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Dietary Reference Intakes for
Adequacy: Calcium and Vitamin D

OVERVIEW

Bone health has been selected as the indicator to serve as the basis of
the Dietary Reference Intakes (DRIs) for calcium and vitamin D. The re-
view that underpins this conclusion has been described in Chapter 4, the
component of this report addressing the hazard identification step of risk
assessment and specifying the selected indicator. The next step in the risk
assessment approach for DRI development—the hazard characterization
component of risk assessment—is contained in this chapter. The dose—
response relationship between the nutrient intake and bone health is ex-
amined and dietary reference values for adequacy are specified. In the case
of DRISs for calcium and vitamin D, such values take the form of Estimated
Average Requirements (EARs) and Recommended Dietary Allowances
(RDAs) or, alternatively, Adequate Intakes (Als). The discussions related
to the Tolerable Upper Intake Level (UL), which is also a DRI value, are
contained in Chapter 6.

Currently available data on bone health outcomes—when considered
as an integrated body of evidence—can be used to derive EARs and RDAs
for calcium and vitamin D for all life stages except infants. Bone health
measures associated with bone accretion, bone maintenance, and bone
loss are relevant to different DRI life stages, and thus the indicator of bone
health has been reflected by different bone health measures depending
upon the life stage. With respect to infants 0 to 12 months of age, for whom
data were very sparse, an Al can be specified for each nutrient based on
the available evidence concerning levels of intake observed to be adequate.
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The DRIs for calcium and vitamin D established in 1997 (IOM, 1997)
also relied on bone health as the indicator in setting reference values for
adequacy. However, the 1997 report established an Al for all life stage
groups; no EARs or RDAs were specified. Newer data plus an integration
of data have allowed the estimation of EARs and RDAs for all life stages
except infants. Quantitative comparisons between Als and EARs and RDAs
are not appropriate.

In 1997, Als were established for calcium in lieu of EARs and RDAs as a
result of uncertainties associated with balance studies, lack of concordance
between observational and experimental data, and lack of longitudinal
data to verify the relationship between calcium intake, calcium retention
and bone loss (IOM, 1997). In the past 10 years, newer evidence on skeletal
health has emerged from a combination of large-scale randomized trials
and calcium balance studies as described in Chapter 4. Further, there are
now data relative to a number of life stage groups, and these help to avoid
reliance on extrapolating or scaling data from one life stage to another
unstudied life stage.

In the case of vitamin D, the 1997 report concluded that there were
inadequate data available for EARs and RDAs as a result of uncertainties
about sun exposure, the vitamin D content of the diet, and vitamin D stores
(IOM, 1997). In the intervening years data have emerged that allow a re-
quirement distribution to be simulated for vitamin D, which, in turn, has
been found to be concordant with other available data. This analysis unex-
pectedly indicated that the dose-response relationship regarding median
requirements is not significantly affected by age. Further, several newer
studies can be used to elucidate the contributions made by sun exposure
and to help separate total intake contributions from contributions stem-
ming from cutaneous synthesis. Strides have been made in estimating the
vitamin D content of foods as well as the amounts of vitamin D consumed
by the U.S. and Canadian populations.

Despite new data since the earlier Institute of Medicine (IOM) report
(IOM, 1997), there remain a number of uncertainties that have caused
challenges in estimating DRI values for calcium and vitamin D. Notable
among these is the absence of intervention trials that study dose-response
relationships for the nutrients. Rather, most of the evidence is derived
from a single dose that is often relatively high. Further, some studies fail to
specify information about the background diet and hence the total level of
intake is lacking. When this is the case, the mean population requirement
may be below the dose used in the study, but cannot be further specified.
In addition, there is the common practice of designing studies to examine
calcium and vitamin D in combination, thereby precluding the ability to
discern the effects of each nutrient alone, which is of interest when estab-
lishing a reference value for a nutrient.
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As discussed in Chapter 4, there are very limited data to suggest that
there may be some biological differences in the way in which different
ethnic/racial groups respond to calcium and vitamin D, most notably
among those of African American ancestry. The extent to which such
observations may affect requirements for the nutrients is unknown at this
time. Although it is important to take into account biological differences
where they may exist among, for example, African Americans, Hispanics,
and those of Asian descent, the available data are too limited to permit
the committee to assess whether separate, quantitative reference values for
such groups are required. The DRIs established in this report are based on
the current understanding of the biological needs for calcium and vitamin
D across the North American population. Other factors may come into play
in terms of ensuring adequate intakes of these nutrients—for example,
lactose intolerance or food choices—but as far as is known these factors
do not affect the basic biological need for these nutrients. Rather, they are
discussed in Chapter 8 as issues relevant to the application of the DRIs by
dietary practitioners.

Described in this chapter is the committee’s decision-making regarding
the dose-response relationships for calcium and bone health, and for vita-
min D and bone health. From these conclusions, DRI values for adequacy
are specified. A significant underlying assumption made by the committee
is that the DRIs for calcium are predicated on intakes that meet require-
ments for vitamin D and that the DRIs for vitamin D rest on the assumption
of intakes that meet requirements for calcium. In other words, the require-
ment for one nutrient assumes that the need for the other nutrient is being
met. This is an essential assumption, for three reasons:

1. Given that reference values are intended to act in concert for the
purposes of planning diets, health policy makers would be working
to meet all nutritional needs; therefore it would be inappropriate
to establish requirements for such purposes on the basis that one
or more related nutrients would be consumed by the population
in inadequate amounts.

2. An inadequacy in one of the nutrients could cause changes in
the efficient handling of or physiological response to the other
nutrient that might not otherwise be present. For example, in vi-
tamin D—deficient states with minimal calcium intake, absorption
of calcium from the gut cannot be enhanced. The compensatory
metabolic response to this scenario is the accelerated conversion
of 25-hydroxyvitamin D (250HD) to its active form (calcitriol)
through an increase in parathyroid hormone (PTH) levels. Such
perturbations confound the estimation of the true requirement
under neutral circumstances.
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3. No amount of vitamin D is able to compensate for inadequate to-
tal calcium intake; thus, setting a realistic DRI value for vitamin D
requires that calcium is available in the diet in adequate amounts.

However, the committee has also commented on the consequences
for one nutrient when the other is inadequate, in order to be transparent
regarding the science underpinning the determination of reference values
for these two nutrients.

CALCIUM: DIETARY REFERENCE INTAKES FOR ADEQUACY

The EARs, RDAs, and Als for calcium are shown in Table 5-1 by life
stage group. The studies used to estimate these values have been included
in the review of potential indicators contained in Chapter 4. Therefore, in
the discussions below, the relevant data are highlighted but not specifically
critiqued again.

Infants 0 to 12 Months of Age

Infants 0 to 6 Months of Age

Al 200 mg/day Calcium
Infants 6 to 12 Months of Age

Al 260 mg/day Calcium

Data are not sufficient to establish an EAR for infants 0 to 6 and 7
to 12 months of age, and therefore Als have been developed based on
the available evidence. An Al value is not intended to signify an average
requirement, but instead reflects an intake level based on approximations
or estimates of nutrient intakes that are assumed to be adequate. Whether
and how much the Al values for infants could be lowered and still meet
the physiological needs for human milk-fed infants are unknown because
mechanisms for adaptation to lower intakes of calcium are not well de-
scribed for the infant population, and experimental data with overall rel-
evance to estimating average requirements are extremely limited.

Calcium requirements for infants are presumed to be met by human
milk (IOM, 1997). There are no functional criteria for calcium status that
reflect response to calcium intake in infants (IOM, 1997). Rather, human
milk is recognized as the optimal source of nourishment for infants (IOM,
1991; Gartner et al., 2005). There are no reports of any full-term, vitamin
D-replete infants developing calcium deficiency when exclusively fed hu-
man milk (Mimouni et al., 1993; Abrams, 2006). Therefore, Als for calcium
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TABLE 5-1 Calcium Dietary Reference Intakes (DRIs) for Adequacy

(amount/day)
Life Stage Group Al EAR RDA
Infants
0 to 6 mo 200 mg — —
6 to 12 mo 260 mg — —
Children
1-3y — 500 mg 700 mg
4-8y — 800 mg 1,000 mg
Males
9-13y — 1,100 mg 1,300 mg
14-18y — 1,100 mg 1,300 mg
19-30y — 800 mg 1,000 mg
31-50'y — 800 mg 1,000 mg
51-70 y — 800 mg 1,000 mg
>70y — 1,000 mg 1,200 mg
Females
9-13y — 1,100 mg 1,300 mg
14-18y — 1,100 mg 1,300 mg
19-30y — 800 mg 1,000 mg
31-50y — 800 mg 1,000 mg
51-70 y — 1,000 mg 1,200 mg
>70y — 1,000 mg 1,200 mg
Pregnancy
14-18y — 1,100 mg 1,300 mg
19-30y — 800 mg 1,000 mg
31-50y — 800 mg 1,000 mg
Lactation
14-18y — 1,100 mg 1,300 mg
19-30y — 800 mg 1,000 mg
31-50y — 800 mg 1,000 mg

NOTE: Al = Adequate Intake; EAR = Estimated Average Requirement; RDA = Recommended
Dietary Allowance.

for infants are based on mean intake data from infants fed human milk as
the principal fluid during the first year of life and on the studies that have
determined the mean calcium content of breast milk. Additionally, infor-
mation on calcium absorption and calcium accretion is taken into account.
With respect to estimating Als for calcium for infants, studies reviewed
previously in this report have provided the following information:

® Based on infant weighing studies, a reasonable average amount of
breast milk consumed is 780 mL/day. The average level of calcium
within a liter of breast milk is 259 mg (+ 59 mg). It is therefore
estimated that the intake of calcium for infants fed exclusively hu-
man milk is 202 mg/day. This number is rounded to 200 mg/day.
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e (Calcium absorption for this age group ranges somewhat above and
below 60 percent depending upon the total amount of calcium
consumed. For development of the Al, a 60 percent calcium ab-
sorption rate was assumed.

e The usual accretion rate for calcium in infants can be estimated us-
ing the approximation of 100 mg/day overall during the first year
of life, with the recognition that the available literature contains
reports of varying rates above and below that level.

Infants 0 to 6 Months of Age

Using the estimates described above for the calcium content of breast
milk and the amount of milk consumed per day, the Al for calcium for in-
fants 0 to 6 months of age is 200 mg/day, a value reflective of the calcium
provided to exclusively breast-fed infants. The expected net retention of
calcium from human milk assuming 60 percent absorption would be 120
mg/day, which is in excess of the values predicted from calcium accre-
tion based on cadaver and metacarpal analysis. An Al of 200 mg/day is
expected, therefore, to result in retention of sufficient amounts of calcium
to meet growth needs.

Further, for infants in the first 4 months of life, balance studies suggest
that 40 to 70 percent of the daily calcium intake is retained by the human
milk-fed infant (Widdowson, 1965; Fomon and Nelson, 1993). In balance
studies using human milk—fed infants, the mean calcium intake was 327
mg/day, and calcium retention was 172 mg/day on average (Fomon and
Nelson, 1993). If infants consume calcium at the Al daily, they would
achieve similar or greater calcium retention even if the efficiency of absorp-
tion was at the lower observed value of 30 percent. Thus, the Al should
meet most infants’ needs.

The Al established here of 200 mg/day is similar to the Al of 210 mg/
day derived by the 1997 report (IOM, 1997). The difference is extremely
small—only 10 mg/day—and likely within measurement error; however,
the new Al reflects the current best estimate for calcium levels obtained
exclusively from human milk

Infants 6 to 12 Months of Age

Estimation of the Al for infants 6 to 12 months of age takes into ac-
count the additional intake of calcium from food. From 6 to 12 months of
age, the intake of solid foods becomes more significant, and calcium in-
takes may increase substantially from these sources. Only extremely limited
data are available for typical calcium intakes from foods by older milk-fed
infants, and mean calcium intake from solid foods has been approxi-

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

DIETARY REFERENCE INTAKES FOR ADEQUACY 351

mated as 140 mg/day for formula-fed infants (personal communication,
Dr. Steven Abrams, February 22, 2010).

For the purpose of developing an Al for this age group, it is assumed
that infants who are fed human milk have intakes of solid food similar to
those of formula-fed infants of the same age (Specker et al., 1997). Based
on data from Dewey et al. (1984), mean human milk intake during the
second 6 months of life would be 600 mL/day. Thus, calcium intake from
human milk with a calcium concentration of about 200 mg/L during this
age span (Atkinson et al., 1995) would be approximately 120 mg/day. Add-
ing the estimated intake from food (140 mg/day) to the estimated intake
from human milk (120 mg/day) gives a total intake of 260 mg/day. Again,
this Al is slightly and probably insignificantly less than the 1997 AI (IOM,
1997) but is the current best estimate.

Children and Adolescents 1 Through 18 Years of Age

Children 1 Through 3 Years of Age
EAR 500 mg/day Calcium
RDA 700 mg/day Calcium
Children 4 Through 8 Years of Age
EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium
Children 9 Through 13 Years of Age
Adolescents 14 Through 18 Years of Age
EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium

For these life stage groups, the focus is the level of calcium intake
consistent with bone accretion and positive calcium balance. Studies con-
ducted primarily between 1999 and 2009 (see Table 5-2) provide a basis
for estimating EARs and calculating RDAs. In contrast to earlier reference
value deliberations for which there were virtually no available studies fo-
cused on children and adolescents, this committee benefited from several
recent studies that used children as subjects.

The approach used for children was to determine average calcium
accretion through bone measures such as DXA and average calcium reten-
tion as estimated by calcium balance studies (i.e., positive balance). Next,
the factorial method (IOM, 1997) was used with these two data sets to
estimate the intake needed to achieve the bone accretion. Average bone
calcium accretion is used rather than peak calcium accretion because the
committee judged this value to be more consistent with meeting the needs
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of 50 percent of this population, and hence an EAR (rather than an Al).
Moreover, as discussed in Chapter 2, peak calcium accretion with higher
total calcium intakes is likely transitory and, thus, not consistent with DRI
development.

The application of the factorial method using average bone calcium
accretion allows an estimate of the calcium intake required to support
bone accretion and net calcium retention, as shown in Table 5-2. The ap-
proach is described below, specifically for each life stage for children and
adolescents.

Children 1 Through 3 Years of Age

The data are very limited for children 1 through 3 years of age given
the challenges in studying young children. However, a report by Lynch
et al. (2007) provides relevant data. Linear and non-linear modeling in
this study suggested a target average calcium retention level of 142 mg/
day, consistent with the growth needs of this life stage group. Through the
factorial method, a calcium intake of 474 mg/day is estimated to meet this
need (see Table 5-2). Given that these data are derived from mean esti-
mates and are assumed to be normally distributed, the mean value is very
likely the median value. An estimated EAR is, therefore, established as 500
mg of calcium per day, rounded from 474 mg/day.

An assumption specified by Lynch et al. (2007) is that an additional 30
percent calcium retention would meet the needs of 97.5 percent of this age
group. This was calculated as 180 mg/day and is based on calcium absorp-
tive efficiency for young children, and it is judged reasonable. This results
in an estimated RDA for calcium of 700 mg/day calcium, with rounding.

Clearly, there are uncertainties when reliance is placed on a single
study. The ability to study calcium requirements in a controlled study,
however, does offer the ability to estimate an average requirement rather
than an Al The study is of high quality, and the reference values specified
are in line with those specified for younger and older children.

Children 4 Through 8 Years of Age

The work of Abrams et al. (1999) and Ames et al. (1999) has indicated
that, like that for younger children, an average calcium retention level
of approximately 140 mg/day is consistent with the needs of bone accre-
tion. However, there is evidence of a small increase during pre-puberty,
yielding a calcium retention range of approximately 140 to 160 mg/day
to allow for bone accretion across this age group of which a portion will
be pre-pubertal. Using the factorial method (see Table 5-2) and from the
non-linear dose-response relationship identified by the work of Ames
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et al.(1999) and Abrams et al. (1999), a calcium intake of 800 mg/day
could be expected to achieve the levels of calcium needed for bone ac-
cretion. Again, the assumption that another approximately 30 percent is
needed to cover about 97.5 percent of the population—through derivation
as mean estimates and the assumption of normal distribution—results in a
calculated and rounded RDA value for calcium of 1,000 mg/day.

Again, as with younger children, there are relatively few studies avail-
able and most have small sample sizes. While the studies included some
ethnic/racial diversity, they focused on girls. These limitations cannot be
remedied at this time. However, the data are sufficiently robust to support
an estimation of an average requirement of 800 mg/day calcium.

Children 9 Through 13 Years of Age and Adolescents 14 Through 18 Years of Age

As reviewed in Chapter 4, data from a recent study (Vatanparast et al.,
2010) have provided bone calcium accretion levels for children and adoles-
cents ranging from 92 to 210 mg/day. Average bone calcium accretion was
included in the factorial method, and the intake levels can be estimated
as shown in Table 5-2.

While the committee was aware of data suggesting that calcium re-
tention may vary by gender among children, these differences between
girls and boys and between the 9- to 13- and 14- to 18-year age groups are
relatively small quantitatively, and the limited nature of the data do not
allow further specification of these differences to the extent they are real.
Given the application of DRI values in real world settings such as school
meal planning, recommending that boys receive a small amount more
calcium than girls is not practicable, but it is also not warranted given the
limited nature of the data suggesting this possibility. Additionally, there
is wide variability in the onset of puberty and the pubertal growth spurt,
and it is reasonable to conclude that increases in calcium intake may be
needed early in puberty at times when children may be only 9 or 10 years
old. Thus, for reference values for both boys and girls in the 9- to 13- and
14- to 18-year life stages, the differences in calcium intake to achieve mean
bone calcium accretion as elucidated by Vatanparast et al. (2010) have
been interpolated between 9- to 18-year old girls (1,037) and boys (1,224).
This interpolation yields an estimated mean need for calcium for boys
and girls of 1,100 mg/day with rounding, a value approximately at the
midpoint between the two groups. Again, assuming a normal distribution,
this estimate to achieve a mean calcium accretion represents the median
and, thus, an EAR. The EAR is therefore set at 1,100 mg for both boys and
girls for both life stages encompassed by the 9 through 18 year age range.
In order to cover 97.5 percent of the population, an estimated RDA value
for calcium of 1,300 mg/day is established.
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The uncertainties surrounding the reference value stem from reli-
ance on primarily a single study. Although carefully carried out, the study
included only white children. These newer data, however, provide the op-
portunity to identify an average requirement.

Adults 19 Through 50 Years of Age

Adults 19 Through 30 Years of Age
Adults 31 Through 50 Years of Age
EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium

While there is evidence of minor bone accretion into early adulthood,
the levels required to achieve this accretion—which appears to be site
dependent—are very low. The goal, therefore, is intakes of calcium that
promote bone maintenance and neutral calcium balance.

The report from Hunt and Johnson (2007) provides virtually the only
evidence for these life stage groups. Based on a series of controlled calcium
balance studies, they have established a calcium intake level of 741 mg/day
to maintain neutral calcium balance. They further provide the 95 percent
prediction interval around the level required for neutral calcium balance.

Other available measures that relate to bone maintenance include
bone mineral density (BMD), but studies that measured bone mass con-
comitant to calcium intake are highly confounded by failures to control
for other variables that impact bone mass and to specify a dose-response
relationship. There is no evidence that intakes of calcium higher than
those specified by Hunt and Johnson (2007) offer benefit for bone health
in the context of bone maintenance for adults 19 to 50 years of age. Os-
teoporotic fracture is not a relevant measure for this life stage, therefore
extrapolating from the more prevalent data focused on older adults is not
appropriate, nor is extrapolating from the data for younger persons for
whom the concern is bone accretion.

Therefore, the Hunt and Johnson (2007) data, which reflect the out
comes of a series of metabolic studies, provide a reasonable basis for an
EAR for calcium of 800 mg/day calcium. That is, the observed value of 741
mg/day is rounded, but rounded up to 800 mg/day given the uncertainty.
The upper limit of the 95 percent prediction interval around this estimate
(1,085 mg/day) is appropriate as the basis for an RDA for calcium and
rounded to 1,000 mg/day. As is the case with younger life stage groups,
there is now the 2007 Hunt and Johnson study on the topic of calcium and
bone health, which has allowed the estimation of an average requirement.
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However, the data are still very sparse, and the DRI for this age group relies
on one study, albeit a well-controlled and carefully analyzed study.

Adults 51 Years of Age and Older

Men 51 Through 70 Years of Age
EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium
Women 51 Through 70 Years of Age
EAR 1,000 mg/day Calcium
RDA 1,200 mg/day Calcium
Adults >70 Years of Age
EAR 1,000 mg/day Calcium
RDA 1,200 mg/day Calcium

Men and Women 51 Through 70 Years of Age

The natural process of bone loss begins to manifest itself in the latter
stages of adulthood. It begins earlier for women than for men as a result
of the onset of menopause, which usually occurs when women reach 50
to 55 years of age. By the time both men and women have reached 70 or
more years of age, each are experiencing bone loss. However, women—
who have been undergoing the loss longer—are more at risk for adverse
consequences. It is important to underscore that the goal of calcium intake
during these life stages is to lessen the degree of bone loss; calcium intake
at any level is not known to prevent bone loss.

Although calcium absorption (active calcium transport) has been re-
ported to decrease with age (Avioli et al., 1965; Bullamore et al., 1970;
Alevizaki et al., 1973; Gallagher et al., 1979; Tsai et al., 1984), it is challeng-
ing to consider higher calcium intake as a remedy given that calcium intake
must be extremely high to have an effect on calcium uptake via passive
absorption (i.e., paracellular transport, see Chapter 2).

The relative lack of data pertaining to bone changes in men as they
age has received comment (Orwoll et al., 1990). It has been pointed out
that cross—sectional data suggest that, overall, the rate of bone loss in men
is substantially slower than that in women, and men have a lower incidence
of fractures (Khosla et al., 2008); perhaps this accounts for the lack of re-
search focused on this group. The limited available trials and observation
studies (e.g., Osteoporotic Fractures in Men [MrOS] study) concerning
bone health focus on men older than the 5 through 70 year age range (usu-

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

DIETARY REFERENCE INTAKES FOR ADEQUACY 357

ally > 65 years) and typically include vitamin D administration. Likewise,
organizations such as the National Osteoporosis Foundation have issued
guidelines that do not stipulate BMD testing for men until the age of 70
years (NOF, 2008), whereas they recommend BMD testing at an earlier age
for women. Given this context, the data from Hunt and Johnson (2007)
with respect to neutral calcium balance among adults can provide some
information for specifying requirements among men between the ages
of 51 and 70 years. Although there were only two men over the age of 50
years in the Hunt and Johnson (2007) study, the absence of evidence that
significant changes occur in skeletal maintenance for men in their 50s and
60s results in the assumption that their needs are akin to those of younger
men. Therefore, the calcium EAR and RDA for men 51 to 70 years of age
are set at the same levels as for persons 31 to 50 years of age: the EAR for
calcium is established as 800 mg/day, and the RDA for calcium is 1,000
mg/day. The newer calcium balance data are used with caution, given its
limitations for this purpose.

Women 51 through 70 years of age are considered separately from
men. Although it is evident that calcium intake does not prevent bone less
during the first few years of menopause, there is the question of whether
or to what extent calcium intake can mitigate the loss of bone during and
immediately following the onset of menopause. Although about half of
the women in the Hunt and Johnson (2007) study were over the age of 50,
the authors did not stratify on the basis of menopausal status. Therefore,
there are some uncertainties surrounding the use of these newer calcium
balance data for the purposes of determining an EAR and RDA for women.
However, other information is available that can be useful. Absolute hip
fracture rates are lower than for women in this age rang than for women
over the age 70 but still greater than for premenopausal women. Moreover,
BMD is a reliable predictor for fracture risk later in life and therefore be-
comes a useful measure for DRI purposes.

The available data for BMD among women 51 through 70 years of
age provide mixed results concerning the relationship between BMD and
calcium intake in menopausal women. This may be due in part to study
protocols—which usually have relied on a single dose of 1,000 mg or more
daily—that have failed to clarify background diet or estimate total intake.
On balance, there is somewhat more evidence for a benefit of higher cal-
cium intake among women over the age of 60 years, a group that is likely
about half of the DRI life stage of women 51 through 70 years of age. Spe-
cifically, the meta-analysis conducted by Tang et al. (2007), which included
studies in women ranging in mean age from 50 to 85 years, indicated
that total calcium intake alone equal to 1,200 mg or more per day had a
positive effect on BMD as well as a modest (relative risk [RR] = 0.88; 95%
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confidence interval [CI]:0.83-0.95), but significant, effect on fracture risk
reduction. In breaking down the meta-analysis further, there were six stud-
ies of more than 1,100 women with a mean age of 60 years who received
additional calcium without vitamin D compared with placebo. The aver-
age calcium supplementation was 1,100 mg/day in the treated group, and
those women had risk reduction for hip fracture and significant increases
in both hip and spine BMD.

Further, evidence from the Women’s Health Initiative trial (WHI)
(Jackson et al., 2006) conducted using 36,282 women ages 50 to 79 years
indicated that participants who were randomized to 1,000 mg of calcium
plus 400 International Units (IU) of vitamin D per day experienced a small,
but significant, improvement in hip bone density and a modest reduction
in hip fractures, although the change in hip fracture risk was not statisti-
cally significant. A subgroup analysis indicated that women over the age of
60 years also experienced a small but statistically non-significant reduction
in hip fracture risk (hazard ratio [HR] = 0.74; 95 percent CI 0.52-1.06)
compared with those randomized to placebo. These data are taken into
account cautiously for several reasons. The WHI study may be confounded
by both hormone replacement therapy considerations as well as the inclu-
sion of vitamin D, although the supplementation level of vitamin D was
relatively low. The appropriateness of conducting a subgroup analysis for
fracture risk, although interesting, is always considered questionable. Fur-
ther, the same subgroup analysis revealed that women between the ages
of 50 and 60 years experienced a greater hip fracture risk when they were
supplemented with calcium and vitamin D. The absolute risk of hip frac-
tures for women 50 to 60 years of age is derived from a small number of
fractures per total cohort (i.e., 13 fractures in 6,694 women 50 to 60 years
of age). The Tang et al. (2007) meta-analysis is compromised by the inabil-
ity to study a true dose—response relationship; many studies were grouped
at the 1,200 mg/day level of intake and could not be used to reveal the
effects at lower levels of intake.

Within the confines of these limitations, there is nonetheless the emerg-
ing conclusion that in regard to the relevant indicator for this group, that
is, BMD, a somewhat higher intake of calcium than required by men or
suggested by the newer calcium balance data is justified for all postmeno-
pausal women within the life stage 51 through 70 years. Not unexpectedly,
absolute hip fracture rates are very low in the 50- to 60-year age group (e.g.,
0.03 percent per year in WHI), and therefore fracture risk is not a particu-
larly relevant factor, although to the extent that a subgroup analysis can be
relied upon, women greater than 60 years of age appear to experience some
benefit from calcium intake relevant to fracture risk reduction.

It would appear that the life stage consisting of women 51 through
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70 years of age reflects a diverse set of physiological conditions—notably
premenopausal, perimenopausal, and postmenopausal—with respect to
the condition of bone health, and cannot be reliably characterized as a
homogeneous single group for the purpose of deriving EARs and RDAs for
calcium. Some may benefit from increased calcium, and some may not. Fur-
ther, there is considerable variability in the age of onset of menopause, and
so assumptions about the proportion of this age group that may or may not
benefit cannot be made. Therefore, to ensure public health protection and
to err on the side of caution, preference is given to covering the apparent
benefit for BMD with higher intakes of calcium for postmenopausal women
within this group. The EAR for women 51 through 70 years is set at 1,000
mg calcium per day. The addition of 200 mg/day to the estimates provided
by Hunt and Johnson (2007) gives a reasonable margin of safety for lessen-
ing bone loss to the extent that is possible and is reasonably consistent with
data from the existing intervention trials. Further, the value of 1,000 mg/
day is still within the 95 percent prediction interval offered by Hunt and
Johnson (2007) for a value that encompasses a wider range of persons than
younger menopausal women. Although this does result in a different DRI
for women than for men in the 51 through 70 year age group, the physi-
ological differences and apparent response to increased calcium intake
evidenced from randomized trials warrants this difference.

As there is no reason to assume that requirements for this life stage
are not normally distributed, the approximate 20 to 30 percent addition
to achieve the level needed to cover 97.5 percent of the population results
in an estimated RDA of 1,200 mg/day. The level errs in the direction of a
lower value given concerns about an upper level of intake (see Chapter 6).

This reference value for women 51 to 70 years of age is notably uncer-
tain and reflects a decision to provide public health protection in the face
of inconsistent data. It also identifies menopausal women between the ages
of 51 and 70 years as the basis for the reference value, rather than non-
menopausal women, on the assumption that during this life stage many
and eventually all will become menopausal. The value cannot be more
certain until such time as there is information on calcium balance specifi-
cally for women experiencing the early stages of menopause, as well as well-
controlled trials that more clearly elucidate dose-response measures for
menopausal younger women relative to calcium intake and bone health.

Adults >70 Years of Age

Bone loss and the resulting osteoporotic fractures are the predominant
bone health concern for persons >70 years of age. Although measures to
ascertain fracture risk are often self-reported and can be challenging to

Copyright © National Academy of Sciences. All rights reserved.



Dietary Reference Intakes for Calcium and Vitamin D

360 DIETARY REFERENCE INTAKES FOR CALCIUM AND VITAMIN D

verify, fracture risk represents the best measure for bone health for this
life stage. One important caution is that the estimation of the effect of
fracture risk is greatly complicated by the limited evidence concerning
dose-response data relative to calcium intake. Importantly, calcium bal-
ance studies to determine the levels of calcium that result in neutral cal-
cium balance are lacking in the literature for persons over the age of 70
years. Hunt and Johnson (2007) were able to incorporate only two women
over the age of 70 years.

The analysis of Tang et al. (2007) is limited by the nature of the studies
available, in that most studies tested intervention levels at or above 1,200
mg/day and often did not report total calcium intake. Those studies in the
Tang et al. (2007) analysis that examined calcium alone, without vitamin
D supplementation, were few. The authors’ conclusion that 1,200 mg/
day was beneficial relative to reduced fracture risk is relevant, but may be
compromised by the inability to examine the effectiveness at other levels.
In contrast to the Tang et al. (2007) analysis, Peacock et al. (2000), Grant
et al. (2005), and Prince et al. (2006), who studied calcium intake alone,
were unable to demonstrate benefits for bone health among persons over
70 years of age with supplemental calcium intakes (750 to 1,200 mg/day);
however, a compliance sub-analysis conducted by Prince et al. (2006) sug-
gested reduced fracture incidence with calcium supplementation of 1,200
mg/day.

The data available do not clearly elucidate a requirement for calcium
and primarily suggest values that may result in covering nearly all of the
population group in terms of reduced fracture risk. That is, the available
studies were not examining the levels of calcium intake that were effective,
but rather were examining whether their administered calcium intake was
effective. Further, the benefit of calcium supplementation was evident in
the case of sub-analysis on the basis of compliance, which, while informa-
tive, are not ideal data sets. In addition, the populations studied varied
considerably, many could be considered at high risk (such as institutional-
ized older persons and persons with low body weight), and the effect of
calcium supplementation was usually not taken into account in the context
of vitamin D status or existing calcium nutriture.

For this reason, public health protection was considered, and it was
determined that a requirement somewhat above that established by cal-
cium balance studies for bone maintenance was appropriate despite the
unknowns and the inability to clearly estimate a dose-response for calcium
relative to fracture risk. As with those estimates used for postmenopausal
women, a 200 mg/day calcium increment was added to the estimated
requirements for younger persons, resulting in an EAR value of 1,000 mg
of calcium per day. It is assumed that the rapid and notable bone loss ob-
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served for early menopause has ceased, and the bone loss for women in this
life stage group is similar to that experienced by men. The estimation of
an RDA to cover more than 97.5 percent of the life stage group consistent
with normally distributed data results in an RDA of 1,200 mg/day, again in
the face of concerns about high levels of intake (see Chapter 6).

Pregnancy and Lactation

Pregnant 14 Through 18 Years of Age
EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium
Pregnant 19 Through 30 Years of Age
Pregnant 31 Through 50 Years of Age
EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium
Lactating 14 Through 18 Years of Age
EAR 1,100 mg/day Calcium
RDA 1,300 mg/day Calcium
Lactating 19 Through 30 Years of Age
Lactating 31 Through 50 Years of Age
EAR 800 mg/day Calcium
RDA 1,000 mg/day Calcium

Pregnancy

The EAR for non-pregnant women and adolescents is appropriate for
pregnant women and adolescents based on the randomized controlled
trials (RCTs) of calcium supplementation during pregnancy that reveal
no evidence that additional calcium intake beyond normal non-pregnant
requirements has any benefit to mother or fetus (Koo et al., 1999; Jarjou
et al., 2010). Consistent with the RCT data indicating the appropriateness
of the non-pregnant EAR and RDA for the pregnant woman is (1) the epi-
demiologic evidence suggesting that parity is associated with a neutral or
even a protective effect relative to maternal BMD or fracture risk (Sowers,
1996; Kovacs and Kronenberg, 1997; O’Brien et al., 2003; Chantry et al.,
2004), and (2) the physiologic evidence that maternal calcium needs are
met through key changes resulting in a doubling of the intestinal fractional
calcium absorption, which compensates for the increased calcium trans-
ferred to the fetus (200 to 250 mg/day) and potentially some transient mo-
bilization of maternal bone mineral, particularly in the late third trimester.
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Overall, it appears that pregnant adolescents make the same adaptations as
pregnant women, and there is no evidence of adverse effects of pregnancy
on BMD measures among adolescents.

The EARs are thus 800 mg/day for pregnant women and 1,100 mg/
day for pregnant adolescents. Likewise, the RDA values for non-pregnant
women and adolescents are applicable, providing RDAs of 1,000 mg/day
and 1,300 mg/day, respectively.

Lactation

The EAR for non-lactating women and adolescents is appropriate for
lactating women and adolescents based on (1) the strong evidence of
physiologic changes resulting in a transient maternal bone resorption to
provide the infant with calcium (Kalkwarf et al., 1997; Specker et al. 1997,
Kalkwarf, 1999) and (2) evidence from RCTs and observational studies
that increased total calcium intake does not suppress this maternal bone
resorption (Cross et al., 1995; Fairweather-Tait et al., 1995; Prentice et al.,
1995; Kalkwarf et al., 1997; Laskey et al., 1998; Polatti et al., 1999) or alter
the calcium content of human milk (Kalkwarf et al., 1997; Jarjou et al.,
2006). Post-lactation maternal bone mineral is restored without consistent
evidence that higher calcium intake is required, as based on two RCTs
(Cross et al., 1995; Prentice et al., 1995) and several observational studies
(Sowers, 1996; Kovacs and Kronenberg 1997; Kalkwarf, 1999).

Adolescents, like adults, resorb bone during lactation and recover fully
afterward with no evidence that lactation impairs achievement of peak
bone mass (Chantry et al., 2004).

The EARs are thus 800 for lactating women and 1,100 mg/day for
lactating adolescents. Likewise, the RDA values for non-lactating women
and adolescents are applicable, providing RDAs of 1,000 and 1,300 mg/
day, respectively.

VITAMIN D: DIETARY REFERENCE
INTAKES FOR ADEQUACY

The EARs, RDAs, and Als for vitamin D are shown in Table 5-3 by life
stage group. The identical EARs across age groups are notable and, as
discussed below, reflect the concordance of serum 250HD levels with the
integrated bone health outcomes as well as the lack of an age effect on the
simulated dose-response. Studies used to estimate these values have been
included in Chapter 4 in the review of potential indicators.

While at the outset the consideration of vitamin D requirements rec-
ognizes that humans are physiologically capable of obtaining vitamin D
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TABLE 5-3 Vitamin D Dietary Reference Intakes (DRIs) for Adequacy

(amount/day)
Life Stage
Group Al EAR RDA
Infants
0 to 6 mo 400 IU (10 pg) — —
6 to 12 mo 400 IU (10 pg) — —
Children
1-3y — 400 IU (10 pg) 600 IU (15 pg)
4-8y — 400 IU (10 pg) 600 IU (15 pg)
Males
9-13y — 400 IU (10 pg) 600 IU (15 pg)
14-18y — 400 IU (10 pg) 600 IU (15 pg)
19-30 y — 400 IU (10 pg) 600 IU (15 pg)
31-50y — 400 IU (10 pg) 600 IU (15 pg)
51-70y — 400 IU (10 pg) 600 IU (15 pg)
>70y — 400 IU (10 pg) 800 IU (20 pg)
Females
9-13y — 400 IU (10 pg) 600 IU (15 pg)
14-18 y — 400 IU (10 pg) 600 IU (15 pg)
19-30 y — 400 IU (10 pg) 600 IU (15 pg)
31-50 y — 400 IU (10 pg) 600 IU (15 pg)
51-70y — 400 IU (10 pg) 600 IU (15 pg)
>70y — 400 IU (10 png) 800 IU (20 pg)
Pregnancy
14-18 y — 400 IU (10 pg) 600 IU (15 pg)
19-30 y — 400 IU (10 pg) 600 IU (15 pg)
31-50 y — 400 IU (10 pg) 600 IU (15 pg)
Lactation
14-18y — 400 IU (10 pg) 600 IU (15 pg)
19-30y — 400 IU (10 pg) 600 IU (15 pg)
31-50y — 400 IU (10 pg) 600 IU (15 pg)

NOTE: Al = Adequate Intake; EAR = Estimated Average Requirement; IU = International
Unit; RDA = Recommended Dietary Allowance.

through exposure to sunlight, the estimation of DRIs for vitamin D im-
mediately requires a plethora of related considerations ranging from fac-
tors that affect and alter sun exposure and vitamin D synthesis, to public
health recommendations regarding the need to limit sun exposure to avoid
cancer risk. Just as importantly, the available data have not sufficiently ex-
plored the relationship between total intake of vitamin D per se and health
outcomes. In short, a dose-response relationship between vitamin D intake
and bone health is lacking. Rather, measures of serum 250HD levels as a
biomarker of exposure (i.e., intake) are more prevalent.

After considering the available evidence, including data published
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after the 2009 analysis by the Agency for Healthcare Research and Quality
(Chung et al., 2009), hereafter referred to as AHRQ-Tufts, the committee
concluded:

* A dose-response relationship can be simulated based on serum
250HD measures. That is, serum 250HD levels can reflect intake,
and there are studies that relate bone health outcomes to serum
250HD levels, as described in Chapter 4.

e Newer data provide the ability to link vitamin D intakes to the
change in serum 250HD level under conditions of minimal sun
exposure, thereby reducing the confounding introduced by the
effect of sun exposure on serum 250HD concentrations. These
data also provide an approach for estimating dietary reference
values related to intakes that will achieve targeted serum 250HD
concentrations, albeit without regard to the contributions from
sun exposure.

Generally, association studies that use a biomarker of exposure in re-
lation to health outcomes can present challenges when establishing refer-
ence values. Such measures are not necessarily valid or reliable markers,
and they can be subject to considerable confounding by a host of variables.
In the case of vitamin D, there are certain factors that allow more confi-
dence in using this measure in the estimation of reference values. Specific
deficiencies of vitamin D lead to recognized, measurable deficiency states
with adverse effects on the indicator of interest, in this case bone health as
evidenced by rickets and osteomalacia. The next consideration is whether
the biomarker is an accurate reflection of intake. In the case of serum
250HD concentrations, despite the lack of clarity about the impact of a
number of variables on serum 250HD concentrations, the measure can be
reasonably associated with total intake when sunlight exposure is minimal.

On this basis, serum 250HD concentrations were used to simulate
a dose-response relationship for bone health. Next, the available data—
notably those obtained under conditions of limited sun exposure—were in-
tegrated in order to estimate a total intake that would result in the desired
serum 250HD relative to measures of bone health. This step-wise process
for simulating a dose-response relationship for vitamin D considered, first,
the relevance to this study of the confounding introduced by 250OHD assay
methodologies and related measurement problems, including “assay drift.”
Next, the data from three bodies of evidence described in Chapter 3—the
relationship between calcium absorption and serum 250HD levels; serum
250HD levels and bone health in children; and serum 250HD levels
and bone health in older adults—were summarized and used to specify
a dose-response curve for serum 250HD. Interestingly, concordance of
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serum 250HD levels and bone health for median requirements emerged
across all age groups. Finally, the relationship between changes in vitamin
D intake and changes in serum 250HD concentrations was considered.

Simulation of a Dose—Response Relationship for
Vitamin D Intake and Bone Health

“Assay Drift” and Implications for Interpretation of
Serum 250HD Data in the Literature

In considering serum 250HD levels as reported by various studies,
the committee was aware of the so-called “assay drift” associated with lon-
gitudinal comparison of assay results collected in the National Health
and Nutrition Examination Survey (NHANES), as well as the large inter-
laboratory variation worldwide (Carter et al., 2010) and the differences in
performance characteristics between the various antibody-based and liquid
chromatography (LC)-based assays. Although it was reported that a con-
sistent assay bias was recognized within the NHANES data for certain time
periods (2000-2006)", this assay drift as described in Chapter 3 is small in
comparison with the inter-laboratory variation or the methodological dif-
ferences observed in data from the Vitamin D External Quality Assurance
Scheme (DEQAS) (Carter et al., 2010).

Accordingly, for the purposes of this study, a correction of data based
on knowledge of assay drift was neither practical nor necessary for the de-
termination of DRI values. The NHANES assay drift applies to certain data
analyzed within a known time frame (2004-2006), but at the same time
other data using similar methods might have experienced drift that was un-
known and therefore could not be accounted for or corrected. Moreover,
the dispersion of serum 250HD levels across the range of vitamin D intakes
is very large, as exemplified by data from Millen et al. (2010).

Although methodological issues contribute to uncertainty in compar-
ing data among studies, the differences in serum 250HD over time due
to assay drift are relatively small and thus inconsequential when viewed
relative to other sources of biological variation. In essence, assay drift is
considered to be a component of the noise within the signal, and one of
the contributors to uncertainty. But for DRI purposes it did not require
re-evaluation or normalization of data. Regarding NHANES data specifi-
cally as they were used by the committee as a basis for the intake assess-
ment (Chapter 7), the ramifications of “assay drift” are more significant

ICenters for Disease Control and Prevention (CDC). Available online at http://www.cdc.
gov/nchs/data/nhanes/nhanes3/VitaminDanalyticnote.pdf (accessed July 8, 2010).
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for longitudinal comparisons, which were not a component of the intake
assessment.

Conclusions Regarding Data for Serum 250HD and Bone Health

The evidence presented in Chapter 4 allows the following conclusions
about serum 250HD concentrations relative to DRI development:

Calcium absorption

Given that an identified key role of vitamin D is to enhance cal-
cium absorption, evidence regarding the level of serum 250HD
associated with maximal calcium absorption is relevant to estab-
lishing a dose-response relationship for serum 250HD level and
bone health outcomes. As outlined in Chapter 4, for both children
and adults there was a trend toward maximal calcium absorption
between serum 250HD levels of 30 and 50 nmol/L, with no clear
evidence of further benefit above 50 nmol/L.

Rickets

In the face of adequate calcium, the risk of rickets increases below
a serum 250HD level of 30 nmol/L and is minimal when serum
250HD levels range between 30 and 50 nmol/L. Moreover, when
calcium intakes are inadequate, vitamin D supplementation to
the point of serum 250HD concentrations up to and beyond 75
nmol/L has no effect.

Serum 250HD level and fracture risk: Randomized clinical trials using
adults

Because available trials often administered relatively high doses
of vitamin D, serum 250OHD concentrations varied considerably.
Although some studies suggested that serum 250HD concentra-
tions of approximately 40 nmol/L are sufficient to meet bone
health requirements for most people, findings from other studies
suggested that levels of 50 nmol/L and higher were consistent with
bone health. Given that causality has been established between
changes in serum 250OHD levels and bone health outcomes, infor-
mation from observational studies can be useful in determining
the dose-response relationship.

Serum 250HD level and fracture risk: Observational studies using adulls
Melhus et al. (2010) found that serum 250HD levels below 40
nmol/L predicted modestly increased risk of fracture in elderly
men, but there was no additional risk reduction above 40 nmol/L,
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suggesting maximum population coverage at 40 nmol/L. In con-
trast, Ensrud et al. (2009) observed that men with 250HD levels
below 50 nmol/L had greater subsequent rates of femoral bone
loss, and there was no additional benefit from serum 250HD con-
centrations higher than 50 nmol/L, suggesting maximum popu-
lation coverage at 50 nmol/L. Still other studies suggested that
somewhat higher serum 250HD concentrations were needed to
provide maximum population coverage. For example, Cauley et al.
(2008), in a prospective cohort study, reported that serum 250HD
concentrations in the range of 60 to 70 nmol/L were associated
with the lowest risk of hip fracture; above this level, risk was re-
ported to increase, but not significantly. Looker and Mussolino
(2008), using NHANES data, found that, among individuals with
serum 250HD levels above 60 nmol/L, the risk of hip fracture was
reduced by one-third. The van Schoor et al. (2008) study reported
that in more than 1,300 community-dwelling men and women
ages 65 to 75 years, serum 250HD levels less than or equal to 30
nmol/L were associated with a greater risk of fracture. Cauley et al.
(2010) noted that men in the MrOs cohort with levels of serum
250HD less than 50 nmol/L experienced a significant increase in
hip fracture risk that was attenuated somewhat when considering
hip BMD.

*  Osteomalacia from postmortem observational study

Data from the work of Priemel et al. (2010) have been used by
the committee to support a serum 250HD level of 50 nmol/L as
providing coverage for at least 97.5 percent of the population. The
data, however, do not allow specification of serum 250HD levels
above which half of the population is protected from osteomalacia
and half is at risk; rather the evidence indicated that even relatively
low serum 250HD levels were not associated with the specified
measures of osteomalacia, mostly likely owing to the impact of
calcium intake. This is consistent with a number of studies, both
from trials and from observational work, indicating that vitamin D
alone appears to have little effect on bone health outcomes; it is
most effective when coupled with calcium.

The wide variation in the precise relationship of serum 250HD levels
to any specific outcome for bone health is evident in the discussion above
and the conclusion of the 2007 AHRQ report (Cranney et al., 2007; here-
after referred to as AHRQ-Ottawa) that a specific threshold serum 250HD
level could not be established for rickets. Nonetheless, the committee
found a striking concordance of the data surrounding serum 250HD lev-
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els across several of the specific outcomes and across age groups, which,
in turn, allows an estimation of serum 250HD concentrations that are
consistent with an EAR- and RDA-type reference value when the indicators
of bone health are integrated (see Figure 5-1). As shown above, the levels
range between 30 and 50 nmol/L, respectively, for the EAR and the RDA.
Further, the higher level of 75 nmol/L proposed by some as “optimal” and
hence consistent with an RDA-type reference value is not well supported.
The congruence of the data links serum 250HD levels below 30
nmol/L with the following outcomes: increased risk of rickets, impaired
fractional calcium absorption, and decreased bone mineral content (BMC)
in children and adolescents; increased risk of osteomalacia and impaired
fetal skeletal outcomes; impaired fractional calcium absorption and an
increased risk of osteomalacia in young and middle-aged adults; and
impaired fractional calcium absorption and fracture risk in older adults.
Similarly, for all age groups, there appears to be little causal evidence of ad-
ditional benefit to any of these indicators of bone health at serum 250HD
levels above 50 nmol/L, suggesting that this level is consistent with an RDA-
type reference value in that this value appears to cover the needs of 97.5
percent of the population. For some bone health outcomes, such as BMD
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FIGURE 5-1 Conceptualization of integrated bone health outcomes and vitamin
D exposure.
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in adults, the results of the available RCT (s) show a negative relationship
between serum 250HD level and outcome, and the available observational
studies yield mixed results. In addition, for several of these specific out-
comes, the RCTs that show benefit for what is generally a single tested dose
of supplemental vitamin D do not allow inference of intermediate levels
of 250HD in serum between the placebo and dose. When evaluating the
congruence of the data, the committee, therefore, looked at the lowest ef-
fective dose and the achieved serum 250HD level. Uncertainty does exist
for the selected serum 250HD levels consistent with an EAR- and RDA-type
level; this uncertainty stems from the wide range of effects and relation-
ships and the lack of a relevant dose—response relationship.

Overall, when the data are examined for an EAR-type of serum 250HD
concentration—that is, a median type of value, a level above which approxi-
mately half the population might meet requirements and below which
one-half might not—the data do not specifically provide such information,
although this value can be concluded to lie between 30 and 50 nmol/L for
all age groups. This is likely due to the unique inter-relationship between
calcium and vitamin D. At lower levels of vitamin D, there appears to be
a compensation on the part of calcium, and calcium intake can overcome
the marginal levels of vitamin D. Calcium appears to be the more critical
nutrient in the case of bone health, and therefore has an impact the dose-
response relationship. Therefore, calcium or lack thereof may “drive” the
need for vitamin D.

In the case of vitamin D—or more precisely serum 250HD concentrations—
the data, especially for adults, do not lend themselves readily to the usual DRI
model, which is based on the assumption that data concerning a median
intake will be as available or even more prevalent than data concerning cover-
age for most of the population. The standard model specifies, based on the
assumption of a normal distribution for requirements, that the average or
median requirement (i.e., the EAR) is used to calculate the RDA. This unan-
ticipated situation is primarily evident for adults for whom it is not possible to
estimate the level of 250HD in serum at which 50 percent of the population
is at increased risk of osteomalacia. Rather, in this case, the data allow a bet-
ter estimation of the serum 250HD level that likely covers most persons in
the population. In children and adolescents, however, and to some extent in
adults, the integration of these indicators as shown in Figure 5-1 enables an
approximation of a level of serum 250HD at which the risk of adverse bone
health outcomes increases; however, there is uncertainty associated with this
value given the limitations of the data at present. Thus, for children and ado-
lescents, a serum 250HD level of 40 nmol/L from the middle of the range of
30 to 50 nmol/L, at which risk to the population is increasing, was selected to
serve as the targeted level for a median dietary requirements. For adults, the
evidence that most are covered by a serum 250HD level of 50 nmol/L is used
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as the starting point, and a value of 40 nmol/L is estimated as the targeted
level for a median dietary requirement.

Overall, as shown in Figure 5-1, the data suggest that 50 nmol/L can
be set as the serum 250HD level that coincides with the level that would
cover the needs of 97.5 percent of the population. The serum 250HD level
of 40 nmol/L serum 250HD is consistent with the median requirement.
The lower end of the requirement range is consistent with 30 nmol/L, and
deficiency symptoms may appear at levels less than 30 nmol/L depending
upon a range of factors. What remains is to ascertain the level of vitamin
D intake that would achieve these levels of 250HD in serum.

Integration of Data to Estimate Vitamin D Intakes to
Achieve Serum 250HD Concentrations

As diet is not necessarily the only source of vitamin D for the body, it
would be ideal if the relative contribution made by sunlight to the overall
serum 250HD levels could be quantified, thereby clearing the path to bet-
ter estimate total intakes of the nutrient needed to maintain a specified
serum 250HD level associated with the health outcome. In fact, however,
the examination of data related to dietary recommendations about vitamin
D is complicated by the confounding that sun exposure introduces, espe-
cially because the factors that affect sun exposure—such as skin pigmen-
tation, genetics, latitude, use of sunscreens, cultural differences in dress,
etc.—are not clearly measured and controlled for in research studies and
in some cases not fully understood. Further, and just as critically, vitamin D
requirements cannot be based on an accepted or “recommended” level of
sun exposure as a means to meet vitamin D requirements, because existing
public health concerns about sun exposure and skin cancer preclude this
possibility. The absence of studies to explore whether a minimal-risk ultra-
violet B (UVB) exposure relative to skin cancer exists to enable vitamin D
production has been noted (Brannon et al., 2008).

Instead, the best remaining approach is to describe the relationship
between total intake and serum 250HD levels under conditions of minimal
sun exposure. In doing so, the committee made the assumption that the
outcomes, therefore, would reflect only a very small component attribut-
able to sun exposure as would occur naturally in free-living individuals in
winter in the northern hemisphere. This approach to DRI development
requires that persons who use the DRI values for health policy or public
health applications adjust their considerations relative to adequacy of the
diet based on whether the population of interest is minimally, moderately,
or highly exposed to sunlight. As mentioned previously, the potential
contribution from body stores remains unknown and thus introduces un-
certainty. Further, the application of the DRIs relative to assessing the
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adequacy of vitamin D intake/exposure for the population (foods, supple-
ments, and sun exposure) would benefit from consideration of the serum
250HD concentrations in the population of interest.

The committee examined information from controlled trials in
younger and older adults and in children that could be used in the simula-
tion to describe the relationship between vitamin D intake and changes in
serum 250HD concentrations. Of interest was the condition of minimal
sun exposure, which occurs in northern latitudes and in Antarctica during
their respective winters. The focus was clinical trials in Europeans or North
Americans in which baseline total intake was measured or could be reliably
estimated using peer-reviewed published data on baseline intakes of the
population studied. In this way, the total intake of vitamin D (baseline plus
supplement) was known or could be reliably estimated at latitudes greater
than 50°N during late fall (October) through early spring (April) or in Ant-
arctica during its fall (March) through its winter (October). These studies
are summarized in Table 5-4. Studies needed to report measured serum
250HD levels as means or medians with estimates of variance (standard
deviation [SD], CI, or inter-quartile ranges) are included. Some studies
in the United State at 40°N to 46°N were identified that met all inclusion
criteria except that of latitude. These are also included in Table 5-4.

In reviewing these studies, most of which were published in the past 2
years, the committee noted the variability in the declines in serum 250HD
levels during the winter seasons in the respective hemispheres and the ex-
istence of a non-linear response to doses of vitamin D. These are discussed
below prior to the description of the simulated dose-response analysis.

Winter season change in serum 250HD levels across age groups As shown
in Figure 5-2, the serum 250HD levels of the placebo groups in the stud-
ies conducted with children (Viljakainen et al., 2006) and with younger,
middle-aged, and older adults (Cashman et al., 2008, 2009; Smith et al.,
2009) decreased over a wide range during the winter season at each lati-
tude. In one study where participants started the season with lower base-
line serum 250HD levels (i.e., 36 nmol/L), the concentrations decreased
only slightly (i.e., to 34 nmol/L) (Smith et al., 2009). However, in other
studies where participants began the season with higher baseline serum
250HD levels (i.e., 57 to 66 nmol/L, respectively) the serum 250HD lev-
els decreased more (i.e., to 34 and 43 nmol/L, respectively) (Viljakainen
et al., 2006; Cashman et al., 2008, 2009), compared with those participants
with lower baseline levels. In short, the decline in serum 250HD levels in
the placebo arm of these studies appears to be greatest when initial serum
250HD levels are higher. Slightly higher intake of vitamin D (of approxi-
mately 10 to 150 IU/day, compared with other studies) in the study with
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FIGURE 5-2 Fall (baseline) and winter (final) values of serum 250HD concentra-
tions in non-supplemented placebo (or no pills) groups measured during minimal
sun and UVB exposure (Cashman et al., 2008, 2009; Smith et al., 2009) or at the
same season for the year-long trials in children (Viljakainen et al., 2006) at latitudes
above 50°N or in Antarctica.

NOTE: Values in the graph from Viljakainen et al. (2006) differ from values listed
in Table 5-4 due to the use of a subgroup (6-month values for girls recruited in the
fall) for graphing purposes.

the lowest baseline serum 250HD levels (Smith et al., 2009) may have ac-
counted for the attenuated reduction in serum 250OHD level.

A similar trend exists across many of the studies with a placebo group,
as summarized in Table 5-4. Declines of 3 to 13 nmol/L in serum 250HD
level are reported for those with baseline levels from 36 to 47 nmol/L.
Larger declines in serum 250HD levels of 8 to 62 nmol/L are reported
for those with baseline levels of 64 to 96 nmol/L. However, considerable
variability exists in the seasonal decline in serum 250HD level in winter
months, as demonstrated by the increases of 1 nmol/L in some participants
with baseline serum 250HD levels of 33 nmol/L at latitudes above 50°N
(Larsen et al., 2004), and increases of 4.6 to 10.8 nmol/L from a baseline
0f 48.9 to 61.9 nmol/L in some participants at latitudes above 42°N (Harris
et al., 2002; Nelson et al., 2009).

These observations suggest that the assumption of minimal sun ex-
posure was met. Further, they suggest that during the winter season small
intakes of vitamin D may play a role in attenuating the winter decline in se-
rum 250HD levels in those with lower baseline serum 250HD levels. They
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also suggest that the kinetics of vitamin D turnover or mobilization from
stores may differ in those who have lower baseline serum 250HD levels.
Further, it is possible that the greater decline of serum 250HD levels in
those with higher baseline levels could, perhaps, also represent regression
to the mean, at least in part. At this time, it is not possible to clarify which
of these possibilities occur.

Non-linear response to vitamin D dosing The available data suggest a
non-linear response of serum 250HD above baseline levels to doses of vita-
min D for all age groups. Non-linear response to doses of vitamin D (total
or IU/kg) is also reported in mice (Fleet et al., 2008) and rats (Anderson
et al., 2008; Fleet et al., 2008), demonstrating the biological plausibility
of a non-linear response of serum 250HD concentrations to vitamin D
intake. It is noted that AHRQ-Ottawa and Heaney et al. (2003) reported a
linear relationship between serum 250HD levels and vitamin D dosing that
ranges from 0.7 nmol/L per 40 IU (Heaney et al., 2003) to 1 to 2 nmol/L
per 100 IU (AHRQ-Ottawa). Notably, AHRQ-Ottawa found heterogeneity
that remained after adjusting for dose. However, in the studies considered
by the committee, there is a steeper rise in serum 250HD levels when
vitamin D dosing is less than 1,000 IU/day of vitamin D. A slower, more
flattened response is seen when doses of 1,000 IU/day or higher are ad-
ministered. In short, regardless of baseline intakes or serum 250HD levels,
under conditions of dosing the increment in serum 250HD above baseline
differs depending upon whether the dose was above or below 1,000 ITU/
day. This is evidenced by examining several studies in young, middle-aged
and older adults.

Smith et al. (2009) in Antarctica found a low serum 250HD level of
37 nmol/L in men and women during the winter season (June to Septem-
ber). The rise in serum 250HD levels with doses of 400, 1,000, and 2,000
IU/day after 13 and 20 weeks was 2.1, 0.8 and 0.54 nmol/L per 40 IU/
day, respectively. In two other studies at latitudes of 52°N to 55°N during
winter, the rise in serum 250HD levels in response to 200, 400, or 600 IU
of vitamin D per day with serum 250HD baseline levels of 37 to 42 nmol/L
was examined in young and older individuals. The average rise in serum
250HD levels was equivalent to approximately 2.3 nmol/L for an intake of
40 TU vitamin D, per day without a difference due to age (Cashman et al.,
2008, 2009). Others also found that age does not influence the change in
serum 250HD level in response to vitamin D intake (Harris and Dawson-
Hughes, 2002). When the dose is 1,000 IU/day or higher, the rise in serum
250HD level in individuals of all ages is approximately 1 nmol/L for a 40
IU/day intake, which is similar to the response to vitamin D intake found
in the AHRQ-Ottawa analysis.
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Analysis and Outcomes

A regression analysis of the relationship between serum 250HD level
and total intake of vitamin D during the winter season at latitudes above
49.5°N or in Antarctica, a period of low sun and UVB exposure, was car-
ried out for each of three age groups—children and adolescents, young
and middle-aged adults, and older adults. This approach differs from the
others such as the study reported by Heaney et al. (2003) in that total
vitamin D intake and not just a supplemental dose of vitamin D was con-
sidered, and because we show a non-linear response to total intake rather
than the linear response published previously. The interest for this report
was an approach that would be relevant to determining the intake needed
to achieve the serum 250HD levels consistent with an EAR- and RDA-type
value. The regression analysis using a mixed effect model was preceded
by a log transformation of the total vitamin D intake data because the log
transformation was the best curvilinear fit. The model controlled for the
effect of study clustering by including study as a random effect. Controlling
for study effect using a random effect was needed because the interclass
correlation of the variance due to study effect compared with the total
variance was very high, approximately 95 percent overall, with about 88
percent for children and adolescents, 95 percent for young and middle-
aged adults, and 96 percent for older adults. The regression was set for a
y, intercept of 0 nmol of 250HD per liter of serum, consistent with the
biological reality preventing a negative value for achieved serum 250HD
levels. Baseline serum 250HD levels did not have significant effect, and
was, therefore, not included in the analysis.

The outcome is presented in Figure 5-3. Importantly, age did not signif-
icantly affect the response of serum 250HD level to log vitamin D intake.
Neither the main effect of age (p = 0.162) nor the interaction term between
age and the log of total vitamin D intake (p = 0.142) was significant. Thus,
there was no effect of age in the response of serum 250HD level to total
intake among the three age groups—children and adolescents, young and
middle-aged adults, or older adults. This finding suggests that across ages
under conditions of minimal sun exposure, similar intakes of vitamin D
result in similar serum 250HD concentrations, as shown in Figure 5-4.

Because there was no age effect in the response of serum 250HD level
to total intake of vitamin D, a single, combined regression analysis with
study as a random effect was carried out. This resulted in the predictive
equation of achieved 250HD in nmol/L = 9.9 In (total vitamin D intake)
with predicted CIs of y = 8.7 In total vitamin D intake) and upper interval
of y=11.2 In (total vitamin intake), as specified in Figure 5-4.

The committee also analyzed the achieved 250HD with total vitamin
D intake at latitudes between 40°N to 49°N during the winter (data shown
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in Table 5-4 above) for which assumption of minimal sun exposure may
not be as fully met as at latitudes above 49.5°N or in Antarctica during the
winter. The approach was the same as described above for the simulated
dose-response in which achieved serum 250HD level was analyzed at
latitudes above 49.5°S. The interclass correlation was large, approximately
80 percent, and study effect was again included as a random effect in the
mixed effects model. Age did not affect achieved serum 250HD level rela-
tive to log total vitamin D intake (p = 0.09 for main effect and p = 0.6 for
the interaction of age and log total vitamin D intake), although the data
available for children was limited to one study. Therefore, a combined anal-
ysis of all age groups at the lower latitudes was conducted. The predicted
achieved serum 250HD level was y=12.3 In (total vitamin D intake), which
explained 45 percent of the within-study variability and 96.6 percent of the
between-study variability. The predicted upper and lower CIs for achieved
serum 250HD levels were y = 10.1 In (total vitamin D intake) and y = 14.5
In (total vitamin D intake). There was a significant difference between
lower and higher latitudes (p = 0.000 for the main effect and p = 0.021)
for the interaction of latitude and In (total vitamin D intake). Compared
to the simulated dose-response at higher latitudes, the achieved serum
250HD level at lower latitudes was 24 percent greater for the same total
intake as that achieved at higher latitudes. Of note, less of the within-study
variance at lower latitudes was explained by the total vitamin D intake (45
percent) compared to that explained (72 percent) for the higher latitudes.
Taken together, these results suggest that sun exposure may be more than
minimal at lower latitudes, as anticipated. Thus, the committee used the
simulated dose-response at the higher latitudes to ensure minimal sun
exposure to ensure as little contribution from endogenous production as
the evidence allows.

Given the lack of an age effect in the response of the achieved serum
250HD levels to any total intake of vitamin D, the intake to achieve the
EAR-type value of 40 nmol/L was the same across all groups. An intake of
400 IU is associated with a predicted mean circulating 250HD level of 59
nmol/L in children and adolescents, young and middle-aged adults, and
older adults with a lower predicted CI of approximately 52 nmol/L. An
intake of 600 IU/day predicts a mean serum 250HD level of 63 nmol/L in
children, adults, and older adults with a lower predicted CI of 56 nmol/L.
Although this suggests that intakes of 400 and 600 IU would over-shoot
the targeted serum 250OHD concentrations, there is considerable uncer-
tainty in this simulated dose-response relationship that needs to be taken
into account. This includes: (1) the large inter-study variance, which is
most pronounced in older persons; (2) predicted lower Cls for each age
group resulting in an achieved serum 250HD level of 36 to 46 nmol/L for
a 400 IU/day intake and a 38 to 49 nmol/L for a 600 IU/day intake (as
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FIGURE 5-3 Response of serum 250HD level to total intake of vitamin D in
northern latitudes in Europe and Antarctica during their respective winter seasons

shown in Figure 5-4), even though there is no significant age effect; (3) the
uncertainties in the comparability of the serum 250HD levels measured
with different assays across these studies; and (4) the uncertainty surround-
ing the predicted CIs of this relationship. Given these limitations and the
uncertainties, the committee selected the estimated intakes needed in
a fashion that would err on the side of the specified intake “overshoot-
ing” the targeted serum value to ensure that the specified levels of intake
achieved the desired serum 250HD levels of 40 and 50 nmol/L. This ap-
proach is used despite possible contributions to serum 250HD from sun
exposure that could not be taken into account.
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when effective sun exposure for endogenous vitamin D synthesis is minimal. Mean
or median responses of serum 250HD level to total intake in the winter seasons at
northern latitudes (> 49.5°N) and in Antarctica (78°S) (summarized in Table 5-4)
were analyzed using a mixed effect model by regression following log transforma-
tion with study in a random effects model to control for the large study residual
variability for: (1) children and adolescents (boys and girls) ages 6 to 14 years in
Finland (Ala-Houhala et al., 1988); (2) young and middle-aged adults ages 19 to 59
years from men in Antarctica (Smith et al., 2009), Ireland (Cashman et al., 2008,
2009), and Finland (Viljakainen et al., 2006, 2009), and Denmark (Schou et al.,
2003); and (3) older adult women and men > 60 years of age in Ireland (Cashman
etal., 2009), the Netherlands (Van Der Klis et al., 1996), Finland (Viljakainen et al.,
2006), and Denmark (Larsen et al., 2004). The relationship of serum 250HD level
to total intake of vitamin D is:

e For children and adolescents: achieved serum 250HD = 8.6 In (total vitamin D
intake), which explains 68.8 percent of the within-subject variability and 98.3
percent of the between-study variability. Predicted ClIs were y = 6.0 In (total
vitamin D intake) for lower limit, and y = 11.3 In (total vitamin D intake) for
upper limit.

¢ For young and middle-aged adults: achieved serum 250HD = 10.1 In (total
vitamin D intake), which explained 70.3 percent of the within-study variability
and 98.4 percent of the between-study variability. Predicted CIs were y= 6.3 In
(total vitamin D intake) for lower limit, and y=13.8 In (total vitamin D intake)
for upper limit.

e For older adults > 71 years: achieved 250HD = 10.9 In (total vitamin D intake),
which explains 77.5 percent of the within-study variability and 92.2 percent
of the between-study variability. Predicted CIs were y = 7.7 In (total vitamin D
intake) for lower limit and y = 14.2 In (total vitamin D intake) for upper limit.

¢ The interaction term between age and the log of total vitamin D intake (p =
0.142), as well as the main effect of age (p = 0.162) were not significant.

NOTE: log(total vitamin D) has been back-transformed to total vitamin D for pre-
sentation in this figure.

Specification of Vitamin D Dietary Reference Intakes for Adequacy

The DRIs for adequacy for vitamin D have been introduced previously
in Table 5-3. The rationale for each is presented in the discussions below.

Infants O to 12 Months of Age
Infants 0 to 6 Months of Age

Infants 6 to 12 Months of Age
AI 400 IU (10 pg) /day Vitamin D
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FIGURE 5-4 Response of serum 250HD level to total intake of vitamin D in all
age groups in northern latitudes in Europe and Antarctica during their respective
winter seasons when effective sun exposure for endogenous vitamin D synthesis is
minimal. Mean responses of serum 250HD level to total vitamin D intake in the
winter seasons at latitudes 49.5°N (Europe) and 78°S (Antarctica) for ages 6 to >
60 years (Ala-Houhala et al., 1988; Van Der Klis et al., 1996; Schou et al., 2003;
Larsen et al., 2004; Viljakainen et al., 2006, 2009; Cashman et al., 2008, 2009; Smith
etal., 2009; see Table 5-4 for summary of studies) were analyzed by regression using
mixed effect model following log transformation controlling for study effect by a
random effects model because there was no effect of age on the response of serum
250HD level to total intake of vitamin D. The relationship for achieved vitamin D
is y achieved 250HD in nmol/L = 9.9 In (total vitamin D intake) (shown as solid
line) with predicted CIs (shown as two dashed lines) for lower interval of y= 8.7 In
(total vitamin D intake) and upper interval of y = 11.2 In (total vitamin D intake).
This regression explains 72 percent of the within-study variability and 96.4 percent
of the between-subject variability.

NOTE: Log (total vitamin D intake) was back-transformed to total vitamin D intake
for presentation in this figure.
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Data are not sufficient to establish an EAR for infants less than 1 year of
age, and therefore an Al has been developed. Unlike the case for calcium,
the content of human milk does not shed light on the vitamin D require-
ments of infants, as breast milk is not a meaningful source of vitamin D.

The Al for the 0 to 6 months and 6 to 12 months life stage groups is
set at 400 IU of vitamin D per day. There are very limited data beyond the
conclusion that maintaining serum 250HD concentrations in this life stage
group above 30 nmol/L, and more likely closer to 50 nmol/L, appears to
cover adequately the needs of the majority of the infants and support nor-
mal bone accretion. There are no data to suggest that older infants would
benefit from higher intakes.

Intakes in the range of 400 IU/day appear consistent with mainte-
nance of the desirable serum 250HD concentrations. There are no reports
of a clinical deficiency in infants receiving 400 IU of vitamin D per day,
and an intake of 400 IU/day appears to maintain a serum 250HD level
generally above 50 nmol/L in infants (Greer et al., 1982; Rothberg et al.,
1982; Ala-Houhala, 1985; Ala-Houhala et al., 1988; Greer and Marshall,
1989; Hollis and Wagner, 2004). There are differences in the volume of
milk or formula intake during this 12-month period, with newborns taking
in less than older infants. The Al of 400 IU/day, therefore, represents an
overall intake for the first year of life, and may vary across the life stages;
it also assumes early introduction of a supplement for breast-fed babies. In
the case of exclusive formula feeding, there is an assumption of a gradual
increase in intake to 800 to 1,000 mL/day during infancy, which for most
standard formulas provides about 400 IU/day. Note is made of the case
reports concerning the development of rickets among dark-skinned infants
who are exclusively breast-fed and not provided a vitamin D supplement
(see Chapter 8).

Children and Adolescents 1 Through 18 Years of Age

Children 1 Through 3 Years of Age

Children 4 Through 8 Years of Age

Children 9 Through 13 Years of Age

Adolescents 14 Through 18 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 600 IU (15 pg)/day Vitamin D

For these life stage groups, ensuring normal, healthy bone accretion is
central to the DRI values. The requirement distribution developed using
serum 250HD concentrations and the intakes estimated to achieve such
concentrations are the basis for the reference values.
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For very young children in this life stage group, virtually no data are
available to link vitamin D nutriture directly to measures related to bone
health outcomes. AHRQ-Ottawa examined the relationship between vi-
tamin D and rickets in children 0 to 5 years of age but found no studies
that evaluated BMC, BMD, or fractures in comparison with measures of
vitamin D intake. Likewise, AHRQ-Tufts found no studies that update
AHRQ-Ottawa.

AHRQ-Ottawa did consider serum 250HD concentrations in the con-
text of the onset of rickets in newborns through children 5 years of age and
identified serum concentrations below 27.5 nmol/L as being consistently
associated with rickets. However, many of the relevant studies were from de-
veloping countries where calcium intake is low; therefore, for these studies,
the onset of rickets was associated with higher levels of 250OHD in serum,
likely due to low calcium intakes. Specker et al. (1992) has concluded that
serum concentrations of approximately 27 to 30 nmol/L places the infant
at an increased risk for developing rickets, although the measure is not
diagnostic of the disease.

Although the prevention of rickets can be a factor in establishing ref-
erence values, it is important to seek measures that are consistent with fa-
vorable bone health outcomes. Maximizing calcium absorption, especially
for this life stage group, is therefore a reasonable parameter to take into
account. Here, as with rickets, serum 250OHD measures are the only data
available and there are no direct measures of vitamin D intake. Abrams
etal. (2009) conducted calcium absorption studies in 251 children ranging
in age from 4.9 to 16.7 years and found that children with serum 250HD
levels of 28 to 50 nmol/L had higher fractional calcium absorption than
children with serum 250HD levels at or greater than 50 nmol/L, sug-
gesting again at the least that maximal calcium absorption is reached at
50 nmol/L. Fractional calcium absorption did not increase with serum
250HD concentration levels above 50 nmol/L. The findings are consis-
tent with the conclusions reached previously concerning serum 250HD
levels associated with maximum population coverage. Further, as rickets in
populations that are not calcium deficient occurs at serum 250HD levels
below 30 nmol/L, it is reasonable to assume that 40 nmol/L is associated
with an average requirement.

Serum 250HD concentrations of 40 to 50 nmol/L would ideally coin-
cide with bone health benefits such as positive effects on BMC and BMD.
AHRQ-Ottawa found that there was fair evidence that circulating 250HD
levels are associated with a positive change in BMD and BMC in studies in
older children and adolescents. The serum 250HD concentrations varied
from 30 to 83 nmol/L. A study conducted by Viljakainen et al. (2006)
reported that vitamin D intakes of 200 and 400 IU/day in adolescent
girls were associated with positive BMC measures at serum 250HD levels
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of 50 nmol/L and above. This is consistent with conclusions inferred
from calcium absorption studies and, in turn, with the ability to cover the
requirements for nearly all in the population. A relatively wide range of
total vitamin D intakes reportedly achieved serum 250OHD concentrations
between approximately 40 and 60 nmol/L, but most intakes were between
about 350 and 600 IU/day. The variability in the data cannot be readily
attributed to differences in sun exposure because the studies were all con-
ducted in northern locations during primarily winter months.

Taken as a body of evidence and in the absence of measures that di-
rectly relate total intake to health outcomes, the information concerning
serum 250OHD concentrations associated with rickets prevention, calcium
absorption, and positive effects on BMC measures are consistent with
discussions above concerning a requirement distribution based on serum
250HD concentrations. They support the conclusion that an average re-
quirement for vitamin D for these life stage groups is associated with the
achievement of concentrations of 25OHD in serum of 40 nmol/L. Further,
they support the conclusion that the requirements for nearly all children
and adolescents are covered when serum 250HD concentrations reach 50
nmol/L. These findings are universally applicable across all children and
adolescents from 1 to 18 years of age.

The analysis conducted, described above, indicates that an intake of
vitamin D of 400 IU/day achieves serum concentrations of 40 nmol/L, and
this intake is therefore set as the EAR for persons 1 to 3 years, 4 to 8 years,
9 to 13 years, and 14 to 18 years of age. As this requirement distribution
appears to be normally distributed, the assumption of another 30 percent
to cover nearly all the population (i.e., 97.5 percent) is appropriate and
consistent with a serum 250HD level of approximately 50 nmol/L as the
target for an RDA value. Based on the same analysis relating serum 250HD
levels to intake, an intake of 600 IU/day is set as the RDA. These reference
values assume minimal sun exposure.

Adults 19 Through 50 Years of Age

Adults 19 Through 30 Years of Age

Adults 31 Through 50 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 600 IU (15 pg)/day Vitamin D

For these life stage groups, bone maintenance is the focus. The re-
quirement distribution based on serum 250HD concentrations and the
intakes estimated to achieve such concentrations are the basis for the ref-
erence values. As described below, the available data have provided more
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information about intakes and serum 250HD levels consistent with an
RDA value than they have for an EAR value.

Data relating bone health outcomes to vitamin D intake are generally
limited for adults 19 to 50 years of ages. Although bone mass measures are,
of course, studied in this population, consideration of the dose-response
relationship between vitamin D and bone health are not usually included
in such studies. In fact, there are no randomized trials in this age group,
and whatever data are available come from association studies. The results
are inconsistent, in part because the confounding inherent in observa-
tional studies.

Serum 250HD concentrations relative to calcium absorption, there-
fore, provide an important basis for DRI development for vitamin D for
these life stage groups. The conclusions described above indicating that
calcium absorption is maximal at serum 250OHD concentrations between
30 and 50 nmol/L with no consistent increase in calcium absorption above
approximately 50 nmol/L are informative in estimating the relevant EAR
and RDA values for vitamin D for these life stage groups.

In contrast, although data from a very recent study (Priemel et al.,
2010) based on post-mortem analysis of the relationship between serum
250HD levels and osteomalacia and re-examined by the committee (as de-
scribed above) suggest a serum 250HD level that would cover the needs of
approximately 97.5 percent of the population, they also reveal that a level
of serum 250HD consistent with an average requirement is somewhat elu-
sive. That is, serum 250HD levels of approximately 40 nmol/L to even 30
nmol/L might be expected to be consistent with coverage for no more than
half of the population (i.e., a mean/median value). But, in the Priemel
et al. (2010) report, even at serum 250HD levels well below 30 nmol/L
more than half of the population studied failed to demonstrate osteomala-
cia as defined histologically in the study. In essence, these data, which ad-
mittedly have limitations, suggest that for some adults the need for vitamin
D is extremely low. This is likely due to the very strong interrelationship
between calcium and vitamin Dj it may even suggest that calcium is the
“driver” nutrient relative to bone health, and that calcium is able to more
readily overcome lower levels of vitamin D for the purposes of bone health,
while vitamin D is likely unable to compensate for a lack of calcium. This
finding underscores the uncertainties that are introduced by the calcium-
vitamin D interrelationship.

For the purposes of ensuring public health in the face of uncertainty
and providing a reference value for stakeholders, a prudent approach is
to begin the consideration of the DRIs for these age groups with the level
of 250HD in serum that is consistent with coverage of the requirement
of nearly all adults in this age range, that is, 50 nmol/L. Taken together
with calcium absorption and BMD, and assuming a normal distribution
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of requirements, given no evidence that the distribution is not normal, a
serum level of 40 nmol/L can be set as consistent with a median require-
ment. This modified approach is bolstered by—and consistent with—the
relationship between serum 250HD levels and calcium absorption, in
which serum 250HD levels of between 30 and 50 nmol/L were consistent
with maximal calcium absorption. Based on these considerations as well as
the intake versus serum response analysis described above, an EAR of 400
IU/day and an RDA of 600 IU/day are established for adults 19 to 50 years
of age. These DRI values assume minimal sun exposure.

Adults 51 Years of Age and Older

Adults 51 Through 70 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 600 U (15 pg) /day Vitamin D
Adults >70 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 800 IU (20 pg) /day Vitamin D

For persons in these life stage groups of 51 through 70 years and >70
years, the ability to maintain bone mass and reduce the level of bone loss
is the primary focus for DRI development. Evidence related to fracture
risk becomes central. For this reason, DRIs for adults >70 years of age are
discussed first, followed by DRIs for adults 51 through 70 years of age.

Adults 70 Years of Age and Older

The discussions above concerning serum 250HD levels in relation to
bone health indicate that several newer studies have helped to elucidate
a relationship between serum 250HD concentrations and bone health
benefits based on measures of calcium absorption and osteomalacia for a
wide age range of adults. These data when used for the purposes of DRI
development—coupled with the approximation of intake associated with
serum 250HD concentrations derived from the simulation analysis carried
out by the committee—provide a basis for an EAR for young and middle-
aged adults of 400 IU/day vitamin D consistent with a serum 250HD con-
centration of 40 nmol/L, and for an RDA of 600 IU/day consistent with a
serum 250HD concentration of 50 nmol/L. However, for adults more than
70 years of age, the number of unknowns associated with the physiology
of normal aging, coupled with the level of variability around the average
requirement for this group that such factors may introduce, all of which
may affect the estimation of the RDA (the level of intake needed to cover
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97.5 percent of the population) causes a closer examination of the level of
intake appropriate for an RDA value.

For this life stage group (> 70 years), the reduction in fracture risk is
the most important indicator of interest, not only because of the actual
event, but also because of the high mortality and morbidity associated with
fractures. The factors that may have an impact on fracture risk range from
functional status to neurological, metabolic, and physical determinants.
Such factors enhance uncertainties about vitamin D nutriture. Changes
such as impaired renal function, less efficient synthesis of vitamin D in skin,
lower endogenous production of active vitamin D, increased PTH as well
as age-related changes in body composition affect the daily requirement
of vitamin D. Moreover, a sizeable proportion of this population can be
categorized as frail compared with other age groups, and the concerns for
bone health are increased. Factors of increased institutionalization also
come into play. Although there is insufficient evidence to point to any one
of these factors as a contributor to increasing the variability at which 97.5
percent coverage of the population occurs, when taken as a group of un-
knowns, it would be inappropriate to ignore the concern when considering
the level of vitamin D commensurate with an RDA for this group.

For this reason, the level of uncertainty should be taken into account
during the specification of the RDA for vitamin D for persons more than
70 years of age. There are very few data that are relevant to adjusting
for such uncertainty. There are no dose-response data that would allow
comparisons for adults more than 70 years of age regarding the effects of
intakes of 600 IU of vitamin D per day with that of a higher level of intake
such as 800 or 1,000 IU/day. Moreover, the evidence for fracture risk in
relation to vitamin D intake for this older life stage is confounded by study
protocols that do not allow separation of the effect of calcium from vitamin
D; as discussed previously there is reasonably compelling evidence that
calcium alone in this age group can modestly reduce the risk of fracture.
Therefore, it is not surprising that the inclusion of calcium with vitamin
D treatment generally, albeit not consistently, reduces the risk of fractures
among the oldest adults, especially when vitamin D nutriture is considered
in the context of serum 250HD concentrations (Tang et al., 2007; Avenell
et al., 2009; AHRQ-Tufts, Tang et al., 2007). Even the 10 trials that exam-
ined vitamin D alone (Lips et al., 1996; Peacock et al., 2000; Meyer et al.,
2002; Trivedi et al., 2003; Avenell et al., 2004; Harwood et al., 2004; Grant
et al., 2005; Law et al., 2006; Lyons et al., 2007; Smith et al., 2007), when
pooled by Avenell et al. (2009), showed no statistically significant effect
on fracture risk. As shown in Table 5-5b, which is focused on studies with
subjects more than 70 years of age and vitamin D intakes as opposed to
serum 250HD concentrations, such studies are generally non-significant
for fracture risk on the basis of both vitamin D alone and vitamin D with
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TABLE 5-5 Randomized Trials on Fracture Risk Associated with Vitamin
D and Calcium or Vitamin D Alone in Older Men and Women

Gender/ Vitamin D Dose Calcium Dose Relative Risk

Author, Date Mean Age  (IU/day) (mg/day) of Fracture
Vitamin D plus Calcium

Chapuy et al., 2002 F, 8y 800 1,200 0.85 NS
Harwood et al., 2004 F, 81y 800 1,000 0.49 NS
Grant et al., 2005 M/F, 77y 800 1,000 0.94 NS
Porthouse et al., 2005 F, 77y 800 1,000 0.96 NS
Vitamin D Alone

Lips et al., 1996 M/F,80y 400 — 1.1 NS
Meyer et al., 2002 M/F, 85y 400 — 0.92 NS
Trivedi et al., 2003* M/F, 75y 800 — 0.67 Significant
Lyons et al., 200) M/F,84y 800 — 0.96 NS

*100,000 IU every four months.
NOTE: NS = Non-significant

calcium. The exception is Trivedi et al. (2003), which examined vitamin
D supplementation and fracture risk in a population of men and women
of average age 75 years. In any case, interpretation of these data is compli-
cated by the unknowns surrounding the background intake of vitamin D
over and above the supplemented dose.

The large study (n = 2,686) carried out by Trivedi et al. (2003) in-
cluded more men than women (suggesting that the included population
was actually at lower risk for fracture than would have been the case if
the study had focused predominantly on women) and was longitudinal (5
years), including repeat measures on the same individual. The amount of
vitamin D used for treatment was the equivalent of 800 IU /day, although it
was administered as a 100,000 IU dose every 4 months for the duration of
the study. Although this may limit somewhat the applicability of the study
for DRI purposes, it is not as large as the 500,000 IU dose once yearly used
by others (e.g., Sanders et al., 2010). Under these circumstances, the work
of Trivedi et al. (2003) is helpful in taking uncertainty into account.

The reason not to dismiss the effect of 800 IU of vitamin D per day
as an aberration because of a lack of dose-response data, even in the face
of data generally not supportive of an effect of vitamin D alone regard-
ing reduced fracture risk for the oldest adults, is that persons more than
70 years are a very diverse group. This group is undergoing a number of
physiological changes with aging that could have an impact on and in-
crease the variability around an average requirement, particularly in light
of the known and high variability of these physiological changes among
aging individuals. If this is assumed to be the case, then it is likely that the
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RDA for persons more than 70 years of age would be higher due to this
variability. In addition, there is insufficient evidence to provide assurances
that 600 IU/day vitamin D is as effective as 800 IU/day. By comparing the
projected RDA based on the simulation analysis (600 IU/day) with the
available evidence indicating benefit at 800 IU of vitamin D per day, taking
into account the uncertainties would result in an estimation of an RDA of
approximately one-third higher than the simulation analysis suggests. Over-
all, this is a small increase that is not known to increase the possibility of
adverse events while providing a certain level of caution for this particularly
vulnerable and potentially frail segment of the population. This approach
is predicated on caution in the face of uncertainties, and it is anticipated
that newer data in the future will help to clarify the uncertainties surround-
ing the level of intake of vitamin D that could be expected to cover 97.5
percent of persons over the age of 70 years.

The EAR of 400 IU/day and RDA of 800 IU/day for this life stage
group, consistent with the DRIs for other life stage groups, assume minimal
sun exposure.

Adults 51 Through 70 Years of Age

A question in establishing an EAR and RDA for this life stage group
is the relevance of vitamin D in affecting bone loss due to the onset of
menopause. Men in this life stage group have not yet reached the levels of
bone loss and fracture rates associated with aging as manifested in persons
more than 70 years of age and, unlike their female counterparts, they are
not experiencing significant bone loss due to menopause. However, a
portion—in fact perhaps the majority—of women in this life stage group
are likely to be experiencing some degree of bone loss due to menopause.

As discussed above for adults more than 70 years of age, the available
data do not suggest that median requirements increase with aging, result-
ing in support for an EAR of 400 IU/day, the same as for younger adults.
Likewise, the EAR for both women and men in the 51 through 70 year life
stage group is set at 400 IU of vitamin D per day.

With respect to women 51 through 70 years of age, fracture risk is
lower than it is later in life; and as such, it is not entirely congruent with
the situation for adults more than 70 years of age. Further, findings for
this age group are at best mixed, but are generally not supportive of an
effect of vitamin D alone on bone health. Although the AHRQ analyses
of studies using vitamin D alone found the results to be inconsistent for
a relationship with reduction in fracture risk, more recent studies have
trended toward no significant effects (Bunout et al., 2006; Burleigh et al.,
2007; Lyons et al., 2007; Avenell et al., 2009b). For those studies showing
benefit for BMD with a vitamin D and calcium combination, interpretation
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is confounded by the effects of calcium especially since calcium alone ap-
pears to have at least a modest effect on BMD. The report from the WHI
(Jackson et al., 2006), a very large cohort study, has limited applicability
to the question of the effect of vitamin D on bone health among women
because of relatively high levels of calcium intake (baseline mean calcium
intake of approximately 1,150 mg/day at randomization plus 1,000 mg/day
supplement) and the confounding due to hormone replacement therapy.
Given these data plus the inability to extrapolate the variability seen in the
requirements surrounding persons 70 or more years of age to this life stage
group, the RDA for women 51 through 70 years of age is set at 600 IU of
vitamin D per day, the same level as that for younger adults. With respect
to men 51 through 70 years of age, there is also no basis to deviate from the
RDA set for younger adults. The available evidence for men is extremely
limited, and there are not data to suggest that bone health is enhanced by
vitamin D intake among men in this life stage group. An RDA of 600 IU/
day is established for these men.

The DRISs for these two life stage groups assume minimal sun exposure.

Pregnancy and Lactation

Pregnant 14 Through 18 Years of Age

Pregnant 19 Through 30 Years of Age

Pregnant 31 Through 50 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 600 IU (15 pg)/day Vitamin D

Lactating 14 Through 18 Years of Age

Lactating 19 Through 30 Years of Age

Lactating 31 Through 50 Years of Age
EAR 400 IU (10 pg)/day Vitamin D
RDA 600 IU (15 pg)/day Vitamin D

Pregnancy The EAR for non-pregnant women and adolescents is appro-
priate for pregnant women and adolescents based on: (1) AHRQ-Ottawa’s
finding of insufficient evidence on the association of serum 250HD level
with maternal BMD during pregnancy and (2) the 1 available RCT (Delvin
et al,, 1986) and 14 observational studies reviewed in Chapter 4 regarding
vitamin D deficiency and genetic absence of the vitamin D receptor (VDR)
or lo-hydroxyalase, which all demonstrate no effect of maternal 250HD
level on fetal calcium homeostasis or skeletal outcomes. Of the limited
number (i.e., four) of observational studies that suggest an influence of
maternal serum 250HD levels on the offspring’s skeletal outcomes later
in life (so-called developmental programming), one study reports associa-
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tions consistent with an EAR-type value of approximately 40 nmol/L below
which negative fetal skeletal outcomes were reported (Viljakainen et al.,
2010), and another reports an RDA-type value of 50 nmol/L late in gesta-
tion above which reduced skeletal BMC was not seen in offspring at 9 years
of age (Javaid et al., 2006). In addition, development of the fetal skeleton
without dependence on maternal vitamin D is also biologically plausible
as indicated by the studies in animal models in rats, mice, pigs, and sheep
(see review in Chapter 3). Finally, there is no evidence that the vitamin D
requirements of pregnant adolescents differ from those of non-pregnant
adolescents.

The EAR is thus 400 IU of vitamin D per day for pregnant women and
adolescents. Likewise, the RDA values for non-pregnant women and ado-
lescents are applicable, providing an RDA of 600 IU/day for each group.

Lactation The EAR for non-lactating women and adolescents is ap-
propriate for lactating women and adolescents based on evidence from
RCTs (Rothberg et al., 1982; Ala-Houhala, 1985; Ala-Houhala et al., 1988;
Kalkwarf et al., 1996; Hollis and Wagner, 2004; Basile et al., 2006; Wagner
et al., 2006; Saadi et al., 2007), which are consistent with observational
data (Cancela et al., 1986; Okonofua et al., 1987; Takeuchi et al., 1989;
Kent et al., 1990; Alfaham et al., 1995; Sowers et al., 1998) that increased
maternal vitamin D intakes increase maternal serum 250OHD levels, with
no effect on the neonatal serum 250HD levels of breast-fed infants unless
the maternal intake of vitamin D is extremely high (i.e., 4,000 to 6,400 IU/
day) (Wagner et al., 2006). Observational studies report no relationship
between maternal serum 250HD levels and BMD (Ghannam et al., 1999)
or breast milk calcium content (Prentice et al., 1997). Also, there is no
evidence that lactating adolescents require any more vitamin D or higher
serum 250HD levels than non-lactating adolescents. The EAR is thus 400
IU of vitamin D per day for lactating women and adolescents. Likewise,
the RDA values for non-lactating women and adolescents are applicable,
providing an RDA of 600 IU/day for each group.
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