture, 
this group is discussed here briefly.

The minerals in human milk, especially calcium and phosphorus, do 
not fully meet the needs of rapidly growing premature infants who rely 
primarily on passive intestinal absorption of calcium, therefore “this and 
other factors place premature infants at high risk for nutritional rickets” 
(Abrams, 2005). “The recent addition of various forms of mineral salts 
and/or mineral fortifiers to human milk and the use of specialized preterm 
infant formulas with high calcium content have been reported to enhance 
the amount of calcium and other minerals retained from the diet, to 
increase the bone mineral content of the infants and to decrease the inci-
dence of osteopenia and frank rickets in preterm infants (Schanler et al., 
1988; Schanler and Abrams, 1995; Schanler, 1998)... The bioavailability of 
the calcium in these fortifiers may be a key aspect of their adequacy. Us-
ing a commercially available human milk fortifier, Schanler and Abrams 
(1995) reported that net calcium retention was 104 ± 36 mg/kg body 
weight per day in premature infants, a value approximating the in utero 
accretion rate during the third trimester. These retention values are well 
above those achieved using earlier human milk fortifiers (Schanler et al., 
1988)” (Abrams, 2005).

“Of interest is that calcium absorption from both fortified human milk 
and specialized preterm formula averages 50 to 65 percent in many studies 
(Abrams et al., 1991; Bronner et al., 1992). This constancy of absorptive 
fraction in premature infants suggests that much of the calcium absorp-
tion by premature infants and newborn full-term infants is not vitamin D 
dependent…” (Abrams, 2005), which is the conclusion of a review of more 
than 100 balance studies by Bronner et al. (1992).

How much vitamin D is needed by premature infants is more difficult 
to determine. Unfortunately, there are no studies using modern isotope 
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techniques of the effects of vitamin D on calcium absorption in premature 
infants, nor could such studies be possible practically or ethically. One 
study with oral vitamin D intakes as low as 160 IU/day (Koo et al., 1995) 
and multiple studies with intakes of 200 to 400 IU/day (Cooke et al., 1990; 
Pittard et al., 1991; Backstrom et al., 1999a) “demonstrated adequate serum 
25OHD concentrations and clinical outcomes with oral vitamin D intakes 
as low as 160 IU/day (Koo et al., 1995). In addition, studies have generally 
failed to show any clinical benefit to increasing vitamin D intake above 400 
IU/day in preterm infants (Backstrom et al., 1999b)” (Abrams, 2005).

TABLE 8-1 Drugs and Their Effect on Vitamin D Metabolism

Drug Name/Category 25OHD Calcitriol 24,25-Dihydroxyvitamin D

Aluminum Not changed Increase/decrease —

Anticonvulsants 
(phenobarbital, 
Dilantin, Tegretol)

Decrease Not changed Decrease

Antituberculosis Decrease Decrease —

Bisphosphonates Not changed Increase/decrease/
not changed

Increase

Cimetidine Decrease Not changed Not changed

Corticosteroids Decrease/
not changed

Decrease/not 
changed

Not changed

Ethanol Increase Decrease —

Heparin Not changed Decrease Not changed

Hypolipidemic agents Decrease/
not changed

Not changed —

Immunosuppressives Not changed Not changed —

Ketoconazole Not changed Decrease Decrease

Lithium Not changed Not changed —

Rifabutin (anti-HIV) Decrease Not changed —

Thiazides Increase Decrease Increase

NOTE: — indicates that no information has been reported; HIV = human immunodeficiency 
virus.
SOURCES: Hahn et al. (1972); Favus et al. (1973); Avioli (1975); Compston and Thompson 
(1977); Compston and Horton (1978); Bell et al. (1979); Alfrey et al. (1980); Palmer et al. 
(1980); Adams et al. (1981); Williams et al. (1985); Feldman (1986); Lalor et al. (1986); 
Lawson-Matthew et al. (1988); Dobs et al. (1991); Katz et al. (1994); Bolland et al. (2008).

Routine measurement of serum 25OHD levels in premature infants is 
not supported by currently available clinical research. No studies have re-
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lated serum 25OHD level in these infants to specific clinical outcomes, and 
extremely few data suggest a dose–response relationship between serum 
25OHD levels and other outcomes. A normal level at different gestational 
ages or postnatal ages is not available for 25OHD in serum based on end-
points such as calcium absorption or bone mineral content. However, in 
the presence of a likely impairment of 25-hydroxylation, such as might be 
present in an infant with cholestasis, measurement of serum 25OHD level 
might be considered, especially to ensure a level at or above 50 nmol/L 
(20 ng/mL). “The effects of other formula components on mineral absorp-
tion have also been considered. A study using a triple lumen perfusion tech-
nique demonstrated that calcium absorption was greater using a solution 
that included a glucose polymer rather than lactose (Stathos et al., 1996). 
As glucose polymers are widely used in preterm formulas, this effect may be 
clinically important. Altering the fat blend of infant formula to more closely 
resemble that of human milk may also enhance mineral absorption in pre-
mature infants (Carnielli et al., 1995; Lucas et al., 1997)” (Abrams, 2005).

Interactions Between Vitamin D and Prescription Drugs

Although clinical practice and related guidelines are outside this com-
mittee’s purview, it is useful to acknowledge that measures of the various 
forms of vitamin D can be affected by prescription drugs and related 
medications. A brief listing of key interactions can be found in Table 8-1.
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9

Information Gaps and Research Needs

The purpose of this report is to review available data and establish 
science-based reference values for calcium and vitamin D, known as Dietary 
Reference Intakes (DRIs). The approach used has been that of risk assess-
ment, as described in Chapter 1. This final chapter outlines information 
gaps and research needs identified by the committee in carrying out its 
charge. These gaps and research needs are also organized according to the 
risk assessment framework. The listings are not comprehensive, but offer 
the committee’s perspective on the major topic areas in need of attention. 
These needs are targeted to academic and medical researchers, national 
policy makers, the public health community, industry groups, and other 
relevant stakeholders and funding institutions. They provide a basis for 
organizing and prioritizing research efforts.

The general nature of the information gaps relevant to DRI develop-
ment for calcium and vitamin D are outlined in Figure 9-1.

Although the uncertainties surrounding the DRIs have been described 
in this report and the scientific judgments made are documented, evidence 
from future research designed to overcome the limitations encountered 
by this committee can improve the ability to determine reference values 
in the future. Although the committee’s discussions form the basis for the 
identification of these research needs, other sources of research needs 
were noted, for example the National Institutes of Health Roundtable on 
Vitamin D Research Needs (Brannon et al., 2008) and the report from the 
Tufts Medical Center Evidence-based Practice Center (Chung et al., 2010).

Table 9-1 presents the identified research needs, which are then 
outlined.
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TABLE 9-1 Vitamin D and Calcium Research Needs Organized by Risk 
Assessment Steps

Research Topic Research Questions and Identified Needs

Step 1: “Hazard Identification” or Indicator Review and Selection

Health Outcomes and 
Related Conditions

1.  Clarify threshold effects of calcium and vitamin D on skeletal 
health outcomes by life stage and for different racial/ethnic 
groups.

2.  Elucidate inter-relationship between calcium and vitamin D, 
and specify independent effect(s) of each.

3.  Explore causal role for vitamin D in non-skeletal health.
4.  Determine the appropriateness of serum 25-hydroxyvitamin D 

(25OHD) as a biomarker of effect.
5.  Elucidate the effect of genetic variation, including that among 

racial/ethnic groups, and epigenetic regulation of vitamin D on 
developmental outcomes.

Adverse Effects, 
Toxicity, and Safety

1.  Develop innovative methodologies to provide for identification 
and assessment of adverse effects of excess calcium and vitamin 
D.

2.  Elucidate adverse effects of long-term, high-dose calcium and 
vitamin D.

3.  Further explore nature of vitamin D toxicity.

Basic Physiology and 
Molecular Pathways

1.  Examine the influence of calcium and phosphate on the 
regulation of vitamin D activation and catabolism through 
parathyroid hormone and fibroblast-like growth factor-23 
(FGF23).

2.  Clarify 25OHD distribution in body pools including storage and 
mobilization from adipose tissue.

3.  Evaluate the nature and significance of extra-renal production 
of calcitriol for health outcomes.

4.  Clarify the extent to which differences exist between vitamin D2 
and vitamin D3.

Synthesizing Evidence 
and Research 
Methodology

1.  Explore enhanced methodologies for data synthesis.
2.  Identify approaches to weight better potential health outcomes.

Step 2: “Hazard Characterization” or Intake-Response 
Assessment and Specification of DRIs

Dose–Response 
Relationship 

1.  Conduct studies to identify specific health outcomes in relation 
to graded and fully measured intakes of calcium and of vitamin 
D.

2.  Clarify the influence of age, body weight, and body composition 
on 25OHD levels in response to intake/exposure.

Continued
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TABLE 9-1 Continued

Research Topic Research Questions and Identified Needs

Sun Exposure 1.  Investigate whether a minimal-risk ultraviolet B (UVB) radiation 
exposure relative to skin cancer exists that also enables vitamin 
D production.

2.  Clarify how physiological factors such as skin pigmentation, 
genetics age, body weight, and body composition influence 
vitamin D synthesis.

3.  Clarify how environmental factors such as sunscreen use affect 
vitamin D synthesis.

Step 3: Intake Assessment

Intake Assessment 1.  Enhance dietary assessment methods for calcium and vitamin 
D intake, and methods for the measurement of calcium and 
vitamin D in foods and supplements.

2.  Investigate food and supplement sources of calcium and 
vitamin D for bioequivalence, bioavailability, and safety.

3.  Improve the standardization of assay for serum 25OHD.

STEP 1: “HAZARD IDENTIFICATION” OR 
INDICATOR REVIEW AND SELECTION

The committee found an overall lack of causal evidence from inter-
vention studies for the task of identifying health outcome indicators. This 
was especially true for non-skeletal outcomes for vitamin D, but this was 
also true for skeletal outcomes, particularly in certain life stage groups. 
Data related to calcium were sparse for children and younger adults. Most 
vitamin D studies were conducted using older persons or postmenopausal 
women. Some available data suggested the possibility of ethnic differences 
in bone health, but this suggestion could not be further clarified. Very few 
studies explored the independent effects of calcium and vitamin D. Only 
limited data were available on adverse health effects. These information 
gaps, coupled with challenges in synthesizing disparate evidence for either 
calcium or vitamin D or their combination, presented challenges to DRI 
development. Further, lack of clarity concerning the physiology and me-
tabolism of vitamin D was problematic as was the ability to judge the effects 
of vitamin D as a nutrient given its role as a prohormone.

Research Needs Related to Health Outcomes and Related Conditions

1. Clarify threshold effects of calcium and vitamin D on skeletal 
health outcomes by life stage and for different racial/ethnic 
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groups. Although there is a solid body of evidence related to bone 
health and the role of calcium and vitamin D, many data gaps re-
main for younger age groups and for the effect under menopausal 
conditions. The issue of “calcium economy” among certain groups 
and ethnic differences in vitamin D utilization require attention.

2. Elucidate inter-relationship between calcium and vitamin D, and 
specify independent effect(s) of each. There is a need for research 
protocols that examine the effects of vitamin D and calcium sepa-
rately rather than as a combined administration, and which better 
clarify the nature of the inter-relationship. Without such data, the 
ability to identify requirements for calcium and for vitamin D is 
challenging.

3. Explore causal role for vitamin D in non-skeletal health outcomes. 
Investigation of causal relationships between vitamin D nutriture 
and potential non-skeletal health outcomes should undergo fur-
ther research. These may include but are not limited to (no par-
ticular order): immune function and anti-inflammatory effects 
(especially related to obesity); total and site-specific cancers; car-
diovascular disease; and diabetes. More data on the role of calcium 
and vitamin D, and their metabolism, during pregnancy and lacta-
tion is needed.

4. Determine appropriateness of serum 25-hydroxyvitamin D 
(25OHD) as a biomarker of effect. The ability to use the relatively 
accessible measure of serum 25OHD as a biomarker or surrogate 
is limited by a number of factors including not only its role as a 
prohormone, but also its variability, which is due to a number of 
non-nutritional factors. A better understanding of its relationship 
to specific health outcome would be beneficial, enhancing both 
the quality and quantity of research available. The measure should 
be studied for this purpose and also should be subject to a formal 
validation process.

5. Elucidate the effect of genetic variation, including that among 
racial/ethnic groups, and epigenetic regulation of vitamin D on 
developmental outcomes. This is an emerging field of study, which 
will likely prove relevant to DRI development. Studies in this area 
may contribute notably to an understanding of population differ-
ences related to chronic disease risk.

Research Needs Related to Adverse Effects, Toxicity, and Safety

1. Develop innovative methodologies to provide for identification 
and assessment of adverse effects of excess calcium and vitamin 
D. The ability to study adverse effects of calcium and vitamin D is 
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often limited due to ethical concerns. Creative approaches using 
an array of methodologies developed in other fields need to be 
adapted for nutritional use and incorporated into the approach 
for studying adverse effects of nutrients in vitro and in vivo using 
relevant animal models.

2. Elucidate adverse effects of long-term, high-dose calcium and vita-
min D. The question of nutrient safety should not be a secondary 
aspect of study design nor can the failure to detect adverse effects 
as part of a study not designed for that purpose be considered an 
adequate assessment of safety. Dedicated studies are needed to 
assess adverse health effects related to long-term, high dose (al-
though not necessarily “toxic”) levels of calcium and vitamin D.

3. Further explore the nature of vitamin D toxicity. Although tox-
icity is not the most appropriate goal for setting ULs, a better 
understanding of the timing, doses, and mechanisms associated 
with vitamin D toxicity (hypervitaminosis D) would be beneficial 
to understanding the impact of vitamin D on the human body. 
Of particular import is information about the metabolic fate and 
dynamics of high doses of vitamin D. The identification and use 
of animal models (particularly large animal models) would be 
especially helpful. Also needed is an understanding of how weight 
loss in obese individuals might affect vitamin D status and adverse 
outcomes (e.g., bariatric surgery patients).

Research Needs Related to Basic Physiology and Molecular Pathways

1. Examine the influence of calcium and phosphate on the regulation 
of vitamin D activation and catabolism through parathyroid hor-
mone and fibroblast-like growth factor 23 (FGF23). Identify path-
ways that regulate vitamin D activation and catabolism through 
parathyroid hormone and FGF23 in order to understand the influ-
ence of calcium and phosphate intake on vitamin D regulation.

2. Clarify 25OHD distribution in body pools including storage and 
mobilization from adipose tissue. Understanding the distribution, 
storage, and mobilization of 25OHD in body pools would enhance 
the understanding regarding relationships among exposure to 
vitamin D from intake or endogenous synthesis, circulation serum 
levels of 25OHD, and health outcomes. The role of storage com-
partments and factors important to the mobilization of vitamin D 
is noticeably lacking.

3. Evaluate the nature and significance of extra-renal production of 
calcitriol for health outcomes. Determining the significance of 
extra-renal production of calcitriol for health outcomes is essential 
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to understand whether local production of calcitriol has an impact 
on health outcomes. In turn, the relevance of vitamin D nutriture 
and serum 25OHD for such an effect should be established.

4. Clarify the extent to which differences exist between vitamin D2 
and vitamin D3. Physiological responses as well as potential for dif-
ferences in safety risks for the two forms of the nutrient should be 
further explored.

Synthesizing Evidence and Research Methodology

1. Explore enhanced methodologies for data synthesis. Alternative 
methods for synthesizing evidence from different study types and 
multiple parameters that consider uncertainties (including mea-
surement error) include teleoanalysis, confidence profile pre-
dictive meta-analysis, and generalized multi-parameter evidence 
synthesis. In the case of calcium and vitamin D, such approaches 
should facilitate quantitative estimates of effect size and dose–
response relationships as needed for DRI development.

2. Identify approaches to weight better potential health outcomes. In 
order to ensure the most objective and comprehensive systematic 
evidence reviews in the future, approaches to better weight poten-
tial health outcomes are needed.

STEP 2: “HAZARD CHARACTERIZATION” OR INTAKE-
RESPONSE ASSESSMENT AND SPECIFICATION 

OF DIETARY REFERENCE INTAKES

The committee encountered major challenges in determining the 
dose–response relationships for calcium and vitamin D. Sun exposure 
introduced further uncertainties regarding vitamin D.

Research Related to Dose–Response Relationships

1. Conduct studies to identify specific health outcomes in relation to 
graded and fully measured intakes of calcium and vitamin D. Too 
few studies are specifically designed to study the effects of graded 
doses of calcium or vitamin D on health outcomes, both overall 
and as part of the same study using the same subjects and outcome 
measures. Further, many studies in the calcium and vitamin D area 
are confounded by the failure to specify or measure and thereby 
take into account “background” intakes of the nutrient being stud-
ied when dose–response is being explored.
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2. Clarify the influence of age, body weight, and body composition on 
serum 25OHD levels in response to intake/exposure. Information 
about how factors such as age, body weight, and body composition 
affect the variability in serum 25OHD response to intake or expo-
sure would assist in the process of establishing requirements for 
vitamin D. Such information is also important to ascertaining the 
measure’s utility as a biomarker of effect and in making judgments 
about excess intake of the vitamin.

Research Needs Related to Sun Exposure

1. Investigate whether a minimal-risk ultraviolet B (UVB) radiation 
exposure relative to skin cancer exists that also enables vitamin D 
production. Whether a minimal or threshold UVB exposure level 
is possible to both enable subcutaneous vitamin D synthesis and 
avoid risk of skin cancer needs to be examined. Research should 
include assessment of the risk for skin cancer compared with the 
benefit of endogenous synthesis of vitamin D, particularly for at-
risk populations.

2. Clarify how physiological factors such as skin pigmentation, genet-
ics, age, body weight, and body composition influence vitamin D 
synthesis. Understanding how subcutaneous synthesis of vitamin D 
is affected by physiological factors and the impact of these factors 
on maintenance of serum 25OHD levels within normal physiologic 
ranges is important to integrating information about dietary intake 
and interpretation of serum 25OHD levels.

3. Clarify how environmental factors such as sunscreen use affect vi-
tamin D synthesis. The impact of factors that affect endogenous vi-
tamin D production, and notably the appropriate use of sunscreen 
for reducing cancer risk, needs to be determined to ascertain an 
appropriate risk-benefit profile for protected sun exposure as well 
as better elucidation of the role of sun exposure in determining 
vitamin D nutriture.

STEP 3: INTAKE ASSESSMENT

Although great strides have been made recently in providing intake 
data on calcium and notably on vitamin D, more data as well as a consistent 
approach to data reporting would be helpful. The committee encountered 
challenges in identifying standardized and consistent data on vitamin D 
intakes across general populations in the United States and Canada, par-
ticularly for population subgroups who may be at risk for inadequate or 
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excessive intake. In addition, reliable data on the practice and impact of 
discretionary fortification on the part of food manufacturers is lacking.

1. Enhance dietary assessment methods and comparability for cal-
cium and vitamin D intake, and methods for the measurement of 
calcium and vitamin D in foods and supplements. Methods related 
to dietary assessment have come far in recent years, and research 
in this area should continue. DRI development as it pertains to the 
North American population would benefit from targeted efforts to 
strive for comparability between the U.S. and Canadian surveys.

2. Investigate food and supplement sources of calcium and vitamin D 
for bioequivalence, bioavailability, and safety. The ability to assess 
whether different fortification delivery systems and food produc-
tion methods affect the factors such as bioavailability or safety for 
both calcium and vitamin D is an important component of dietary 
intake assessment. Information on the practice of discretionary 
fortification by food manufacturers is needed.

3. Improve the standardization of the assay for serum 25OHD. Cur-
rently, different assays for the determination of serum 25OHD 
levels are in use, and they provide disparate results. In turn, re-
ported measures are confounded by the need to understand the 
assay used and research reports contain results that are not readily 
compared. The role of standard reference materials and inter-
laboratory collaboration is an important aspect of overcoming the 
challenges that the assay methodologies present.

RELATED RESEARCH NEED

Clinical practice was outside the scope of this committee convened to 
develop DRIs, which was tasked primarily with describing a distribution of 
requirements and upper levels of intake. However, as noted in Chapter 8, 
the cut-point levels of serum 25OHD intended to specify deficiency and 
sufficiency for the purposes of interpreting laboratory analyses and for 
use in clinical practice have been subject to a wide variation in specifica-
tion without a systematic, evidence-based consensus development process. 
The importance of this specification to both the well-being of the North 
American population and to ensuring that the population is confident in 
their health and nutriture results in the committee calling attention to this 
research need. Its broad impact requires that it be addressed by a coalition 
of stakeholders under the auspices of a science-based organization such as 
the National Institutes of Health in conjunction with equivalent science-
based organizations in Canada.
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CONCLUDING REMARKS

The committee found that the greatest information gaps, and thus the 
most critical research needs, are related to the so-called hazard identifica-
tion and hazard characterization steps in which the relationship between 
the nutrient and health outcomes are established. These needs for calcium 
and vitamin D DRI development relate to further exploring and describing 
both skeletal as well as non-skeletal health outcomes, long-term adverse 
effects of high levels of intake, and data to clarify the dose–response to 
intake. In the case of vitamin D, understanding the impact of sun exposure 
presents many challenges. Specific to the selected indicator (i.e., bone 
health), there is a need for more and better data related to the relatively 
unstudied life stage groups of children and young adults and the differ-
ences among racial/ethnic groups. Furthermore, the committee found 
a pressing public health need for development of consensus, science-
based guidelines to establish cut-point levels for vitamin D deficiency and 
insufficiency.
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A

Acronyms, Abbreviations, and Glossary

ACRONYMS AND ABBREVIATIONS

25-hydroxyvitamin D
  In this report, 25OHD (also referred to as calcidiol or calcifediol); 

indicates no distinction between D2 and D3 forms. When relevant, 
forms distinguished as 25OHD2 and 25OHD3.

1,25-dihydroxyvitamin D
  In this report, calcitriol. Ercalcitriol refers to 1,25-dihydroxyvitamin 

D2, but in this report, the term “calcitriol” will be used for both.
24,25-dihydroxyvitamin D
  In this report, 24,25(OH)2D.

AHRQ Agency for Healthcare Research and Quality
AI Adequate Intake
ALTM All-laboratory trimmed mean
AMDR Acceptable Macronutrient Distribution Range
ATBC Alpha-Tocopherol Beta-Carotene Cancer Prevention Study

BDI Beck Depression Inventory
BMAD Bone mineral apparent density
BMC Bone mineral content
BMD Bone mineral density
BMI Body mass index
BV Bone volume
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CCHS Canadian Community Health Survey
CDC Centers for Disease Control and Prevention
CG Control group
CHMS Canadian Health Measures Survey
CI Confidence interval
CNF Canadian Nutrient File
CPBA Competitive protein binding assay
CVD Cardiovascular disease
CYP Cytochrome P450

DBP Vitamin D binding protein
DEQAS Vitamin D External Quality Assurance Scheme
DNA Deoxyribonucleic acid
DRI Dietary Reference Intake
DXA Dual-energy X-ray absorptiometry

EAR Estimated Average Requirement
EPIC European Prospective Investigation into Cancer and 

Nutrition
EPIDOS Epidémiologie de l’Ostéoporose study

FGF23 Fibroblast-like growth factor-23
FN Femoral neck

GC Gas chromatography
GFR Glomerular filtration rate

HPFS Health Professionals Follow-up Study
HR Hazard ratio

IBD Inflammatory bowel disease
IFN Interferon
Ig Immunoglobulin
IG Intervention group
IHD Ischemic heart disease
IL Interleukin
IOM Institute of Medicine
iPTH Intact parathyroid hormone
IU International Unit

K-MMSE Mini-Mental State Examination for Koreans
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LC Liquid chromatography
LOAEL Lowest-observed-adverse-effect level
LS Lumbar spine
LSM Least squares mean

MAS Milk-alkali syndrome
MMSE Mini-Mental State Examination
mo Month(s)
mRNA Messenger ribonucleic acid
MrOS Osteoporotic Fractures in Men Study
MS Mass spectrometry; Multiple sclerosis
MS/MS Tandem mass spectrometry

NA Not applicable
NCa Normocalcemic
NCHS National Center for Health Statistics
NCI National Cancer Institute
ND Not determined
NHANES National Health and Nutrition Examination Survey
NHS Nurses’ Health Study
NIH National Institutes of Health
NIST National Institute of Standards and Technology
NOAEL No-observed-adverse-effect level
NOD Nonobese diabetic
NR Not reported
NS Not significant

OA Osteoarthritis
OC Oral contraceptive
OP Osteoporosis
OR Odds ratio
OV Osteoid volume

PLCO Prostate, Lung, Colorectal, and Ovarian Cancer Screening 
Trial

PM Postmenopausal
POMS Profile of Mood States
PTH Parathyroid hormone
PTHrP Parathyroid hormone–related protein

RA Rheumatoid arthritis
RANK Receptor activator for nuclear factor κ B
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RCT Randomized controlled trial
RDA Recommended Dietary Allowance
RECORD Randomised Evaluation of Calcium and/Or vitamin D trial
RIA Radioimmunoassay
RNI Recommended Nutrient Intake
RR Relative risk

SD Standard deviation
SE Standard error
SEM Standard error of the mean
SLE Systemic lupus erythematosus
SPA Single-photon absorptiometry
SPF Sun protection factor
SRM Standard Reference Material

TB Tuberculosis; Total body
Th T helper
TH Total hip
Tr Trochanter
TRPV6  Transient receptor potential cation channel, vanilloid 

family member 6
Tx Treatment

UK United Kingdom
UL Tolerable Upper Intake Level
U.S. United States
USDA U.S. Department of Agriculture
UV Ultraviolet
UVB Ultraviolet B

VDDR Vitamin D–dependent rickets
VDR Vitamin D receptor
VDRE Vitamin D–responsive element
VEGF Vascular endothelial growth factor

WHI Women’s Health Initiative
WWEIA What We Eat in America
wk Week(s)

y Year(s)
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GLOSSARY

Achlorhydria
  A lack of hydrochloric acid in the digestive juices in the stomach.
Adenoma
  A benign epithelial tumor of glandular origin.
Adequate Intake
  The recommended average daily intake level of a nutrient based 

on observed or experimentally determined approximations or es-
timates of intakes that are assumed to be adequate for a group 
(or groups) of apparently healthy people; used when the Recom-
mended Dietary Allowance cannot be determined.

Adipokines
  Cytokines, growth factors, and other proteins produced and se-

creted by adipose tissue.
Adipose tissue
  A connective tissue consisting chiefly of fat cells surrounded by 

reticular fibers and arranged in lobular groups or along the course 
of one of the smaller blood vessels.

Amenorrhea
  Abnormal suppression or absence of menstruation.
Anorexia
  The symptom of poor appetite whatever the cause.
Anorexia nervosa
  A psychophysiological disorder usually occurring in teenage 

women that is characterized by fear of becoming obese, a distorted 
self-image, a persistent aversion to food, and severe weight loss, 
and that is often marked by hyperactivity, self-induced vomiting, 
amenorrhea, and other physiological changes.

Antigen
  Any substance that stimulates an immune response in the body.
Antirachitic
  Cures or prevents rickets.
Asthma
  A chronic inflammatory disease of the airways.
Autism
  A complex developmental disability that typically appears during 

the first few years of life; is the result of a neurological disorder 
that affects the normal functioning of the brain, impacting de-
velopment in the areas of social interaction and communication 
skills.
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Biomarker
  A biochemical, physiological, behavioral, or other alteration that 

can be measured in the body or its products that influences, pre-
dicts, or is associated with an established or possible outcome, 
health impairment, or disease.

Body mass index
  An indirect measure of body fat calculated as the ratio of a person’s 

body weight to the square of a person’s height:
  BMI (kg/m2) = weight (kilograms)/height (meters)2

 BMI (lb/in2) = weight (pounds)/height (inches)2 × 703
Bone mineral content
  The hardness of bone results from its mineral content in the or-

ganic matrix.
Bone mineral density
  A measure of bone density that reflects the strength of bones as 

represented by calcium content.

Calcification
  Impregnation with calcium or calcium salts; hardening, as of tis-

sue, by such impregnation.
Calcinosis
  The abnormal deposition of calcium salts in a part or tissue of the 

body.
Calcitonin
  A peptide hormone, produced by the thyroid gland in humans, 

that acts to lower plasma calcium and phosphate levels without 
augmenting calcium accretion.

Calcitriol
  Another name for 1,25-dihydroxyvitamin D.
Calcium
  A mineral found mainly in the hard part of bones, where it is 

stored; it is essential for healthy bones and is important for muscle 
contraction, heart action, nervous system maintenance, and nor-
mal blood clotting.

Calciuria
  The presence of calcium in the urine.
Cancer
  A malignant and invasive growth or tumor.
Cardiovascular disease
  Any abnormal condition characterized by dysfunction of the heart 

and blood vessels; includes atherosclerosis (especially coronary 
heart disease), cerebrovascular disease, and hypertension.
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Chondrocyte
  A connective tissue cell that occupies a lacuna within the cartilage 

matrix.
Chylomicron
  One of the microscopic particles of fat occurring in chyle (a diges-

tive fluid) and in the blood, especially after a meal high in fat.
Computed tomography
  Tomography used in diagnostic studies of internal bodily struc-

tures, in which computer analysis of a series of cross–sectional 
scans made along a single axis of a bodily structure or tissue is used 
to construct a three-dimensional image of that structure.

Creatinine
  One of the nonprotein constituents of blood, a breakdown prod-

uct of creatinine (protein used to make adenosine triphosphate). 
Increased quantities of serum creatinine are found in advanced 
stages of renal disease.

Crohn’s disease
  A chronic inflammatory disease of the intestines that primarily 

causes ulcerations (breaks in the lining) of the small and large 
intestines, but can affect the digestive system anywhere from the 
mouth to the anus.

Cut-point
  A specified quantitative measure used to demarcate the pres-

ence or absence of a health-related condition; often used in 
interpreting measures obtained from analysis of blood (example: 
blood measures below “x” ng/mL indicate a deficiency state for 
Nutrient Y).

Cytochrome
  Any of a class of iron-containing proteins important to cell respira-

tion as catalysts of oxidation–reduction reactions.

Depression
  A condition of general emotional dejection and withdrawal; sad-

ness greater and more prolonged than that warranted by any ob-
jective reason.

Dermis
  The sensitive connective tissue layer of the skin located below the 

epidermis, containing nerve endings, sweat and sebaceous glands, 
and blood and lymph vessels.

Diabetes mellitus
  A group of metabolic diseases characterized by high blood sugar 

(glucose) levels that result from defects in insulin secretion or ac-
tion, or both.
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Diabetes, type 1
  An autoimmune disease that occurs when T cells attack and deci-

mate the β-cells in the pancreas that are needed to produce insu-
lin, so that the pancreas makes too little insulin (or no insulin); 
there is a genetic predisposition to type 1 diabetes, and the disease 
tends to occur in childhood, adolescence, or early adulthood (be-
fore age 30), but it may have its clinical onset at any age.

Diabetes, type 2
  Disease in which the β-cells of the pancreas produce insulin but 

the body is unable to use it effectively because the cells of the 
body are resistant to the action of insulin; also known as insulin-
resistant diabetes, non-insulin-dependent diabetes, and adult-onset 
diabetes.

Dietary Reference Intake
  A set of four distinct nutrient-based reference values that replaced 

the former Recommended Dietary Allowance in the United States. 
These include Estimated Average Requirement (EAR), Recom-
mended Dietary Allowance (RDA), Adequate Intake (AI), and 
Tolerable Upper Intake Level (UL).

Dose–response assessment
  Determination of the relationship between nutrient intake (dose) 

and some criterion of either adequacy or adverse effect.
Dual-energy X-ray absorptiometry
  Means of measuring bone density with two X-ray beams with dif-

fering energy levels aimed at an individual’s bones.

Emesis
  The act or process of vomiting.
Endocrine
  Pertaining to hormones and the glands that make and secrete 

them into the bloodstream through which they travel to affect 
distant organs.

Epidermis
  The nonvascular outer protective layer of the skin, covering the 

dermis.
Ergosterol
  A plant sterol that is converted into vitamin D by ultraviolet 

radiation.
Estimated Average Requirement
  The average daily nutrient intake level that is estimated to meet 

the requirements of half of the healthy individuals in a particular 
life stage and gender group.
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Estradiol
  The most potent naturally occurring estrogen.
Etiology
  Causes and origins of disease.

Fibroblast
  A cell ubiquitous in connective tissue that makes and secretes 

collagen.

Glucocorticoid
  Any of a group of steroid-like compounds, such as hydrocorti-

sone, that are produced by the adrenal cortex, are involved in 
carbohydrate, protein, and fat metabolism, and are used as anti-
inflammatory agents.

Hematocrit
  The percentage by volume of packed red blood cells in a given 

sample of blood after centrifugation.
Homeostasis
  A property of cells, tissues, and organisms that allows the main-

tenance and regulation of the stability and constancy needed to 
function properly.

Hormone
  A substance, usually a peptide or a steroid, produced by one tissue 

and conveyed in the bloodstream to another to effect physiological 
activity, such as growth or metabolism.

Hydroxyapatite
  The principal bone salt that provides the compressional strength 

of vertebrate bone.
Hypercalcemia
  A higher than normal level of calcium in the blood.
Hypercalciuria
  Excess calcium in the urine.
Hyperglycemia
  A high blood sugar; an elevated level specifically of the sugar glu-

cose in the blood.
Hypertension/hypertensive
  Systolic blood pressure ≥ 140 mmHg or diastolic blood pressure 

≥ 90 mmHg.
Hypophosphatemia
  Abnormally low concentrations of phosphates in the blood.
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Inflammatory bowel disease
  Any of several incurable and debilitating diseases of the gastro-

intestinal tract characterized by inflammation and obstruction of 
parts of the intestine.

Influenza
  An acute, commonly epidemic disease occurring in several forms, 

caused by numerous rapidly mutating viral strains and character-
ized by respiratory symptoms and general prostration.

Ligand
  An ion, a molecule, or a molecular group that binds to another 

chemical entity to form a larger complex.
LOAEL
  The lowest intake (or experimental dose) of a nutrient at which 

an adverse effect has been identified.
Lumisterol
  A naturally occurring compound that is part of the vitamin D fam-

ily of steroid compounds.

Macrophage
  A type of white blood cell that ingests foreign material.
Menopause
  The state of an absence of menstrual periods for 12 months.
Metabolic syndrome
  Also called insulin resistance syndrome and Metabolic Syndrome 

X. A group of conditions that increase risk of heart disease, dia-
betes, and stroke. The five conditions are high blood pressure, 
high blood sugar levels, high levels of circulating triglycerides, low 
levels of circulating high-density lipoprotein, and excess fat in the 
abdominal area.

Microsome
  A small particle in the cytoplasm of a cell, typically consisting 

of fragmented endoplasmic reticulum to which ribosomes are 
attached.

Milk-alkali syndrome
   Caused by the ingestion of large amounts of calcium and absorb-

able alkali with resulting hypercalcemia; if untreated, can lead to 
metastatic calcification and renal failure.

Morbidity
  Illness or disease.
Mortality
  A fatal outcome; death.
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Multiple sclerosis
  A disease in which the nerves of the central nervous system (brain 

and spinal cord) degenerate.

Natriuresis
  Excretion of excessive amounts of sodium in the urine.
Neoplasm
  A new, often uncontrolled growth of abnormal tissue; tumor.
Nephrocalcinosis
  Renal lithiasis characterized by diffusely scattered foci of calcifica-

tion in the kidneys.
Nephrolithiasis
  Calculi in the kidneys.
NOAEL
  The highest intake (or experimental dose) of a nutrient at which 

no adverse effect has been observed.
Nutrient
  A substance (such as a chemical element or inorganic compound) 

that an organism needs to live and grow; a substance used in an or-
ganism’s metabolism that must be taken in from its environment.

Nutriture
  A state of nutrition in the body.

Osteoblast
  A cell from which bone develops.
Osteoclast
  A large multinucleate cell found in growing bone that resorbs 

bony tissue, as in the formation of canals and cavities.
Osteocyte
  A branched cell imbedded in the matrix of bone tissue.
Osteogenesis
  Formation and development of bony tissue.
Osteoid
  Resembling bone; the bone matrix, especially before calcification.
Osteomalacia
  The softening of bone, the depletion of calcium from bone; may 

be caused by poor dietary intake or poor absorption of calcium 
and other minerals needed to harden bones and can be a charac-
teristic feature of vitamin D deficiency in adults.

Osteopenia
  A condition of bone in which decreased calcification, decreased 

density, or reduced mass occurs.
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Osteoporosis
  A condition characterized by a decrease in bone density (a de-

crease in bone strength that results in fragile bones); leads to 
abnormally porous bone that is compressible, like a sponge.

Parathyroid gland
  A gland that regulates calcium, located behind the thyroid gland 

in the neck, which secretes parathyroid hormone.
Parathyroid hormone
  A hormone that is made by the parathyroid gland and that is criti-

cal to calcium and phosphorus balance.
Perimenopause
  The interval in which a women’s body begins its transition into 

menopause.
Periosteal
  Pertaining to the periosteum, the membrane covering the bones.
Phosphate
  A form of phosphoric acid; calcium phosphate makes bones and 

teeth hard.
Polyuria
  The excessive passage of urine, resulting in profuse urination and 

urinary frequency.
Preeclampsia
  A toxic condition developing in late pregnancy characterized by a 

sudden rise in blood pressure, generalized edema, proteinuria, se-
vere headache, and visual disturbances that may result in eclampsia 
(convulsive or coma state) if untreated.

Previtamin D3
  A short-lived intermediate form arising from exposure of provi-

tamin D3 (7-dehydrocholesterol) in the skin to UVB irradiation. 
Body heat quickly changes previtamin D3 into vitamin D3.

Prohormone
  An intraglandular precursor of a hormone.
Provitamin D3 (7-dehydrocholesterol)
  A provitamin present in the skin of humans as well as the milk of 

mammals that becomes vitamin D3 when exposed to ultraviolet 
light.

Recommended Dietary Allowance
  The average daily dietary intake level that is sufficient to meet the 

nutrient requirements of nearly all (97.5 percent) healthy indi-
viduals in a particular life stage and gender group.
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Rheumatoid arthritis
  An autoimmune disease that causes chronic inflammation of the 

joints.
Rickets
  A disorder caused by a deficiency of vitamin D, calcium, or phos-

phate, which leads to softening and weakening of the bones and is 
seen most commonly in children 6 to 24 months of age.

Sarcoidosis
  A disease that results from a specific type of inflammation of tis-

sues of the body that can appear in almost any body organ, often 
starting in the lungs or lymph nodes.

Scleroderma
  A pathological thickening and hardening of the skin caused by 

swelling and thickening of fibrous tissue.
Systemic lupus erythematosus
  A chronic, autoimmune, inflammatory disease of connective tissue 

that causes fever, weakness, fatigue, joint pains, and skin lesions on 
the face, neck, or arms.

Tachysterol
  An isomer of ergosterol that forms vitamin D2 when irradiated with 

ultraviolet light.
Tolerable Upper Intake Level
  The highest average daily nutrient intake level that is likely to pose 

no risk of adverse effects to almost all individuals in the general 
population. As intake increases above the Tolerable Upper Intake 
Level, the potential risk of adverse effects may increase.

Transgenic
  Having genetic material (deoxyribonucleic acid) from another 

species.
Tuberculosis
  A highly contagious infection caused by the bacterium called My-

cobacterium tuberculosis.

Ultraviolet
  Pertaining to electromagnetic radiation having wavelengths in the 

range of approximately 5 to 400 nm; shorter than visible light, but 
longer than X-rays.

Ultraviolet B
  Medium wavelength (280 to 320 nm) ultraviolet rays from the sun; 

help synthesis of vitamin D3; the “burning” rays in the ultraviolet 
spectrum.
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Vasodilatation
  Relaxation or widening of the blood vessels; leads to a lowered 

blood pressure.
Vitamin D
  Also referred to as calciferol; comprises a group of fat-soluble seco-

sterols. The two major forms are vitamin D2 and vitamin D3 (both 
vitamin D2 and vitamin D3 can be synthesized commercially and 
may be found in dietary supplements or fortified foods; they differ 
only in their side chain structure).

Vitamin D2
  Also referred to as ergocalciferol; originates from plants and is 

found in the human diet.
Vitamin D3
  Also referred to as cholecalciferol; is synthesized in the skin of 

humans from 7-dehydrocholesterol and is also consumed in the 
diet via the intake of animal-based foods.

Vitamin D–resistant rickets
  An inherited form of rickets characterized by high concentrations 

of phosphate in the blood due to defective renal tubular reabsorp-
tion of phosphate and subnormal absorption of dietary calcium.
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Issues and Interests Identified 
by Study Sponsors

1. For a reference value related to adequate intakes, particular con-
sideration should be given to the selection of indicators of adequacy for 
the various age, gender, and life stage groups that will allow for the deter-
mination of the type of reference value of highest relevance to the needs 
of the sponsors. Such needs are most readily met in the case of vitamin D 
and calcium by the establishment of an Estimated Average Requirement  
(EAR). 

Estimated Average Requirement: The average daily nutrient intake level that is estimated 
to meet the requirements of half of the healthy individuals in a particular life stage and gen-
der group (Dietary Reference Intakes: The Essential Guide to Nutrient Requirements, IOM [2006]).

The EAR is useful because it is the best type of reference value for 
assessing the adequacy of estimated nutrient intakes of groups and for 
planning intakes for groups. It is also the most useful type of reference 
value when planning and assessing total diets. These are necessary and 
primary applications by the study sponsors.

2. For reference values related to excessive intakes, Tolerable Upper 
Intake Levels (UL) for the various age, gender, and life stage groups are 
needed. Efforts should be made to examine if a critical adverse effect can 
be selected, which will allow for the determination of a Benchmark Intake  
(aka “Benchmark Dose”).

Benchmark Intake: The intake of a substance that is expected to result in a prespecified 
level of effect. (A Model for Establishing Upper Levels of Intake for Nutrients and Related Substances, 
[WHO/FAO]).

3. In determining the reference values for vitamin D, confounding 
factors are important considerations, notably those that affect the DRI 
population groups such as latitude, sun exposure, skin pigmentation, vi-
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tamin D stores, and obesity will be considered. In addition, specification 
as to whether the EAR and UL are related to lean body mass or to energy 
intake would be useful, as data allow.

4. The target population of interest for the reference values are the 
people residing in the United States and Canada, including those whose 
needs for or sensitivity to vitamin D or calcium may be affected by particu-
lar conditions such as obesity or oral contraceptive use; those with highly 
pigmented skin; those with risk factors for chronic disease; and those with 
chronic or other diseases that do not alter their requirements for or sensi-
tivity to vitamin D or calcium. For vitamin D, the target population may also 
include subgroups within the general population whose requirements for 
vitamin D intakes may need to be considered within the context of limited 
endogenous synthesis or differences in metabolic handling of vitamin D 
(e.g., limited sun exposure because of latitude, clothing, institutionaliza-
tion, dark skin pigmentation; older persons with reduced capacity for 
dermal synthesis; racial/ethnic differences in metabolic handling of these 
nutrients). In deriving the reference values, it is useful if the relevance 
of study populations found in the literature is considered relative to the 
target population. It is also important to identify as data allow the special 
populations whose nutrient requirements or sensitivities differ from the 
general population as described above for whom DRI values are derived 
(e.g., diseased persons, persons using drugs known to alter the nutrient 
requirements or safety profiles).
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Methods and Results from the AHRQ-
Ottawa Evidence-Based Report on 
Effectiveness and Safety of Vitamin 

D in Relation to Bone Health

The purpose of this systematic evidence-based review, referred to as 
AHRQ-Ottawa,  requested by the Office of Dietary Supplements, National 
Institutes of Health and conducted by the University of Ottawa Evidence-
based Practice Center (UO-EPC) was to review and synthesize the pub-
lished literature on five key questions.

 Cranney, A., T. Horsley, S. O’Donnell, H. A. Weiler, L. Puil, D. S. Ooi, S. A. Atkinson, L. M. 
Ward, D. Moher, D. A. Hanley, M. Fang, F. Yazdi, C. Garritty, M. Sampson, N. Barrowman, 
A. Tsertsvadze and V. Mamaladze. 2007. Effectiveness and Safety of Vitamin D in Relation to 
Bone Health. Evidence Report/Technology Assessment No. 158. (Prepared by the Univer-
sity of Ottawa Evidence-based Practice Center (UO-EPC) under Contract No. 290-02-0021.) 
AHRQ Publication No. 07-E013. Rockville, MD: Agency for Healthcare Research and Quality. 

1. Are specific circulating concentrations of 25 hydroxyvitamin D 
(25[OH]D) associated with bone health outcomes in:
  A. Children: rickets, bone mineral density (BMD), bone mineral con-

tent (BMC), fractures, or parathyroid hormone (PTH)?
  B. Women of reproductive age (including pregnant and lactating 

women): BMD, calcaneal ultrasound, fractures, PTH?
  C. Elderly men and postmenopausal women: BMD, fractures, falls?
2. Do food fortification, sun exposure, and/or vitamin D supplementa-
tion affect circulating concentrations of 25(OH)D?
3. What is the evidence regarding the effect of supplemental doses of 
vitamin D on bone mineral density and fracture or fall risk and does this 
vary with age groups, ethnicity, body mass index, or geography?
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4. Is there a level of sunlight exposure that is sufficient to maintain ad-
equate vitamin D levels but does not increase the risk of non-melanoma or 
melanoma skin cancer?
5. Does intake of vitamin D above current reference intakes lead to toxici-
ties (e.g., hypercalcemia, hypercalciuria, and calcification of soft tissue or 
major organs)?

The review focused on electronic searches of the medical literature 
to identify publications addressing the aforementioned questions. Out of 
9,150 citations, 112 RCTs, 19 prospective cohorts, 30 case–control studies, 
and 6 before-after studies were systematically reviewed, and each was rated 
on quality and used to assess the strength of evidence for each outcome.

The methods and results chapters of the AHRQ-Ottawa evidence re-
view are reprinted below. The report in its entirety, including appendices 
and evidence tables, can be accessed and viewed at http://www.ahrq.gov/
clinic/tp/vitadtp.htm#Report.
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Methods and Results from the 
AHRQ-Tufts Evidence-Based Report 

on Vitamin D and Calcium

The purpose of this systematic evidence-based review, referred to as 
AHRQ-Tufts,  requested by the Office of Dietary Supplements/National 
Institutes of Health, the Public Health Agency of Canada, Health Canada, 
and the Food and Drug Administration and conducted by the Tufts Evi-
dence-based Practice Center (EPC), was to answer key scientific questions 
on how dietary vitamin D and calcium intake effect health outcomes. 

 Chung, M., E. M. Balk, M. Brendel, S. Ip, J. Lau, J. Lee, A. Lichtenstein, K. Patel, G. Raman, 
A. Tatsioni, T. Terasawa and T. A. Trikalinos. 2009. Vitamin D and Calcium: A Systematic 
Review of Health Outcomes. Evidence Report No. 183. (Prepared by the Tufts Evidence-
based Practice Center under Contract No. HHSA 290-2007-10055-I.) AHRQ Publication No. 
09-E015. Rockville, MD: Agency for Healthcare Research and Quality. 

The 
key questions addressed in the AHRQ-Tufts reports are as follows:

Key Question 1. What is the effect of vitamin D, calcium, or combined 
vitamin D and calcium intakes on clinical outcomes, including growth, 
cardiovascular diseases, body weight outcomes, cancer, immune function, 
pregnancy or birth outcomes, mortality, fracture, renal outcomes, and soft 
tissue calcification?

Key Question 2. What is the effect of vitamin D, calcium, or combined vita-
min D and calcium intakes on surrogate or intermediate outcomes, such 
as hypertension, blood pressure, and bone mineral density?
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Key Question 3. What is the association between serum 25(OH)D concentra-
tions or calcium balance and clinical outcomes?

Key Question 4. What is the effect of vitamin D or combined vitamin D and 
calcium intakes on serum 25(OH)D concentrations?

Key Question 5. What is the association between serum 25(OH)D concentra-
tions and surrogate or intermediate outcomes?

The review focused on electronic searches of the medical literature 
(1969–April 2009) to identify publications addressing the aforementioned 
questions. One hundred and sixty-five primary articles and 11 systematic 
reviews that incorporated more than 200 additional primary articles were 
systematically reviewed, and each was rated on quality and used to assess 
the strength of evidence for each outcome.

The methods and results chapters of the AHRQ-Tufts evidence re-
view are reprinted below. The report in its entirety, including appendices 
and evidence tables, can be accessed and viewed at http://www.ahrq.gov/
clinic/tp/vitadcaltp.htm.
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Literature Search Strategy

In order to review the most relevant scientific literature available, 
the committee and staff regularly conducted thorough searches of sev-
eral online bibliographic data bases, including Medline, Science Direct, 
and WorldCat/First Search. General searches on vitamin D, calcium, and 
health outcomes were first conducted to identify primary literature. Using 
the results of the primary search, key search terms were developed and 
secondary searches were then conducted. Search terms were also chosen 
based on relevance to the report outline and topics included in the previ-
ous IOM report (IOM, 1997). Although initial searches were general, sub-
sequent searches focused on retrieving studies that were not covered by the 
evidence-based reviews conducted by AHRQ-Ottawa (Cranney et al., 2007) 
and AHRQ-Tufts (Chung et al., 2009). Similar to the methodology used 
by the AHRQ reports searches were limited to English. As the study pro-
gressed, focused searches were conducted as needed and general searches 
were carried out to identify newly published articles. See Box E-1 for an 
example of how searches were conducted.
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TABLE E-1 Sample Search History for Literature Published After 
AHRQ-Tufts

Number Searches Results

1 exp Vitamin D/ 34296

2 (25-hydroxy vit D or plasma vit D or 25OHD or 25-OHD) 956

3 (25OHD3 or “25(OH)D3” or 25-OHD3 or “25-(OH)D3”).tw. 1205

4 (“25(OH)D” or “25-(OH)D” or “25-OH-D”).tw. 1696

5 25-hydroxycholecalciferol.tw. 877

6 25-hydroxyergocalciferol.tw. 27

7 calcidiol.tw. 227

8 Calcifediol/ 2443

9 (vit adj (d or d2 or d3)).mp. 244

10 Ergocalciferols/ 2050

11 Ergocalciferol$.tw. 322

12 Cholecalciferol/ 4499

13 Cholecalciferol$.tw. 1172

14 calciferol.tw. 363

15 or/1-14 35253

16 exp Calcium/ 218026

17 exp Calcium Carbonate/ or exp Calcium Citrate/ or exp Calcium 
Phosphates/ or exp Calcium Malate/ 

24264

18 exp Calcium, Dietary/
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (7533)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (515)
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (7533)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (515)

8048

19 calcium.tw. 250569

20 or/16-19 373131

21 15 or 20 392115

22 21 and (200905* or 200906* or 200907* or 200908*).ed. 3840

23 limit 22 to english language [Limit not valid in CCTR; records were 
retained] 

3544

24 limit 23 to humans [Limit not valid in CCTR; records were retained] 1906
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TABLE E-1 Continued

Number Searches Results

25 limit 24 to (addresses or bibliography or biography or comment 
or congresses or consensus development conference or consensus 
development conference, nih or dictionary or directory or duplicate 
publication or editorial or in vitro or interview or lectures or letter 
or news or newspaper article or “review”) [Limit not valid in CCTR; 
records were retained] 

443

26 24 not 25 1463

27 randomized controlled trial.pt. 537352

28 controlled clinical trial.pt. 156124

29 randomized controlled trials/ 62621

30 Random Allocation/ 85834

31 Double-blind Method/ 187602

32 Single-Blind Method/ 21457

33 clinical trial.pt. 729105

34 Clinical Trials.mp. or exp Clinical Trials/ 268451

35 exp Clinical Trial/ 587643

36 (clinic$ adj25 trial$).tw. 218792

37 ((singl$ or doubl$ or trebl$ or tripl$) adj (mask$ or blind$)).tw. 214271

38 Placebos/ 46595

39 placebo$.tw. 225224

40 random$.tw. 736338

41 trial$.tw. 569938

42 (latin adj square).tw. 3500

43 Comparative Study.tw. 55680

44 exp Evaluation studies/ 140739

45 Follow-Up Studies/ 421249

46 Prospective Studies/ 316292

47 (control$ or prospectiv$ or volunteer$).tw. 2441089

48 Cross-Over Studies/
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (24638)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (18713)
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (24638)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (18713)

43351

continued
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TABLE E-1 Continued

Number Searches Results

49 or/27-48 3820192

50 49 and 26 551

51 21 392115

52 limit 51 to english language [Limit not valid in CCTR; records were 
retained] 

351480

53 limit 52 to yr=“2009—2010”
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (8085)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (89)
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (8085)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (89)

8174

54 limit 53 to humans [Limit not valid in CCTR; records were retained]
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (2956)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (89)
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (2956)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (89)

3045

55 remove duplicates from 54
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (2751)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (3)
Ovid MEDLINE(R) In-Process & Other Non-Indexed Citations and 
Ovid MEDLINE(R) <1950 to Present> (2751)
EBM Reviews—Cochrane Central Register of Controlled Trials <3rd 
Quarter 2009> (3)

2754
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Evidence Maps

As part of the committee’s approach to the evaluation of data, evidence 
maps were developed to assist the committee in organizing its review of 
the available evidence for each indicator of interest. No effort was made 
to “fine tune” these maps, but rather they were an initial tool used by the 
committee to quickly summarize the nature of the available data. The evi-
dence maps below show the evidence from mechanistic and animal data, 
observational studies, and randomized controlled trials (RCTs). In its evalu-
ation of RCT evidence, the committee considered the study design and 
whether an indicator was pre-specified as a primary or secondary outcome. 
Overall, the committee evaluated individual studies and when needed, 
took methodological differences into account when categorizing a study 
for inclusion in the evidence maps. However the committee acknowledges 
the variability in the quality of studies within and across categories, and 
relied on its expert judgment and a detailed evaluation of each study when 
drawing conclusions about the relevance and application of an indicator 
to further consideration in the DRI process. Chapter 4 provides detailed 
text on each of the key studies that were considered by the committee for 
the selection of an indicator.
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TABLE F-1 Evidence Map for Cancer/Neoplasms

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

Calcium
All cancers ✓ ✓ ✓ ✓b ✓b

Breast cancer — — ✓ — —
Colorectal cancer ✓ ✓ ✓ ✓b ✓b

Colorectal adenoma ✓ ✓ ✓ ✓ —
Prostate cancer — ✓ ✓ — —

Vitamin D
All cancers ✓ ✓ ✓ — ✓b

Breast cancer — — ✓ — ✓b

Colorectal cancer ✓ ✓ ✓ — ✓b

Colorectal adenoma ✓ ✓ ✓ — ✓b

Prostate cancer — — ✓ — —

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
 bLimited data.

TABLE F-2 Evidence Map for Cardiovascular Diseases (CVD)/
Hypertension

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomea

Calcium ✓ ✓ ✓ — ✓ b

Vitamin D ✓ ✓ ✓ — ✓ b

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
 bLimited data.

TABLE F-3 Evidence Map for Diabetes (Type 2) and Metabolic 
Syndrome

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre–specified 
Outcomesa

Vitamin D ✓ ✓ ✓ ✓ ✓

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
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TABLE F-4 Evidence Map for Falls and Physical Performance

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

Calcium ✓ ✓ ✓ ✓ ✓

Vitamin D ✓ ✓ ✓ ✓ ✓

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.

TABLE F-5 Evidence Map for Immune Function

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non–
Pre-specified 
Outcomesa

Vitamin D

Asthma ✓ ✓ ✓ — —

Diabetes (Type 1) ✓ ✓ ✓ — —

Irritable bowel and 
crohn’s disease

✓ ✓ ✓ — —

Multiple sclerosis ✓ ✓ ✓ — —

Rheumatoid 
arthritis

✓ — ✓ — —

Systemic lupus 
erythematosus

✓ ✓ ✓ — —

Tuberculosis ✓ ✓ ✓ ✓ ✓

Influenza/
Upper respiratory 
infections

✓ ✓ ✓ ✓ —

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
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TABLE F-6 Evidence Map for Neuropsychological Functioning

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

Vitamin D
Autism ✓ ✓ ✓ — —
Cognitive 
Function

✓ ✓ ✓ — —

Depression ✓ — ✓ ✓ —

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not prespecified by the investigators.

TABLE F-7 Evidence Map for Preeclampsia of Pregnancy

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

Calcium — — ✓ ✓ ✓

Vitamin D — — ✓ — —

NOTE: ✓ = evidence is published; — = no available evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
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TABLE F-8 Evidence Map for Bone Health

Indicator
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

Calcium absorption ✓ ✓ ✓ ✓ ✓

Calcium balance ✓ ✓ ✓ ✓ ✓

BMD/BMC ✓ ✓ ✓ ✓ ✓

Fracture risk ✓ ✓ ✓ ✓ ✓

Osteomalacia/
rickets

✓ ✓ ✓ ✓ ✓

Intermediate
Mechanistic 
Data

Animal 
Data

Observational 
Studies

Randomized Trials

Primary 
Outcome

Secondary or 
Non– 
Pre-specified 
Outcomesa

25OHD ✓ ✓ ✓ ✓ ✓

PTH ✓ ✓ ✓ ✓ ✓

NOTE: Data may reflect studies designed to study combined calcium and vitamin D admin-
istration, calcium alone, or vitamin D alone. ✓ = evidence is published; — = no available 
evidence.
 aSecondary outcomes often were not pre-specified by the investigators.
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TABLE G-1 Case Studies of Vitamin D Toxicity

Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Children

Djamil and 
Tu-Tunji. 1931. 
Lancet letter to 
the editor

2-yr-old male Vigantol (irradiated 
ergosterol); 3 tsp

1 d Edema and albuminuria

1947. BMJ letter to 
editor

Not specified Cod liver oil Response from editor: A toxic dose of more than 
200,000 units would only be achieved with ingestion 
of 2.65 L cod liver oil/d

Ross. 1952. Journal 
of Pediatrics 
:815-822

4 infants ages 8-14 
mo

Irradited ergosterol 
containing an estimated 
30,000–40,000 IU vitamin

Daily for 8-12 mo 18–19 mg/dL All presented with anorexia, weight loss, weakness; 2 
infants recovered within 6–9 mo following removal 
of vitamin D; 2 infants died: autopsy showed fibrotic 
changes in vascular tissue, calcification of other 
tissues was noted, particularly lung

Jacqz et al. 1985 Infants with 
hypercalcemia (2 
cases with vitamin 
D toxicity)

Vitamin D and calcium 
supplementation

Both cases presented with anorexia, diarrhea, and 
vomiting

Case 1: 3 mo old 10.5 mg/dL 129 ng/ml
Case 2: 7 mo old 300 mg D3 10.5 mg/dL 126 ng/ml

Besbas et al. 
1989. Turkish J 
Pediatrics 
31:239-244

Case 1: 3 mo old Vitamin D: 45,000 IU/d 45 d 19.5 mg/dL Calcium phosphate crystals in urine; bilateral 
medullary nephrocalcinosis; vomiting and lethargy;

Case 2: 4 mo old Vitamin D: 60,000 IU/d 30 d 17.6 mg/dL both pts recovered without incident

Dent. 1964. BMJ 
letter to editor

6 yr old Vitamin D (Calciferol 
Tablets B.P.): 1.25 mg. 
(~50,000 IU)/d

9 mo Extreme thirst, hypercalcemia, symptoms of diabetes 
insipidus

Counts et al. 1975. 
Ann Internal Med 
82:196-200

4-yr-old male Vitamin D2 (Drisdol): 
50,000 up to 100,000 
IU/d

2 mo following 
bilateral 
nephrectomy

17.2 mg/dL 635 ng/ml Leg pain, cessation of growth resulting from bone 
resorption; serum calcium, accompanied by nausea 
and vomiting. Tx with Ca-free dialysate failed to 
reduce serum Ca; prednisolone for 7 d; calcitonin tx 
stabilized serum Ca

DeWind. 1960. 
Arch Dis Child 
36:373-380

5.5 yr old Vitamin D: 100,000 IU 
+ cod liver oil-2 T + 
multivitamin

daily × 2–3 mo; and 
continued intake of 
tx vitamin D for 1 yr 
after hospitalization

17 mg/dL Nausea and non-tender lumps over both tibias; 
X-rays showed alternating patterns of increased and 
decreased bone density. Loss of bone density and 
tissue calcification continued despite removal of 
vitamin D and the pt died

Barrueto et al. 
2005. Pediatrics 
116:e453-e456

2-yr-old male Vitamin D 
(ergocalciferol): 
2,400,000 IU

4 d 14.4 mg/dL 470 ng/ml Constipation and colic; persistent hypertension; no 
renal, cardiac, neurological symptoms noted. Acute 
toxicity treated with furosemide, calcitonin, and 
hydrocortisol
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of Pediatrics 
:815-822

4 infants ages 8-14 
mo
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containing an estimated 
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infants recovered within 6–9 mo following removal 
of vitamin D; 2 infants died: autopsy showed fibrotic 
changes in vascular tissue, calcification of other 
tissues was noted, particularly lung

Jacqz et al. 1985 Infants with 
hypercalcemia (2 
cases with vitamin 
D toxicity)

Vitamin D and calcium 
supplementation

Both cases presented with anorexia, diarrhea, and 
vomiting

Case 1: 3 mo old 10.5 mg/dL 129 ng/ml
Case 2: 7 mo old 300 mg D3 10.5 mg/dL 126 ng/ml

Besbas et al. 
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Pediatrics 
31:239-244

Case 1: 3 mo old Vitamin D: 45,000 IU/d 45 d 19.5 mg/dL Calcium phosphate crystals in urine; bilateral 
medullary nephrocalcinosis; vomiting and lethargy;

Case 2: 4 mo old Vitamin D: 60,000 IU/d 30 d 17.6 mg/dL both pts recovered without incident

Dent. 1964. BMJ 
letter to editor

6 yr old Vitamin D (Calciferol 
Tablets B.P.): 1.25 mg. 
(~50,000 IU)/d

9 mo Extreme thirst, hypercalcemia, symptoms of diabetes 
insipidus

Counts et al. 1975. 
Ann Internal Med 
82:196-200

4-yr-old male Vitamin D2 (Drisdol): 
50,000 up to 100,000 
IU/d

2 mo following 
bilateral 
nephrectomy

17.2 mg/dL 635 ng/ml Leg pain, cessation of growth resulting from bone 
resorption; serum calcium, accompanied by nausea 
and vomiting. Tx with Ca-free dialysate failed to 
reduce serum Ca; prednisolone for 7 d; calcitonin tx 
stabilized serum Ca

DeWind. 1960. 
Arch Dis Child 
36:373-380

5.5 yr old Vitamin D: 100,000 IU 
+ cod liver oil-2 T + 
multivitamin

daily × 2–3 mo; and 
continued intake of 
tx vitamin D for 1 yr 
after hospitalization

17 mg/dL Nausea and non-tender lumps over both tibias; 
X-rays showed alternating patterns of increased and 
decreased bone density. Loss of bone density and 
tissue calcification continued despite removal of 
vitamin D and the pt died

Barrueto et al. 
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116:e453-e456

2-yr-old male Vitamin D 
(ergocalciferol): 
2,400,000 IU

4 d 14.4 mg/dL 470 ng/ml Constipation and colic; persistent hypertension; no 
renal, cardiac, neurological symptoms noted. Acute 
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Adults

Puig. 1998. Ann 
Internal Med 
128(7):601-602

66-yr-old female Vitamin D: 200 IU + 
1,000 mg calcium/twice 
daily

3 yr 4.04 mmol/L
(16.2 mg/dL)

696 nmol/L
(278.8 ng/ml)

Anemia and dehydration; toxicity treated with milk-
free diet

Rizzoli et al. 1994.
Bone 15:193-198

7 adults ages 55–84 Vitamin D3: 30,000–
60,000 IU/d

3 weeks to 7.5 yr 3.30 mmol/L 
(mean)
(13.2 mg/dL)

710 nmol/L 
(mean)
(284.5 ng/ml)

Asthenia, anorexia, nausea, polydipsia, polyuria; 
hypercalciuria; PTH levels were low normal. 
Discontinuation of vitamin D normalized calcemia in 
3 d and calcidiol levels in 3 mo; bisphosphonate was 
used to inhibit bone resorption

(range = 2.52–
4.59 mmol/L)
(10.8–18.4 mg/
dL)

(range = 221–
1692 nmol/L)
(88.5–677.9  
ng/ml)

Davies and Adams. 
1976. The Lancet 

Case 1: 59-yr-old 
female post-
thyroidectomy for 
40 yr

Vitamin D: Pts reported nausea, vomiting; case 3 had extensive 
arterial and ligamentous calcification; tx with 
corticosteroids and withdrawal of vitamin D

50,000–100,000 IU/d >30 yr 3.1 mmol/L
(12.4 mg/dL

Case 2: 71-yr-old 
female with Paget’s 
disease

150,000 IU/d 7 yr 4.5 mmol/L
(18 mg/dL)

450 nmol/L
(180.3 ng/ml)

Case 3: 51-yr-old 
female

100,000 IU/d 10 yr 3.75 mmol/L
(15 mg/dL)

400 nmol/L
(160.3 ng/ml)

1950. BMJ letter to 
editor

Vitamin D2: 100,000 
IU/d

3 weeks Pt reported feeling well. Response from editor: 
Feeling well occurs early in toxicity. Toxic dose varies 
from 200,000–400,000 IU daily for 10 d.

Streck et al. 1979. 
Arch Intern Med 
139:974-977

49-yr-old female 
post-thyroidectomy

Vitamin D: 100,000 
units/d; plus high 
calcium diet

3.8 yr 12.8 mg/dL;

(Urinary 
calcium: 493– 
600 mg/24 hr)

283 ng/mL Tx with prednisone resolved hypercalcemia via 
inhibition of bone resorption of calcium

Sterling and 
Rupp. 1967. Acta 
Endocrinologica 
54:380-384

69-yr-old male with 
carcinoma of the 
larynx

Vitamin D (Calciferol): 
100,000 units/d

3 weeks 3.8–5.1 mEq/L
(15.2–20.4  
mg/dL)

Nausea, anorexia, polyuria that progressed to 
dehydration and coma. Removal of vitamin D and tx 
with corticosteroids resolved elevated calcium and 
CV abnormality

Aub. 1951. Amer 
Prac 2(11):976-981

59-yr-old female Vitamin D: 150,000 
units/d

6–8 weeks 14.3 mg/dL Weight loss, memory loss; evidence of renal damage 
and corneal calcification. Tx not discussed

Vieth et al. 2002.
Lancet 359:672

29- and 63-yr-old 
related males

Vitamin D poisoning: 
12.6 mg D3/g crystalline 
sugar (~1,700,000 IU/d)

7 mo 3.82 mmol/L
(15.3 mg/dL)

1,555 nmol/L
(623 ng/ml)

Anorexia, fever, chills, vomiting, increased thirst; 
5 kg weight loss; conjunctivitis, acute renal failure, 
PTH <1 pmol/L. Tx with IV hydrocortisone, sodium 
phosphate, and pamidronic acid; both patients 
survived.

TABLE G-1 Continued
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Adults

Puig. 1998. Ann 
Internal Med 
128(7):601-602

66-yr-old female Vitamin D: 200 IU + 
1,000 mg calcium/twice 
daily

3 yr 4.04 mmol/L
(16.2 mg/dL)

696 nmol/L
(278.8 ng/ml)

Anemia and dehydration; toxicity treated with milk-
free diet

Rizzoli et al. 1994.
Bone 15:193-198

7 adults ages 55–84 Vitamin D3: 30,000–
60,000 IU/d

3 weeks to 7.5 yr 3.30 mmol/L 
(mean)
(13.2 mg/dL)

710 nmol/L 
(mean)
(284.5 ng/ml)

Asthenia, anorexia, nausea, polydipsia, polyuria; 
hypercalciuria; PTH levels were low normal. 
Discontinuation of vitamin D normalized calcemia in 
3 d and calcidiol levels in 3 mo; bisphosphonate was 
used to inhibit bone resorption

(range = 2.52–
4.59 mmol/L)
(10.8–18.4 mg/
dL)

(range = 221–
1692 nmol/L)
(88.5–677.9  
ng/ml)

Davies and Adams. 
1976. The Lancet 

Case 1: 59-yr-old 
female post-
thyroidectomy for 
40 yr

Vitamin D: Pts reported nausea, vomiting; case 3 had extensive 
arterial and ligamentous calcification; tx with 
corticosteroids and withdrawal of vitamin D

50,000–100,000 IU/d >30 yr 3.1 mmol/L
(12.4 mg/dL

Case 2: 71-yr-old 
female with Paget’s 
disease

150,000 IU/d 7 yr 4.5 mmol/L
(18 mg/dL)

450 nmol/L
(180.3 ng/ml)

Case 3: 51-yr-old 
female

100,000 IU/d 10 yr 3.75 mmol/L
(15 mg/dL)

400 nmol/L
(160.3 ng/ml)

1950. BMJ letter to 
editor

Vitamin D2: 100,000 
IU/d

3 weeks Pt reported feeling well. Response from editor: 
Feeling well occurs early in toxicity. Toxic dose varies 
from 200,000–400,000 IU daily for 10 d.

Streck et al. 1979. 
Arch Intern Med 
139:974-977

49-yr-old female 
post-thyroidectomy

Vitamin D: 100,000 
units/d; plus high 
calcium diet

3.8 yr 12.8 mg/dL;

(Urinary 
calcium: 493– 
600 mg/24 hr)

283 ng/mL Tx with prednisone resolved hypercalcemia via 
inhibition of bone resorption of calcium

Sterling and 
Rupp. 1967. Acta 
Endocrinologica 
54:380-384

69-yr-old male with 
carcinoma of the 
larynx

Vitamin D (Calciferol): 
100,000 units/d

3 weeks 3.8–5.1 mEq/L
(15.2–20.4  
mg/dL)

Nausea, anorexia, polyuria that progressed to 
dehydration and coma. Removal of vitamin D and tx 
with corticosteroids resolved elevated calcium and 
CV abnormality

Aub. 1951. Amer 
Prac 2(11):976-981

59-yr-old female Vitamin D: 150,000 
units/d

6–8 weeks 14.3 mg/dL Weight loss, memory loss; evidence of renal damage 
and corneal calcification. Tx not discussed

Vieth et al. 2002.
Lancet 359:672

29- and 63-yr-old 
related males

Vitamin D poisoning: 
12.6 mg D3/g crystalline 
sugar (~1,700,000 IU/d)

7 mo 3.82 mmol/L
(15.3 mg/dL)

1,555 nmol/L
(623 ng/ml)

Anorexia, fever, chills, vomiting, increased thirst; 
5 kg weight loss; conjunctivitis, acute renal failure, 
PTH <1 pmol/L. Tx with IV hydrocortisone, sodium 
phosphate, and pamidronic acid; both patients 
survived.
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Lilienfeld-Toal 
et al. 1978. Klin 
Wschr 56:715-717

70 yr old Vitamin D3: 15 mg/d 3 weeks 6.1 mval/L 498 nmol/L
(200 ng/ml)

Fatigue and psychotic symptoms; no evidence of 
2° osteoporosis was found. Tx with vitamin D was 
interrupted; the increased body pool of calcium 
returned to normal when serum vitamin D levels 
decreased to 200 ng/ml

Selby et al. (1995) 6 patients 
(most were 
hypoparathyroid)

2.5–5.0 mg/d, (80,000 IU
to 200,000 IU D2)/d

2–13 yr 3.26 mmol/L 
(mean)
(13.04 mg/dL)

842 nmol/L 
(mean)
(337.3 ng/ml)

Admitted for hypercalcemia; renal failure

Irnell (1969) 
Acta Med Scand. 
185:147-152, 1969)

34-yr old 270,000 IU/d 10 d 6.6 mEq/L Patient exhibited symptoms of toxicity (tiredness, 
vomiting, diarrhrea, polyuria, weight loss, muscular 
weakness, headache) at 45,000 IU/d

45,000 IU/d 6 yr 8.5–9.6 mEq/L

Accidental or Industrial Poisoning

Scanlon 
et al. 1995. Am 
J Public Health 
85:1418-1422

234 survey 
respondents

Milk over-fortified with 
vitamin D at 70–600X 
concentration; (>50 
IU/100 g)

Intake range: Linear regression model showed a 1 oz increase in 
milk intake was associated with 1.39 ng/ml increase 
in serum 25(OH)D. No association was found 
between milk intake and elevated serum calcium; 
there was an association with elevated serum 25(OH)
D and urinary calcium

(oz/d) mean (mg/dL) mean (ng/ml)
< 5.5 2.4 32.8
5.5–11.0 2.3 39.5
11.1–19.6 2.4 41.3
≥ 19.7 2.4 44.7

Blank et al. 1995. 
Am J Public 
Health 85:656-659

Hospital discharge, 
lab, and health 
dept data 
from cases of 
hypervitaminosis D

Milk over-fortified 
with vitamin D + other 
risk factors, i.e., use 
supplements; sun 
sensitivity, history of 
cancer

~3 yr 13.1 mg/dL 
(mean for 35 
cases)

224 ng/ml 
(mean for 35 
cases)

Consumption of milk from sources other than 
the over-fortified milk was not associated with 
hypervitaminosis D

Jacobus et al. 1992. 
New Engl J Med 
326:1173-1177

8 individuals ages 
8 mo to 82 yr 
consumed milk 
excessively fortified 
with vitamin D

Milk over-fortified 
with cholecalciferol 
at concentrations of 
396,400 and 376,800 
IU/ml

Variable exposure 7 of 8 had 
hypercalcemia; 
1 had 
hypercalcuria 
with 
normocalcemia

Mean for all 
cases: 731 ± 434 
nmol/L (293  
± 174 ng/ml)

Vitamin D3 concentrate in milk that was up to 580 
times in excess resulted in elevated serum vitamin 
D3, but not D2 in consumers. All consumers of the 
milk had elevated 25(OH)D levels and most had 
hypercalcemia

Thomson and 
Johnson. 1986. 
Postgrad Med J 
62:1025-1028

7 family members; 
3 adults and 4 
children ages 1.5 
to 14 yr

Unknown food source 
containing excessively 
high vitamin D

Single exposure 2.72– 4.08 
nmol/L
(10.9–16.3 mg/
dL)

832–1,287 
nmol/L
(333.0–
515.6 ng/ml)

Serum calcium levels returned to normal within 24 d 
but 25(OH)D levels remained elevated for 1 yr; 1,25 
(OH)D was not significantly elevated in the adults

Pettifor et al. 1995. 
Ann Intern Med 
122:511-513

10 family members 
and 1 servant; 
age range 8-69 
yr ingested oil 
containing a 
veterinary vitamin 
D concentrate

Cholecalciferol 
concentrate in peanut oil 
= 2 million U/g

Unknown exposure 3.46–4.61 
nmol/L
(13.8–18.4 mg/
dL)

847–1,652 
nmol/L
(339.3–
661.9 ng/ml)

Cholecalciferol poisoning did not elevate total 1-25 
(OH)2D in 8 and only marginally in 3 of intoxicated 
patients; but did elevate free 1-25 (OH)2D in all

TABLE G-1 Continued
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Lilienfeld-Toal 
et al. 1978. Klin 
Wschr 56:715-717

70 yr old Vitamin D3: 15 mg/d 3 weeks 6.1 mval/L 498 nmol/L
(200 ng/ml)

Fatigue and psychotic symptoms; no evidence of 
2° osteoporosis was found. Tx with vitamin D was 
interrupted; the increased body pool of calcium 
returned to normal when serum vitamin D levels 
decreased to 200 ng/ml

Selby et al. (1995) 6 patients 
(most were 
hypoparathyroid)

2.5–5.0 mg/d, (80,000 IU
to 200,000 IU D2)/d

2–13 yr 3.26 mmol/L 
(mean)
(13.04 mg/dL)

842 nmol/L 
(mean)
(337.3 ng/ml)

Admitted for hypercalcemia; renal failure

Irnell (1969) 
Acta Med Scand. 
185:147-152, 1969)

34-yr old 270,000 IU/d 10 d 6.6 mEq/L Patient exhibited symptoms of toxicity (tiredness, 
vomiting, diarrhrea, polyuria, weight loss, muscular 
weakness, headache) at 45,000 IU/d

45,000 IU/d 6 yr 8.5–9.6 mEq/L

Accidental or Industrial Poisoning

Scanlon 
et al. 1995. Am 
J Public Health 
85:1418-1422

234 survey 
respondents

Milk over-fortified with 
vitamin D at 70–600X 
concentration; (>50 
IU/100 g)

Intake range: Linear regression model showed a 1 oz increase in 
milk intake was associated with 1.39 ng/ml increase 
in serum 25(OH)D. No association was found 
between milk intake and elevated serum calcium; 
there was an association with elevated serum 25(OH)
D and urinary calcium

(oz/d) mean (mg/dL) mean (ng/ml)
< 5.5 2.4 32.8
5.5–11.0 2.3 39.5
11.1–19.6 2.4 41.3
≥ 19.7 2.4 44.7

Blank et al. 1995. 
Am J Public 
Health 85:656-659

Hospital discharge, 
lab, and health 
dept data 
from cases of 
hypervitaminosis D

Milk over-fortified 
with vitamin D + other 
risk factors, i.e., use 
supplements; sun 
sensitivity, history of 
cancer

~3 yr 13.1 mg/dL 
(mean for 35 
cases)

224 ng/ml 
(mean for 35 
cases)

Consumption of milk from sources other than 
the over-fortified milk was not associated with 
hypervitaminosis D

Jacobus et al. 1992. 
New Engl J Med 
326:1173-1177

8 individuals ages 
8 mo to 82 yr 
consumed milk 
excessively fortified 
with vitamin D

Milk over-fortified 
with cholecalciferol 
at concentrations of 
396,400 and 376,800 
IU/ml

Variable exposure 7 of 8 had 
hypercalcemia; 
1 had 
hypercalcuria 
with 
normocalcemia

Mean for all 
cases: 731 ± 434 
nmol/L (293  
± 174 ng/ml)

Vitamin D3 concentrate in milk that was up to 580 
times in excess resulted in elevated serum vitamin 
D3, but not D2 in consumers. All consumers of the 
milk had elevated 25(OH)D levels and most had 
hypercalcemia

Thomson and 
Johnson. 1986. 
Postgrad Med J 
62:1025-1028

7 family members; 
3 adults and 4 
children ages 1.5 
to 14 yr

Unknown food source 
containing excessively 
high vitamin D

Single exposure 2.72– 4.08 
nmol/L
(10.9–16.3 mg/
dL)

832–1,287 
nmol/L
(333.0–
515.6 ng/ml)

Serum calcium levels returned to normal within 24 d 
but 25(OH)D levels remained elevated for 1 yr; 1,25 
(OH)D was not significantly elevated in the adults

Pettifor et al. 1995. 
Ann Intern Med 
122:511-513

10 family members 
and 1 servant; 
age range 8-69 
yr ingested oil 
containing a 
veterinary vitamin 
D concentrate

Cholecalciferol 
concentrate in peanut oil 
= 2 million U/g

Unknown exposure 3.46–4.61 
nmol/L
(13.8–18.4 mg/
dL)

847–1,652 
nmol/L
(339.3–
661.9 ng/ml)

Cholecalciferol poisoning did not elevate total 1-25 
(OH)2D in 8 and only marginally in 3 of intoxicated 
patients; but did elevate free 1-25 (OH)2D in all
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Hodges. 1985. 
British Med J 
290:748-749.

32-yr-old male 
working with 
crystalline vitamin 
D in a laboratory 
setting

Unknown exposure Intermittent 
exposure: 32 d in 
1981; 11 d in 1982; 
22 d in 1983

3.5–3.7 mmol/L 
(~14 mg/dL)

496 ng/ml Polydypsia, polyuria, anorexia, nausea; tx with IV 
saline, furosemide; hydrocortisone

Klontz. 2007. 
New Engl J Med 
357:308-309

58-yr-old female 
diagnosed with 
diabetes and 
rheumatoid 
arthritis

Vitamin D3 overdose in 
a supplement; 186,906 
IU/6 capsules

~2 mo 3.75 mmol/L
(15 mg/dL)

1,171 nmol/L
(469.2 ng/ml)

Fatigue, constipation, back pain, forgetfulness, 
nausea, vomiting; tx with IV saline, furosemide, and 
pamidronate

Down et al. 1979. 
Postgrad Med J 
55:897-902

3 family members; 
2 adults ages 24 yr 
and 1 infant aged 
11 mo

Cholecalciferol 
concentrate in nut oil = 5 
million IU/ml

Single exposure 3.95 mmol/L
(15.8 mg/dL)

58–60 IU/ml
(145–150 ng/
ml)

Both adults developed renal failure. The female 
aborted a 10-week fetus at 3 weeks post-diagnosis for 
hypervitaminosis D. Plasma vitamin D levels were 
60 IU/ml 5 weeks post-diagnosis; nephrocalcinosis 
persisted in the adult male but neither had long-term 
renal impairment

(mean for 
adults at 5 weeks 
post-exposure)

(5 weeks 
post-exposure)

Chiricone et al. 
2003. J Nephrol 
15:917-921

Case reports: Multivitamin preparation 
per injection; 100,000 IU 
vitamin D/vial

Renal colic, confusion, lethargy, and weakness; 
reported passing small stones; tx with IV saline, 
furosemide, glucocorticoids

62-yr-old male 3 vials/d per 20 
d/3 mo: total 
exposure estimate = 
18,000,000 IU

15.3 mg/dL >150 ng/ml

55-yr-old female 3 vials/d per 20 
d/1.5 mo total 
exposure estimate = 
9,000,000 IU

11.3 mg/dL >150 ng/ml

TABLE G-1 Continued
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Study Patient/Population Preparation; Dose Duration Serum Calcium Serum 25(OH)D Symptoms/Health Effects

Hodges. 1985. 
British Med J 
290:748-749.

32-yr-old male 
working with 
crystalline vitamin 
D in a laboratory 
setting

Unknown exposure Intermittent 
exposure: 32 d in 
1981; 11 d in 1982; 
22 d in 1983

3.5–3.7 mmol/L 
(~14 mg/dL)

496 ng/ml Polydypsia, polyuria, anorexia, nausea; tx with IV 
saline, furosemide; hydrocortisone

Klontz. 2007. 
New Engl J Med 
357:308-309

58-yr-old female 
diagnosed with 
diabetes and 
rheumatoid 
arthritis

Vitamin D3 overdose in 
a supplement; 186,906 
IU/6 capsules

~2 mo 3.75 mmol/L
(15 mg/dL)

1,171 nmol/L
(469.2 ng/ml)

Fatigue, constipation, back pain, forgetfulness, 
nausea, vomiting; tx with IV saline, furosemide, and 
pamidronate

Down et al. 1979. 
Postgrad Med J 
55:897-902

3 family members; 
2 adults ages 24 yr 
and 1 infant aged 
11 mo

Cholecalciferol 
concentrate in nut oil = 5 
million IU/ml

Single exposure 3.95 mmol/L
(15.8 mg/dL)

58–60 IU/ml
(145–150 ng/
ml)

Both adults developed renal failure. The female 
aborted a 10-week fetus at 3 weeks post-diagnosis for 
hypervitaminosis D. Plasma vitamin D levels were 
60 IU/ml 5 weeks post-diagnosis; nephrocalcinosis 
persisted in the adult male but neither had long-term 
renal impairment

(mean for 
adults at 5 weeks 
post-exposure)

(5 weeks 
post-exposure)

Chiricone et al. 
2003. J Nephrol 
15:917-921

Case reports: Multivitamin preparation 
per injection; 100,000 IU 
vitamin D/vial

Renal colic, confusion, lethargy, and weakness; 
reported passing small stones; tx with IV saline, 
furosemide, glucocorticoids

62-yr-old male 3 vials/d per 20 
d/3 mo: total 
exposure estimate = 
18,000,000 IU

15.3 mg/dL >150 ng/ml

55-yr-old female 3 vials/d per 20 
d/1.5 mo total 
exposure estimate = 
9,000,000 IU

11.3 mg/dL >150 ng/ml

TABLE G-1 Continued
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H

Estimated Intakes of Calcium and 
Vitamin D from National Surveys

UNITED STATES

In order to assist the committee, staff from the National Cancer Insti-
tute (NCI), National Institutes of Health (NIH), provided more detailed 
information regarding calcium and vitamin D intakes among the U.S. 
population than is available from Bailey et al. (2010).

Bailey, R. L., K. W. Dodd, J. A. Goldman, J. J. Gahche, J. T. Dwyer, A. J. Moshfegh, C. T. 
Sempos and M. F. Picciano. 2010. Estimation of Total Usual Calcium and Vitamin D Intake 
in the United States. Journal of Nutrition 140(4): 817-22.

 The data tables pro-
vided are included in this appendix (Tables H-1 through H-4). The data 
are based on the 2005–2006 reports from the National Health and Nutri-
tion Examination Survey (NHANES), specifically What We Eat in America,

Available online at http://www.ars.usda.gov/Services/docs.htm?docid=13793 (accessed 
August 13, 2010).

 
but incorporate (1) information on supplement use to allow the estimation 
of a total intake; (2) a shrinkage estimator approach rather than a Monte 
Carlo approach to obtain usual intake percentiles; and (3) supplement use 
as a covariate. These data form the basis for some of the figures in Chapter 
7, as specified in the figure legends.

CANADA

Intake data for calcium and vitamin D from the Canadian Community 
Health Survey (CCHS), Cycle 2.2, Nutrition are shown in Tables H-5 and 
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3

3

H-6. These values have been obtained from the publicly available reports  
and form the basis for some of the figures in Chapter 7, as specified in the 
figure legends.

Available online at http://www.statcan.gc.ca/cgi-bin/imdb/p2SV.pl?Function=getSurvey
&SDDS=3226&lang=en&db=imdb&adm=8&dis=2#a2 (access August 13, 2010).

TABLE H-1 Estimated Calcium Intake (mg/day) in the United States 
from Food Sources Only, NHANES 2003–2006

DRI Sex/Age 
Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 998.4 372.5 501.1 733.2 968.0 1213.6 1604.7 2102.1
[S.E.] [28.8] [35.2] [25.3] [21.6] [35.2] [49.3] [79.1] [237.1]

M 4–8 Est. 1058.6 413.3 597.4 854.6 1044.8 1207.4 1583.3 1961.0
[S.E.] [29.7] [52.3] [35.8] [32.4] [39.0] [46.7] [51.7] [112.5]

M 9–13 Est. 1074.8 472.2 587.7 864.2 1055.1 1267.6 1600.0 1933.2
[S.E.] [31.7] [62.9] [64.8] [35.7] [45.0] [39.7] [78.9] [166.8]

M 14–18 Est. 1269.3 423.4 585.6 884.2 1168.7 1564.5 2346.0 2980.8
[S.E.] [38.3] [69.3] [59.3] [35.0] [39.2] [54.6] [157.9] [211.8]

M 19–30 Est. 1210.9 459.0 582.4 868.9 1126.5 1490.1 2109.3 2576.8
[S.E.] [33.6] [30.0] [42.6] [31.5] [33.6] [55.4] [112.7] [184.5]

M 31–50 Est. 1116.2 410.3 558.1 821.1 1051.9 1354.2 1886.1 2278.6
[S.E.] [24.9] [69.2] [31.6] [25.5] [30.0] [40.2] [80.4] [118.1]

M 51–70 Est. 952.1 314.3 443.0 686.3 882.6 1148.2 1704.4 2272.5
[S.E.] [20.0] [25.0] [24.0] [18.2] [18.2] [30.9] [60.3] [182.1]

M 71+ Est. 871.9 323.7 407.3 640.2 833.3 1059.6 1422.1 1860.7
[S.E.] [25.6] [18.9] [25.0] [20.7] [21.1] [38.4] [77.5] [185.0]

F 1–3 Est. 986.0 381.6 541.5 758.0 936.3 1130.2 1545.1 1821.6
[S.E.] [28.1] [35.2] [27.3] [28.2] [26.3] [38.5] [89.1] [130.9]

F 4–8 Est. 951.3 408.7 515.9 739.2 898.4 1105.9 1527.3 1891.3
[S.E.] [26.9] [32.1] [39.8] [31.7] [30.2] [43.9] [56.9] [137.9]

F 9–13 Est. 966.9 384.6 496.1 743.0 938.2 1161.8 1564.1 1992.2
[S.E.] [44.9] [63.0] [52.3] [49.5] [42.5] [59.5] [136.4] [319.7]

F 14–18 Est. 875.8 301.0 428.0 657.5 825.5 1047.8 1458.3 1909.1
[S.E.] [25.3] [29.4] [37.6] [27.4] [33.0] [43.0] [78.1] [191.4]

F 19–30 Est. 838.5 314.3 437.2 640.2 791.9 1011.3 1329.8 1643.1
[S.E.] [25.7] [52.4] [37.9] [24.2] [24.8] [33.8] [54.9] [228.8]

F 31–50 Est. 866.7 311.4 387.7 621.9 797.4 1045.2 1514.1 2083.6
[S.E.] [20.6] [14.9] [20.7] [15.6] [19.0] [26.7] [74.9] [198.5]

F 51–70 Est. 788.4 280.2 407.5 587.1 755.4 942.0 1352.5 1664.7
[S.E.] [22.4] [24.7] [16.1] [16.9] [22.9] [29.8] [54.3] [49.3]

F 71+ Est. 749.7 286.7 344.5 536 706.5 895.3 1336.7 1709.5
[S.E.] [18.1] [27.1] [16.9] [18.6] [16.5] [26.1] [46.0] [175.1]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-2 Estimated Calcium Intake (mg/day) in the United States 
from Food and Dietary Supplements, NHANES 2003–2006

DRI Sex/Age 
Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 1008.4 372.5 514.3 740.4 969.6 1217.7 1604.7 2102.1
[S.E.] [28.4] [35.2] [29.2] [23.7] [30.0] [53.7] [89.6] [237.1]

M 4–8 Est. 1087.2 459.7 636.3 874.6 1070.4 1248.1 1633.3 2044.0
[S.E.] [31.1] [53.4] [40.3] [30.0] [33.8] [52.7] [60.3] [163.2]

M 9–13 Est. 1092.8 472.2 613.0 876.6 1070.3 1278.7 1664.9 2124.5
[S.E.] [32.9] [62.9] [65.7] [34.9] [47.4] [37.8] [74.0] [125.0]

M 14–18 Est. 1296.9 423.4 592.0 904.9 1210.2 1584.1 2439.9 3057.7
[S.E.] [41.1] [60.5] [62.3] [39.8] [42.4] [54.2] [148.9] [219.4]

M 19–30 Est. 1259.5 459.0 595.0 890.0 1165.8 1545.1 2159.2 2686.9
[S.E.] [34.0] [30.3] [40.0] [35.7] [41.1] [52.4] [161.6] [175.6]

M 31–50 Est. 1220.2 440.2 573.8 874.0 1139.5 1487.4 2164.7 2706.3
[S.E.] [27.4] [79.1] [29.4] [28.0] [28.9] [47.7] [66.9] [220.5]

M 51–70 Est. 1092.0 349.6 463.5 737.3 992.9 1321.4 2021.7 2743.1
[S.E.] [21.4] [24.2] [21.0] [19.5] [20.5] [30.9] [128.2] [205.1]

M 71+ Est. 1087.0 338.5 455.4 740.3 966.8 1282.4 2014.7 3059.8
[S.E.] [28.6] [27.4] [20.2] [30.3] [28.9] [36.9] [71.1] [412.4]

F 1–3 Est. 977.3 397.2 545.0 774.8 946.5 1135.7 1547.5 1824.6
[S.E.] [28.1] [37.7] [23.7] [32.2] [31.0] [32.9] [86.4] [124.7]

F 4–8 Est. 974.1 435.1 533.5 756.1 912.7 1144.4 1541 1891.3
[S.E.] [27.1] [32.3] [35.0] [31.5] [27.8] [46.5] [46.1] [123.2]

F 9–13 Est. 988.4 389.3 498.4 749.1 942.1 1200.3 1587.9 2086.3
[S.E.] [47.1] [60.8] [52.6] [49.9] [39.1] [60.8] [122.1] [280.4]

F 14–18 Est. 917.8 301.0 430.5 662.7 867.3 1100.3 1607.7 2008.3
[S.E.] [30] [29.4] [36.7] [29.1] [41.4] [55.5] [117.9] [105.2]

F 19–30 Est. 945.4 314.3 437.2 660.1 863.2 1094.6 1671.3 2550.8
[S.E.] [29.8] [52.4] [38.6] [30.6] [21.7] [51] [137.7] [349.1]

F 31–50 Est. 1055.4 326.0 441.6 690.6 933.7 1274.7 2099.2 2661.7
[S.E.] [28.3] [15.9] [22.0] [20.9] [25.6] [56.5] [151.7] [128.0]

F 51–70 Est. 1186.5 280.2 439.7 709.3 1043.6 1487.0 2364.0 3697.9
[S.E.] [37.3] [35.7] [23.1] [34.4] [43.6] [56.2] [109.8] [792.6]

F 71+ Est. 1139.4 290.2 385.1 663.5 982.9 1474.9 2297.7 3071.5
[S.E.] [24.9] [22.1] [31.5] [18.8] [35.9] [46.7] [148.5] [203.2]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-3a Estimated Vitamin D Intake (IU/day) in the United States 
from Food Sources Only, NHANES 2005–2006

DRI Sex/ 
Age Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 288 48 88 176 280 396 500 632
[S.E.] [8] [12] [16] [16] [16] [24] [24] [84]

M 4–8 Est. 256 64 92 180 236 312 440 508
[S.E.] [12] [12] [16] [16] [8] [8] [20] [96]

M 9–13 Est. 224 56 68 156 216 284 424 572
[S.E.] [8] [28] [20] [16] [12] [16] [48] [88]

M 14–18 Est. 240 28 48 104 196 320 628 824
[S.E.] [16] [4] [12] [8] [16] [16] [56] [104]

M 19–30 Est. 200 28 48 96 168 280 440 556
[S.E.] [12] [8] [12] [12] [12] [16] [44] [80]

M 31–50 Est. 216 36 56 120 176 280 508 700
[S.E.] [12] [4] [8] [8] [16] [16] [40] [60]

M 51–70 Est. 204 36 60 120 176 272 416 608
[S.E.] [12] [12] [8] [12] [8] [28] [64] [128]

M 71+ Est. 224 56 80 144 208 280 396 604
[S.E.] [16] [8] [12] [12] [16] [24] [64] [144]

F 1–3 Est. 272 48 100 176 260 348 500 700
[S.E.] [16] [20] [16] [12] [16] [20] [64] [48]

F 4–8 Est. 216 60 84 140 208 280 388 448
[S.E.] [12] [16] [12] [16] [16] [16] [32] [32]

F 9–13 Est. 208 28 64 124 196 272 416 612
[S.E.] [24] [24] [28] [24] [20] [28] [76] [196]

F 14–18 Est. 148 28 44 76 132 188 380 492
[S.E.] [8] [8] [12] [12] [12] [12] [64] [60]

F 19–30 Est. 140 16 28 80 116 188 308 472
[S.E.] [12] [8] [12] [12] [12] [16] [20] [100]

F 31–50 Est. 176 24 32 84 136 232 412 652
[S.E.] [12] [4] [4] [8] [12] [12] [76] [64]

F 51–70 Est. 156 36 48 88 140 192 332 452
[S.E.] [16] [8] [8] [8] [12] [24] [40] [184]

F 71+ Est. 176 20 44 100 160 236 352 524
[S.E.] [8] [8] [8] [12] [8] [12] [24] [92]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-3b Estimated Vitamin D Intake (µg/day) in the United States 
from Food Sources Only, NHANES 2005–2006

DRI Sex/ 
Age Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 7.20 1.20 2.20 4.40 7.00 9.90 12.50 15.80
[S.E.] [0.20] [0.30] [0.40] [0.40] [0.40] [0.60] [0.60] [2.10]

M 4–8 Est. 6.40 1.60 2.30 4.50 5.90 7.80 11.00 12.70
[S.E.] [0.30] [0.30] [0.40] [0.40] [0.20] [0.20] [0.50] [2.40]

M 9–13 Est. 5.60 1.40 1.70 3.90 5.40 7.10 10.60 14.30
[S.E.] [0.20] [0.70] [0.50] [0.40] [0.30] [0.40] [1.20] [2.20]

M 14–18 Est. 6.00 0.70 1.20 2.60 4.90 8.00 15.70 20.60
[S.E.] [0.40] [0.10] [0.30] [0.20] [0.40] [0.40] [1.40] [2.60]

M 19–30 Est. 5.00 0.70 1.20 2.40 4.20 7.00 11.00 13.90
[S.E.] [0.30] [0.20] [0.30] [0.30] [0.30] [0.40] [1.10] [2.00]

M 31–50 Est. 5.40 0.90 1.40 3.00 4.40 7.00 12.70 17.50
[S.E.] [0.30] [0.10] [0.20] [0.20] [0.40] [0.40] [1.00] [1.50]

M 51–70 Est. 5.10 0.90 1.50 3.00 4.40 6.80 10.40 15.20
[S.E.] [0.30] [0.30] [0.20] [0.30] [0.20] [0.70] [1.60] [3.20]

M 71+ Est. 5.60 1.40 2.00 3.60 5.20 7.00 9.90 15.10
[S.E.] [0.40] [0.20] [0.30] [0.30] [0.40] [0.60] [1.60] [3.60]

F 1–3 Est. 6.80 1.20 2.50 4.40 6.50 8.70 12.50 17.50
[S.E.] [0.40] [0.50] [0.40] [0.30] [0.40] [0.50] [1.60] [1.20]

F 4–8 Est. 5.40 1.50 2.10 3.50 5.20 7.00 9.70 11.20
[S.E.] [0.30] [0.40] [0.30] [0.40] [0.40] [0.40] [0.80] [0.80]

F 9–13 Est. 5.20 0.70 1.60 3.10 4.90 6.80 10.40 15.30
[S.E.] [0.60] [0.60] [0.70] [0.60] [0.50] [0.70] [1.90] [4.90]

F 14–18 Est. 3.70 0.70 1.10 1.90 3.30 4.70 9.50 12.30
[S.E.] [0.20] [0.20] [0.30] [0.30] [0.30] [0.30] [1.60] [1.50]

F 19–30 Est. 3.50 0.40 0.70 2.00 2.90 4.70 7.70 11.80
[S.E.] [0.30] [0.20] [0.30] [0.30] [0.30] [0.40] [0.50] [2.50]

F 31–50 Est. 4.40 0.60 0.80 2.10 3.40 5.80 10.30 16.30
[S.E.] [0.30] [0.10] [0.10] [0.20] [0.30] [0.30] [1.90] [1.60]

F 51–70 Est. 3.90 0.90 1.20 2.20 3.50 4.80 8.30 11.30
[S.E.] [0.40] [0.20] [0.20] [0.20] [0.30] [0.60] [1.00] [4.60]

F 71+ Est. 4.40 0.50 1.10 2.50 4.00 5.90 8.80 13.10
[S.E.] [0.20] [0.20] [0.20] [0.30] [0.20] [0.30] [0.60] [2.30]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-4a Estimated Vitamin D Intake (IU/day) in the United States 
from Food and Dietary Supplements, NHANES 2005–2006

DRI Sex/ 
Age Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 364 48 108 220 332 484 804 884
[S.E.] [16] [16] [20] [16] [20] [28] [80] [48]

M 4–8 Est. 372 68 124 224 312 488 776 996
[S.E.] [16] [32] [20] [12] [28] [36] [24] [128]

M 9–13 Est. 300 56 92 172 244 332 600 856
[S.E.] [28] [12] [20] [16] [12] [52] [40] [2236]

M 14–18 Est. 276 32 48 112 232 368 704 972
[S.E.] [20] [4] [12] [12] [24] [40] [72] [100]

M 19–30 Est. 264 28 52 100 192 368 712 1024
[S.E.] [16] [8] [12] [12] [20] [24] [76] [156]

M 31–50 Est. 316 40 72 144 256 448 724 1000
[S.E.] [12] [4] [8] [12] [24] [24] [24] [124]

M 51–70 Est. 352 44 64 136 260 528 780 988
[S.E.] [16] [12] [8] [12] [20] [24] [96] [352]

M 71+ Est. 428 60 108 196 336 596 844 1552
[S.E.] [28] [16] [12] [20] [32] [20] [112] [1800]

F 1–3 Est. 336 72 128 208 304 416 676 864
[S.E.] [16] [20] [24] [24] [32] [24] [44] [76]

F 4–8 Est. 316 64 104 176 256 392 672 1888
[S.E.] [24] [16] [12] [16] [16] [56] [60] [952]

F 9–13 Est. 308 36 64 132 216 356 756 1024
[S.E.] [40] [24] [28] [28] [24] [76] [160] [2268]

F 14–18 Est. 200 28 44 84 144 252 568 696
[S.E.] [20] [8] [12] [20] [12] [40] [44] [72]

F 19–30 Est. 232 16 32 84 156 308 640 996
[S.E.] [12] [8] [12] [12] [16] [20] [72] [140]

F 31–50 Est. 308 24 36 104 232 472 784 984
[S.E.] [20] [4] [4] [12] [20] [36] [60] [88]

F 51–70 Est. 404 36 64 136 308 560 936 2908
[S.E.] [40] [8] [12] [16] [36] [28] [88] [1544]

F 71+ Est. 400 32 80 148 356 572 940 1296
[S.E.] [20] [12] [8] [12] [36] [32] [28] [128]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-4b Estimated Vitamin D Intake (µg/day) in the United States 
from Food and Dietary Supplements, NHANES 2005–2006

DRI Sex/ 
Age Group Mean

Percentile

1st 5th 25th 50th 75th 95th 99th

M 1–3 Est. 9.10 1.20 2.70 5.50 8.30 12.10 20.10 22.10
[S.E.] [0.40] [0.40] [0.50] [0.40] [0.50] [0.70] [2.00] [1.20]

M 4–8 Est. 9.30 1.70 3.10 5.60 7.80 12.20 19.40 24.90
[S.E.] [0.40] [0.80] [0.50] [0.30] [0.70] [0.90] [0.60] [3.20]

M 9–13 Est. 7.50 1.40 2.30 4.30 6.10 8.30 15.00 21.40
[S.E.] [0.70] [0.30] [0.50] [0.40] [0.30] [1.30] [1.00] [55.90]

M 14–18 Est. 6.90 0.80 1.20 2.80 5.80 9.20 17.60 24.30
[S.E.] [0.50] [0.10] [0.30] [0.30] [0.60] [1.00] [1.80] [2.50]

M 19–30 Est. 6.60 0.70 1.30 2.50 4.80 9.20 17.80 25.60
[S.E.] [0.40] [0.20] [0.30] [0.30] [0.50] [0.60] [1.90] [3.90]

M 31–50 Est. 7.90 1.00 1.80 3.60 6.40 11.20 18.10 25.00
[S.E.] [0.30] [0.10] [0.20] [0.30] [0.60] [0.60] [0.60] [3.10]

M 51–70 Est. 8.80 1.10 1.60 3.40 6.50 13.20 19.50 24.70
[S.E.] [0.40] [0.30] [0.20] [0.30] [0.50] [0.60] [2.40] [8.80]

M 71+ Est. 10.70 1.50 2.70 4.90 8.40 14.90 21.10 38.80
[S.E.] [0.70] [0.40] [0.30] [0.50] [0.80] [0.50] [2.80] [45.00]

F 1–3 Est. 8.40 1.80 3.20 5.20 7.60 10.40 16.90 21.60
[S.E.] [0.40] [0.50] [0.60] [0.60] [0.80] [0.60] [1.10] [1.90]

F 4–8 Est. 7.90 1.60 2.60 4.40 6.40 9.80 16.80 47.20
[S.E.] [0.60] [0.40] [0.30] [0.40] [0.40] [1.40] [1.50] [23.80]

F 9–13 Est. 7.70 0.90 1.60 3.30 5.40 8.90 18.90 25.60
[S.E.] [1.00] [0.60] [0.70] [0.70] [0.60] [1.90] [4.00] [56.70]

F 14–18 Est. 5.00 0.70 1.10 2.10 3.60 6.30 14.20 17.40
[S.E.] [0.50] [0.20] [0.30] [0.50] [0.30] [1.00] [1.10] [1.80]

F 19–30 Est. 5.80 0.40 0.80 2.10 3.90 7.70 16.00 24.90
[S.E.] [0.30] [0.20] [0.30] [0.30] [0.40] [0.50] [1.80] [3.50]

F 31–50 Est. 7.70 0.60 0.90 2.60 5.80 11.80 19.60 24.60
[S.E.] [0.50] [0.10] [0.10] [0.30] [0.50] [0.90] [1.50] [2.20]

F 51–70 Est. 10.10 0.90 1.60 3.40 7.70 14.00 23.40 72.70
[S.E.] [1.00] [0.20] [0.30] [0.40] [0.90] [0.70] [2.20] [38.60]

F 71+ Est. 10.00 0.80 2.00 3.70 8.90 14.30 23.50 32.40
[S.E.] [0.50] [0.30] [0.20] [0.30] [0.90] [0.80] [0.70] [3.20]

SOURCE: Personal communication, K. Dodd, NIH/NCI, November 17, 2009.
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TABLE H-5 Estimated Calcium Intake (mg/day) in Canada from Food 
Sources Only

DRI Sex/ 
Age Group Mean

Percentile

5th 10th 25th 50th 75th 90th 95th

Both 1–3 Est. 1051 552 650 826 1041 1292 1567 1753
[S.E.] [18] [23] [23] [22] [22] [27] [37] [44]

Both 4–8 Est. 1036 585 666 814 1003 1228 1472 1635
[S.E.] [16] [21] [19] [17] [18] [26] [39] [49]

M 9–13 Est. 1219 620 718 906 1164 1482 1827 2066
[S.E.] [27] [27] [27] [27] [31] [41] [57] [75]

M 14–18 Est. 1300 670 785 1002 1288 1633 2001 2249
[S.E.] [28] [38] [37] [35] [35] [43] [60] [75]

M 19–30 Est. 1107 516 606 784 1029 1340 1691 1934
[S.E.] [35] [31] [32] [33] [38] [54] [81] [104]

M 31–50 Est. 938 440 518 680 893 1156 1458 1675
[S.E.] [17] [24] [24] [24] [24] [31] [47] [62]

M 51–70 Est. 832 390 457 588 776 1025 1304 1498
[S.E.] [17] [18] [18] [18] [20] [27] [41] [54]

M > 70 Est. 762 336 398 523 702 932 1193 1377
[S.E.] [33] [20] [21] [23] [29] [40] [57] [72]

M 19+ Est. 931 413 489 647 868 1151 1475 1708
[S.E.] [13] [11] [12] [13] [15] [20] [30] [39]

F 9–13 Est. 993 515 596 749 950 1188 1440 1611
[S.E.] [24] [23] [22] [23] [26] [33] [46] [58]

F 14–18 Est. 917 420 500 660 888 1166 1459 1659
[S.E.] [21] [21] [22] [23] [25] [33] [51] [68]

F 19–30 Est. 867 407 479 622 820 1063 1323 1498
[S.E.] [27] [25] [25] [26] [28] [36] [51] [63]

F 31–50 Est. 827 389 457 599 785 1027 1287 1477
[S.E.] [19] [21] [22] [22] [23] [28] [40] [53]

F 51–70 Est. 740 344 410 534 702 910 1138 1302
[S.E.] [13] [14] [14] [14] [15] [19] [27] [36]

F > 70 Est. 690 341 397 509 661 849 1060 1211
[S.E.] [17] [17] [18] [20] [22] [26] [34] [42]

F 19+ Est. 793 373 440 572 752 982 1234 1413
[S.E.] [10] [10] [10] [10] [12] [15] [21] [28]

SOURCE: Statistics Canada, CCHS, Cycle 2.2, Nutrition (2004).
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TABLE H-6a Estimated Vitamin D Intake in Canada (IU/day) from 
Food Sources Only

DRI Sex/ 
Age Group Mean

Percentile

5th 10th 25th 50th 75th 90th 95th

Both 1–3 Est. 260 84 116 176 252 340 436 500
[S.E.] [4] [8] [8] [8] [8] [8] [12] [16]

Both 4–8 Est. 240 100 124 168 224 296 376 432
[S.E.] [4] [4] [4] [4] [4] [8] [12] [16]

M 9–13 Est. 280 124 148 196 264 352 444 512
[S.E.] [8] [8] [8] [8] [8] [12] [16] [20]

M 14–18 Est. 304 108 140 200 288 400 544 648
[S.E.] [8] [8] [8] [8] [12] [12] [24] [32]

M 19–30 Est. 236 88 108 148 208 288 388 464
[S.E.] [8] [8] [8] [8] [12] [16] [28] [40]

M 31–50 Est. 232 92 112 148 204 288 396 476
[S.E.] [8] [8] [8] [8] [8] [12] [24] [36]

M 51–70 Est. 284 92 112 160 236 360 540 692
[S.E.] [20] [8] [8] [12] [16] [28] [48] [72]

M > 70 Est. 252 88 108 148 212 308 440 552
[S.E.] [16] [8] [8] [8] [16] [20] [32] [44]

M 19+ Est. 248 88 108 148 212 312 444 552
[S.E.] [8] [4] [4] [4] [8] [12] [20] [28]

F 9–13 Est. 228 88 112 152 208 280 368 428
[S.E.] [8] [8] [8] [8] [8] [8] [16] [20]

F 14–18 Est. 200 60 80 120 176 256 356 428
[S.E.] [8] [4] [8] [8] [8] [12] [16] [28]

F 19–30 Est. 188 68 88 120 168 232 312 372
[S.E.] [8] [8] [8] [8] [8] [12] [16] [24]

F 31–50 Est. 208 76 92 128 180 264 384 480
[S.E.] [12] [8] [8] [8] [12] [20] [40] [60]

F 51–70 Est. 200 68 84 120 176 268 392 492
[S.E.] [12] [8] [8] [8] [12] [16] [36] [52]

F > 70 Est. 212 80 100 136 188 272 376 460
[S.E.] [12] [8] [8] [8] [12] [16] [24] [36]

F 19+ Est. 200 72 88 124 176 256 368 460
[S.E.] [4] [4] [4] [4] [4] [8] [16] [28]

SOURCE: Statistics Canada, CCHS, Cycle 2.2, Nutrition (2004).
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TABLE H-6b Estimated Vitamin D Intake in Canada (µg/day) from 
Food Sources Only

DRI Sex/ 
Age Group Mean

Percentile

5th 10th 25th 50th 75th 90th 95th

Both 1–3 Est. 6.5 2.1 2.9 4.4 6.3 8.5 10.9 12.5
[S.E.] [0.1] [0.2] [0.2] [0.2] [0.2] [0.2] [0.3] [0.4]

Both 4–8 Est. 6.0 2.5 3.1 4.2 5.6 7.4 9.4 10.8
[S.E.] [0.1] [0.1] [0.1] [0.1] [0.1] [0.2] [0.3] [0.4]

M 9–13 Est. 7.0 3.1 3.7 4.9 6.6 8.8 11.1 12.8
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.2] [0.3] [0.4] [0.5]

M 14–18 Est. 7.6 2.7 3.5 5.0 7.2 10.0 13.6 16.2
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.3] [0.3] [0.6] [0.8]

M 19–30 Est. 5.9 2.2 2.7 3.7 5.2 7.2 9.7 11.6
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.3] [0.4] [0.7] [1.0]

M 31–50 Est. 5.8 2.3 2.8 3.7 5.1 7.2 9.9 11.9
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.2] [0.3] [0.6] [0.9]

M 51–70 Est. 7.1 2.3 2.8 4.0 5.9 9.0 13.5 17.3
[S.E.] [0.5] [0.2] [0.2] [0.3] [0.4] [0.7] [1.2] [1.8]

M > 70 Est. 6.3 2.2 2.7 3.7 5.3 7.7 11.0 13.8
[S.E.] [0.4] [0.2] [0.2] [0.2] [0.4] [0.5] [0.8] [1.1]

M 19+ Est. 6.2 2.2 2.7 3.7 5.3 7.8 11.1 13.8
[S.E.] [0.2] [0.1] [0.1] [0.1] [0.2] [0.3] [0.5] [0.7]

F 9–13 Est. 5.7 2.2 2.8 3.8 5.2 7.0 9.2 10.7
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.2] [0.2] [0.4] [0.5]

F 14–18 Est. 5.0 1.5 2.0 3.0 4.4 6.4 8.9 10.7
[S.E.] [0.2] [0.1] [0.2] [0.2] [0.2] [0.3] [0.4] [0.7]

F 19–30 Est. 4.7 1.7 2.2 3.0 4.2 5.8 7.8 9.3
[S.E.] [0.2] [0.2] [0.2] [0.2] [0.2] [0.3] [0.4] [0.6]

F 31–50 Est. 5.2 1.9 2.3 3.2 4.5 6.6 9.6 12.0
[S.E.] [0.3] [0.2] [0.2] [0.2] [0.3] [0.5] [1.0] [1.5]

F 51–70 Est. 5.0 1.7 2.1 3.0 4.4 6.7 9.8 12.3
S.E. [0.3] [0.2] [0.2] [0.2] [0.3] [0.4] [0.9] [1.3]

F > 70 Est. 5.3 2.0 2.5 3.4 4.7 6.8 9.4 11.5
S.E. [0.3] [0.2] [0.2] [0.2] [0.3] [0.4] [0.6] [0.9]

F 19+ Est. 5.0 1.8 2.2 3.1 4.4 6.4 9.2 11.5
[S.E.] [0.1] [0.1] [0.1] [0.1] [0.1] [0.2] [0.4] [0.7]

SOURCE: Statistics Canada, CCHS, Cycle 2.2, Nutrition (2004).
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I

Proportion of the Population 
Above and Below 40 nmol/L Serum 
25-Hydroxyvitamin D Concentrations 

and Cumulative Distribution of Serum 
25-Hydroxyvitamin D Concentrations: 

United States and Canada

The data in this appendix are provided for the readers of this report 
and were not reviewed by the committee.

For the United States (Table I-1 and Figures I-1 through I-8), the tables 
and figures for serum 25-hydroxyvitamin D (25OHD) concentrations are 
from analyses conducted in August 2010 by the National Center for Health 
Statistics, U.S. Centers for Disease Control and Prevention and based on the 
National Health and Nutrition Examination Survey (NHANES) 2003–2006.

For Canada (Table I-2 and Figures I-9 through I-14), the tables and 
figures for serum 25OHD concentrations are from analyses conducted in 
August 2010 by Statistics Canada and based on the Canadian Health Mea-
sures Survey (CHMS), Cycle 1, 2007–2009.
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PERSONS ABOVE AND BELOW 40 NMOL/L SERUM 
25-HYDROXYVITAMIN D CONCENTRATIONS 

FROM NATIONAL SURVEYS

TABLE I-1 United States: Prevalence of Serum 25OHD Concentrations 
(QC adjusted) Above and Below 40 nmol/L by Total Population and by 
Race/Ethnicity (ages 1 year and older) from NHANES 2003–2006

Estimate (95% Confidence Interval)

Total
Non-Hispanic 
White

Non-Hispanic 
Black

Mexican 
American Others

Percent
< 40 nmol/L

18.8
(16.3–21.5)

10.6
(8.9–12.4)

53.6
(48.9–58.2)

27.2
(22.8–32.0)

27.2
(23.2–31.7)

Percent
≥ 40 nmol/L

81.2
(78.5–83.7)

89.5
(87.6–91.1)

46.4
(41.8–51.1)

72.9
(68.0–77.2)

72.8
(68.3–76.8)

SOURCE: NHANES 2003–2006.

TABLE I-2 Canada: Prevalence of Serum 25OHD 
Concentrations Above and Below 40 nmol/L in 
Canada by Total Population (ages 9 years and older) 
from CHMS, Cycle 1, 2007–2009

Estimate (95% Confidence 
Interval)

Percent < 40 nmol/L 13.0 (9.9, 16.1)
Percent ≥ 40 nmol/L 87.0 (83.9, 90.1)

SOURCE: CHMS, Cycle 1, 2007–2009.
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UNITED STATES: CUMULATIVE DISTRIBUTION OF 
SERUM 25OHD CONCENTRATIONS BY AGE GROUP

FIGURE I-1 Cumulative distribution of serum 25OHD (QC adjusted) for 1- to 3- 
year-olds in the United States for the 2003 to 2006 time period.
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SOURCE: NHANES 2003–2006.
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FIGURE I-2 Cumulative distribution of serum 25OHD (QC adjusted) for 4- to 8- 
year-olds in the United States for the 2003 to 2006 time period.
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FIGURE I-3 Cumulative distribution of serum 25OHD (QC adjusted) for 9- to 13- 
year-olds in the United States for the 2003 and 2006 time period.
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1050 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

FIGURE I-4 Cumulative distribution of serum 25OHD (QC adjusted) for 14- to 
18-year-olds in the United States for the 2003 to 2006 time period.
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FIGURE I-5 Cumulative distribution of serum 25OHD (QC adjusted) for 19- to 
30-year-olds in the United States for the 2003 to 2006 time period.
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FIGURE I-6 Cumulative distribution of serum 25OHD (QC adjusted) for 31- to 
50-year-olds in the United States for the 2003 to 2006 time period.
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FIGURE I-7 Cumulative distribution of serum 25OHD (QC adjusted) for 51- to 
70-year-olds in the United States for the 2003 to 2006 time period.
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FIGURE I-8 Cumulative distribution of serum 25OHD (QC Aajusted) for > 70-year- 
olds in the United States for the 2003 to 2006 time period.
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CANADA: CUMULATIVE DISTRIBUTION OF SERUM 
25OHD CONCENTRATIONS BY AGE GROUP

FIGURE I-9 Cumulative distribution of serum 25OHD for 9- to 13-year-olds in 
Canada for the 2007 to 2009 time period.
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FIGURE I-10 Cumulative distribution of serum 25OHD for 14- to 18-year-olds in 
Canada for the 2007 to 2009 time period.
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SOURCE: CHMS, Cycle 1, 2007–2009.

FIGURE I-11 Cumulative distribution of serum 25OHD for 19- to 30-year-olds in 
Canada for the 2007 to 2009 time period.
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FIGURE I-12 Cumulative distribution of serum 25OHD for 31- to 50-year-olds in 
Canada for the 2007 to 2009 time period.
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SOURCE: CHMS, Cycle 1, 2007–2009.

FIGURE I-13 Cumulative distribution of serum 25OHD for 51- to 70-year-olds in 
Canada for the 2007 to 2009 time period.
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FIGURE I-14 Cumulative distribution of serum 25OHD for 71- to 79-year-olds in 
Canada for the 2007 to 2009 time period.
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Workshop Agenda and 
Open Session Agendas

IOM Committee to Review Dietary Reference 
Intakes for Vitamin D and Calcium

March 26, 2009
Room 100

500 Fifth Street NW, Washington DC
2:00 pm–4:30 pm

Open Session Agenda

2:00 pm Welcome
 Catharine Ross, Chairperson

2:05 pm Presentations from Study Sponsors: U.S. and Canadian 
Governments

 David Klurfeld, U.S. Department of Agriculture/Agricultural 
Research Service

 Danielle Brule, Health Canada
 Kathryn McMurry, U.S. Department of Health and Human 

Services

2:30 pm —Discussion with Committee Members—

2:50 pm Presentations on Survey Data Available to the Committee
 United States: Margaret McDowell, National Center for 

Health Statistics
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 Canada: Mary L’Abbe, Health Canada

3:05 pm —Discussion with Committee Members—

3:20 pm Systematic Reviews in Nutrition/DRIs
 Joseph Lau, Tufts Medical Center

3:40 pm —Discussion with Committee Members—

3:45 pm Analysis of Vitamin D in Food Control Materials and 
Fortified Foods

 Wm. Craig Byrdwell, U.S. Department of Agriculture/Agricultural 
Research Service/Beltsville Human Nutrition Research Center

4:00 pm Analytical Issues for Detecting 25(OH)D in Serum
 Christine Pfeiffer and Rosemary Schleicher, Centers for Disease 

Control and Prevention

4:15 pm —Joint Discussion with Committee Members—

4:40 pm Adjourn Open Session

Committee to Review Dietary Reference 
Intakes for Vitamin D and Calcium

500 Fifth Street NW, Washington DC, Room 100
August 4, 2009

8:00 am–5:00 pm

INFORMATION-GATHERING WORKSHOP AGENDA

7:30 am Registration and Check-in

8:00 am Welcome and Overview of Committee Process & Open 
Session

 Catharine Ross, Chair

SESSION 1: Agency for Healthcare Research and Quality (ARHQ)
8:10 am Development of AHRQ Review: Relationships of Vitamin D 

and Calcium Intakes to Nutrient Status Indicators and Health 
Outcomes (released June 2009)

 Joseph Lau, Tufts University
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8:35 am Committee Discussion with Dr. Lau and Tufts University 
Staff

SESSION 2: Analytical Issues: Vitamin D
9:15 am Comparison of Methods
 Karen Phinney, National Institute of Standards and Technology 

(NIST)

9:35 am Analytical Issues: National Health and Nutrition 
Examination Survey (NHANES)

 Clifford Johnson, National Center for Health Statistics (NCHS)

9:50 am Joint Discussion with Committee

10:15 am Break

SESSION 3: Biomarkers
10:30 am Biomarkers: General Principles for Definition and Utility 

as Measures of Exposure or Functional Outcome
 Roberta Ness, University of Texas Health Science Center and 

IOM Committee on Biomarkers as Surrogate Endpoints of 
Chronic Disease Risk

10:50 am Committee Discussion with Dr. Ness

SESSION 4: Vascular Changes
11:00 am Vascular Changes Associated with Vitamin D and 

Calcium
 Keith Hruska, Washington University, St. Louis

11:15 am Committee Discussion with Dr. Hruska

SESSION 5: Chronic Disease Endpoints: Observational Data versus 
Randomized Clinical Trials
11:35 am Edward Giovannucci, Harvard University
11:50 am Barry Kramer, National Institutes of Health (NIH)

12:05 pm Joint Discussion with Committee

12:30 pm LUNCH
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SESSION 6: Perspectives on Evaluating Data for Determining Reference 
Values for Vitamin D and Calcium
 Perspectives from 1995-96 DRI Committee
1:30 pm Stephanie Atkinson, McMaster University: Perinatal
1:40 pm Connie Weaver, Purdue University: Adolescents
1:50 pm Bess Dawson-Hughes, Tufts University: Elderly
2:00 pm Robert Heaney, Creighton University: Calcium and Calcium/

Vitamin D Interactions
2:10 pm Michael Holick, Boston University: Dietary vs. Solar Sources

2:20 pm Joint Discussion with Committee

2:45 pm Break

 Perspectives from Other Vitamin D and Calcium Experts
3:00 pm Bruce Hollis, Medical University of South Carolina: Assay 

Methodologies
3:10 pm Cedric Garland, University of California—San Diego: Cancer
3:20 pm Roger Bouillon, Katholieke Universiteit Leuven: Immune 

Function
3:30 pm Reinhold Vieth, University of Toronto: Safety of Vitamin D

3:40 pm Joint Discussion with Committee

4:00 pm Break

SESSION 7: PUBLIC COMMENTS—5 minutes each (required 
pre-registration)
 GrassrootsHealth (Carole Baggerly)
 University of California—Riverside & Vitamin D 

Workshop (Tony Norman)
 University of California—San Diego (Edward Gorham)
 Sunlight, Nutrition, and Health Research Center 

(William Grant)
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 St. Luke’s-Roosevelt Hospital Center (Linda Linday)
 Autoimmunity Research Foundation (Amy Proal)
 Weill Cornell Medical College (Paul Albert)
 The Mount Sinai Hospital and Mount Sinai School of 

Medicine (Laurie Tansman)
 International Diary Foods Association (Michelle Matto)
 National Osteoporosis Foundation (Roberta Biegel)
 National Dairy Council (Jill Nicholls)
 Lallemand/American Yeast (James Kopp, Sr.)

5:00 Workshop Adjourned

Committee to Review Dietary Reference 
Intakes for Vitamin D and Calcium

Informal Small-Group Data Gathering with Survey Representatives
October 22, 2009

4:30 pm
500 Fifth Street NW, Washington DC

Presentations and Discussions on U.S. and Canadian Survey Differences

PARTICIPANTS

United States

Mr. Clifford Johnson, National Center for Health Statistics, DHANES
Dr. Alanna Moshfegh, USDA Agricultural Research Service, Food Surveys
Dr. Joanne Holden, USDA Agricultural Research Service, Nutrient Data 

Lab

Canada (by telephone)

Dr. Steve Brooks, Bureau of Nutritional Sciences, Health Canada
Ms. Maya Villeneuve, Nutrition Research Division, Health Canada
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Committee to Review Dietary Reference 
Intakes for Vitamin D and Calcium

Fifth Meeting: November 19–20, 2009
The National Academy of Sciences

Auditorium
2100 C Street, NW
Washington, DC

Open Session Agenda

Thursday, November 19, 2009

Open Session—NAS Lecture Room

8:45 am Welcome to Open Session
 Catharine Ross, chair

9:00 am Open Session: Discussion of the Role of Vitamin D and 
Calcium in Kidney Function, Neophrocalcinosis, and 
Nephrolithiasis (Response to Targeted Questions)

I. Epidemiology of Renal Toxicity: Vitamin D and Calcium
 Gary Curhan, Harvard Medical School, Brigham & Women’s 

Hospital

II. Pathophysiology of Renal Toxicity in Children
 Craig Langman, Feinberg School of Medicine, Northwestern 

University, Chicago

III. Pathophysiology of Renal Toxicity in Adults
 David Bushinsky, School of Medicine and Dentistry, University 

of Rochester

10:00 am Q&A with Committee Members

11:00 am Adjourn open session
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Biographical Sketches of 
Committee Members

A. CATHARINE ROSS, Ph.D., is Professor and occupant of the Dorothy 
Foehr Huck Chair of Nutrition, Department of Nutritional Sciences, The 
Pennsylvania State University. Prior to her appointment at The Pennsyl-
vania State University, she was with the Medical College of Pennsylvania. 
As a nutritional biochemist, Dr. Ross has studied cellular factors involved 
in the biosynthesis and transport of vitamin A molecules. Her focus has 
been on the interaction of cellular retinoid-binding proteins and enzymes 
that esterify retinol for transport, storage, and oxidation with the intent 
to link biochemical findings with nutritional studies to better understand 
how vitamin A homeostasis is regulated by dietary status and metabolic 
conditions. She also investigates the role of retinoids in immune function, 
principally antibody production. She currently serves as Editor-in-Chief of 
the Journal of Nutrition. She is past Associate Editor for both the Journal 
of Lipid Research and the 9th and 10th editions of Modern Nutrition in 
Health and Disease and has served on several other editorial boards for 
various scientific publications. Dr. Ross has received numerous awards 
including the Mead-Johnson Award from the American Institute of Nutri-
tion and the Osborne and Mendel Award from the American Society for 
Nutritional Sciences; Dr. Ross is a Fellow of the American Association for 
the Advancement of Science. She is active within a range of professional 
societies including the American Association of Immunologists, Sigma Xi, 
and the American Physiological Society, and has served on a number of 
committees for the American Society for Nutrition and the Federation of 
the American Societies for Experimental Biology. She is also active on the 
National Institute of Health-National Institute of Diabetes and Digestive 
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and Kidney Diseases Board of Scientific Counselors and is chair of the NIH 
Integrated Nutrition and Metabolic Processes Study Section. Dr. Ross is a 
member of the National Academy of Sciences (2003) and has served on 
the IOM Food and Nutrition Board (1997–2003), as a member of the Panel 
on Micronutrients for the Dietary Reference Intakes (1999–2001), and as 
a member of the Committee on Opportunities in the Nutrition of Food 
Sciences (1991–1993). Dr. Ross received her Ph.D. from Cornell University 
in biochemistry, molecular and cell biology.

STEVEN A. ABRAMS, M.D., is Professor of Pediatrics, Baylor College of 
Medicine, Houston. His research focus is mineral metabolism in infants 
as well as calcium intake and absorption in adolescents. His work includes 
the study of stable isotopes of iron and zinc and the overall relationship 
of mineral nutriture to health. His research is supported by the United 
States Department of Agriculture and by the NIH. Dr. Abrams, a neona-
tologist, is a Diplomat of the Board of Medical Examiners, the American 
Board of Pediatrics, and the Sub-board of Neonatal-Perinatal Medicine. 
He has received a number of awards including the Centrum Center for 
Nutrition Science Award from the American Society for Nutrition Sciences 
and the Norman Kretchmer Memorial Award in Nutrition and Develop-
ment from the American Society for Clinical Nutrition. He is a member of 
an advisory panel for The Milk Processor Education Program (MilkPEP). 
He is an associate editor of The American Journal of Clinical Nutrition. 
Dr. Abrams is also a member of the American Society for Nutrition, the 
American Academy of Pediatrics, and the American Society for Bone and 
Mineral Research. Dr. Abrams has served as an IOM committee member 
for the Committee on the Use of Dietary Reference Intakes in Nutrition 
Labeling (2002–2003), the Panel on Calcium and Related Nutrients for 
Dietary Reference Intakes (1996–1997), and the Subcommitee on Upper 
Safe Reference Levels of Nutrients (1996–1997). Dr. Abrams received his 
medical degree from The Ohio State University College of Medicine.

JOHN F. ALOIA, M.D., is Chief Academic Officer, Department of Aca-
demic Affairs, Winthrop-University Hospital, Mineola, New York and is Pro-
fessor of Medicine and Associate Dean at State University of New York at 
Stony Brook. Dr. Aloia’s recent publications address differences in skeletal 
and muscle mass with aging in black and white women; optimal vitamin D 
status and serum parathyroid hormone in African American women; and 
the reference range for serum parathyroid hormone. His other research 
interest’s center on bone metabolism and, in particular, issues related to 
pathogenic mechanisms responsible for the development of skeletal fragil-
ity and osteoporosis. The focus of this investigation is the influence of vari-
ous regulatory factors on the skeleton. Dr. Aloia is the recipient of several 
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awards and is first author on a range of peer-reviewed articles focusing on 
bone metabolism. He oversees an active research program designed to ex-
plore the use of drugs to treat osteoporosis and reverse low bone mineral 
density. Dr. Aloia receives research funding through the Empire Clinical 
Research Investigator Program, which awards competitive grants through 
the New York State Department of Health in support of physician training 
in the methodology, implementation, and evaluation of clinical research. 
The topic for this grant is the Response to Vitamin D in elderly African 
American Women. He has a research award from the NIH targeted to the 
study of vitamin D and osteoporosis prevention in elderly African Ameri-
can women. Previous NIH support included trials of estrogen and calcium, 
body composition in white and African American women, and vitamin D 
supplementation in African American women in midlife. Dr. Aloia is the 
recipient of a research grant from Merck (interaction between calcium 
and vitamin D intake in postmenopausal women). Dr. Aloia is also Prin-
cipal Investigator at Winthrop-University Hospital for Unigene [TARSA] 
and Amgen Clinical Trials. Dr. Aloia participated in the NIH conference, 
“Vitamin D and Health in the 21st Century: An Update,” held in Bethesda, 
Maryland, September 5–6, 2007. Dr. Aloia is a Diplomate of the National 
Board of Medical Examiners and is board certified in Internal Medicine 
and Endocrinology. He is also a member of several professional societies in-
cluding the American Association of Clinical Endocrinologists, the Ameri-
can Association of Diabetes Educators, the American College of Physicians, 
the American Diabetes Association, the American Medical Association, the 
American Society for Bone and Mineral Research, the Endocrine Society, 
the International Bone and Mineral Society, and the National Osteoporosis 
Foundation. He received his medical degree from Creighton University 
Medical School, Omaha.

PATSY M. BRANNON, Ph.D., R.D., is Professor, Division of Nutritional Sci-
ences, Cornell University where she has also served as Dean of the College 
of Human Ecology. Prior to moving to Cornell University, Dr. Brannon was 
Chair, Department of Nutrition and Food Science, University of Maryland. 
She has also served as Visiting Professor, Office of Dietary Supplements, 
NIH. Her research focus includes nutritional and metabolic regulation 
of gene expression, especially as relating to human development, the pla-
centa, and exocrine pancreas. She chaired an NIH initiative to plan effec-
tive federal research related to the health effects of vitamin D; and has also 
co-chaired the NIH program “Vitamin D and Health in the 21st Century: 
An Update” as well as coordinated the vitamin D round table associated 
with the conference. Dr. Brannon is a member of a number of professional 
and scientific associations including the American Dietetics Association, 
the Institute of Food Technologists, and the American Association for the 
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Advancement of Science. She has served on the Executive Board of the 
American Society for Nutrition and is a member of the technical expert 
panel on “The Relationships of Vitamin D and Calcium Intakes to Nutri-
ent Status Indicators and Health Outcomes” for the Tufts Evidence-based 
Practice Center. Dr. Brannon has received numerous awards including the 
Pew Faculty Scholar in Nutrition award as well as the Centennial Laureate 
award from Florida State University. Dr. Brannon has published widely in 
the field and has more than 50 peer-reviewed journal articles to her credit. 
She received her Ph.D. from Cornell University in nutritional biochemistry.

STEVEN K. CLINTON, M.D., Ph.D., is Professor in the Department of 
Internal Medicine, Division of Medical Oncology at The Ohio State Uni-
versity. He is the Program Leader for the Molecular Carcinogenesis and 
Chemoprevention Program of the Comprehensive Cancer Center and 
serves the James Cancer Hospital as Director of Prostate and Genitouri-
nary Oncology. Dr. Clinton is a faculty member of the campus wide Ohio 
State University Nutrition Graduate Program (OSUN) and is Co-Director 
of the Center for Advanced Functional Foods Research and Entrepre-
neurship. Dr. Clinton’s research examines fundamental mechanisms un-
derlying the development of cancer and studies novel prevention and 
therapeutic strategies in human clinical trails. His cancer research interests 
within nutritional sciences include the roles of energy intake, bioactive 
lipids, vitamin D, and carotenoids, and other phytochemicals. Dr. Clinton 
earned a Ph.D. from The University of Illinois at Urbana-Champaign in 
nutritional sciences followed by his medical degree at the same institu-
tion. After completing his internship and residency in internal medicine 
at the University of Chicago, he pursued subspecialty training in medical 
oncology at the Dana-Farber Cancer Institute and Harvard Medical School 
where he remained on the faculty prior to joining The Ohio State Univer-
sity in 1998. Dr. Clinton has received a number of awards, including The 
Emil Frei III Fellowship in Clinical Investigation, a Preventive Oncology 
Academic Award from the National Cancer Institute-NIH, and The Bertha 
Bouroncle Distinguished Faculty Teaching Award, and is a Fellow of the 
American Association for the Advancement of Science. He is a member of 
several professional organizations, including Advancing Science Serving 
Society, American Association for Cancer Research, American Society of 
Clinical Oncology, and American Society of Nephrology. Over the past 
three decades, Dr. Clinton’s research has been supported by many orga-
nizations including the National Cancer Institute/NIH, the Department 
of Defense Congressionally Directed Medical Research Programs, The 
American Cancer Society, the American Institute for Cancer Research, the 
Lance Armstrong Foundation, and Development funds from the Arthur G. 
James Cancer Hospital.
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RAMON A. DURAZO-ARVIZU, Ph.D., is Associate Professor of Preventive 
Medicine and Epidemiology, Loyola University Chicago, Stritch School of 
Medicine. His focus is applied statistics including the analysis of time to 
an event data (survival analysis) and the analysis of longitudinal data. In 
addition, his expertise includes analysis of national data bases including 
the National Health Interview Survey (NHIS) and the National Health and 
Nutrition Examination Survey (NHANES). He has developed models to ex-
plain the relationship between body mass index and mortality in blacks and 
whites. His more recent survival analysis relates to vitamin D and mortality 
rates and related relationships concerning vitamin D and parathryroid 
hormone levels. Dr. Durazo-Arvizu is the author of more than 20 articles in 
peer-reviewed journals, has received two emerging investigative profession-
als awards, and is a member of the Society for the Advancement of Chica-
nos and Native Americans in Science, The American Statistical Association, 
The Royal Statistical Society, and The International Biometry Society. He 
received his Ph.D. from the University of Arizona in applied mathematics.

J. CHRISTOPHER GALLAGHER, M.D., is the Professor of Medicine and 
Chief of the Bone Metabolism Section at Creighton University Medical 
Center in Omaha, Nebraska. Dr. Gallagher is an endocrinologist who spe-
cializes in osteoporosis, menopause, vitamin D metabolism, and treatment. 
He is certified by the American Board of Internal Medicine and the English 
Board of Internal Medicine. He has participated in numerous clinical trials 
in osteoporosis and in menopausal women. His current research focus is 
dose ranging safety studies on vitamin D supplementation in older women 
and is funded by a grant from the National Institute on Aging and similar 
studies in younger women funded by the Department of Defense. In past 
research in the vitamin D area his group showed the impact of dietary fac-
tors such as calcium and caffeine on bone loss in elderly women and its 
interaction with the vitamin D receptor and studies showing that vitamin D 
metabolites can reduce falls in the elderly. Dr. Gallagher also receives clini-
cal trial funding from Wyeth-Ayerst Laboratoris, AMGEN, and Unigene to 
test several prescription drugs and therapies under development. He has 
authored or co-authored more than 210 articles including 93 peer-reviewed 
journal articles, 10 book chapters, review articles, and presentations at 
meetings. He is a Past President of the North American Menopause Soci-
ety (NAMS). He is the recipient of several awards including the Vitamin D 
Research Career Award from the International Vitamin D Society and the 
Creighton University Distinguished Career Award. Dr. Gallagher received 
his medical degree from Manchester University Medical School in England 
and his training in bone and vitamin D research at the Medical Research 
Council (MRC) Mineral Metabolism Unit in Leeds, England and at the 
Endocrine Research Unit at the Mayo Clinic.
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RICHARD L. GALLO, M.D., Ph.D., is Professor of Medicine and Pediat-
rics, Chief Division of Dermatology, University of California, San Diego and 
Chief of the Dermatology Section of the VA San Diego.. Dr. Gallo’s major 
research interests are innate immune defense systems in skin by host de-
fense peptides and glycosaminoglycans as well as mechanistic, diagnostic, 
and therapeutic implications of these molecules in human skin disease. He 
has written extensively on issues related to the physiology and pathology of 
skin immunology and is responsible for several landmark discoveries in the 
role of host defense peptides in human health including uncovering im-
portant functions for vitamin D in the immune system. He has been elected 
to the board of directors of the Association of Professor of Dermatology. In 
2006 he received the Montagna Award from the Society of Investigative der-
matology, and in 2007 he received the CE.R.I.E.S. Dermatology Research 
Award from the Centre de Recherches et d’Investigations Epidermiques et 
Sensorielles. Dr. Gallo is a member of the American Dermatology Associa-
tion and the American Society of Clinical Investigation. He has authored 
or co-authored more than 125 peer-reviewed articles and has received 
numerous NIH research grants and research support from the Veterans 
Administration. Dr. Gallo received his medical degree from the University 
of Rochester School of Medicine and his Ph.D. from the University of 
Rochester in radiation biology and biophysics

GLENVILLE JONES, B.Sc., Ph.D., is Craine Professor and Head, Depart-
ment of Biochemistry, Queen’s University, Ontario, Canada. His research 
focus is vitamin D metabolism and mechanism of action. He has published 
more than 175 peer-reviewed journal articles related to vitamin D metabo-
lism, vitamin D-related cytochrome P450s, and the analysis of vitamin D 
metabolites. He employs unique transfected cell models and knockout 
mouse models to study the activation or breakdown of calcitriol or retinoic 
acid with the long-term goal of establishing the structure and function of 
the cytochrome P-450 enzymes involved in the complex metabolic pathways 
of calcitriol or retinoic acid. His laboratory has been supported by grants 
from the Canadian Institute of Health Research for more than 30 years. Dr. 
Jones serves on the Scientific Advisory Board of the not-for-profit Vitamin D 
External Quality Assessment Scheme and on the Scientific Advisory Board 
of Cytochroma, Inc., an applied genomics and drug discovery company fo-
cused on cytochrome P450 genes and the function of the proteins encoded 
by those genes in order to address unmet medical needs. He holds one 
non-competitive grant from Cytochroma, Inc. to study calcitriol analogs 
and cytochrome P450 inhibitors used for the treatment of renal disease. 
Dr. Jones is a member of several societies including the American Society 
for Bone and Mineral Research, the Canadian Society for Clinical Investi-
gation, the Canadian Society for Nutritional Sciences, and the Canadian 
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Society for Endocrinology and Metabolism. He is the recipient of a Vitamin 
Career Achievement Award from the international Vitamin D community. 
He also sits on the Scientific Program Organizing Committee of the 14th 
Workshop on Vitamin D, is a member of the expert panel on “The Rela-
tionships of Vitamin D and Calcium Intakes to Nutrient Status Indicators 
and Health Outcomes” for the Tufts Evidence-based Practice Center, and is 
a member of the Genzyme Speaker’s Bureau. Dr. Jones received his Ph.D. 
from Liverpool University, England.

CHRISTOPHER S. KOVACS, M.D., FRCPC, FACP, is Professor of Medi-
cine and Endocrinology, Health Sciences Centre, Memorial University 
of Newfoundland, St. John’s, Newfoundland, Canada. Dr. Kovacs’ main 
research focus is calcium and bone metabolism during pregnancy, fetal 
development, and lactation. His laboratory is exploring the hormonal 
regulation of mineral transfer across the placenta, and maternal skeletal 
mineral loss during lactation and recovery post-weaning. In 2003 he re-
ceived the Young Investigator Award from the Canadian Society of Endo-
crinology and Metabolism and the Gold Medal in Medicine from the Royal 
College of Physicians and Surgeons of Canada. In 2002 he was awarded 
the Antoni Nalecz Award from the Canadian Society for Endocrinology 
and Metabolism. Dr. Kovacs is on the editorial boards of the Journal of 
Bone and Mineral Research and Endocrinology and peer reviewer for 
a wide range of professional publications including Endocrinology, the 
Journal of Bone and Mineral Research, Pediatrics, and the Journal of 
Women’s Health. He has twice served as Chair for NIH Special Emphasis 
Panels, is a charter member of the NIH Skeletal Biology Development and 
Disease Study Section, and is on the Board of Directors of the Society for 
Advances in Mineral Metabolism. Dr. Kovacs received his medical degree 
from Queen’s University at Kingston, Ontario, Canada, and post-doctoral 
training in bone and mineral metabolism at Massachusetts General Hospi-
tal and Harvard Medical School, Boston.

JOANN E. MANSON, M.D., Dr.P.H., is Professor of Medicine and the 
Elizabeth Fay Brigham Professor of Women’s Health at Harvard Medical 
School, Chief of Preventive Medicine at Brigham and Women’s Hospital 
(BWH), and Co-Director of the Connors Center for Women’s Health 
and Gender Biology at BWH. An endocrinologist and epidemiologist, Dr. 
Manson is actively involved in women’s health research including several 
large-scale clinical trials and observational studies of cardiovascular disease, 
diabetes, and cancer. Her research has focused on the role of reproductive 
and hormonal factors, lifestyle variables such as diet (including vitamin D, 
calcium, omega-3s, and folic acid) and physical activity, and novel plasma 
and genetic markers as predictors of cardiovascular diseases, diabetes, 
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and cancer. Dr. Manson is Principal Investigator of the Boston Center 
for the Women’s Health Initiative (WHI), the VITamin D and OmegA-3 
TriaL (VITAL), the CVD component of the Harvard Nurses’ Health Study, 
the Women’s Antioxidant and Folic Acid Cardiovascular Trial, and other 
studies. She has published more than 600 articles in medical/scientific 
journals. Dr. Manson is the recipient of numerous awards, including the 
“Woman in Science Award” from the American Medical Women’s Associa-
tion, the Postmenopausal Cardiovascular Health Research Award from the 
North American Menopause Society, the International Menopause Soci-
ety’s Henry Burger Prize, the American Heart Association Population Re-
search Prize, and others. She is a member of the Association of American 
Physicians, the American Medical Association, the Endocrine Society, the 
North American Menopause Society, the American College of Physicians, 
the American Diabetes Association, American College of Endocrinology, 
the American Heart Association, and other professional societies. She also 
serves on a number of editorial and advisory boards, including the Board 
of the North American Menopause Society and is on the Scientific Advisory 
Board of Nutrition Action HealthLetter and Harvard Health Letter. Dr. 
Manson received her A.B. from Harvard University, her M.D. from Case 
Western Reserve University School of Medicine, and her Dr.P.H. from Har-
vard School of Public Health.

SUSAN T. MAYNE, Ph.D., is Professor in the Division of Chronic Disease 
Epidemiology at the Yale School of Public Health, and Associate Director 
of the Yale Comprehensive Cancer Center. Her primary research interests 
are in the area of nutritional epidemiology of chronic diseases, especially 
nutrition and cancer prevention. She is trained in nutritional biochemis-
try, epidemiology, and clinical trials and has a strong research interest in 
biomarkers of nutritional status for epidemiologic research. Dr. Mayne’s 
program of research emphasizes the role of dietary factors in the etiology 
of several major cancers. Her work involves both observational studies and 
intervention trials, with a particular emphasis on carotenoids. Dr. Mayne 
has received a number of research awards and grants. She is currently 
a member of the IOM Food and Nutrition Board (2007–2013) and has 
served as a member of the following IOM committees: Panel on Antioxi-
dants and Related Nutrients for Dietary Reference Intakes (1997–2000), 
Committee on Examination of the Evolving Science for Dietary Supple-
ments (2001–2002), and the Planning Committee For Dietary Reference 
Intakes Review Workshop (2007–2008). She served on the Board of Scien-
tific Counselors for the U.S. National Cancer Institute (2004–2009) and is 
a member of several professional societies including the American Society 
of Preventive Oncology, the American Association for Cancer Research, 
and the American Society for Nutrition. Dr. Mayne received her Ph.D. in 
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nutritional biochemistry from Cornell University followed by post-doctoral 
training in chronic disease epidemiology at Yale University.

CLIFFORD J. ROSEN, M.D., is Senior Scientist at Maine Medical Center’s 
Research Institute. He is the Former Director of the Maine Center for 
Osteoporosis Research and Education, an affiliate of St. Joseph Hospital, 
a Center that he started more than 15 years ago. He previously conducted 
more than 15 NIH and pharmaceutical sponsored clinical research trials, 
and he currently oversees three investigator-initiated NIH-funded transla-
tional projects. He is Past President of the American Society of Bone and 
Mineral Research (ASBMR; 2002–2003), and he served 5 years as the first 
Editor in Chief of the Journal of Clinical Densitometry as well as Associ-
ate Editor of the Journal of Bone and Mineral Research. Dr. Rosen is the 
Editor in Chief of The Primer on the Metabolic Bone Diseases and Disor-
ders of Mineral Metabolism, and is serving a 4-year term on The Advisory 
Council for the National Institutes of Arthritis Musculoskeletal and Skin 
Diseases and the FDA Endocrinologic and Metabolic Advisory Commit-
tee. He is also a member of several professional societies including the 
Endocrine Society, the American Society of Bone and Mineral Research, 
and the American Federation of Clinical Research. He is a Professor of 
Nutrition at the University of Maine and works as a Senior Staff Scientist at 
the Jackson Laboratory in Bar Harbor, Maine, studying insulin-like growth 
factors and skeletal remodeling in mice. His work includes more than 305 
manuscripts in a variety of journals including Nature Medicine, the New 
England Journal of Medicine, and Proceedings of the National Academy of 
Sciences. Dr. Rosen received his medical degree from the State University 
of New York, Syracuse.

SUE A. SHAPSES, Ph.D., is Professor, Department of Nutritional Sciences 
at Rutgers University. Prior to this she was a Post-doctoral Research Fellow 
with the Department of Orthopedic Surgery/Division of Biochemistry at 
Columbia University. Her research focuses on nutritional aspects of cal-
cium metabolism critical to normal growth and maintenance of skeletal tis-
sue, with a focus on both the mineralized and extracellular matrix of bone 
in conditions of aging and disease states. An important aspect of her work 
addresses bone turnover and bone mass relative to how nutritional intake 
influences the development of osteoporosis. Calcium absorption (using 
stable isotopes) and bone-regulating hormones and cytokines are exam-
ined in her work so as to explore mechanisms of regulation. Dr. Shapses 
currently receives research support from the NIH in the area of the nutri-
tional regulation of bone turnover, and also from Johnson & Johnson in 
the area of obesity prevention and treatment. She is a registered dietitian 
and board certified with the American Dietetic Association. Dr. Shapses 
received her Ph.D. from Columbia University.
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A
Abscesses, 171
Acceptable Macronutrient Distribution 

Range (AMDR), 3
Achlorhydria, 37
Acronyms and abbreviations, 523–526
Adequate Intake (AI), 3, 8, 20, 21–22, 

489–490. See also Calcium, AIs; 
Vitamin D, AIs

Adipokines, 491
Adipose tissue, 83, 84, 87–88, 106, 490, 491, 

518
Adiposity, 11, 84, 105–106, 143, 152, 156, 

490–491. See also Obese or 
overweight persons; Weight 
loss or dieting

Adolescents, 14 through 18 years. See also 
Puberty

bone health, 53–54, 195, 202–208, 218, 
226, 280

calcium
absorption, 39, 265
accretion, 61, 269
balance, 58, 61
deposition, 53–54

DRIs, 7, 349, 351, 352, 354–355, 393–
394, 464, 1104, 1108, 1114

estimated intake, 465, 466, 467, 480
retention, 268

DRI development, 24, 385–387, 393–394, 
445

EARs, 7, 9, 349, 351, 354–355, 385, 387, 
393, 394, 464, 469, 1104–1105

elements, 1108–1109, 1114–115
growth spurts, 8, 24, 39, 53, 354, 421
lactation, 7, 57, 257, 282, 283, 349, 361, 

362, 363, 393, 394, 424, 446, 
464, 469

macronutrients, 1110–1111
multiple sclerosis and serum 25OHD, 

173
pregnancy, 56, 57, 250, 257, 278, 361, 

362, 393, 394, 424, 446, 469
RDAs, 7, 9, 349, 351, 354–355, 385, 387, 
393, 394, 464, 469, 1106-1110
ULs, 7, 9, 419, 420, 421, 441, 445, 464, 

469, 1112–1115
vitamin D, 9, 95, 385–387, 393–394, 441, 

445, 469, 470–473, 475, 1106, 
1112

vitamins, 1104–1105, 1112–1115
water, total, 1110
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Adults, 19 through 30 years
bone health, 218, 242, 270, 382–383,  

384
calcium, 7, 39, 54, 269, 349, 355, 421–

424, 464, 465, 466, 467, 1104, 
1108, 1114

DRI development, 24, 355–356, 387–389, 
393–394, 421–422, 423–424, 
443–445

EARs, 7, 9, 349, 355, 387–388, 389, 393, 
394, 464, 469, 1104–1105

elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 355, 387–388, 389, 393, 

394, 464, 469, 1106–1110
ULs, 7, 9, 421, 423, 443, 445, 464, 469, 

1112–1115
vitamin D, 9, 95, 387–389, 393–394, 

443–445, 469, 470–473, 475, 1106, 
1112

vitamins, 1106–1107, 1112–1113
water, total, 1110

Adults, 31 through 50 years
bone health, 218–219, 242, 382–383, 384
calcium, 7, 39, 54–55, 349, 355–356, 

421–424, 464, 465, 466, 467, 
1104, 1108, 1114

DRI development, 24–25, 355–356, 
387–389, 393–394, 421–424, 
443–445

EARs, 7, 9, 349, 355, 387–388, 389, 464, 
469, 1104–1105

elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 355, 387–388, 389, 464, 

469, 1106–1110
ULs, 7, 9, 421, 423, 443, 445, 464, 469, 

1112–1115
vitamin D, 9, 95–96, 387–389, 393–394, 

443–445, 469, 470–473, 475, 
1106, 1112

vitamins, 1106–1107, 1112–1113
water, total, 1110

Adults, 51 through 70 years
bone health, 219, 226–234, 235, 382–383, 

384
calcium, 7, 349, 356–359, 421–423, 463–

464, 465, 466, 467, 480–481, 
1104, 1108, 1114

dementia, 183
DRI development, 24–25, 355–356, 389, 

421–423, 443–445

EARs, 7, 9, 167, 349, 356, 357, 359, 387–
388, 389, 392, 393, 394, 464, 
469, 1104–1105

elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 356, 357, 359, 387–388, 

389, 393, 394, 464, 469, 
1106–1110

ULs, 7, 9, 421, 423, 443, 445, 464, 469, 
1112–1115

vitamin D, 9, 389, 392–394, 443–445, 469, 
470–473, 475, 1106, 1112

vitamins, 1106–1107, 1112–1113
water, total, 1110

Adults, 70+ years. See also Elderly population
bone health, 219, 226–234, 235, 360, 

382–383, 384, 439
calcium, 7, 349, 356, 359–361, 421–423, 

464–465, 466, 467, 1104, 1108, 
1114

cognitive function, 183, 185–186
DRI development, 359–361, 389–392, 

443–445
EARs, 7, 9, 349, 356, 360–361, 389, 392, 

464, 469, 1104–1105
elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 356, 361, 389–390, 392, 

464, 469, 1106–1110
ULs, 7, 9, 421, 423, 443, 445, 464, 469, 

1112–1115
vitamin D, 9, 389–392, 439, 443–445, 469, 

470–473, 475, 1106, 1112
vitamins, 1106–1107, 1112–1113
water, total, 1110

Adverse effects
calcium, 22, 42, 404, 405–424, 481, 488, 

500–501
chronic, vs. acute toxicity, 404
due to nutrient deficiency. See Calcium, 

deficiency; Phosphorus, 
deficiency; Vitamin D, 
deficiency

ethical issues, 404, 425, 488, 518
indicators. See Indicators of adverse 

outcomes for excess intake
research needs, 517–518
in risk assessment approach to DRI 

development, 27, 403, 515
use in determination of benchmark 

intake, 17, 418
vitamin D, 6, 10, 404, 405, 424–440, 486, 

488
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African Americans
breast-fed infants and vitamin D, 385, 

494–495
calcitriol levels, 260–261, 296
“calcium economy,” 294, 517
cardiovascular mortality, 438
cognitive function, 186
diabetes, 153
limited data for DRI development, 347
multiple sclerosis, 174
puberty, 24
serum 25OHD levels

atherosclerotic plaque, 438, 444
bone health, 106, 208, 260–261, 295, 

298, 439, 493
effects of skin pigmentation, 374, 

493, 494–495
vitamin D dose–response, 431

systemic lupus erythematosus, 177
Africans, 179, 244. See also Gambians; 

Nigerians
Agency for Healthcare Research and 

Quality (AHRQ)
Methods Reference Guide for 

Effectiveness and Comparative 
Effectiveness Reviews, 127, 128

overview of AHRQ-Ottawa and AHRQ-
Tufts reports, 5, 30–31, 97–98, 
100, 126–127

Albumin. See Serum albumin
Alcohol consumption, 64, 140, 143, 230, 

434
Allergies, 169, 496–498
All-laboratory trimmed mean (ALTM), 109
Alopecia, 94
Alpha-Tocopherol Beta-Carotene Cancer 

Prevention Study (ATBC), 
147, 415, 436

Altitude, 105
Alzheimer’s disease, 183, 185
Amenorrhea, 502
American Academy of Dermatology, 495
American Academy of Pediatrics, 95, 258
American Dietetic Association, 497
American Indians, 197, 439
American Institute for Cancer Research, 

415
Amsterdam Growth and Health 

Longitudinal Study, 274
Anemia, 176
Angiotensin II, 190

Ankylosis, 174
Anorexia, 406, 425
Anti-angiogenic action, 92, 146
Antibody-based assays, 107, 108, 109, 365
Anticonvulsants, 87, 504
Anti-inflammatory action, 92, 146, 184, 517
Antimicrobial activity, 177, 178, 179, 181
Antirachitic, 80
Apoptosis, 77, 92, 140, 143
Appetite loss, 171–172
Arrhythmia, 147, 406, 425
Arsenic, 1114
Arthralgia, 176
Arthritis, 176. See also Osteoarthritis; 

Rheumatoid arthritis
Asian ancestry or Asians, 179, 199, 231, 252, 

254, 268, 347, 439. See also 
Chinese ancestry or Chinese; 
East Asian ancestry; South 
Asian ancestry or South Asians

Assay shift and drift, 107–111, 365–366, 
460–461

Asthma, 4, 129, 168–170, 181, 182
Atherosclerosis, 147, 438, 444
Atmospheric conditions, 104, 105, 492
Autism, 4, 129, 182–183
Autoimmune disease, 4, 5, 78, 91, 170–177, 

181–182, 189, 192. See also 
Crohn’s disease; Diabetes 
(type 1); Inflammatory bowel 
disease; Multiple sclerosis; 
Osteoarthritis; Rheumatoid 
arthritis; Systemic lupus 
erythematosus

B
B cells, 91, 170
Background intake. See Benchmark intake
Balance (calcium). See Calcium balance
Balance (physical), 166
Beck Depression Inventory (BDI), 187
Behavior, 182, 184, 186, 295
Benchmark intake (BI), 17, 418, 440, 519
Bioavailability, 29, 37, 39, 62–63, 498, 503, 

516, 521
Bioequivalence, 29, 516, 521
Biomarkers

for colon carcinogenesis, 144
of effect, 25–26



1078 INDEX

of exposure, 25
inflammatory, 169–170
serum 25OHD as biomarker of vitamin D 

effect, 13–14, 96–97, 263–264, 
291, 293, 439, 484, 517, 520

serum 25OHD as biomarker of vitamin 
D exposure, 8, 12–13, 96, 99, 
293, 363, 381–382, 384, 480, 
483

use of term, 25
Biotin, 1107, 1113
Bloating, 37, 497
Blood pressure, 152, 154, 190. See also 

Hypertension
Blood volume, extracellular, 407
Body mass. See Lean body mass or lean mass
Body mass index, 48, 88, 141, 155, 211, 212, 

228, 231, 434, 435, 490
Bone. See also Bone health; Skeleton

accretion, 46–47, 53, 54, 55, 95, 267–272, 
292–294, 351

accretion rate, 268, 269–270
calcium content at maturity, 54
composition, 43–44
cortical, 45, 46, 249
disorders. See Bone, fracture; Bone loss; 

Osteomalacia; Osteoporosis; 
Rickets

effects of menopause, 47–48, 52
formation or mineralization, 44–45, 242, 

253, 276–277, 296
fracture

African Americans, 294, 296, 493
BMD, 50, 51, 273, 285–292, 298, 

357–358
bone loss as risk factor, 48, 60, 

359–360
calcium supplementation, 285–290, 

358, 360, 390–392
as indicator of adverse outcomes for 

excess intake, 6, 405
as indicator of nutrient adequacy, 4, 

9, 129
from military training, 234n.3, 242, 

275
with osteomalacia, 49, 50, 276–277
with osteoporosis, 50–52
during pregnancy, 278
and serum 25OHD, 195, 215, 226–

234, 276, 366–367, 390
vegans diet and risk for, 497

vitamin D supplementation, 161, 
234–235, 236–242, 275, 
277, 290–292, 358, 390–
392, 438–439

maintenance, 283–284, 292–294, 
387–388

modeling, 45, 53
organic matrix (osteoid), 43, 49–50, 62, 

94, 275–276
pain, 49, 50
remodeling, 45–46, 52, 54, 59, 62, 272, 

409
resorption during lactation, 45n.3, 57, 

96, 256, 259, 281–282, 362
serum 25OHD levels and. See Serum 

25-hydroxyvitamin D, bone 
health

trabecular, 45, 46, 249, 270
types, 45

Bone health, as indicator of nutrient 
adequacy. See also under specific 
life-stage groups

African Americans, 208, 294–298
bone maintenance, 283–284, 292–294, 

387–388
effects of adiposity, 490–491
integration of evidence, 262–277, 292–

294, 370–371
lactation, 282–283, 362
menopausal status, 209–218, 226, 234–

242, 360–361
overview, 4, 5, 193–194, 298
pregnancy, 277–282, 361–362
selection as, 298, 345, 480

Bone loss. See also Osteoporosis
African Americans, 296, 298
age-related, 52, 54, 55, 95–96, 193, 284, 

285, 356, 361
calcium balance and, 284–285
calcium intake and, 35, 40, 274, 285–292, 

356
effects of caffeine intake, 64
effects of menopause, 47–48, 52, 54–55, 

58, 360–361
effects of soft drink intake, 64
integration of evidence, 262–277, 292–

294, 370–371
serum 25OHD and, 195
spaceflight, 46
vitamin D intake and, 96, 292–294

Bone marrow, 43, 46
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Bone mass
calcium intake and, 35, 47, 53, 54, 273–

274, 417
measures associated with calcium, 57–62. 

See also Bone mineral content; 
Bone mineral density; Calcium 
balance

peak, 47, 54, 250, 270, 282, 296
physical activity and, 46, 54, 273, 287, 

490–491
protein intake and, 63
reduction. See Bone loss; Osteoporosis

Bone mineral apparent density (BMAD), 
206

Bone mineral content (BMC)
calcium intake and supplementation, 47, 

60–62, 219–226, 270–271
definition, 60
effects of adiposity, 491
as indicator of nutrient adequacy, 4, 129
infant, 195, 196–201
measurement, 60–62
postmenopausal women and elderly 

men, 214, 216
pregnancy and lactation, 249, 254, 255, 

259, 278, 279–280, 283
serum 25OHD and, 195, 196–205, 218, 

219, 393–394
vitamin D intake and supplementation, 

271, 279–280
Bone mineral density (BMD)

African Americans, 295–296
bone fracture and, 50, 51, 273, 285–292, 

298, 357–358
calcium intake and supplementation, 

60–62, 175, 219–226, 270–271, 
273–274, 284–290, 392–393

effects of adolescent pregnancy, 56, 362
effects of lactation, 57, 256, 257, 259, 

282, 283
effects of menopause, 47–48, 52
effects of oral contraceptive use, 501–503
effects of pregnancy, 7, 8, 249, 250, 254, 

255, 256, 278, 279–280, 361, 
362

as indicator of nutrient adequacy, 4, 129
measurement, 60–62
serum 25OHD and, 195, 196–207, 209, 

210–216, 218–219, 226–234, 
275, 283, 368–369, 386–387

use of term, 60

vitamin D intake and supplementation, 
95, 175, 271, 274–275, 
279–280, 290–292, 386–387, 
392–393

Boron, 1114
Bowel obstruction, 171. See also 

Inflammatory bowel disease
Brain development, 182, 184
Brain tissue, 184
Breast cancer, 139–142, 435–436
Breastfeeding. See Human milk; Infants, 

breast-fed; Lactation
British Paediatric Association, 431, 432, 441

C
Caffeine, 64
Calcidiol. See 25-Hydroxyvitamin D
Calcifediol. See 25-Hydroxyvitamin D
Calcification of soft tissue (calcinosis), 6, 44, 

61, 88, 405, 406, 409–410, 422, 
425, 426

Calcitonin, 40, 41, 90
Calcitriol (1,25-dihydroxyvitamin D). See also 

Serum calcitriol
cancer, 77, 91–92, 139, 146
cardiovascular disease, 78, 150–151
extra-renal production, 90, 177, 189, 

518–519
falls and physical performance, 157
fetal, 252
formation in the kidney, 77, 84, 90, 481
functions

bone formation, 44
calcium absorption, 35, 38, 39, 89, 

253, 260, 264, 267
calcium excretion, 42
calcium regulation, 40–41, 89–90, 

157, 253
cytokine production, 189
glucose transport in the brain, 184
immune response, 167–168
phosphorus regulation, 64, 77, 89
vascular reactivity enhanced by, 148

gene regulation, 90, 170
half-life, 97
interactions with prescription drugs, 504
during lactation, 91, 259
multiple sclerosis treatment, 173, 174
not used as a measure of vitamin D 

nutriture, 97
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in the placenta, 90, 189
in pleural fluid, 177
during preeclampsia, 189
during pregnancy, 56, 96, 174, 250–251, 

252, 254
rheumatoid arthritis treatment, 175
rickets and osteomalacia, 49, 94
systemic lupus erythematosus treatment, 

176
tuberculosis, 178
use of term, 78
vitamin D intoxication, 427

Calcium. See also Calcium balance; Serum 
calcium

absorption. See also Calcium, 
bioavailability

adolescents, 95, 352
African Americans, 260–261, 296
children, 352
dietary factors, 63–64
fractional, 38–39
from the gut, and increased risk for 

nephrolithiasis, 411, 500
impaired with rickets, 94
as indicator of nutrient adequacy, 

4, 129
infants, 52, 253, 350, 503, 505
methods of measurement, 264–265
overview, 38–40
during pregnancy or lactation, 242, 

249, 250, 253, 256–257, 259, 
277, 279, 281–282, 292, 361, 
424

relationship with vitamin D, 35, 
40–41, 143, 279

role of calcitriol, 35, 38, 39, 89, 253, 
260, 264, 267

and serum 25OHD, 213, 257, 259, 
264–267, 271, 277, 284, 292, 
366, 368, 388–389

accretion, 53–54, 269, 350, 351–353,  
354, 503. See also Bone, 
accretion

adverse effects with. See Adverse effects, 
calcium; Calcium, ULs

AIs, 7, 8, 58n.4, 345, 346, 348–351. See 
also Calcium balance, studies; 
Calcium retention

autism, 183
bioaccumulation, 35, 43
bioavailability, 37, 39, 62–63, 498, 503

bone health and, 194, 292. See also 
Supplements, calcium, and 
bone health

cancer, 5, 135, 137, 139, 140, 141, 143, 
144–145, 147, 414–416

cardiovascular disease, 148, 149
cognitive function, 186
deficiency, 35, 40, 48–50, 243–248, 254, 

271, 386
depression, 188
diabetes, 155, 156
DRIs

adolescents, 7, 351, 352, 354–355, 
1104, 1108, 1114

adults, 7, 355–361, 1104, 1108, 1114
background of current report, 346
children, 7, 351, 352, 353–355, 1104, 

1108, 1114
infants, 7, 348–351, 1104, 1108, 1114
in IOM 1997 report, 16, 58–60, 61, 

346, 350, 351, 404
lactation, 7, 361, 362, 1104, 1108, 

1114
pregnancy, 7, 361–362, 1104, 1108, 

1114
summary tables, 7–8, 349, 464, 1104, 

1108, 1114
EARs. See also Calcium, AIs

and accretion/retention, 58n.4, 268, 
272, 292

adolescents, 7, 351, 354, 356, 357, 
359, 1104

adults, 7, 355, 356, 357, 359, 360–361, 
1104

children, 7, 351, 353, 354, 1104
lactation, 7, 9, 349, 361, 362, 464, 

1104
pregnancy, 7, 9, 349, 361, 362, 464, 

1104
summary tables, 7, 349, 464, 1104

elemental, 37
excretion

adolescents, 95, 352
children, 352
dietary factors, 63–64
infants, 8
during lactation, 256, 257, 282
overview, 41–42
postmenopausal women, 55
during pregnancy, 189, 250
reduction with diuretics, 407
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relationship with calcium intake, 42, 
256, 257, 413–414

relationship with hypercalciuria, 
406–407

by route, 38, 61, 352
food sources of, 36, 62–63, 413, 466, 497, 

498
homeostatic regulation, 35, 40–41, 49, 

56, 84, 89–90, 153, 157, 253
in human milk, 39, 52–53, 56, 57, 256, 

257
intake. See Calcium intake
interactions with other nutrients. See 

Calcium interactions
ionized, 35, 43, 56, 250, 257, 424
during lactation, 7, 8, 45n.3, 56–57, 

256–257, 362
metabolism, 35, 38–42, 43, 56. See also 

Calcium balance
mobilization or transport, 153, 177–178, 

249, 254, 356, 361
physiological role, 35, 42–52, 157, 184
during pregnancy, 7, 189, 190, 242, 

249–250, 361–362
RDAs, 7, 272, 292, 351, 353, 354, 355, 

356, 357, 359, 361, 1108
retention. See Calcium retention
rheumatoid arthritis, 175
sources, 36–37
supplements. See Supplements, 

calcium
through the life stages, 7–8
ULs, 7, 8, 418–420, 421–424, 464, 488, 

500–501, 1114–1115
umbilical cord level, 251, 254
units of measurement, 31

Calcium-alkali syndrome, 407–409, 418, 
422, 423

Calcium balance. See also Calcium, 
homeostatic regulation

adolescents, 58
adults, 355
bone remodeling and, 45–46, 272
definition, 57
estimation methods, 58, 62
as indicator of nutrient adequacy, 4, 129
infants, 58
models, 58–60
negative, 284–285
neutral, 272–273, 285, 292
outcomes, 58

during pregnancy or lactation, 249, 
277–278, 282, 362

regulated by calcitriol. See Calcitriol, 
functions, calcium regulation

studies, 57–60, 58n.4, 350, 351, 352
Calcium bicarbonate, 43, 407
Calcium carbonate, 37, 63, 407, 408, 417. 

See also Supplements, calcium
Calcium citrate, 37, 43, 63, 417. See also 

Supplements, calcium
“Calcium economy,” 294–298, 517
Calcium glucoheptonate, 37n.2
Calcium gluconate, 37n.2
Calcium hydroxyapatite, 35, 37n.2, 43, 

44–45
Calcium intake. See also Supplements, 

calcium
absorption of lipids and, 148
assessment

approach, 462–463
Canadian estimated, 465–468
Canadian surveys, 461–462
estimates from national surveys, 10, 

458–460
from food sources only, 465, 466
summary, 477, 480–481
U.S. estimated, 463–465, 466
water, 36

assumption of adequacy for vitamin D 
DRI, 347–348

bone health and
BMC/BMD, 47, 60–62, 175, 195, 

219–226, 270–274, 285–290, 
392–393

bone accretion, 47, 53–54, 292
bone loss, 35, 40, 274, 356
bone mineralization, 276
dose–response relationship, 360
during pregnancy, 278–279
skeletal recovery after weaning, 57, 

256–257, 258, 282, 283, 285
cancer, 144–145, 146, 147, 414–416
cardiovascular disease, 148
diabetes, 155, 156
excess, 37, 42, 150, 517–518. See also 

Indicators of adverse outcomes 
for excess intake

excretion of calcium and, 42, 414
falls and physical performance, 157
inadequate. See Calcium, deficiency
infants, daily, 53, 349, 350–351
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for neutral calcium balance, 58, 273, 285
plateau intake, 58
preeclampsia and pregnancy-induced 

hypertension, 189, 190, 250
relationship with calcium absorption, 

38–39, 56
relationship with calcium retention, 269
rheumatoid arthritis, 175
systemic lupus erythematosus, 176

Calcium interactions
foods and food components, 62–64
iron, 6, 37, 405, 416–417
magnesium, 37
prescription drugs, 422
vitamin D, 5, 6, 35, 60, 136, 358, 360, 369, 

388, 484, 517
zinc, 6, 37, 405, 417

Calcium lactate, 37n.2
Calcium retention

adolescents, 53–54
bone mass measurements, 61–62
calcium intake and, 58–60, 269, 270
children, 268, 353
effects of dietary protein, 63
infants, 350, 503
integration of evidence, 292
plateau intake, 58
race considerations, 296, 297
regression modeling, 58

Canada
calcium intake assessment, 37, 465–468
changes in diet of indigenous Canadian 

populations, 11, 498–500
compared with the U.S., 474, 476–477
national intake surveys, 10–11, 110–111, 

457–458, 461–462, 521
Recommended Nutrient Intakes, 15
use of DRIs, 15
vitamin D

deficiency, 13–14, 486–488, 494
in formula, 81
intake assessment and serum 25OHD 

levels, 10–11, 110–111, 474–
477, 478

in milk, 79
supplementation, 81

Canadian Community Health Survey 
(CCHS), 461, 467, 474, 475

Canadian Food Inspection Agency (CFIA), 
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Canadian Health Measures Survey (CHMS), 
462, 474, 476, 478, 499

Canadian Institute for Health Information, 
461

Canadian Multicentre Osteoporosis Study, 
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Canadian Nutrient File (CNF), 462
Cancer/neoplasms. See also specific histological 

sites
calcitriol and, 77, 91–92, 139
calcium and, 136, 137, 139
as indicator of adverse outcomes for 

excess intake, 6, 405
as indicator of nutrient adequacy, 4, 5, 

129, 134–139
overview, 134, 135–136
serum 25OHD and, 138, 139
vitamin D and, 91–92, 135–139, 486

Cancer Prevention Study II Nutrition 
Cohort, 142, 414, 436

Carbohydrate, 83, 1104, 1110, 1111
Carcinogenesis, 91–92, 135, 143, 144
Cardiovascular diseases

calcitriol and, 78, 150–151
calcium and, 148, 149, 150, 407, 410,  

481
as indicator of adverse outcomes for 

excess intake, 6, 405
as indicator of nutrient adequacy, 4, 5, 
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mortality, 148, 149, 150, 438
overview, 147–148
serum 25OHD and, 148–149, 150–152, 

437–438
vitamin D and, 88, 148, 149, 425, 426, 

437–438
Carotenoids, 1113
Cartilage, 44, 48, 94, 174, 175
Caucasian ancestry

calcium accretion, 268–269
puberty, 24
serum 25OHD levels, 101, 103, 104, 

155, 173, 174, 203, 205–206, 
211–213, 215, 216

Celiac disease, 254
Cell cycle, 91, 140, 143, 146
Cell differentiation, 77, 91, 140, 143, 146, 

157, 176
Cell proliferation, 77, 90, 140, 146, 157
Centers for Disease Control and Prevention 

(CDC), 420, 460, 477
Cerebrovascular disease, 147
Cesarean section, 192
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Children, ages 1 through 3 years
bone health, 218, 382–383, 384, 386
calcium, 7, 61, 268, 349, 351, 352, 353, 

413–414, 420, 463, 464, 465, 
466, 467, 1104, 1108, 1114

DRI development, 23, 385–387, 445
EARs, 7, 9, 349, 351, 353, 385, 387, 464, 

469, 1104–1105
elements, 1108–1109, 1114–1115
growth rate, 23
macronutrients, 1110–1111
RDAs, 7, 9, 349, 351, 353, 385, 387, 464, 

469, 1106–1110
ULs, 7, 9, 420, 441, 445, 464, 469, 

1112–1115
vitamin D, 9, 95, 169, 385–387, 441, 445, 

469, 470–473, 475, 1106, 1112
vitamins, 1106–1107, 1112–1113
water, total, 1110

Children, ages 4 through 8 years
bone health, 195, 202–208, 218, 382–383, 

384, 386
calcium, 7, 47, 53, 61, 265, 268, 349, 351, 

353–354, 385, 387, 464, 465, 
466, 467, 1104, 1108, 1114

DRI development, 24, 385–387, 445
EARs, 7, 9, 349, 351, 385, 387, 464, 469, 

1104–1105
elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 351, 354, 385, 387, 464, 

469, 1106–1110
ULs, 7, 9, 420, 421, 441, 445, 464, 469, 

1112–1115
vitamin D, 9, 95, 169, 385–387, 441, 445, 

469, 470–473, 475, 1106, 1112
vitamins, 1106–1107, 1112–1113
water, total, 1110
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bone health, 53–54, 195, 202–208, 218, 

226, 280
calcium, 39, 53–54, 265, 354–355, 386, 

417, 465, 466, 467, 1104, 1108, 
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DRI development, 24, 354–355, 385–387, 
445

EARs, 7, 9, 349, 351, 464, 469
elements, 1108–1109, 1114–1115
macronutrients, 1110–1111
RDAs, 7, 9, 349, 351, 464, 469, 1106–1110

ULs, 7, 9, 419, 420, 421, 441, 445, 464, 
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vitamin D, 9, 385–387, 441, 445, 469, 
470–473, 475, 1106, 1112

vitamins, 1106–1107, 1112–1113
water, total, 1110

Chills, 180
Chinese ancestry or Chinese, 188, 216, 228, 
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Chloride, 1109, 1115
Cholecalciferol. See Vitamin D3
Cholestasis, 505
Cholesterol, 83, 84, 148, 434, 435, 1111
Choline, 1107, 1113
Chondrocytes, 44, 175
Chromium, 1108, 1114
Chronic disease and DRI development, 2, 5, 

16, 28, 486, 489. See also specific 
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Clothing, 81, 100, 105, 494
CLUE, 436
Cognitive function, 4, 129, 183–186, 188
Collagen, 43, 44, 175
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142–144
Communication deficits, 182
Competitive protein-binding assays 

(CPBAs), 107, 108, 109
Computed tomography, 61, 62
Constipation, 6, 37, 405, 417, 422
Contraceptives, oral, 11, 501–503
Convulsions, 94
Copper, 1105, 1108, 1114
Cord, blood chemistry, 192, 251, 252, 254, 

281
Coronary artery disease, 147
Corpuscular indexes, 417
Cramping, 171
Craniotabes, 255, 280
C-reactive protein, 152, 435
Creatinine, 176, 406, 408, 409, 428–429, 434
Crohn’s disease, 4, 129, 171–173
Cross-cultural differences. See Race/

ethnicity
Cubilin-megalin receptor system, 88
Cut-point, 13, 14, 144, 462, 480, 486–488, 

522
CYP enzymes, 84–87, 90
Cytochrome P450, 77, 85
Cytokines, 175, 189, 491
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Dairy products

autism, 183
calcium, 36, 62, 414–415
cancer risk, 142, 146, 414–415
constipation from, 417
diabetes, 155
lactose intolerance or cow’s milk allergy, 

496–498, 501
protective compound against kidney 

stones, 500
vitamin D–fortified, 79–80, 431–432, 497

Data
assignment of “race” in study design, 295
associations vs. causal or predictive 

relationships, 263–264, 480, 
485, 517

challenges
graded doses, 12, 484, 515, 519
isolation of effects of single nutrient, 

5, 6, 11, 12, 35, 346, 485
limited or incomplete. See Research 

needs; Uncertainties
pre-existing disease conditions, 406, 

422
standardization, 109, 516, 521
statistical analysis/synthesis 

methodology, 158–159, 519
extrapolation

from animal studies, 96
from EAR and UL values, 27
from observed data to general 

population, 404
from one life stage to another, 23, 24, 

346, 355, 393
inconsistency in measured outcomes, 181
interpolation, 354, 423
observational, 22, 130
postmortem, 275, 350, 367, 388
quality, and hierarchy of study design, 

127, 128, 130, 131–132, 133
scaling, 29, 346
uncertainties in analysis, 158–159
uncertainties in collection, 11–12, 167
weighted, 519

Decision making, 18–19, 26
7-Dehydrocholesterol, 75, 81, 95, 100, 101, 

104, 496
Dementia, 4, 183–186
Deoxyribonucleic acid (DNA), 105, 143

Depression, 4, 129, 186–188
Dermatitis, 168
Diabetes (type 1), 4, 5, 170–171, 189, 192, 

255
Diabetes (type 2), 4, 5, 129, 151, 152–156
Diarrhea, 171, 497
DiaSorin, 110–111, 111n.12, 476, 

476n.17–18
Dietary intake. See also Supplements; specific 

nutrients
assessment. See Intake assessment, dietary
effects on asthma, 168
fat, 83, 148, 168, 498, 1110, 1111
fiber, 62, 417, 1110
of indigenous Canadian populations, 11, 

498–500
of peoples in the far north, 492
protein, 63, 1104, 1110, 1111
research needs, 521
self-reported, 459, 460, 497
total intake, 457, 459, 474, 483
tuberculosis, 179
use of term, 457
vegetarian or vegan, 11, 63, 179, 496–498

Dietary Reference Intakes (DRIs)
AI and, 345
background, 15–16, 18
calcium. See Calcium, DRIs
components, 3, 15–16, 20. See also 
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Allowance; Tolerable Upper 
Intake Levels

criteria for, 30–31, 485
decision making, 18–19, 26
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Flatulence, 37, 417, 497
Fluoride, 16, 1108, 1114
Folate, 1105, 1107, 1113
Food and Drug Regulation, 79
Food and Nutrient Database for Dietary 
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fractures, 234–242, 356, 359–360, 

391, 392
and serum 25OHD, 209–218, 

226–234
vitamin D and calcium 

supplementation, 157, 162, 
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bariatric surgery, 88, 106, 518
calcium absorption, 39
challenges with bone mass measurement, 

62
definition, 490
diabetes, 154, 155–156
metabolic syndrome, 152
vitamin D storage, 88, 105–106, 156, 490, 

518
Organ transplant recipients, 158
Osteoarthritis, 216
Osteoblast, 44, 45, 46, 49, 50, 256, 491
Osteocalcin, 44
Osteoclast, 44, 45, 46, 89, 256, 491
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fracture risk and, 50–52
inclusion in bone health measures, 489
low calcium intake and vitamin D levels, 

49
with osteomalacia, 50
postmenopausal, 48, 52
serum PTH as risk factor, 260
serum 25OHD and, 231
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rheumatoid arthritis, 175
serum 25OHD. See Serum 

25-hydroxyvitamin D, vitamin 
D and; Sun exposure, 
relationship between serum 
25OHD and vitamin D

from supplements. See Supplements, 
vitamin D

through the life stages, 8–10, 94–96
tuberculosis, 178, 179, 494

Vitamin D interactions
calcium, 5, 6, 35, 60, 136, 358, 360, 369, 

388, 405, 484, 517
prescription drugs, 11, 87, 504, 505

Vitamin D receptor (VDR)
in the brain, 184
cancer, 91, 140, 146, 147
expressed in cells with rheumatoid 

lesions, 175
expressed in the duodenum, 38
expressed in the fetus, 252–253

expressed in the prostate, 146, 147
infants lacking, 254
lactation and, 91
muscle tissue, 157
regulation of expression by calcitriol, 38, 

90, 91
rickets due to genetic absence of (VDDR 

II), 49, 94, 252, 254, 260, 276
use of term, 140n.1

Vitamin D response element (VDRE), 77, 
140

Vitamin D2
equivalence issues with vitamin D3, 

92–93, 97, 519
fortified foods, 80
metabolism, 86–87, 92–93
overview, 78
serum level as biomarker of total intake, 

107, 108
supplementation, 81
toxicity, 93, 426

Vitamin D3
deprivation, and autism, 182
equivalence issues with vitamin D2, 

92–93, 97, 519
fortified foods, 80
metabolism, 86–87, 92–93
overview, 78
serum level, not used to estimate 

synthesis in the skin, 104
serum level as biomarker of total intake, 

107, 108
storage, 105
supplementation, 81, 107
synthesis in the skin. See Vitamin D, 

synthesis in the skin
toxicity, 93, 426

Vitamin E, 180, 1104, 1106, 1112
Vitamin K, 1106, 1112
Vitamins, 1106–1107, 1114–1115
Vomiting (emesis), 407, 409

W
Water, 36, 411, 417, 1110
Weight, 140, 153, 192–193, 254, 406, 420, 

425. See also Growth rate
Weight loss or dieting, 39, 106, 172, 518
West Indians, 245
What We Eat in America (WWEIA), 459, 

473
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White-matter hyperintensity volume, 185
Women. See also Females; Gender 

differences; Lactation; 
Menopausal status; Pregnancy

bone health
fractures, 234–242, 257, 285–286, 

357–358, 391, 392, 438, 439
and serum 25OHD, 209–218, 226–

234, 235
vitamin D and calcium 

supplementation, 226, 
234–242

calcium, 40, 58, 162, 226, 234–242, 
356, 357–359, 360–361, 477, 
480–481

cognitive function, 185
depression, 188
EARs, 356, 359, 360–361
falls, 157, 161, 162, 166, 438
glucose tolerance, 154
mean age of puberty, 24
nephrolithiasis, 411–412
RDAs, 356, 359

rheumatoid arthritis, 175
serum 25OHD level and cardiovascular 

risk, 437
systemic lupus erythematosus, 177

Women’s Health Initiative (WHI), 138, 141, 
185, 220, 234, 285, 298, 358, 
393, 411–412, 413, 422

World Cancer Research Fund, 415

X
X-ray. See Duel-energy X-ray absorptiometry

Y
Young adults. See Adults, 19 through 30 

years

Z
Zinc, 6, 37, 405, 417, 1105, 1109, 1115
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Dietary Reference Intakes (DRIs): Estimated Average Requirements
Food and Nutrition Board, Institute of Medicine, National Academies
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Infants
 0–6 mo
 6–12 mo 1.0 6.9 2.5
Children
 1–3 y 500 100 0.87 210 13 10 5 0.4 0.4 5 0.4 120 0.7 260 65 3.0 65 13 380 17 2.5
 4–8 y 800 100 0.76 275 22 10 6 0.5 0.5 6 0.5 160 1.0 340 65 4.1 110 17 405 23 4.0
Males
 9–13 y 1,100 100 0.76 445 39 10 9 0.7 0.8 9 0.8 250 1.5 540 73 5.9 200 26 1,055 35 7.0
 14–18 y 1,100 100 0.73 630 63 10 12 1.0 1.1 12 1.1 330 2.0 685 95 7.7 340 33 1,055 45 8.5
 19–30 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.1 320 2.0 700 95 6 330 34 580 45 9.4
 31–50 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.1 320 2.0 700 95 6 350 34 580 45 9.4
 51–70 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4
 > 70 y 1,000 100 0.66 625 75 10 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4
Females
 9–13 y 1,100 100 0.76 420 39 10 9 0.7 0.8 9 0.8 250 1.5 540 73 5.7 200 26 1,055 35 7.0
 14–18 y 1,100 100 0.71 485 56 10 12 0.9 0.9 11 1.0 330 2.0 685 95 7.9 300 33 1,055 45 7.3
 19–30 y 800 100 0.66 500 60 10 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 255 34 580 45 6.8
 31–50 y 800 100 0.66 500 60 10 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 265 34 580 45 6.8
 51–70 y 1,000 100 0.66 500 60 10 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8
 > 70 y 1,000 100 0.66 500 60 10 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8
Pregnancy
 14–18 y 1,000 135 0.88 530 66 10 12 1.2 1.2 14 1.6 520 2.2 785 160 23 335 40 1,055 49 10.5
 19–30 y 800 135 0.88 550 70 10 12 1.2 1.2 14 1.6 520 2.2 800 160 22 290 40 580 49 9.5
 31–50 y 800 135 0.88 550 70 10 12 1.2 1.2 14 1.6 520 2.2 800 160 22 300 40 580 49 9.5
Lactation
 14–18 y 1,000 160 1.05 885 96 10 16 1.2 1.3 13 1.7 450 2.4 985 209 7 300 35 1,055 59 10.9
 19–30 y 800 160 1.05 900 100 10 16 1.2 1.3 13 1.7 450 2.4 1,000 209 6.5 255 36 580 59 10.4
 31–50 y 800 160 1.05 900 100 10 16 1.2 1.3 13 1.7 450 2.4 1,000 209 6.5 265 36 580 59 10.4

NOTE: An Estimated Average Requirement (EAR) is the average daily nutrient intake level 
estimated to meet the requirements of half of the healthy individuals in a group. EARs have 
not been established for vitamin K, pantothenic acid, biotin, choline, chromium, fluoride, 
manganese, or other nutrients not yet evaluated via the DRI process.
 aAs retinol activity equivalents (RAEs). 1 RAE = 1 mg retinol, 12 mg β-carotene, 24 mg α-
carotene, or 24 mg β-cryptoxanthin. The RAE for dietary provitamin A carotenoids is two-fold 
greater than retinol equivalents (RE), whereas the RAE for preformed vitamin A is the same 
as RE.
 bAs α-tocopherol. α-tocopherol includes RRR-α-tocopherol, the only form of α-tocopherol 
that occurs naturally in foods, and the 2R-stereoisomeric forms of α-tocopherol (RRR-, RSR-, 
RRS-, and RSS-α-tocopherol) that occur in fortified foods and supplements. It does not in-
clude the 2S-stereoisomeric forms of α-tocopherol (SRR-, SSR-, SRS-, and SSS-α-tocopherol), 
also found in fortified foods and supplements.
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Infants
 0–6 mo
 6–12 mo 1.0 6.9 2.5
Children
 1–3 y 500 100 0.87 210 13 10 5 0.4 0.4 5 0.4 120 0.7 260 65 3.0 65 13 380 17 2.5
 4–8 y 800 100 0.76 275 22 10 6 0.5 0.5 6 0.5 160 1.0 340 65 4.1 110 17 405 23 4.0
Males
 9–13 y 1,100 100 0.76 445 39 10 9 0.7 0.8 9 0.8 250 1.5 540 73 5.9 200 26 1,055 35 7.0
 14–18 y 1,100 100 0.73 630 63 10 12 1.0 1.1 12 1.1 330 2.0 685 95 7.7 340 33 1,055 45 8.5
 19–30 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.1 320 2.0 700 95 6 330 34 580 45 9.4
 31–50 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.1 320 2.0 700 95 6 350 34 580 45 9.4
 51–70 y 800 100 0.66 625 75 10 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4
 > 70 y 1,000 100 0.66 625 75 10 12 1.0 1.1 12 1.4 320 2.0 700 95 6 350 34 580 45 9.4
Females
 9–13 y 1,100 100 0.76 420 39 10 9 0.7 0.8 9 0.8 250 1.5 540 73 5.7 200 26 1,055 35 7.0
 14–18 y 1,100 100 0.71 485 56 10 12 0.9 0.9 11 1.0 330 2.0 685 95 7.9 300 33 1,055 45 7.3
 19–30 y 800 100 0.66 500 60 10 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 255 34 580 45 6.8
 31–50 y 800 100 0.66 500 60 10 12 0.9 0.9 11 1.1 320 2.0 700 95 8.1 265 34 580 45 6.8
 51–70 y 1,000 100 0.66 500 60 10 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8
 > 70 y 1,000 100 0.66 500 60 10 12 0.9 0.9 11 1.3 320 2.0 700 95 5 265 34 580 45 6.8
Pregnancy
 14–18 y 1,000 135 0.88 530 66 10 12 1.2 1.2 14 1.6 520 2.2 785 160 23 335 40 1,055 49 10.5
 19–30 y 800 135 0.88 550 70 10 12 1.2 1.2 14 1.6 520 2.2 800 160 22 290 40 580 49 9.5
 31–50 y 800 135 0.88 550 70 10 12 1.2 1.2 14 1.6 520 2.2 800 160 22 300 40 580 49 9.5
Lactation
 14–18 y 1,000 160 1.05 885 96 10 16 1.2 1.3 13 1.7 450 2.4 985 209 7 300 35 1,055 59 10.9
 19–30 y 800 160 1.05 900 100 10 16 1.2 1.3 13 1.7 450 2.4 1,000 209 6.5 255 36 580 59 10.4
 31–50 y 800 160 1.05 900 100 10 16 1.2 1.3 13 1.7 450 2.4 1,000 209 6.5 265 36 580 59 10.4

SUMMARY TABLES 1105

 cAs niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan.
 dAs dietary folate equivalents (DFE). 1 DFE = 1 µg food folate = 0.6 µg of folic acid from 
fortified food or as a supplement consumed with food = 0.5 µg of a supplement taken on an 
empty stomach.
SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride 
(1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, 
Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin E, 
Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Bo-
ron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc 
(2001); Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, 
and Amino Acids (2002/2005); and Dietary Reference Intakes for Calcium and Vitamin D (2011). 
These reports may be accessed via www.nap.edu.
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Dietary Reference Intakes (DRIs): Recommended Dietary Allowances 
and Adequate Intakes, Vitamins 
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
Group

Vitamin 
A
(µg/d)a

Vitamin 
C
(mg/d)

Vitamin 
D
(µg/d)b,c

Vitamin 
E
(mg/d)d

Vitamin 
K
(µg/d)

Thiamin
(mg/d)

Riboflavin
(mg/d)

Niacin
(mg/d)e

Vitamin 
B6
(mg/d)

Folate
(µg/d)f

Vitamin 
B12
(µg/d)

Pantothenic 
Acid 
(mg/d)

Biotin
(µg/d)

Choline
(mg/d)g

Infants
 0–6 mo 400* 40* 10* 4* 2.0* 0.2* 0.3* 2* 0.1* 65* 0.4* 1.7* 5* 125*
 6–12 mo 500* 50* 10* 5* 2.5* 0.3* 0.4* 4* 0.3* 80* 0.5* 1.8* 6* 150*
Children
 1–3 y 300 15 15 6 30* 0.5 0.5 6 0.5 150 0.9 2* 8* 200*
 4–8 y 400 25 15 7 55* 0.6 0.6 8 0.6 200 1.2 3* 12* 250*
Males
 9–13 y 600 45 15 11 60* 0.9 0.9 12 1.0 300 1.8 4* 20* 375*
 14–18 y 900 75 15 15 75* 1.2 1.3 16 1.3 400 2.4 5* 25* 550*
 19–30 y 900 90 15 15 120* 1.2 1.3 16 1.3 400 2.4 5* 30* 550*
 31–50 y 900 90 15 15 120* 1.2 1.3 16 1.3 400 2.4 5* 30* 550*
 51–70 y 900 90 15 15 120* 1.2 1.3 16 1.7 400 2.4h 5* 30* 550*
 > 70 y 900 90 20 15 120* 1.2 1.3 16 1.7 400 2.4h 5* 30* 550*
Females
 9–13 y 600 45 15 11 60* 0.9 0.9 12 1.0 300 1.8 4* 20* 375*
 14–18 y 700 65 15 15 75* 1.0 1.0 14 1.2 400i 2.4 5* 25* 400*
 19–30 y 700 75 15 15 90* 1.1 1.1 14 1.3 400i 2.4 5* 30* 425*
 31–50 y 700 75 15 15 90* 1.1 1.1 14 1.3 400i 2.4 5* 30* 425*
 51–70 y 700 75 15 15 90* 1.1 1.1 14 1.5 400 2.4h 5* 30* 425*
 > 70 y 700 75 20 15 90* 1.1 1.1 14 1.5 400 2.4h 5* 30* 425*
Pregnancy
 14–18 y 750 80 15 15 75* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
 19–30 y 770 85 15 15 90* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
 31–50 y 770 85 15 15 90* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
Lactation
 14–18 y 1,200 115 15 19 75* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*
 19–30 y 1,300 120 15 19 90* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*
 31–50 y 1,300 120 15 19 90* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recommended Dietary Al-
lowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). 
An RDA is the average daily dietary intake level sufficient to meet the nutrient requirements of nearly all 
(97–98 percent) healthy individuals in a group. It is calculated from an Estimated Average Requirement 
(EAR). If sufficient scientific evidence is not available to establish an EAR, and thus calculate an RDA, 
an AI is usually developed. For healthy breast-fed infants, an AI is the mean intake. The AI for other life 
stage and gender groups is believed to cover the needs of all healthy individuals in the groups, but lack of 
data or uncertainty in the data prevent being able to specify with confidence the percentage of individuals 
covered by this intake.
 aAs retinol activity equivalents (RAEs). 1 RAE = 1 mg retinol, 12 mg β-carotene, 24 mg α-carotene, or 24 mg 
β-cryptoxanthin. The RAE for dietary provitamin A carotenoids is two-fold greater than retinol equivalents 
(REs), whereas the RAE for preformed vitamin A is the same as RE.
 bAs cholecalciferol. 1 µg cholecalciferol = 40 IU vitamin D.
 cUnder the assumption of minimal sunlight.
 dAs α-tocopherol. α-tocopherol includes RRR-α-tocopherol, the only form of α-tocopherol that occurs 
naturally in foods, and the 2R-stereoisomeric forms of α-tocopherol (RRR-, RSR-, RRS-, and RSS-α-tocoph-
erol) that occur in fortified foods and supplements. It does not include the 2S-stereoisomeric forms of 
α-tocopherol (SRR-, SSR-, SRS-, and SSS-α-tocopherol), also found in fortified foods and supplements.
 eAs niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan; 0–6 months = preformed niacin (not NE).
 fAs dietary folate equivalents (DFE). 1 DFE = 1 µg food folate = 0.6 µg of folic acid from fortified food 
or as a supplement consumed with food = 0.5 µg of a supplement taken on an empty stomach.
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Dietary Reference Intakes (DRIs): Recommended Dietary Allowances 
and Adequate Intakes, Vitamins 
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
Group

Vitamin 
A
(µg/d)a

Vitamin 
C
(mg/d)

Vitamin 
D
(µg/d)b,c

Vitamin 
E
(mg/d)d

Vitamin 
K
(µg/d)

Thiamin
(mg/d)

Riboflavin
(mg/d)

Niacin
(mg/d)e

Vitamin 
B6
(mg/d)

Folate
(µg/d)f

Vitamin 
B12
(µg/d)

Pantothenic 
Acid 
(mg/d)

Biotin
(µg/d)

Choline
(mg/d)g

Infants
 0–6 mo 400* 40* 10* 4* 2.0* 0.2* 0.3* 2* 0.1* 65* 0.4* 1.7* 5* 125*
 6–12 mo 500* 50* 10* 5* 2.5* 0.3* 0.4* 4* 0.3* 80* 0.5* 1.8* 6* 150*
Children
 1–3 y 300 15 15 6 30* 0.5 0.5 6 0.5 150 0.9 2* 8* 200*
 4–8 y 400 25 15 7 55* 0.6 0.6 8 0.6 200 1.2 3* 12* 250*
Males
 9–13 y 600 45 15 11 60* 0.9 0.9 12 1.0 300 1.8 4* 20* 375*
 14–18 y 900 75 15 15 75* 1.2 1.3 16 1.3 400 2.4 5* 25* 550*
 19–30 y 900 90 15 15 120* 1.2 1.3 16 1.3 400 2.4 5* 30* 550*
 31–50 y 900 90 15 15 120* 1.2 1.3 16 1.3 400 2.4 5* 30* 550*
 51–70 y 900 90 15 15 120* 1.2 1.3 16 1.7 400 2.4h 5* 30* 550*
 > 70 y 900 90 20 15 120* 1.2 1.3 16 1.7 400 2.4h 5* 30* 550*
Females
 9–13 y 600 45 15 11 60* 0.9 0.9 12 1.0 300 1.8 4* 20* 375*
 14–18 y 700 65 15 15 75* 1.0 1.0 14 1.2 400i 2.4 5* 25* 400*
 19–30 y 700 75 15 15 90* 1.1 1.1 14 1.3 400i 2.4 5* 30* 425*
 31–50 y 700 75 15 15 90* 1.1 1.1 14 1.3 400i 2.4 5* 30* 425*
 51–70 y 700 75 15 15 90* 1.1 1.1 14 1.5 400 2.4h 5* 30* 425*
 > 70 y 700 75 20 15 90* 1.1 1.1 14 1.5 400 2.4h 5* 30* 425*
Pregnancy
 14–18 y 750 80 15 15 75* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
 19–30 y 770 85 15 15 90* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
 31–50 y 770 85 15 15 90* 1.4 1.4 18 1.9 600j 2.6 6* 30* 450*
Lactation
 14–18 y 1,200 115 15 19 75* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*
 19–30 y 1,300 120 15 19 90* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*
 31–50 y 1,300 120 15 19 90* 1.4 1.6 17 2.0 500 2.8 7* 35* 550*

 gAlthough AIs have been set for choline, there are few data to assess whether a dietary supply of choline is 
needed at all stages of the life cycle, and it may be that the choline requirement can be met by endogenous 
synthesis at some of these stages.
 hBecause 10 to 30 percent of older people may malabsorb food-bound B12, it is advisable for those older 
than 50 years to meet their RDA mainly by consuming foods fortified with B12 or a supplement containing 
B12.
 iIn view of evidence linking folate intake with neural tube defects in the fetus, it is recommended that 
all women capable of becoming pregnant consume 400 µg from supplements or fortified foods in addition 
to intake of food folate from a varied diet.
 jIt is assumed that women will continue consuming 400 µg from supplements or fortified food until 
their pregnancy is confirmed and they enter prenatal care, which ordinarily occurs after the end of the 
periconceptional period—the critical time for formation of the neural tube.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride (1997); 
Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Bio-
tin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids (2000); 
Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, 
Molybdenum, Nickel, Silicon, Vanadium, and Zinc (2001); Dietary Reference Intakes for Water, Potassium, Sodium, 
Chloride, and Sulfate (2005); and Dietary Reference Intakes for Calcium and Vitamin D (2011). These reports 
may be accessed via www.nap.edu.
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Dietary Reference Intakes (DRIs): Recommended Dietary Allowances and  
Adequate Intakes, Elements 
Food and Nutrition Board, Institute of Medicine, National Academies
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Infants
 0–6 mo 200* 0.2* 200* 0.01* 110* 0.27* 30* 0.003* 2* 100* 15* 2* 0.4* 0.12* 0.18*
 6–12 mo 260* 5.5* 220* 0.5* 130* 11 75* 0.6* 3* 275* 20* 3 0.7* 0.37* 0.57*
Children
 1–3 y 700 11* 340 0.7* 90 7 80 1.2* 17 460 20 3 3.0* 1.0* 1.5*
 4–8 y 1,000 15* 440 1* 90 10 130 1.5* 22 500 30 5 3.8* 1.2* 1.9*
Males
 9–13 y 1,300 25* 700 2* 120 8 240 1.9* 34 1,250 40 8 4.5* 1.5* 2.3*
 14–18 y 1,300 35* 890 3* 150 11 410 2.2* 43 1,250 55 11 4.7* 1.5* 2.3*
 19–30 y 1,000 35* 900 4* 150 8 400 2.3* 45 700 55 11 4.7* 1.5* 2.3*
 31–50 y 1,000 35* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.5* 2.3*
 51–70 y 1,000 30* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.3* 2.0*
 > 70 y 1,200 30* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.2* 1.8*
Females
 9–13 y 1,300 21* 700 2* 120 8 240 1.6* 34 1,250 40 8 4.5* 1.5* 2.3*
 14–18 y 1,300 24* 890 3* 150 15 360 1.6* 43 1,250 55 9 4.7* 1.5* 2.3*
 19–30 y 1,000 25* 900 3* 150 18 310 1.8* 45 700 55 8 4.7* 1.5* 2.3*
 31–50 y 1,000 25* 900 3* 150 18 320 1.8* 45 700 55 8 4.7* 1.5* 2.3*
 51–70 y 1,200 20* 900 3* 150 8 320 1.8* 45 700 55 8 4.7* 1.3* 2.0*
 > 70 y 1,200 20* 900 3* 150 8 320 1.8* 45 700 55 8 4.7* 1.2* 1.8*
Pregnancy
 14–18 y 1,300 29* 1,000 3* 220 27 400 2.0* 50 1,250 60 12 4.7* 1.5* 2.3*
 19–30 y 1,000 30* 1,000 3* 220 27 350 2.0* 50 700 60 11 4.7* 1.5* 2.3*
 31–50 y 1,000 30* 1,000 3* 220 27 360 2.0* 50 700 60 11 4.7* 1.5* 2.3*
Lactation
 14–18 y 1,300 44* 1,300 3* 290 10 360 2.6* 50 1,250 70 13 5.1* 1.5* 2.3*
 19–30 y 1,000 45* 1,300 3* 290  9 310 2.6* 50 700 70 12 5.1* 1.5* 2.3*

 31–50 y 1,000 45* 1,300 3* 290  9 320 2.6* 50 700 70 12 5.1* 1.5* 2.3*

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recommended 
Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type fol-
lowed by an asterisk (*). An RDA is the average daily dietary intake level sufficient to meet 
the nutrient requirements of nearly all (97–98 percent) healthy individuals in a group. It is 
calculated from an Estimated Average Requirement (EAR). If sufficient scientific evidence is 
not available to establish an EAR, and thus calculate an RDA, an AI is usually developed. For 
healthy breast-fed infants, an AI is the mean intake. The AI for other life stage and gender 
groups is believed to cover the needs of all healthy individuals in the groups, but lack of data 
or uncertainty in the data prevent being able to specify with confidence the percentage of 
individuals covered by this intake.
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Dietary Reference Intakes (DRIs): Recommended Dietary Allowances and  
Adequate Intakes, Elements 
Food and Nutrition Board, Institute of Medicine, National Academies
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Infants
 0–6 mo 200* 0.2* 200* 0.01* 110* 0.27* 30* 0.003* 2* 100* 15* 2* 0.4* 0.12* 0.18*
 6–12 mo 260* 5.5* 220* 0.5* 130* 11 75* 0.6* 3* 275* 20* 3 0.7* 0.37* 0.57*
Children
 1–3 y 700 11* 340 0.7* 90 7 80 1.2* 17 460 20 3 3.0* 1.0* 1.5*
 4–8 y 1,000 15* 440 1* 90 10 130 1.5* 22 500 30 5 3.8* 1.2* 1.9*
Males
 9–13 y 1,300 25* 700 2* 120 8 240 1.9* 34 1,250 40 8 4.5* 1.5* 2.3*
 14–18 y 1,300 35* 890 3* 150 11 410 2.2* 43 1,250 55 11 4.7* 1.5* 2.3*
 19–30 y 1,000 35* 900 4* 150 8 400 2.3* 45 700 55 11 4.7* 1.5* 2.3*
 31–50 y 1,000 35* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.5* 2.3*
 51–70 y 1,000 30* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.3* 2.0*
 > 70 y 1,200 30* 900 4* 150 8 420 2.3* 45 700 55 11 4.7* 1.2* 1.8*
Females
 9–13 y 1,300 21* 700 2* 120 8 240 1.6* 34 1,250 40 8 4.5* 1.5* 2.3*
 14–18 y 1,300 24* 890 3* 150 15 360 1.6* 43 1,250 55 9 4.7* 1.5* 2.3*
 19–30 y 1,000 25* 900 3* 150 18 310 1.8* 45 700 55 8 4.7* 1.5* 2.3*
 31–50 y 1,000 25* 900 3* 150 18 320 1.8* 45 700 55 8 4.7* 1.5* 2.3*
 51–70 y 1,200 20* 900 3* 150 8 320 1.8* 45 700 55 8 4.7* 1.3* 2.0*
 > 70 y 1,200 20* 900 3* 150 8 320 1.8* 45 700 55 8 4.7* 1.2* 1.8*
Pregnancy
 14–18 y 1,300 29* 1,000 3* 220 27 400 2.0* 50 1,250 60 12 4.7* 1.5* 2.3*
 19–30 y 1,000 30* 1,000 3* 220 27 350 2.0* 50 700 60 11 4.7* 1.5* 2.3*
 31–50 y 1,000 30* 1,000 3* 220 27 360 2.0* 50 700 60 11 4.7* 1.5* 2.3*
Lactation
 14–18 y 1,300 44* 1,300 3* 290 10 360 2.6* 50 1,250 70 13 5.1* 1.5* 2.3*
 19–30 y 1,000 45* 1,300 3* 290  9 310 2.6* 50 700 70 12 5.1* 1.5* 2.3*

 31–50 y 1,000 45* 1,300 3* 290  9 320 2.6* 50 700 70 12 5.1* 1.5* 2.3*

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recommended 
Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type fol-
lowed by an asterisk (*). An RDA is the average daily dietary intake level sufficient to meet 
the nutrient requirements of nearly all (97–98 percent) healthy individuals in a group. It is 
calculated from an Estimated Average Requirement (EAR). If sufficient scientific evidence is 
not available to establish an EAR, and thus calculate an RDA, an AI is usually developed. For 
healthy breast-fed infants, an AI is the mean intake. The AI for other life stage and gender 
groups is believed to cover the needs of all healthy individuals in the groups, but lack of data 
or uncertainty in the data prevent being able to specify with confidence the percentage of 
individuals covered by this intake.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluo-
ride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin 
B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin 
E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, 
Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and 
Zinc (2001); Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate (2005); 
and Dietary Reference Intakes for Calcium and Vitamin D (2011). These reports may be accessed 
via www.nap.edu.
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Dietary Reference Intakes (DRIs): Recommended Dietary Allowances 
and Adequate Intakes, Total Water and Macronutrients
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage
Group

Total 
Watera

(L/d)
Carbohydrate
(g/d)

Total 
Fiber
(g/d)

Fat
(g/d)

Linoleic 
Acid
(g/d)

α-Linolenic 
Acid
(g/d)

Proteinb

(g/d)

Infants
 0–6 mo 0.7* 60* ND 31* 4.4* 0.5* 9.1*
 6–12 mo 0.8* 95* ND 30* 4.6* 0.5* 11.0
Children
 1–3 y 1.3* 130 19* NDc 7* 0.7* 13
 4–8 y 1.7* 130 25* ND 10* 0.9* 19
Males
 9–13 y 2.4* 130 31* ND 12* 1.2* 34
 14–18 y 3.3* 130 38* ND 16* 1.6* 52
 19–30 y 3.7* 130 38* ND 17* 1.6* 56
 31–50 y 3.7* 130 38* ND 17* 1.6* 56
 51–70 y 3.7* 130 30* ND 14* 1.6* 56
 > 70 y 3.7* 130 30* ND 14* 1.6* 56
Females
 9–13 y 2.1* 130 26* ND 10* 1.0* 34
 14–18 y 2.3* 130 26* ND 11* 1.1* 46
 19–30 y 2.7* 130 25* ND 12* 1.1* 46
 31–50 y 2.7* 130 25* ND 12* 1.1* 46
 51–70 y 2.7* 130 21* ND 11* 1.1* 46
 > 70 y 2.7* 130 21* ND 11* 1.1* 46
Pregnancy
 14–18 y 3.0* 175 28* ND 13* 1.4* 71
 19–30 y 3.0* 175 28* ND 13* 1.4* 71
 31–50 y 3.0* 175 28* ND 13* 1.4* 71
Lactation
 14–18 3.8* 210 29* ND 13* 1.3* 71
 19–30 y 3.8* 210 29* ND 13* 1.3* 71
 31–50 y 3.8* 210 29* ND 13* 1.3* 71

NOTE: This table (take from the DRI reports, see www.nap.edu) presents Recommended 
Dietary Allowances (RDA) in bold type and Adequate Intakes (AI) in ordinary type fol-
lowed by an asterisk (*). An RDA is the average daily dietary intake level sufficient to meet 
the nutrient requirements of nearly all (97–98 percent) healthy individuals in a group. It is 
calculated from an Estimated Average Requirement (EAR). If sufficient scientific evidence is 
not available to establish an EAR, and thus calculate an RDA, an AI is usually developed. For 
healthy breast-fed infants, an AI is the mean intake. The AI for other life stage and gender 
groups is believed to cover the needs of all healthy individuals in the groups, but lack of data 
or uncertainty in the data prevent being able to specify with confidence the percentage of 
individuals covered by this intake.
 aTotal water includes all water contained in food, beverages, and drinking water.
 bBased on g protein per kg of body weight for the reference body weight, e.g., for adults 
0.8 g/kg body weight for the reference body weight.
 cNot determined.
SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, 
Protein, and Amino Acids (2002/2005) and Dietary Reference Intakes for Water, Potassium, Sodium, 
Chloride, and Sulfate (2005). The report may be accessed via www.nap.edu.
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Dietary Reference Intakes (DRIs): Acceptable Macronutrient Distribution 
Ranges 
Food and Nutrition Board, Institute of Medicine, National Academies

Macronutrient

Range (percent of energy)

Children, 1–3 y Children, 4–18 y Adults

Fat 30–40 25–35 20–35
n-6 polyunsaturated fatty 
acidsa (linoleic acid)

5–10 5–10 5–10 

n-3 polyunsaturated fatty 
acidsa (α-linolenic acid)

0.6–1.2 0.6–1.2 0.6–1.2 

Carbohydrate 45–65 45–65 45–65
Protein 5–20 10–30 10–35

 aApproximately 10 percent of the total can come from longer-chain n-3 or n-6 fatty acids.
SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Pro-
tein, and Amino Acids (2002/2005). The report may be accessed via www.nap.edu.

Dietary Reference Intakes (DRIs): Additional Macronutrient 
Recommendations 
Food and Nutrition Board, Institute of Medicine, National Academies

Macronutrient Recommendation

Dietary cholesterol As low as possible while consuming a nutritionally adequate diet 
Trans fatty acids As low as possible while consuming a nutritionally adequate diet
Saturated fatty acids As low as possible while consuming a nutritionally adequate diet
Added sugarsa Limit to no more than 25% of total energy 

 aNot a recommended intake. A daily intake of added sugars that individuals should aim for 
to achieve a healthful diet was not set.
SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Pro-
tein, and Amino Acids (2002/2005). The report may be accessed via www.nap.edu.
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Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels, Vitamins
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
Group

Vitamin 
A 
(µg/d)a

Vitamin 
C 
(mg/d)

Vitamin 
D 
(mg/d)

Vitamin 
E 
(mg/d)b,c

Vitamin 
K Thiamin Riboflavin

Niacin 
(mg/d)c

Vitamin 
B6 
(mg/d)

Folate 
(mg/d)c

Vitamin 
B12

Pantothenic 
Acid Biotin

Choline 
(g/d) Carotenoidsd

Infants
 0–6 mo 600 NDe 25 ND ND ND ND ND ND ND ND ND ND ND ND
 6–12 mo 600 ND 38 ND ND ND ND ND ND ND ND ND ND ND ND
Children
 1−3 y 600 400 63 200 ND ND ND 10 30 300 ND ND ND 1.0 ND
 4−8 y 900 650 75 300 ND ND ND 15 40 400 ND ND ND 1.0 ND
Males
 9−13 y 1,700 1,200 100 600 ND ND ND 20 60 600 ND ND ND 2.0 ND
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 51−70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 > 70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Females
 9−13 y 1,700 1,200 100 600 ND ND ND 20 60 600 ND ND ND 2.0 ND
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 51−70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 > 70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Pregnancy
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Lactation
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND

NOTE: A Tolerable Upper Intake Level (UL) is the highest level of daily nutrient intake 
that is likely to pose no risk of adverse health effects to almost all individuals in the general 
population. Unless otherwise specified, the UL represents total intake from food, water, and 
supplements. Due to a lack of suitable data, ULs could not be established for vitamin K, thia-
min, riboflavin, vitamin B12, pantothenic acid, biotin, and carotenoids. In the absence of a UL, 
extra caution may be warranted in consuming levels above recommended intakes. Members 
of the general population should be advised not to routinely exceed the UL. The UL is not 
meant to apply to individuals who are treated with the nutrient under medical supervision 
or to individuals with predisposing conditions that modify their sensitivity to the nutrient.
 aAs preformed vitamin A only.
 bAs α-tocopherol; applies to any form of supplemental α-tocopherol.
 cThe ULs for vitamin E, niacin, and folate apply to synthetic forms obtained from supple-
ments, fortified foods, or a combination of the two.



SUMMARY TABLES 1113

Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels, Vitamins
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
Group

Vitamin 
A 
(µg/d)a

Vitamin 
C 
(mg/d)

Vitamin 
D 
(mg/d)

Vitamin 
E 
(mg/d)b,c

Vitamin 
K Thiamin Riboflavin

Niacin 
(mg/d)c

Vitamin 
B6 
(mg/d)

Folate 
(mg/d)c

Vitamin 
B12

Pantothenic 
Acid Biotin

Choline 
(g/d) Carotenoidsd

Infants
 0–6 mo 600 NDe 25 ND ND ND ND ND ND ND ND ND ND ND ND
 6–12 mo 600 ND 38 ND ND ND ND ND ND ND ND ND ND ND ND
Children
 1−3 y 600 400 63 200 ND ND ND 10 30 300 ND ND ND 1.0 ND
 4−8 y 900 650 75 300 ND ND ND 15 40 400 ND ND ND 1.0 ND
Males
 9−13 y 1,700 1,200 100 600 ND ND ND 20 60 600 ND ND ND 2.0 ND
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 51−70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 > 70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Females
 9−13 y 1,700 1,200 100 600 ND ND ND 20 60 600 ND ND ND 2.0 ND
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 51−70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 > 70 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Pregnancy
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
Lactation
 14−18 y 2,800 1,800 100 800 ND ND ND 30 80 800 ND ND ND 3.0 ND
 19−30 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND
 31−50 y 3,000 2,000 100 1,000 ND ND ND 35 100 1,000 ND ND ND 3.5 ND

 dβ-Carotene supplements are advised only to serve as a provitamin A source for individuals 
at risk of vitamin A deficiency.
 eND = Not determinable due to lack of data of adverse effects in this age group and concern 
with regard to lack of ability to handle excess amounts. Source of intake should be from food 
only to prevent high levels of intake.
SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride 
(1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, 
Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamine E, 
Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, Bo-
ron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc 
(2001); and Dietary Reference Intakes for Calcium and Vitamin D (2011). These reports may be 
accessed via www.nap.edu.
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Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels, Elements
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
Group A
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Infants
 0–6 mo NDe ND 1,000 ND ND 0.7 ND 40 ND ND ND ND ND 45 ND ND 4 ND ND
 6–12 mo ND ND 1,500 ND ND 0.9 ND 40 ND ND ND ND ND 60 ND ND 5 ND ND
Children
 1−3 y ND 3 2,500 ND 1,000 1.3 200 40 65 2 300 0.2 3 90 ND ND 7 1.5 2.3
 4−8 y ND 6 2,500 ND 3,000 2.2 300 40 110 3 600 0.3 3 150 ND ND 12 1.9 2.9
Males
 9−13 y ND 11 3,000 ND 5,000 10 600 40 350 6 1,100 0.6 4 280 ND ND 23 2.2 3.4
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 51−70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 > 70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 3 400 ND 1.8 40 2.3 3.6
Females
 9−13 y ND 11 3,000 ND 5,000 10 600 40 350 6 1,100 0.6 4 280 ND ND 23 2.2 3.4
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 51−70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 > 70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 3 400 ND 1.8 40 2.3 3.6
Pregnancy
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 3.5 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 3.5 400 ND ND 40 2.3 3.6
 61−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 3.5 400 ND ND 40 2.3 3.6
Lactation
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND ND 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND ND 40 2.3 3.6

NOTE: A Tolerable Upper Intake Level (UL) is the highest level of daily nutrient intake 
that is likely to pose no risk of adverse health effects to almost all individuals in the general 
population. Unless otherwise specified, the UL represents total intake from food, water, and 
supplements. Due to a lack of suitable data, ULs could not be established for vitamin K, thia-
min, riboflavin, vitamin B12, pantothenic acid, biotin, and carotenoids. In the absence of a UL, 
extra caution may be warranted in consuming levels above recommended intakes. Members 
of the general population should be advised not to routinely exceed the UL. The UL is not 
meant to apply to individuals who are treated with the nutrient under medical supervision 
or to individuals with predisposing conditions that modify their sensitivity to the nutrient.
 aAlthough the UL was not determined for arsenic, there is no justification for adding arse-
nic to food or supplements.
 bThe ULs for magnesium represent intake from a pharmacological agent only and do not 
include intake from food and water.
 cAlthough silicon has not been shown to cause adverse effects in humans, there is no justi-
fication for adding silicon to supplements.
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Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels, Elements
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage 
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Infants
 0–6 mo NDe ND 1,000 ND ND 0.7 ND 40 ND ND ND ND ND 45 ND ND 4 ND ND
 6–12 mo ND ND 1,500 ND ND 0.9 ND 40 ND ND ND ND ND 60 ND ND 5 ND ND
Children
 1−3 y ND 3 2,500 ND 1,000 1.3 200 40 65 2 300 0.2 3 90 ND ND 7 1.5 2.3
 4−8 y ND 6 2,500 ND 3,000 2.2 300 40 110 3 600 0.3 3 150 ND ND 12 1.9 2.9
Males
 9−13 y ND 11 3,000 ND 5,000 10 600 40 350 6 1,100 0.6 4 280 ND ND 23 2.2 3.4
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 51−70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 > 70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 3 400 ND 1.8 40 2.3 3.6
Females
 9−13 y ND 11 3,000 ND 5,000 10 600 40 350 6 1,100 0.6 4 280 ND ND 23 2.2 3.4
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 51−70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND 1.8 40 2.3 3.6
 > 70 y ND 20 2,000 ND 10,000 10 1,100 45 350 11 2,000 1.0 3 400 ND 1.8 40 2.3 3.6
Pregnancy
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 3.5 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 3.5 400 ND ND 40 2.3 3.6
 61−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 3.5 400 ND ND 40 2.3 3.6
Lactation
 14−18 y ND 17 3,000 ND 8,000 10 900 45 350 9 1,700 1.0 4 400 ND ND 34 2.3 3.6
 19−30 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND ND 40 2.3 3.6
 31−50 y ND 20 2,500 ND 10,000 10 1,100 45 350 11 2,000 1.0 4 400 ND ND 40 2.3 3.6

 dAlthough vanadium in food has not been shown to cause adverse effects in humans, there 
is no justification for adding vanadium to food, and vanadium supplements should be used 
with caution. The UL is based on adverse effects in laboratory animals, and this data could 
be used to set a UL for adults but not children and adolescents.
 eND = Not determinable due to lack of data of adverse effects in this age group and concern 
with regard to lack of ability to handle excess amounts. Source of intake should be from food 
only to prevent high levels of intake.
SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluo-
ride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin 
B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin 
E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A, Vitamin K, Arsenic, 
Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and 
Zinc (2001); Dietary Reference Intakes for Water, Potassium, Sodium, Chloride, and Sulfate (2005); 
and Dietary Reference Intakes for Calcium and Vitamin D (2011). These reports may be accessed 
via www.nap.edu.




