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Abstract
Objective: Current US dietary recommendations for vitamin D vary by age. Recent
research suggests that body weight and skin colour are also major determinants of
vitamin D status. The objective of the present epidemiological investigation was to
clarify the role of age as a predictor of vitamin D status, while accounting for body
weight and skin colour, among a nationally representative sample.
Design: We calculated the mean serum 25-hydroxyvitamin D levels for the US
population by age and weight, as well as by weight and race/ethnicity group.
Multiple regression analyses were utilized to evaluate age and weight as predictors
of vitamin D status: serum 25-hydroxyvitamin D levels with age alone, age and
body weight, and age, body weight and their two-way interaction were modelled
for the entire sample and each age subgroup. Graphical data were developed
using B-spline non-linear regression.
Setting: National Health and Nutrition Examination Survey (31934 unweighted cases).
Subjects: Individuals aged 1 year and older.
Results: There were highly significant differences in mean vitamin D status among
US residents by weight and skin colour, with those having darker skin colour or
higher body weight having worse vitamin D status. Although a significant factor, the
impact of age on vitamin D status was notably less than the impact of body weight.
Conclusions: Vitamin D status varied predominantly by body weight and skin
colour. Recommendations by nutritionists for diet and supplementation needs
should take this into account if vitamin D-related health disparities are to be
meaningfully reduced across the USA.
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The crucial role of vitamin D in contributing to one’s overall
quality of health is well established, yet African-Americans
and Mexican-Americans continue to experience disparities
in vitamin D status(1). In addition to the evolving correlation
between low vitamin D status and increased obesity risk,
vitamin D deficiency is associated with many additional
poor health outcomes, including low bone mineral
density(2), poor skeletal health(3), poor cardiovascular
health(4), functional disabilities(5), multiple sclerosis(6) and
poor immune system functioning(7). In 2010, the Institute of
Medicine (IOM) reported that vitamin D also has possible
roles in carcinogenesis, diabetes, neuropsychological
functions and pre-eclampsia(8). Research has further
confirmed that vitamin D deficiency has implications for
children. Deficiency can impact their quality of health with
regard to many health issues, including CVD(9), insulin
resistance(10) and anaemia(11).

Currently, vitamin D daily requirements and supple-
mentation recommendations by the IOM’s Committee to
Review Dietary Reference Intakes for Vitamin D and
Calcium are driven primarily by age, with the recom-
mendation of 10 µg/d (400 IU/d) for infants increasing to
15 µg/d (600 IU/d) after the first 12 months and increasing
again to 53·3 µg/d (800 IU/d) at age 70 years(8). The IOM
supports the increase in vitamin D intake at age 70 years
because of the variability in physiological changes that
occur with ageing(8). Further, the IOM cites several pieces
of work establishing that vitamin D supplementation at
53·3 µg/d (800 IU/d) in conjunction with sufficient Ca
intake can reduce bone fracture risk among individuals
over 70 years of age(8,12,13). Work published over 20 years
ago supports the notion that vitamin D status declines with
age(14,15). To our knowledge, however, the present study
is the first to use the most recent US National Health and
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Nutrition Examination Survey (NHANES) data to clarify the
role of age as a predictor of vitamin D status, while
accounting for other key factors, among a sample of youth
and adults.

Indeed, recent research has established the importance of
body weight and skin colour among both adults and
children in establishing vitamin D recommendations(16,17).
For example, in 2014 work by Dhaliwal and colleagues
identified the dose–response of vitamin D in obese indivi-
duals and concluded that those who weigh more may
require up to 40% higher levels of vitamin D intake in
comparison to their non-obese counterparts(18). Work by
Ng and colleagues also in 2014 determined the
dose–response relationship between vitamin D and
25-hydroxyvitamin D (25(OH)D) concentrations in African-
American individuals and found that greater vitamin D
intake was required to obtain required concentration levels
among African-Americans(19); thus providing additional
evidence that darker-skinned individuals have greater
vitamin D supplementation needs. Yet another recent
publication computed the required supplemental vitamin D
dose, by weight and skin colour, to help ensure children
and adolescents meet the IOM’s recommendations(17).
Despite these collective findings, the role of age when
accounting for body weight and skin colour remains unclear
with regard to recommending vitamin D requirements.

The purpose of the current work is to establish the role
of age as a predictor of vitamin D status, while also
accounting for body weight and race/ethnicity as a proxy
for skin colour, among a nationally representative sample.
We also discuss the implications of these findings for
nutritionists and public health professionals.

Methods and materials

Data source and management
We used a subset of the data available from the con-
tinuous version of the NHANES(20). NHANES researchers
collect data on a two-year cycle at randomly selected US
sites. Serum 25(OH)D data for individuals aged 1 year and
older are currently available in four cycles of NHANES
(2003–2004, 2005–2006, 2007–2008, 2009–2010). Other
NHANES variables included in our analysis were
self-reported race/ethnicity, self-reported age in months
converted to decimal years, and measured body weight in
kilograms. NHANES includes five race/ethnicity cate-
gories. In estimates for the entire US population we
included all five. However, in the analysis by race/
ethnicity we did not use two of these (‘Other Hispanic’ and
‘Other’) because the groups do not have sufficient data to
analyse separately. For that analysis we therefore retained
three NHANES race/ethnicity categories: non-Hispanic
black, Mexican-American and non-Hispanic white, each
of which has enough data for nationally representative
estimates.

For the population-level analyses there are 31 934
(unweighted) cases. Of these, 12 817 are individuals aged
19 years or less and 19 117 are aged 20 years or more. For
the analysis by race/ethnicity, after dropping cases in the
race/ethnicity categories we did not use, there remained
28 105 (unweighted) cases: 7261 non-Hispanic blacks,
7578 Mexican-Americans and 13 266 non-Hispanic whites.

Statistical analyses
NHANES uses a complex survey design, which is presented
in extensive detail elsewhere(21). We used the statistical pro-
gram R, version 3·1·1(22) and its associated Survey package,
version 3·28–2(23), which are appropriate for analysing com-
plex survey data(24). All analyses used NHANES-provided
sample weights that adjust for unequal probabilities of
selection (some sub-populations were oversampled), non-
response adjustments and other adjustments(25). Because the
serum 25(OH)D measures were made on blood samples
collected in NHANES mobile examination units, we used the
mobile examination unit weights.

Given the significant role age has historically played in
serving as a basis for making current vitamin D supple-
mentation recommendations(8), we generated nine
regression models in three age groups: (i) participants of
all ages; (ii) participants aged 19 years and younger; and
(iii) participants aged 20 years and older. For each age
group we modelled serum 25(OH)D levels with age alone,
with age and body weight, and with age, body weight and
their two-way interaction. We developed the graphical
data using B-spline non-linear regression with two knots
calculated to split the cases in each analysis into three
equal-sized (weighted) groups. Confidence intervals for
this analysis, as shown in the graphs, vary across the range
of ages and weights: they are wider where there are fewer
cases and narrower where there are more cases.

Results

The demographic characteristics of the weighted NHANES
data are of the same as the non-institutionalized US
population(21,25) aged 1 year and above. A breakdown of
the sample demographics is presented in Table 1. Table 2
shows results of regression models in each of the three
groups. In all groups, likelihood ratio tests and Akaike’s
information criteria favoured models including two-way
interactions (models 3, 6 and 9) over the simpler models.

To more clearly evaluate the role of age and body
weight in predicting vitamin D status, it is possible to
simplify interpretation of the significant interaction
between age and body weight by examining conditional
regression equations. For example, for the group of par-
ticipants aged 20 years and older, the baseline regression
coefficients are the ones for model 9 (Table 2). Fixing age
to a value of 20 years, the youngest age in that subset,
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results in the following conditional prediction equation:

E½serum vitamin D age�j = 33�3�0�10´weight:

Similarly, fixing age to a value of 80 years results in the
following conditional prediction equation:

E½serum vitamin D age�j = 31�1�0�05´weight:

By comparing the two models, we see clearly that the
relationship between vitamin D status and body weight is
moderated by age such that for the youngest in this subset
(20-year-olds), each additional kilogram increase corres-
ponds to an expected serum vitamin D loss of 0·10 ng/ml,
whereas for the eldest individuals (80-year-olds), each
additional kilogram increase corresponds to an expected
vitamin D loss of 0·05 ng/ml. That is, although weight
plays a significant role across all ages, it has a larger impact
on vitamin D status for younger adults than it does for
older adults. The same relationship applies in the other

two groups: the expected loss of vitamin D status in ng/ml
decreases with age. Furthermore, we can track the main
effect of age by comparing intercepts: a change of 60 years
in age corresponds to an expected decrease in vitamin D
status of 33·3−31·1= 2·26 ng/ml.

To further understand the role of age, body weight and
skin colour in predicting vitamin D status, we illustrate the
relationships in Figs 1–4. Figure 1 shows the estimated mean
serum 25(OH)D level of US residents, with 95% CI, over the
range of ages available in NHANES (NHANES recodes indi-
viduals over 80 years old to 80 years to protect their privacy).
Children have higher mean vitamin D levels than adults.
Figure 2 shows mean serum 25(OH)D levels over the normal
range of body weights. There is a clear clinically and
statistically significant decline in vitamin D status as body
weight increases. Figures 3 and 4 separate out the means and
95% CI for non-Hispanic whites, Mexican-Americans and
non-Hispanic blacks by age and body weight, respectively.

Table 1 Demographics of the sample of participants from the National Health and Nutrition Examination Survey, 2003–2010

All participants (n 31934) Aged 1–<20 years (n 12817) Aged ≥20 years (n 19117)

% or Mean SE % or Mean SE % or Mean SE

Sex
Male 49·0 0·0 51·9 0·01 48·1 0·0
Female 51·0 0·0 48·0 0·01 51·9 0·0

Race/ethnicity
Non-Hispanic white 68·2 0·02 58·5 0·02 72·2 0·02
Non-Hispanic black 11·6 0·01 14·5 0·01 10·7 0·01
Other 6·0 0·0 6·7 0·01 5·7 0·0
Mexican American 9·6 0·01 14·4 0·01 8·2 0·01
Other Hispanic 4·6 0·01 5·9 0·01 4·2 0·01

Mean age (years) 38·7 0·28 11·2 0·09 47·2 0·28
Mean weight (kg) 73·3 0·29 45·9 0·41 81·7 0·28
Mean serum 25(OH)D (ng/ml) 26·3 0·26 27·4 0·32 25·9 0·27

25(OH)D, 25-hydroxyvitamin D.

Table 2 Summary of regression analysis results

Model Predictor(s) Model coefficients Model intercept R 2 value
Wald test
statistic*

Model
significance

1 Age (all participants) βage=−0·015† 26·8 0·001 F=7·2 P= 0·009
2 Age (all participants) and body weight βage=0·031† 31·0 0·042 F=362 P< 0·001

βweight=−0·081†
3 Age (all participants), body βage=0·009 31·5 0·042 F=272·3 P< 0·001

weight and two-way interaction βweight=−0·090†
βagexweight=0·00003†

4 Age (participants aged 1–< 20 years) βage=−0·316† 31·0 0·037 F=121·6 P< 0·001
5 Age (participants aged 1–< 20 years) βage=0·096† 31·1 0·063 F=207·8 P< 0·001

and body weight βweight=−0·103†
6 Age (participants aged 1–< 20 years), βage=−0·043 33·0 0·066 F=167·9 P< 0·001

body weight and two-way interaction βweight=−0·182†
βagexweight=0·00524†

7 Age (participants aged ≥20 years) βage=0·027† 24·6 0·002 F= 10·9 P= 0·002
8 Age (participants aged ≥20 years) βage=0·025† 31·2 0·031 F=160·3 P< 0·001

and body weight βweight=−0·080†
9 Age (participants aged ≥20 years), βage=−0·038 34·1 0·032 F=112·1 P< 0·001

body weight and two-way interaction βweight=−0·117†
βagexweight=0·00081†

For models 1–3, unweighted n is 31 934; for models 4–6, unweighted n is 12 817; for models 7–9, unweighted n is 19 117.
*Complex survey analysis relies on the Wald test as an omnibus test of each model.
†Model coefficient significant at P<0·05.
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Resulting from limited production of vitamin D in darker
skin, non-Hispanic blacks, on average, have much lower
levels of serum 25(OH)D than other groups. On average,

non-Hispanic blacks who are older than 16 years have serum
25(OH)D levels below 20ng/ml with an increase noted
among the eldest segment of the sample. Similarly, and
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Fig. 1 Estimated mean serum 25-hydroxyvitamin D (25(OH)D) level, with 95% confidence interval, of ≥1-year-old US residents
over the range of ages available in the National Health and Nutrition Examination Survey, 2003–2010. These graphical data were
developed using B-spline non-linear regression; the confidence interval varies across the range of ages. The line at 20 ng/ml and
30 ng/ml represents the population average recommended by the Institute of Medicine(8) and the Endocrine Society(39), respectively.
Children have higher mean vitamin D levels than adults
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Fig. 2 Estimated mean serum 25-hydroxyvitamin D (25(OH)D) level, with 95% confidence interval, of ≥1-year-old US residents
over the normal range of body weights available in the National Health and Nutrition Examination Survey, 2003–2010. These
graphical data were developed using B-spline non-linear regression; the confidence interval varies across the range of body
weights. The line at 20 ng/ml and 30 ng/ml represents the population average recommended by the Institute of Medicine(8) and the
Endocrine Society(39), respectively. There is a statistically significant decline in vitamin D status as body weight increases
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Fig. 4 Estimated mean serum 25-hydroxyvitamin D (25(OH)D) level, with 95% confidence interval, of ≥1-year-old US residents, by
skin colour, over the normal range of body weights available in the National Health and Nutrition Examination Survey, 2003–2010.
These graphical data were developed using B-spline non-linear regression; the confidence interval varies across the range of body
weights. The line at 20 ng/ml and 30 ng/ml represents the population average recommended by the Institute of Medicine(8) and the
Endocrine Society(39), respectively. Among all three subgroups there is a clear and significant decline in vitamin D status as body
weight increases
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Fig. 3 Estimated mean serum 25-hydroxyvitamin D (25(OH)D) level, with 95% confidence interval, of ≥1-year-old US residents, by
skin colour, over the range of ages available in the National Health and Nutrition Examination Survey, 2003–2010. These graphical
data were developed using B-spline non-linear regression; the confidence interval varies across the range of ages. The line at
20 ng/ml and 30ng/ml represents the population average recommended by the Institute of Medicine(8) and the Endocrine
Society(39), respectively. On average, non-Hispanic blacks older than 16 years have vitamin D levels below 20 ng/ml, with an
increase noted among the eldest segment of the sample
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among all three subgroups, we see in Fig. 4 a clear and
significant decline in vitamin D status as body weight
increases, with non-Hispanic blacks weighing more than
50kg and Mexican-Americans weighing more than 110kg
having seum 25(OH)D levels below 20ng/ml. Vitamin D
status for both non-Hispanic blacks and Mexican-Americans
remains significantly lower than for white individuals.
Indeed, only white individuals have mean serum 25(OH)D
levels above 20ng/ml at all weight levels.

Discussion

Summary of key findings
The present study used nationally representative data to
establish that weight and skin colour are statistically and
clinically significant predictors of vitamin D status. We
demonstrated that among all participants, decline in serum
25(OH)D status was associated predominantly with an
increase in weight. Although still a significant factor, the
impact of age as a predictor of vitamin D status was notably
smaller in comparison to the impact of body weight. We
also saw that the relationship between body weight and
vitamin D status was moderated by age. Among individuals
younger than 20 years old, we observed that age remains a
significant predictor of vitamin D status after accounting for
weight and vitamin D status appears to increase, not
decrease, with age. Among individuals aged 20 years and
older, our findings demonstrated that while both age
and weight are significant predictors of vitamin D status,
the impact of weight is notably larger than the impact of
age on vitamin D status. Lastly, we illustrated conclusively
that there are highly significant differences in mean
vitamin D status by weight and skin colour in the US
population.

Study limitations
There are several limitations of the study that ought to be
taken into consideration when interpreting these findings.
The results presented herein apply only to the US
population. Although other populations more globally have
exhibited deficiencies in vitamin D(26–28), these differences
may be the result of differences in latitude, food fortification
or other reasons not accounted for in the present study.
Additionally, factors beyond weight and skin colour do
contribute to the variability observed in vitamin D status.
Indeed, it must be acknowledged that there are three
important ways to improve vitamin D status: exposure to
sunlight, diet and supplementation. However, as noted in
previous research, addressing vitamin D deficiency through
diet alone is very difficult for most individuals(29). An earlier
study using NHANES data illustrated that dietary intake of
vitamin D is lowest among non-Hispanic black and
Mexican-American individuals(30). And more recent
research has demonstrated that dietary intake of vitamin D
is a significant predictor of vitamin D status, explaining a

notable proportion of the variance observed in vitamin D
status among certain segments of the population(31). His-
torically, vitamin D intake data from primarily white parti-
cipants have been used to inform supplementation
recommendations(8). The present study did not include
dietary intake as a predictor in these analyses; therefore
future work should also include intake estimates from par-
ticipants across a range of body weights and skin colours to
most accurately predict vitamin D status. Further, there have
been and continue to be considerable public health efforts
to minimize sun exposure among the US population
because of the direct risk of skin cancer(32). As such, the
only remaining method of meaningfully preventing vitamin
D deficiency is through dietary supplementation.

The present study also did not look at other determi-
nants of vitamin D status. However, previous work by one
of the study authors established that skin colour and
weight are more important determinants of vitamin D
status in comparison to many other factors such as sex,
tobacco use and socio-economic status(1). Previous work
has additionally demonstrated that body weight is a
comparable measure to BMI(33); individuals are more
likely to know their own weight than their BMI. As such,
this literature base together provided clear evidence for
pursuing the present set of analyses. With regard to other
potential confounders, although some variation in vitamin
D status related to climate exists, data on latitude were not
available via NHANES and information on season, despite
being available, was not randomized and thus deemed
inappropriate for use in the present study. It should be
noted that given the established seasonal variation in
vitamin D status, NHANES purposefully collects data from
individuals located in northern/higher-latitude locations in
the USA in the summer and from individuals located in
southern/lower-latitude locations in the winter, to mini-
mize weather-related cancellations(21). Combined with the
fact that the proportion of non-Hispanic blacks and
Mexican-Americans is higher in the southern USA, the
NHANES summer/winter data collection protocol adds
unaccounted variability to the vitamin D data by popula-
tion group. Indeed, the present results do not reflect
vitamin D levels during the darker months; a time of
greatest dietary need(34). However, overall, the data here
are consistent with other studies. In addition, although we
used the available data for race/ethnicity groups as a
proxy for skin colour, we acknowledge that skin colour is
a variable biological characteristic and that some patients
within specific racial/ethnic groups may accordingly have
variable vitamin D needs.

Lastly, it should be recognized that there is a lack of
definitive evidence specifically via randomized controlled
trials that vitamin D status is a predictor of positive
non-skeletal effects. As such, the need for increased vita-
min D supplementation among African-American indivi-
duals specifically has been deemed ‘premature’(8).
However, health policy panels in the USA have
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simultaneously encouraged African-American individuals,
at particular risk for vitamin D-related health disparities, to
reduce their already low vitamin D levels by avoiding
sunlight to minimize a possible increase in likelihood of
developing skin cancer(8). This encouragement exists
despite the lack of randomized controlled trials investigat-
ing the relationship between sunlight and skin cancer.
Thus, while the availability of randomized controlled trials
is most ideal for serving as the basis for dietary, supple-
mentation and behaviour recommendations, from a
broader public health perspective the importance of vita-
min D in the context of disease prevention should not be
underestimated. Moreover, a recent randomized controlled
trial evaluating treatment regimens for vitamin D deficiency
specifically among minority adolescents demonstrated that
body weight is a significant factor impacting vitamin D
status, thus providing some support for the findings pre-
sented here(35).

Implications for nutritionists and public health
professionals
The results of the present study demonstrate that body
weight and skin colour are meaningful predictors of vitamin
D status. While the optimal level of the biomarker for vita-
min D, 25(OH)D, remains controversial, it is generally
unrecognized by nutrition professionals that key determi-
nants of vitamin D status in the USA, in addition to age and
vitamin D dietary intake, are skin colour and body weight.
Importantly, our present work illustrates conclusively that
differences by age have a smaller impact on vitamin D status
in comparison to the impact of body weight and skin colour.
Given these findings, the recognition of the importance of
supplementation for improving vitamin D status and the
acknowledgement that serum 25(OH)D is an accurate indi-
cator of vitamin D status(36), recommended daily require-
ments for vitamin D should take into account the significant
role of weight and skin colour. The quality of the data used
to establish the present findings contributes to the strength of
the study. Indeed, for the US population, NHANES obser-
vations are typically the gold standard to which results of
other studies are compared(37,38). However, as current
available data on vitamin D status remain limited, public
health researchers should focus on the collection of com-
prehensive and nationally representative data needed to
determine appropriate RDA for vitamin D by weight and
skin colour, in addition to accounting for the role of age and
dietary intake. Lastly, public health efforts to reduce vitamin
D-related health disparities more broadly via the use of
supplementation should recognize that disparities exist
across the range of body weight and skin colour. Therefore,
targeted public health campaigns should emphasize these
findings and encourage individuals to speak accordingly
with a registered dietitian about vitamin D supplementation
needs. Ultimately such efforts will contribute to improving
health outcomes among multiple segments of the US
population.
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