Dietary Reference Intakes for Calcium and Vitamin D

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
Jfor 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 (250HD)
concentrations with bone health outcomes in children, women of
reproductive age, postmenopausal women, and elderly men;

e Effect of vitamin D dietary intake (fortified foods and/or supple-
ments) and sun exposure on serum 250HD levels;

e 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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* 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 250HD
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. The lowest form of evidence is the idea or opinion,
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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.

. Was the study described as random?

. Was the randomization scheme described and appropriate?

. Was the study described as double-blind?

. 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?

B 00 N =

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
Jfollowing: 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

AHRQ
(Ottawa and
Indicator 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
o Diabetes (type 1)
Inflammatory bowel and Crohn’s disease
Multiple sclerosis
Rheumatoid arthritis
Systemic lupus erythematosus
¢ Infectious diseases
o Tuberculosis —
© Influenza/upper respiratory infections —
Neuropsychological functioning —b
e Autism —b
¢ Cognitive function -
b

S

0O 0 o0 o

S

LN R SR N L G N R N N N NE N NENEN

¢ Depression —
Physical performance’
Preeclampsia, pregnancy-induced hypertension, and other non-skeletal
reproductive outcomes
Skeletal health (commonly bone health)
e Serum 250OHD, as intermediate
® Parathyroid hormone, as intermediate
e Calcium absorption

AN

e (Calcium balance

* Bone mineral content/bone mineral density
e Fracture risk

e Rickets/osteomalacia

AN N NN N SN

“Specific condition not reviewed as a health outcome in AHRQ.

’Outcome category not considered in AHRQ.

‘In the discussions within this chapter, physical performance is considered together with
falls to avoid redundancy.
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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. When the total-
ity of evidence, including causal evidence, was supported by concordance
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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/ Quality Ranking For
Definition Strengths Weaknesses DRI Development
Ecological e Provides an e Outcome Low

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

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

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

exploratory
overview or
indication for

a potential
association with
outcome of
interest

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

Provides estimates
of prevalence

of all factors
measured
Facilitates greater
generalizability

Good design

for uncommon
diseases or
conditions

Time and
resource efficient

measures are not
predictable at the
individual level

Possible selection
bias

Susceptible to
mis-classification
Poor design

for uncommon
diseases or
conditions
Simultaneous
data collection
obscures the
order of effects

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

Low moderate

Moderate

continued
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TABLE 4-2 Continued
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Study Type/ Quality Ranking For
Definition Strengths Weaknesses DRI Development
Cohort ® Good design for e Can be High moderate
A method of common .dlseases expensive anfi

S or conditions time-consuming
epidemiological study

® Relative timing
of exposure
and disease is
less confusing
than with other

in which subsets of a
defined population can
be identified as exposed
to a factor hypothesized
to influence the

. observational
probability of .
study designs
occurrence of an
outcome
Randomized ® More similar to
controlled trial experimental

study design than

An experimental .
to observational

study design in which

exposure is randomly

design
® Provides strongest

e Possible selection
bias from loss to
follow-up

e Statistically
inefficient

¢ Expensive and
time-consuming

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

High

assigned and in

which the frequency evidence for

causality
of the outcome o . .
f . )/ e Fulfills the basic
inlerest is compared .

assumption
between one or more ..

of statistical

groups receiving an
experimental treatment
and a group receiving
a placebo or the current
standard of care

hypothesis tests

SOURCE: Gordis (2009).

between RCT's 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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 Randomized Controlled Trials
I

Prospective Cohort
I

 Retrospective Cohort
I

Study Type

 Case-Control
I

 Cross-sectional
I

Ecological
=oiod)

Y

L&
Low High

Relative Strength of Evidence

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.

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.

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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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.

e 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.

¢ C(linical 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.

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.

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 250HD 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), WCREF/
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 250HD levels and total cancer mortality as well as specific cancer
mortalities. Serum 250HD 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 250HD 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 250HD 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 250HD levels among older men. These results should be
viewed with caution, however, because of heterogeneity in serum 250HD
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 250HD 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 250HD 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 250HD level and risk of death from all cancers is gen-
erally weak when considered over a broad range of serum 250HD levels
because of variability in outcomes between the studies reviewed. However,
there may be a stronger association between low serum 250HD 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 250HD 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 250HD 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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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
etal., 2003; Matthews et al., 2010). Since the discovery of polymorphisms in
the Vdrgene, 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
250HD 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 250HD levels and risk for breast cancer. Three
observational studies of sufficient methodological quality were identified
that examined the relationship between 250HD levels and breast cancer
risk. A prospective cohort study described above for total cancer mortality
reported that women whose 250HD levels were in a higher stratification,
were at significantly lower risk for breast cancer. There were, however,

!In this report, the term VDR is used to refer to the protein. The term Vdris used to refer
to the gene, whether in animals or humans.
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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 250HD
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
250HD 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 250HD
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 250OHD 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
250HD; 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 250HD 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, lo-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 Vdrnull 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 250OHD 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 250HD levels and risk for colorectal
cancer mortality, and two nested case—control studies in women found
an inverse trend between serum 250HD 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 250HD level and
risk of colorectal cancer.

The IARC (2008) meta-analysis found a significant protective effect for
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serum 250HD 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 250HD and colorectal cancer risk,
individuals in the high quartile or quintile of 250HD 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 250HD
levels and colorectal cancer, Bischoff-Ferrari et al. (2006a) concluded that
the protective effect of 250HD 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 250HD levels that conferred a decrease in risk.

Colorectal adenomas/polyps The AHRQ-Tufts systematic review consid-
ered evidence for associations between 250HD 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 250HD 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 RCT's 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 250HD (50 to 75 nmol/L) were associated
with higher colorectal cancer risk. Jenab et al. (2010) also reported that
higher 250HD 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

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

146 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

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
250HD levels and incidence of prostate cancer. Among observational
studies reviewed, 8 of 12 nested case—control studies found no association
between baseline serum 250HD levels and risk for prostate cancer, and
only 1 (Crated) (Ahonen et al., 2000) reported a significant association
between baseline serum 250HD 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 250HD 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 Vdrnull 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 250HD levels and incident CVD
(T.J. Wang et al., 2008). However, a closer look at the individuals with the
highest serum 250HD 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 250HD levels and incident
myocardial infarction. A study using data from NHANES III, however,

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

POTENTIAL INDICATORS OF ADEQUACY AND SELECTION OF INDICATORS 149

found no significant association between serum 250HD levels and car-
diovascular mortality overall, although individuals with the lowest 250HD
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 250HD 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 250HD 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 250HD level
and CVD risk and that higher 250HD 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 D,/1,000
mg calcium]; Major et al., 2007 [400 IU vitamin D/1,200 mg calcium];
Margolis et al., 2008 [400 IU vitamin D,;/1,000 mg calcium]; Prince et al.,
2008 [1,000 IU vitamin D2/1,000 mg calcium]; Manson et al., 2010 [400 IU
vitamin D,/1,000 mg calcium]), none found a significant treatmentrelated
effect of vitamin D on risk of CVD (see Evidence Map in Appendix F). In
a b-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 250HD 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 250HD lev-
els and prevalence of peripheral artery disease using data from NHANES
2001 to 2004. This study found a graded association between levels of
250HD 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
250HD levels compared with the higher levels.

A number of small cohort studies were identified that evaluated serum
250HD or calcitriol levels in patients at risk for various CVD indicators
compared with control subjects who were free of CVD indicators. Watson
etal. (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 250HD levels in a small
group of patients admitted for a first stroke with those of healthy controls
and found that serum 250HD levels were significantly lower among stroke
patients. Zittermann et al. (2003) compared both 250HD 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 250HD
and calcitriol levels.

One small case—control study was identified that determined the rela-
tionship between serum 250HD levels and risk for myocardial infarction
in atrisk patients compared with normal controls. In this study, Scragg
et al. (1990) found that serum 250HD 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
250HD levels in individuals with CVD, whether the low serum 250HD
levels are sufficient to predict risk for CVD has not been clearly established.
Additional evidence indicates that low serum 250HD 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 250HD 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 250HD 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 250HD
levels and incident disease, but not a conclusion that higher serum 250HD
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 250HD 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 250HD 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 B-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
etal., 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 TU of vitamin D, 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
250HD levels at the beginning of the study, those who achieved a serum
250HD 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 TU of vitamin D, 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 l-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
250HD 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 250HD 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 250HD 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
250HD level and weight and waist circumference there was a weak inverse
relationship with hemoglobin Alc. However, no association between serum
250HD 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 250HD 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 250HD
levels compared with Europeans. The authors speculated that the low se-
rum 250HD 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 (BMlIs), lower activity scores, higher prevalence of serum 250HD
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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 250HD 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
250HD 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 250HD 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 250HD 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 250HD 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/1o-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 250HD
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 250HD 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 250HD
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 250HD
concentrations. Specifically, the figure is a meta-regression analysis of the
relative risk (RR) against vitamin D dose or serum 250HD 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 250HD 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 D; 1,000 IU of vitamin DQ) 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
250HD 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 250HD 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 250HD level, p = 0.17).
Both analyses had significant heterogeneity across studies (12 = 47 percent,
p = 0.05; 12 = 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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FIGURE 4-2 Relative risk of falls and vitamin D supplementation doses: Correct
meta-regressions with continuous predictors showing non-significance.

NOTE: Relative risk reduction is 0.95 (95% confidence interval [CI] 0.89 to 1.02;
p=0.13) per 100 IU/day difference (increase) in dose.

better describes the relationship between the risk of sustaining at least one
fall and the achieved serum 250HD concentrations.

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 D, reduced the rate of falls or improved
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FIGURE 4-3 Relative risk of falls and mean achieved serum 250HD concentrations:
Correct meta-regressions with continuous predictors showing non-significance.

NOTE: Relative risk reduction is 0.92 (95% confidence interval [CI] 0.80 to 1.05; p=
0.17) per 10 nmol/L difference (increase) in mean achieved 250HD concentration.

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 D, 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.

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.
(20092), 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD level and 6-minute walk distance and frailty status
(Boxer etal., 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 250HD 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 250HD 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 250HD 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.,
2800 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 lo-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 Vdrgenetic 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.
Wijst (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 250HD 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 b 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 250OHD 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 250HD 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 250HD level and sensitization to allergens
(Wjst and Hypponen, 2007). The study did identify an increased preva-
lence of allergic rhinitis across levels of 250OHD, 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

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

170 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

[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 250HD 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 (Thl) 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 B-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 Vdrgene 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 Thl-mediated immune response.

Biological plausibility Ecological studies have linked vitamin D, particu-
larly 250HD 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 250HD levels in blood and other autoim-
mune diseases. The effect of seasonal variation on serum 250HD levels in
patients with Crohn’s disease, compared to matched controls found that
mean serum 250HD 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 Vdrand susceptibility to IBD and
Crohn’s disease. In a human study, a linkage analysis, used to identify the
Tagl 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 Vdrnull 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 250HD levels in patients with Crohn’s disease and/or IBD. A
cross—sectional assessment of serum 250HD levels in children and young
adults with IBD living in Boston found that prevalence of low 250HD 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 250HD 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 250HD 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 250HD levels can be expected to occur as a consequence of
the inflammatory condition. The question not answered by these studies
is whether low 250HD 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 Taql) and serum 250HD levels in healthy adults compared with those
with MS, found no relationship between mutations in Apal and Taql 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 250HD 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
etal. (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 250HD levels with incidence of MS in white American adolescents;
associations between lower circulating levels of 250OHD 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 250HD levels and MS. A
small longitudinal study of 23 MS patients and 23 controls found no differ-
ences in circulating 250OHD levels, no difference in seasonal variation, and
comparable rates of vitamin D deficiency or insufficiency based on serum
250HD levels between MS patients and controls (Soilu-Hanninen et al.,
2008). Interestingly, in this study, serum 250HD 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 250HD levels were inversely related to the risk of MS and
that effect was even greater when serum 250HD levels were low in indi-
viduals under 20 years of age (Munger et al., 2006). Overall, serum 250HD
levels were lower in black and Hispanic compared to white subjects and
250HD 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 250HD levels
below 25 nmol/L were moderately associated with MS, compared with lev-
els above 40 nmol/L. With more consistent serum 250HD 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 250HD 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 250HD 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 D,, they found a worsening of the histopathological
effects of SLE in the kidney. Upon examining serum levels of calcitriol
and 250HD in SLE patients compared with unaffected controls, Muller
et al. (1995) found lower levels of calcitriol but not 250HD, 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-0/)-mediated monocyte differentiation into dendritic cells that
are activated in SLE. The findings of Ben-Zvi et al. (2010) suggest that such
arole 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 250HD 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 250HD 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
etal., 2008). In a cross—sectional survey, Ruiz-Irastorza et al. (2008) found
that 75 percent of patients with SLE had serum 250HD levels below 75
nmol/L and 15 percent had levels below 25 nmol/L, and 250HD 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 250HD 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-y 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
lo-hydroxylase (Monkawa et al., 2000), supports macrophages as the source

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

178 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

of lo-hydroxylase that converts 250HD 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 250HD 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 250HD levels may vary among individuals as a result
of the genetic expression of Vdrpolymorphisms. 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 250HD 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 250HD 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
250HD level than a person with TB. Whether this association predicts low
serum 250HD 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 250HD 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 250HD 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 250HD 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 250HD
levels between TB patients and their contacts and the greatest difference
among those patients with the lowest 250HD 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 etal., 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
250HD 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 250HD 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 D, daily achieved a serum 250HD 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 250HD levels were measured in children undergoing tym-
panosotomy tube placement. The study showed that 50 percent of the
children had 250HD 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 250OHD 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 250OHD 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 D, 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 250HD
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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.
Arecent study in Sweden that retrospectively reviewed serum 250HD 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 250HD
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 250HD 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 lo-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 Vdrnull 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 etal., 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 250HD 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 250HD 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 I’Ostéoporose
(EPIDOS) study found that participants with vitamin D deficiency (serum
250HD 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
250HD 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 250HD
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 250HD 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 250HD 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
250HD 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
250HD 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 250HD levels and learning or memory, and only the elderly popula-
tion group was found to have an inverse association between 250HD 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 250HD level
were also the most impaired; thus, the results fail to confirm the hypothesis
that serum 250HD 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 250HD levels among the African Ameri-
can population compared with the white population, and poorer cognitive
performance among African Americans with the lowest 250HD 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 250HD
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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major depressive disorder and dysthymic disorder being the most com-
mon.? 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 250HD levels unless the diet is adequate in vitamin D. Investigators
have pursued the hypothesis that the low serum 250HD 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 250HD 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 D, 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 250HD level and BMI
were measured. Participants whose serum 250HD levels were below 40
nmol/L had significantly higher BDI scores, indicating a higher incidence
of depressive disorder, compared with those whose serum 250HD 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 250HD 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

2Available online at http://www.nimh.nih.gov/health/publications/depression/what-are-
the-different-forms-of-depression.shtml (accessed April 5, 2010).
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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 250HD 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 treatmentrelated 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 (7 < 50) that evaluated associations between serum 250HD
level and evidence for clinical diagnosis of depression in women (Michelson
etal., 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 250HD 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 250HD
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 250HD 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
itis 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 1o-hydroxylase and
activate 250HD 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 250HD concentration and the risk of preeclampsia (Bodnar et al.,
2007). The researchers found a significant association between preeclamp-
sia and serum 250HD 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 etal., 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 etal., 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD levels below 20 nmol/L and below 50 nmol/L, respectively,
compared with those with serum 250HD levels of 75 nmol/L (Bodnar
etal., 2009). Two observational studies reported conflicting results for the
association of serum 250HD 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 250HD 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 250HD 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 250HD levels (Bodnar et al., 2010). In the same study, despite
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lower serum 250HD levels in black women, no relationship was found
between small-for-gestational-age measures and maternal serum 250HD
levels. In a prospective cohort observational study, mean birthweight was
lowest in infants born to women with 250HD levels below 30 nmol/L, in-
termediate in those born to women with 250HD levels 30 to 50 nmol/L,
and highest in those born to women with 250HD 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
250HD 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 250HD
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 DRISs, 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 250HD level as a marker as well
as the relationship between calcium absorption and serum 250HD 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 250HD concentrations and bone health, the AHRQ-
Ottawa analysis concluded that observational studies suggested a correla-
tion between higher serum 250HD 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 250HD 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
250HD 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 250HD AHRQ con-
ducted its analyses for serum 250HD 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 250OHD 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 250HD 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
250HD 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 250HD
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 250HD 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
250HD concentrations and distal radial BMC. Two of three non-RCT
studies found a positive association between baseline serum 250HD con-
centrations and BMC or BMD. The effect of bone size and muscle mass
on these outcomes in relation to baseline serum 250OHD concentrations
was not reported.

One RCT with children and adolescent girls (El-Hajj Fuleihan et al.,
2006) demonstrated a significant relationship between baseline serum
250HD concentrations and baseline BMD of the lumbar spine, femoral
neck, and radius. However, only high dose supplementation with 14,000
IU of vitamin D, 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 D, or placebo for 1 year. The mean baseline
dietary calcium intake was 510 mg/day, and the serum 250OHD 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 D, (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
250HD 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.

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

203

PINULIUO0D

ow ¢ 1€ DN snIper [eIsip ur sdnors usamiag 90uaIdgjIp ON

100 >4 “(G61) €% 9D 2 (3°63) §'12 191

ueIsEINE))

:(19yum) Apms-jo-puyy dTeWdJ 9% 8% 9D 1 = pepe[

(8°L1) 0°6¢ DD "$a (6%3) 0°8L 191 owgp MU %359 IOI pueruy
(uwmine) Apas-prjy 09 = u

(g°GT) 0°9% 0D 'sa (0°61) §'6F ‘TOI oqooeyd :0) 8861 “T& 12

(19ruIm) ourpaseq (vds) AM/xL=G pro 4 e[RYNoOHy

(T/10Wu) (QS) weaw ‘qHOSGE WNIdg ONG Stuper [asid  °q 1A AT 00% 191 01-8 ‘UIPIIYD i\

SLOY

SS9y sawodnQ uonemn(q uonduosaq 4S1DY 103

I[ed[] 2uog /UONUDAIN U] uonemndog 100G pepe[

‘Anunon)

{90UdIRJY

»SIsA[euy emenO-OY LV

woIy Arewung :$JUadSI[OPY PUL UIP[IYD) JIP[O I0J SOWO0IN() P[BIL] dUOg PUE S[2A] (JHOGE WNIdS 9-F ATIV.L

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

204

QUI[asE( 1€ S[2A] (THOSGG ISOMO]

M s302lqns (9sop ySIy) goJ Ul sSeW 9UO( UI SISBIIOUI JSI3Ie|
(€60°0 =4 ‘910 =+) S[249] DING sSnrpey

(300°0 =4 ¥3°0 =) SIPA9] QNG SnIpey

(830°0 = “L1°0 =+) oo [e0Wd]

(600 =4 ‘910 =+) AN ST

Jpue (HOGE WILIdS JUI[ISE] UIMII( UOTRIDOSSE JUedyIusig
SSeuw U9 Ul

a8ueyd a8eyusoaad ‘eare suoq ur a8ueyd a8eyusdtad sojerieson)

(0°03) 0°0% 0D
(g'LL) 076 :O1

wIses PPN

(0°¢1) 3% 191 6LL=u
A £
! ! L11-01 ¥ =pepe[
Am..bd o..mm._UU oqaoerd :9) (reayoareusunsod woueq]
(0°03) 0°¢¢ :391 M/ pue
(¢°33) 0°¢¢ 191 (VXA) M AI000%T 891 reaypreuswaad) 9003 “Te 12
:aurpseq Apoq [#10) ‘urIeaI0] Im/a SIS Juddsajope ueyan,g
(1/10wWu) (@S) ueow ‘QHOSE  ‘STOWd Pue QNG A O 00T “TOI pue uaIpIy) fe-19
SINSay sawodInQ uonen( uondrsa(q ¢S1DY 10
YeaH 2uog /UONUIAINU] uonemndog 2100 pepe[
‘Anunon)
jERleERCIEN |

ponunuoy) 9§ AIdV.L

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

205

panujuod

Py Jo 28k 10y parsnlpy

"AHOGE [BUINEW IIM PIIBIDOSSE JOU SEM ([JNY ST 2LNOWN[0A
{AHOGSZ Pue DING Apoq (8101 uoam1aq dIysuone[ar o) uayeam
1ou pip 1Sy 1oy yudunsnlpy “(0°0 =4 ‘41°0 =4) DNG 2uids
Tequng pue (8800°0 = ¢ ‘15°0 =+) 4poq [£101 paonpal s
waapiyd pey Loueudord Surmp qHOGE 19OMO[ PIM SIIYION

T/10WU ('0G-9"LE S[2A91 PRY % 1§
pue T/[0W ¢'£g > S[PA] AHOGE WNIds pey %81
LouruSaad e[ ur (OGE WIS [BUINBA

1/10wd
8% 1e pa1moddo neajerd [ IJ! “T/[OWU ¢8 < JHOGE WNIds 1y

1000°0 = ¢ (0°9) 905 1IUMISO]
(0°01) g'8g PPWWNSIsOg
Ad\ﬁoaiv AQWV ueow AQEOmN

(T-XdQ reuny yxXd)
ang

JLNIWN[OA PANR[MI[RD
‘and

[eaae pue DING

ST pPue Apoq [e10],

(Ss[oyoIN ‘Aesse
JLI}OWOIPRIOUN W)
HLd!

ueiseone))

861 =u

pro £

6 “I9ISoWILN PIIY)
ur smels QHOGS3 n
[eurajewr umouy @OON ?ﬁw 19
VN WM wRIp[IyD) prese[

ueIsEINE))

QLI=u

ow [ £ 9T 01 ow

G £ ¢ oSuer oGe

{191U0d Sururen

Loyool'e wouy skoq 66T “'Te 312

VN JU20so[ope A([Bd  JURWI[[ING

Qouery

SIIpN)S 1107 0D dAndadsorg

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

206

%¥ sem

¢'LE T AHOYG 2utpseq i dnois pue /jowu (g > AHOSE
ourpaseq Yim dnoxd usomiaq (Y STV A-¢ UBOW UT 9DUAII(]

AVING PUe QNG NA 10 §T parsnipe
£¢ v puR qHOGE SUISE( UIOMID] UONR[ALIOD TUedYIusig

£anoe reorsdyd jo junowre ueow
puUE ‘wnofed Jo ayeiur uedw 1ySom pue JYSIOY Ul s9seIIOUL
‘sonyea [erourw auoq ‘reaf aanonpordar suraseq 110y pasnlpy

(2000 >4 ‘¥3'0) AVINL Nd V pue
(100°0 > ‘6¢"0) AVING STV WM pae[a110d HOGE 2Ul[aseq

(1000 >4 ‘2¢°0 =+4) QNG Nd V pue
(100°0 > ¢ ‘6g"0 =+) NG STV PIM PAR[PLI0D HOYGE dUlseg

(8°GI) 90F A g

(I'11) 36 A 1

(1orumm) (g'¢1) 0°Fg PulPseg
(1/10wWu) (4S) ueaw ‘QHOSE

(VXa)
AvVINg pue QNG NA
AvVINg Pue QNG S'T

ueIsedne,)
161 =u puruL

A Gr-6 28uer  goog ‘e 19
‘A (L'1) 631 ‘spus BRWOIIA
VN JUQ0s9[ope A()[edH  -UQUOIYI]

synsoy

sowooInQ
PeIH 2uog

uonen(q uondrsa(q 4S1DY 103
/UOnNUAINU] uonemndog o100g pepe[
‘Anunon)

jERleERCIEN |

ponunuoy) 9§ AIdV.L

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

207

panuuod

dnoui8 1oy
ur QHOSGE WNIds pue (Y U99M19( UONE[DLIOD Juedyrusis oN

dnoid ggT ur Jomo[ ayeIuT WNmed A1e)21p
mq ‘sdnoid usaomiaq JusrayyIp Apuedyrudis Jou WNEd WnIdg

1ySrom pue 1ySioy 10§ parsnlpe QNG
SAST Pm paredwod dnoid
SASN Ut (10°0 > ¢) 1PYSIY APUedyIusIs (NG UBIUW WIBIIO]

L0°0 =4 %26 SHSN 'S5 %9 TT SAST : (wnSfea nuasg 1o
wnrea nudg A4q pauyop) AOUSdYOP (I A [BIIUID JO dDUI[CAII]

10°0
>d ‘%13 SASN "SA %¢°GF SAST ‘%L ¢¢ 71/10WU ¢'3g > AHOYE
() ¥¢ :SASN (1) 93 :SAS'T

(0'81) °65 :('1/10wu) (OS) uesw ‘QHOSGE WIS

VX Suisn
(wnaueded pue

WLIeD105 [RISIP) (AN

uerpuy

oreuray
%189 SASN

orewray
%1°99 SAST

(SASN 8¥0°G ‘SAST
680°¢) LET'G=u

£81-01

o8uer a8e {(SASN
pue SjST Wwodly) eIpuy
ULIP[IYD  GOOG T8 39
VN [00yos AQiesry RUEMIBI\

SIIPN)S [01)U0D—ISE))

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

208

"(L003) " 12 Aouuel) Woyy PIYIPOW AIANOS
“w9)sAs SULI0DS Y UO S[IRISP 10J [ XOg 99 'G 0} [ JO [BIS © UO PIse(q SI 2103 pepe[,
1y xipuaddy ur Hoanud 11 ur punoy oq ued i1 ng ‘andeyd siyy jo sesodind o) 10§ parEdIUNT) UIIQ S I[QEI SIY ],

“(s)aeak = £ £(S)Yoom =

MM fUTwelA = J1A STE)S OIou029000s 1addn = ¢S ‘wopdury patupn = 3 ‘Anowondiosqe uojoyd-o[3urs = yJ§ ‘uonemap paepuels = (S eLn
Pa[[0nu0d paziwopuel = [y Puowioy proafyered = (114 o[qearddejou = yN {($) puowt = oW {SNJe)s JIWOU0II00S JoMO] = SIS durds requun|
= G ‘siu) [euonewrNu[ = ([ Quourioy proifyered 1eiur = [T ‘dnoi8 uonuaarajur = 91 Hoau [erowdj = N ‘Anowondiosqe ferx AS1ous
-fenp = yX{ ‘dnoid [onuod = o) Kisusp [erauIw suoq = (JNY HUNU0D [RIdUIW duoq = HNY Kisuap juaredde eiourw suoq = QVING “ALON

durseq Je T/[oWwu (g < 10 J/[owu g > AHOSG
P sdnoas usomiaq [ ILd 10 °(HO)GZ ] ‘Ierourm auoq
JO SILIBW U OW [ IO JUI[ISE( I8 SIIUIJJIP 1UBIYIUSIS ON

aurpaseq e (G100 =
@ ‘8L¢70~ =) WSoM Apoq M qHOEE JO UODE[ILI0D 2ANESON

uvonejuawaddns jo ow 1 1915e

T/[0WU ()G > [9A9] ® 2ARY 0) panunuod | dnois jo (%81) 6¢/4
[ dnou8 ur A[uo paArIdsqo sem HOGE WIS UL ISBAIIUY

(g'71) 6L g dnoxo

(0°91) &' :1 dnoxo

(8'81) 889 :(dnoid [rioy) our |

(g°03) €08 oulEseq e J/[owu (g < AHOSE = § dnoin
(0°8) ¢'8¢ PuIPseq 1B T/[oWu (oG > AHOGE = [ dnoin

UBDLIOWY UeILIY

o[ewody % g
gy =u

P/01 003

> oyejur A1e1arp
(%6€) T¥7/91
P/0I (9%1) LLE

(qS) ueaw :yeIUL

Arera1p (@ MA

(£ 01—9 o8uer)
£(3'1) 6'8 98¢
ueaw (AL %18)
AI/1II 2d4 unyg

ow | sarelg
oL > %L (fesse a1 %18) powtn
09 > %6¥ JUISIUIWN[IUWDYD (poymads I1/] 98e1s Jouue], :
(§'98) 0°09 :aur[eseq H.Ld! 2nuruy) JOU WLIOJOST) SPIO G003 “Te 19
(T/10wu) (QS) ueawW ‘qHOSE WG HILd! P/ 01 00% £01-9 Apeoy  rewmyeley
SIIPMNIS I9)Je-pUL-210Jog
SISy sowodInQ uonen( uondrosaq SIDY 0]
Iea] 2uog /U0 UIAI U] uonemndog 2100 pepe[
‘Anunon)
jERleERCIEN |

ponunuoy) 9§ AIdV.L

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

POTENTIAL INDICATORS OF ADEQUACY AND SELECTION OF INDICATORS 209

Postmenopausal women and elderly men  Overall, regarding serum 250HD
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 250HD levels and BMD. Of these, six studies
were RCTs. One RCT (Ooms et al., 1995b) reported an association between
serum 250OHD 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 250HD
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 250HD 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 250HD levels and BMD or
changes in BMD at the femoral neck. Specific circulating concentrations
of 250HD 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 D, 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 250HD concentration was 44.3 nmol/L. Total hip BMD
increased significantly in both groups, with no difference between the vita-
min D, 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 Dy or placebo for 1 year. For women,
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the mean baseline dietary calcium intake was 495 mg/day, and the mean
serum 250HD concentration was 12 nmol/L. For men, the mean baseline
dietary calcium intake was 548 mg/day, and the mean serum 250HD 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 D, (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 250HD 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

BOX 4-3
AHRQ Findings by Life Stage for Serum
250HD Measures and BMC/BMD#*

0-6 months: Inconsistent evidence for an association between a specific se-
rum 250HD concentration and the bone health outcome BMC in infants.

7 months-2 years: Fair evidence of an association between 250HD 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 250HD 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 250HD 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 250HD 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

Copyright © National Academy of Sciences. All rights reserved.
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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 250HD 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 D, plus calcium sup-
plementation resulted in small increases in BMD of the spine, total body,

results showed that there were no significant differences in lumbar spine
BMD changes between the groups receiving two doses of vitamin D, (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 250HD 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 D, (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 250HD 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 D,
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 250HD concentration and the bone health
outcome BMC.

*Evidence from AHRQ-Ottawa; information from AHRQ-Tufts as noted.
SOURCE: Modified from Chung et al. (2009).
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femoral neck and total hip. Based on included trials, it was less certain
whether vitamin D, supplementation alone has a significant effect on BMD.

Seventeen RCTs evaluated the effect of supplemental vitamin D, or
vitamin D, 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 Dy and also included 500 mg of calcium as a
co-intervention.

Meta-analysis results of 17 RCTs comparing vitamin D, 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 D, plus 1,000 mg
of calcium on total hip BMD. However, when the effect of supplementation
with vitamin Dy 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 D, 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
D, 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
250HD concentrations on BMD; in all of these trials, baseline 250HD
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 D, or vitamin D, (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 D, (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 Analyses®

Background
Calcium
Reference; Intake and
Location Population Vitamin D
(Latitude)  Description Data Comparisons Compliance ~Comments
Cheng Health status: Diet vit D: 200 IU vit 65%
et al., Healthy 100 IU/d D3/d + completed
2005 Mean age 1,000 mg Ca intervention
Ca: 670 .
(range), y: 11.2 carbonate/d  with > 50%
Jyvaskyla, mg/d .

. (10-12) vs. placebo compliance
Finland Male (%): 0
(62°24'N) o
Bolton- Health status: 250HD: 400 IU Good Noncompliant
Smith Healthy 59.4 vit Dy/d supplement  women were
etal., (assumed nmol/L + 100 mg adherence excluded
2007 postmenopausal) Ca: 1,548 clemental b?sed on

Mean age Ca/d vs. pill count
UK . mg/d .
(54°N) (range), y: 68 placebo (median,
(2 60) 99; IQE
Male (%): 0 97.3-99.8%)
Zhu et al., Health status: 250HD: 1,000 IU No
2008b nd (assumed 68 nmol/L. vit D,/d + differences
Western postmenopausal) Ca: 1,010 1',200 mg Ca in adherence
Australia Mean age (SD), me/d citrate/d vs. among
y: 74.8 (2.6) 8 placebo groups
Male (%): 0 (81-89%
by tablet
counting)
Moschonis Health status: Diet vit D: 300 IU vit Dairy Control
and Postmenopausal ~ 23.6 IU/d Dy/d + group 93%  group had no
Manios, Mean age Ca 680.0 1,200 mg .(assessed. via intervention
2006 Ca/d (from  information  (or usual
(range), y: 61 mg/d . . .

. low-fat dairy ~ obtained at  diet), so
Greece (55-65) roducts) the biweekly compliance
(31°N) Male (%): 0 p prweekdy  comp

vs. control sessions) issue not
(usual diet) applicable

NOTE: IU = International Units; nd = not determined; SD = standard deviation; UK = United
Kingdom; vit = vitamin; y = year(s).

“This 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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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 D, (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 D, (<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 Dy or vitamin D,
(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).

Fractures and BMD in postmenopausal women and older men: Serum
250HD 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.
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 250HD 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 250HD concentration and an increased risk of fracture. Five
studies of good quality evaluated the association between serum 250HD
concentration and risk of falls (see discussion in section above on Falls and
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Physical Performance). Nineteen studies assessed the association between
serum 250HD concentrations and BMD, and there is fair evidence from
observational studies for an association between serum 250HD concen-
trations and changes in hip BMD sites. Some studies identified specific
serum concentrations of 250HD 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® Overall, AHRQ-Ottawa concluded
that supplementation with vitamin D (most studies used vitamin D) 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
D, or vitamin D, (with or without calcium supplementation) on fractures
in postmenopausal women and older men (Table 4-11). The majority of
the trials used vitamin D, 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
D, (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 D, or vitamin D, plus
or minus calcium versus calcium or placebo, total fractures for studies that
used vitamin Dy plus calcium versus placebo, and hip fractures (by setting)

3As 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).
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BOX 4-5
AHRQ Findings by Life Stage for 250HD and Fractures™

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 250HD 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 D, or vitamin D, 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 250HD concentrations and risk of fractures are
inconsistent. No new data were identified in the AHRQ-Tufts report.

Pregnant and lactating women: Not reviewed

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

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

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 D, or vitamin D,
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 250OHD measures only. Overall, there was fair evidence for an asso-
ciation between low serum 250HD concentrations and confirmed rickets,
regardless of the types of assays used to measure serum 250HD concen-
trations. There is inconsistent evidence to determine whether there is a
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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

Analyses®

Mean End of trial
Reference; Sample Vitamin D Baseline 250HD
Jadad Score  Duration  Size (IU/day) 250HD for for IG OR
for RCTs” (y) (n) Follow-up IG (nmol/L) (nmol/L) (95% CI)
Chapuy 2 583 800 D, + 22 75 (graph)  0.79
et al., 2002 1,200 mg (0.54-1.17)
Jadad = 3 Ca
Chapuy 1.5 3,270 800 D, + 40 105 0.72
etal., 1992 1,200 mg (0.58-0.90)
Jadad =2 ca
Lips et al., 4 2,578 400 D, 27 62 1.12
1996 (0.86-1.44)
Jadad =5
Dawson- 3 389 700 D, + 82.7 M, 112 0.42
Hughes 500 mg Ca  67.5F (0.20-0.88)
et al., 1997b
Jadad =4
Law et al., 1 3,717 1,100 D, 59 77 1.4
2006 (0.9-2.0)
Jadad =2
Pfeifer 1 148 800 Dy + 25.6 66.1 0.48
et al., 2000 1,200 mg (0.12-1.99)
Jadad = 3 Ca
Komulainen 5 232 300 D, + 28.6 37.5 0.71
et al., 1998 500 mg Ca (0.31-1.61)
Jadad =3
Grantetal.,, 5 5,292 800 D, with 39 62.2 1.02
2005 or without (0.84-1.22)
Jadad = 5 (1:’200 ms
Flicker 2 625 1,100 D, + NR NR 0.69
et al., 2005 1,000 mg (0.4-1.18)
Jadad = 4 Ca
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TABLE 4-11 Continued

Mean End of trial
Reference; Sample Vitamin D Baseline 250HD
Jadad Score  Duration Size (IU/day) 250HD for  for IG OR
for RCTs? (y) (n) Follow-up IG (nmol/L) (nmol/L) (95% CI)
Jackson 7 36,282 400 D, + 46 NR 0.97
et al., 2006 1,000 mg (0.91-1.03)
Jadad = 4 ca
Porthouse 2 3,314 800 D3 + — — 0.96
etal., 2005 1,000 mg (0.65-1.46)
Jadad = 3 Ca Unequal
1.09
(0.60-1.96)
Equal
Trivedi 5 2,686 100,000 D, NR 74.3 0.78
etal., 2003 4 mo (0.60-1.00)
Jadad =3
Harwood 1 150 800 Dy + 28-30 40-50 0.58
etal., 2004 1,000 mg (0.13-2.64)
Jadad = 3 ca

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).

“This table has been truncated for the purposes of this chapter, but it can be found in its
entirety in Appendix C.

“Jadad 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).

threshold concentration of serum 250HD above which rickets does not
occur.

Six studies (one RCT, three before-and-after studies, and two case—
control studies) reported mean or median serum 250HD concentrations
below 30 nmol/L in children with rickets, whereas the other studies re-
ported that the mean or median serum 250HD concentrations were above
30 nmol/L (and up to 50 nmol/L). In seven of eight case—control studies,
serum 250HD concentrations were lower in children with rickets com-
pared with controls. Information on the 13 studies is shown in Table 4-13.

AHROQ-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 RCT's
Published after AHRQ-Ottawa”

Background
Calcium
Reference; Intake and
Location Vitamin D
(Latitude)  Population Description Data Comparisons Compliance
Lyons Health Living in nd 100,000 TU 80% (percentage
etal, 2007 status care facilities vit D, 4x of occasions
including monthly vs. observed to take
South
Wales, UK some eld(?r.ly placebo tablets)
(52°N) with .m.oblhty,
cognitive,
visual,
hearing, or
communication
impairments
Mean age 84 (62-107)
(range), y
Male (%) 23.7
Burleigh Health Inpatient with ~ 250HD: 22 800 IU vit Ca group =
et al., 2007  status high levels of nmol/L D,/d + 87%, vit D + Ca
Scotland comor@dlty, 1,200 mg Ca  group = 89%
o s mortality, and carbonate/d  (total study drug
(55°57'N) g
polypharmacy vs. 1,200 taken/total study
Mean age 83 (7.6) mg Ca drug prescribed,
(SD),y carbonate/d  as recorded in
Male (%) 40 drug prescription
charts)
Bunout Health Healthy 250HD: < 800 mg 92% (tablet
etal., 2006 status 40 nmol/L. Ca/d vs. 800  counting)
. Mean age 76 (4) mg Ca/d +
?;211‘;) (SD), y 400 TU vit
Male (%) 11.6 D/d (with
and without
exercise
training)

NOTE: IU = International Units; nd = not determined; SD = standard deviation; UK = United
Kingdom; vit = vitamin; y = year(s)

“This 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).
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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 D,) 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

Copyright © National Academy of Sciences. All rights reserved.
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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
lo-hydroxylase, with little contribution from the placenta even though it
expresses lo-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 250HD
across the placenta to the fetus, maternal serum 250HD 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 250HD
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 (Vdrnull 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 250HD levels in the new-
born should protect against neonatal hypocalcemia (Specker, 2004; Kovacs,
2008). In a study of Asian women with initially low 250OHD 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 250HD 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
etal., 1986). Supplementation resulted in higher maternal and cord blood
250HD 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 250HD 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 250HD 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 250HD levels are typically 75 to 90 percent of maternal 250HD
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 lo-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 (Vdrnull mice). In Vdrnull 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 lo-hydroxylase (Lachenmaier-Currle and Harmeyer, 1989);
la-hydroxylase-null mice (Dardenne et al., 2001; Panda et al., 2001); and
Vdrnull 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
Vdrnull 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 Vdrnull 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 250HD 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 250HD levels
in both the maternal and cord blood. An observational study found no re-
lationship between maternal 250HD 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 250HD levels.

In human babies lacking the 1o-hydroxylase (VDDR I) or lacking the
VDR (VDDRII 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
etal., 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 250HD
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 250HD levels (Namgung et al., 1998). Lower
levels of maternal and neonatal serum 250HD 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 250HD 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 250HD
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 250HD 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 250HD levels (Gale et al., 2008). However, a recent ob-
servational study reported no association of maternal 250HD 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 250HD levels during pregnancy compared with those with
the lowest serum 250HD levels (Javaid et al., 2006). The interpretation of
these associational studies may be confounded by factors that are associ-
ated with maternal serum 250HD 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
IIT (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 250HD in breast milk can be increased by high
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levels of vitamin D supplementation. Neither 250HD nor calcitriol passes
readily into breast milk.

With respect to the effects of vitamin D supplementation on serum
levels of 250HD 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 250HD 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 250HD level of the infants
exceeded 75 nmol/L; with a dose of 6,400 IU/day, the serum 250HD level
of all infants exceeded this value. However, the functional impact of raising
infants’ serum 250HD 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 250HD 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 250HD 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 250HD 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
250HD 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
250HD 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 250HD 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 250HD levels and breast milk
calcium (Prentice et al., 1997). However, many studies measured no out-
come other than the achieved serum 250HD 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 250HD 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
Vdrnull mice have indicated that sufficiency of vitamin D, or responsive-
ness to calcitriol is not required for lactation. Vitamin D-deficient rats and
Vdrnull 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 Vdrnull 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 Vdrnull and 1o-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
etal., 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 250HD.

Measures that have been explored are the levels of serum 250HD at
which PTH levels rise as well as the level of serum 250HD 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 250HD 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 250HD level
of 75 nmol/L. In most cases, serum PTH level reaches a plateau at differ-
ent levels of serum 250HD 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 250HD and PTH levels, although the measures used have
focused on calcitriol rather than serum 250HD concentrations. African
American and dark-skinned populations have lower serum 250OHD 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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BOX 4-7
Studies Demonstrating PTH Plateaus at Various Serum 250HD Levels

Serum 250HD < 30 nmol/L:
e QOoms et al. (1995a)

Serum 250HD < 50 nmol/L:
e Malabanan et al. (1998)
® Levis et al. (2005)
e Steingrimsdottir et al. (2005)
e Aloia et al. (2006a)

Serum 250HD < 75 nmol/L:
e Vieth et al. (2003)
e Holick et al. (2005)
e Durazo-Arvizu et al. (2010)

Serum 250HD ~ 88 nmol/L:
¢ Kinyamu et al. (1998)

Serum 250HD 100-125 nmol/L:
e Krall et al. (1989)
e Dawson-Hughes et al. (1997a)

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

No relationship:
e Rucker et al. (2002)

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).

As reviewed by Prentice et al. (2008), an inverse relationship between
PTH and serum 250HD 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 250HD 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 250HD 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 250HD (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 250HD level for the purposes of DRI development is
discussed, as is the relationship between calcium absorption and serum
250HD concentrations.

Utility of serum 250HD level for examining bone health outcomes Al-
though serum 250HD is indicative of vitamin D exposure (see Chapter 3),
the seemingly logical next step of using serum 250HD 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 250HD 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 250HD levels are reported. In short, these associations are
not yet an adequate basis for validating serum 250HD 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 250HD 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 250HD levels and thereby function in a pathway different from that
known for 250HD. Currently there is no evidence confirming pathways
not involving 250HD, although their existence is plausible.

Nonetheless, serum 250HD concentration is a useful measure for sev-
eral reasons, not the least of which is that 250OHD 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD concentra-
tions for the purposes of specifying the potential indicator of bone health.

Relationship between calcium absorption and serum 250HD 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 250HD 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 250HD level and cal-
cium absorption requires examination. Widely quoted as evidence of the
threshold for maximal calcium absorption at serum 250HD 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 250HD 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 250HD level of a calcium absorption of
0.15 at serum 250HD 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 250HD 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 250HD 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 250HD or
show only a very slight increase in calcium absorption as serum 250HD
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 250HD level on fractional cal-
cium absorption. In fact, children with 250HD levels of 28 to 50 nmol/L
had higher fractional calcium absorption than did children with 250HD
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 250HD 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 250HD 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 250HD levels less than 40 nmol/L. Frac-
tional calcium absorption was 0.36 in men with the lowest quartile serum
250HD 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 250HD 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 250HD 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 250HD level. Intestinal calcium
absorption rose from 35 percent at a mean serum 250HD level of 15
nmol/L to 50 percent at 150 nmol/L. However, there were few data points
at any serum 250HD 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 D, daily. Serum
250HD 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
250HD level (Hansen et al., 2008).

In a randomized controlled study, postmenopausal women with a
mean baseline serum 250HD 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
D, (Zhu et al., 2008a). Using a single-isotope method, this research group
found a 36 nmol/L rise in serum 250HD level and no increase in calcium
absorption. This outcome is consistent with findings from their longer-term
study (over b 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 D, 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 250HD level of 52 nmol/L, it was found that 400 IU
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of vitamin D per day raised serum 250HD level (by 14 nmol/L) and did
not significantly increase calcium absorption compared with placebo.*

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 250HD 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 250HD 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, 250HD level had no ef-
fect. The authors concluded that serum 250HD level is not an indicator of
intestinal calcium absorption efficiency by itself, but 250HD 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 250HD 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 250HD
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
etal., 2008a, b) demonstrate no effect on absorption of increasing the se-
rum 250HD 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 250HD 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 250HD 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.

4Personal communication, S. Shapses, Rutgers University, New Brunswick, NJ, April 10,
2010.
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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 8year age range, the work
by Abrams et al. (1999) has also demonstrated that the average calcium
accretion rate is 140 mg/day5 calcium. 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

The 140 mg/day value is a modeled value as described in the study (Abrams et al., 1999).
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FIGURE 4-8 Dose-response relationship between calcium intake and retention.
SOURCES: Abrams et al. (1999); Ames et al. (1999).

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.
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-

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

Mean Bone Calcium Accretion (mg/day)

Age (years) Girls Boys
9-13 151 141
14-18 92 210
9-18 121 175

SOURCE: Vatanparast et al. (2010).
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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 250HD 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 250HD 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 250HD 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 250HD, likely due to
low calcium intakes. Specker et al. (1992) concluded that serum 250HD
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 250HD As described above, life stages
that experience bone accretion demonstrate a maximal calcium absorption
associated with serum 250HD 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 250OHD concentrations above 50 nmol/L. In addition, rickets
in populations that are not calcium deficient does not occur until serum
250HD 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 250HD 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 250HD levels (< 30 nmol/L) and does not appear to be
enhanced further above serum 250HD above 50 nmol/L. Although the
AHRQ-Ottawa report found fair evidence of an association between serum
250HD 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 calctum 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD 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 250HD. 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 250HD.

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 D or placebo for 1 year. For women, the mean
baseline dietary calcium intake was 495 mg/day, and mean serum 250HD
concentration was 12 nmol/L. For men, the mean baseline dietary calcium
intake was 548 mg/day, and the mean serum 250HD 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
250HD levels and osteomalacia. Postmortem bone biopsies and measure-
ment of serum 250HD 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 250OHD 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 250HD 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 250HD) 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 250HD levels of 75 nmol/L. That
is, 100 percent of the population could be considered “covered” by a se-
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rum 250HD 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 250HD 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 250HD 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 250HD 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 250HD 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 2 percent) at a serum 250HD concentration of 50 nmol/L. Further, it is
noteworthy that a majority of subjects for whom serum 250HD 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 250HD levels or in the
genetic conditions of absent calcitriol (VDDR I) and absent VDR (VDDR
IT). 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 1I, 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 250HD levels.
Conversely, higher serum 250HD 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 250HD 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 250HD  As described earlier, studies of
serum 250HD 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 250HD
for most persons. Fractional calcium absorption generally does not appear
to increase with serum 250HD 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 250HD are at least below 30 nmol/L.

POTENTIAL INDICATORS FOR PREGNANCY: CALcruM — 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.

e 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 etal.,
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 Vdrnull 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 250HD 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 250HD 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
etal., 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 lo-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 250HD levels
associated with craniotabes (Reif et al., 1988), lower tibia BMC
and cross—sectional area, maternal serum 250HD 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 250HD 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 250HD 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 250HD
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 250HD 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 250HD levels and rickets identified as early as 2 months,
but inconsistent evidence about the threshold level of 250HD 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
DRISs for pregnancy.

®  Maternal and cord blood 250HD levels Regarding pregnancy out-
comes, maternal and cord blood 250HD levels may be of inter-
est. AHRQ-Ottawa reported inconsistent evidence on changes in
serum 250HD levels during pregnancy, with two studies reporting
no change and one study reporting a decline. In a few other stud-
ies, maternal serum 250HD 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 250HD levels and are at higher
risk for complications sooner after birth than are babies born of
vitamin D-replete mothers. Maternal serum 250HD 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 250HD 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
postlactation. 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
etal., 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.

Calctum 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 postlactation 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 250HD 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 250HD 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 250HD levels than
non-lactating adolescents. Thus, maternal BMD is of limited use in
DRI development for lactation.

Maternal and infant serum 250HD levels Regarding lactation, ma-
ternal and infant serum 250HD 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 RCT's
(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 250HD levels
but does not affect neonatal serum 250HD 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 250HD
levels are not affected by lactation (Kent et al., 1990; Sowers et al.,
1998), although one study found an increase post-weaning (Cross
etal., 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
250HD levels. Thus, maternal and fetal serum 250HD 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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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 250HD levels are at or below at least
30 nmol/L and is rarely present when serum 250HD levels are above 50
nmol/L, suggesting the possibility of a population distribution. Further,
fractional calcium absorption is not additionally enhanced when serum
250HD 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. The Hunt and Johnson (2007) analysis suggested that, overall, per-

SSpecific 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.
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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: Calccum 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 D,. 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-
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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

Reid et al.,
1993

RCT
New

Zealand

Prince
et al.,
1995

RCT

Australia

Riggs
et al.,
1998
RCT

United
States

Healthy, postmenopausal
women

Average age = b8 years

n=301

Healthy, postmenopausal
women (= 3 years
postmenopause)

Average age = 58 years
n=122
Healthy, postmenopausal

women
(> 10 years postmenopause)

Average age = 62 years

n=168

Healthy, postmenopausal
women

Average age = 66 years

n=177

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

1,000 mg supplement with background diet
of 750 + 260 mg/day at 2 years (mean)

Loss of total body BMD reduced by 43%

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

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
etal. (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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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 Independent, 750 mg/day

etal, mobile older 4 o ound diet of 670 + 325 mg/day (men) and 564 + 294
2000 men and .
omen mg/day (women) [Note: Study protocol included a group
United W receiving 250HD;]
States n=2316 . . .. ..
For hip, calcium supplement recipients had similar BMD
women

compared with placebo (at the spine, both placebo and

n=122 men calcium supplementation increased BMD during the study)

Average age =

75 years
Grant Older men 1,000 mg/day
etal, ar.ld women Background diet not reported [Note: Study protocol
2005 with previous . . . .
fracture: 85% included a group receiving vitamin D4 and a group receiving
UK T combination of calcium and vitamin D,]
women :
Incidence of new fractures (26% were of the hip) did not
n= 15,292 . - .. .
differ significantly between participants allocated calcium and
Average age = those who were not
78 years . . . . -
Compliance with tablets containing calcium was significantly
low
Prince Healthy, 1,200 mg/day
o al:, older women Background diet of 897 mg/day (placebo, compliant with
2006 over age of . . . . .
regimen), 915 mg/day (calcium, compliant with regimen),
. 70 years . . .
Australia 950 mg/day (placebo, noncompliant with regimen), 903 mg/
n = 1,460 day (calcium, noncompliant with regimen)

Average age = Supplementation overall did not significantly reduce

75 years 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.

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. 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 D, 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
D, 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 Dy or vitamin D, (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 D,) 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 D, or vitamin D, (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., 2009¢)
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
250HD level at which fractures were prevented used an x-axis with irregu-
larly spaced intervals of serum 250HD level from 50 to 80 nmol/L. With
this confounding as a limitation on the utility of the data, the Bischoff-
Ferrari et al. (2009¢) 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 250HD 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
etal. (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 250HD levels
were 50 nmol/L for each. After 3 years, the serum 250HD 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 250HD levels were above 50 nmol/L; a significant
increase in the number of people displaying the mineralization defect
was not observed until the serum 250HD level had decreased below 30
nmol/L. A number of subjects continued to achieve adequate bone min-
eralization even at very low levels of 250HD.

Calcium absorption and serum 250HD level As described above, studies
of serum 250HD concentrations and calcium absorption in adults (most
studies used postmenopausal women and older men) have suggested that
ample calcium absorption occurs in the serum 250HD concentration
range of 30 to 50 nmol/L for most persons. Fractional calcium absorption
generally does not appear to increase with serum 250HD concentration
above 50 nmol/L. In addition, osteomalacia as explored in one study, is
not found to be meaningfully present until serum 250HD levels are at least
below 30 nmol/L 250HD.

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 250HD 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.

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 250HD 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 250HD levels were low, and no apparent benefit for these

Calcium absorption s

BMD

Risk of vitamin D—
deficiency .
osteomalacia in bone N
maintenance = TTTTTeeeeeee L

Risk of vitamin D— |,
deficiency rickets in | %
bone accretion 5
\
\
'\

Low Moderate High
Serum 250HD Level

FIGURE 4-9 Conceptualization of integrated bone health outcomes and vitamin
D exposure.
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measures when serum 250HD levels were higher. At moderate levels of
serum 250HD, 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.”

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 250HD concentra-
tions throughout life—as discussed in the section below. However, despite
lower serum 250HD 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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FIGURE 4-10 Theoretical distribution of serum 250HD level in healthy popula-
tions based on integrated bone health outcomes.
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of a decreased incidence of osteoporosis in the presence of lower serum
250HD 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).

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;

Median iotal fermur BMD

= White"* =" Black

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: 54558-550S), American Society for Nutrition.
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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
etal., 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

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

POTENTIAL INDICATORS OF ADEQUACY AND SELECTION OF INDICATORS 297

1400 1
1300 1 .

1200
1100
1000 +] »

.
900 A1 L O L

BOD 1 ]

Calcium retention (mg/d)

=200 A

700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1800 2000
Calcium intake (mg/d)

FIGURE 4-12 Mean calcium retention and 95% Cls 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
(O, 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 250HD 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 250HD 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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