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Abstract

Cutaneous cholecalciferol synthesis has not been considered in making recommendations for vitamin D intake. Our
objective was to model the effects of sun exposure, vitamin D intake, and skin reflectance (pigmentation) on serum
25-hydroxyvitamin D (25{OH]D) in young adults with a wide range of skin reflectance and sun exposure. Four cohorts of
participants (n = 72 total) were studied for 7-8 wk in the fall, winter, spring, and summer in Davis, CA [38.6° N, 121.7° W,
Elev. 49 ft (15 m}). Skin reflectance was measured using a spectrophotometer, vitamin D intake using food records, and
sun exposure using polysulfone dosimeter badges. A multiple regression model (R? = 0.56; P < 0.0001) was developed
and used to predict the serum 25(OH)D concentration for participants with low [median for African ancestry (AA)) and high
[median for European ancestry (EA)] skin refiectance and with low [20th percentile, ~20 min/d, ~18% body surface area
(BSA) exposed] and high (80th percentile, ~90 min/d, ~36% BSA exposed) sun exposure, assuming an intake of 200 iu/d
(6 ug/d). Predicted serum 25(OH)D concentrations for AA individuals with low and high sun exposure in the winter were 24
and 42 nmol/L. and in the summer were 40 and 60 nmoal/L. Corresponding values for EA individuals were 35 and 60 nmol/L
in the winter and in the summer were 58 and 85 nmol/L. To achieve 25(0H)D =75 nmol/L, we estimate that EA individuals
with high sun exposure need 1300 w/d vitamin D intake in the winter and AA individuals with low sun exposure need
2100-3100 w/d year-round. J. Nutr. 140: 542-550, 2010.

Introduction
converted to 25-hydroxyvitamin D (25[OH]D)® in the liver

Cholecalciferol (vitamin D3) is synthesized in the skin by
exposure to UV light between 290 and 315 nm (1), Both
cholecalciferol and ergocalciferol (vitamin D2, of plant origin)
are also found in food. Vitamin D from either source is efficiently
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(2,3). Solar UV intensity is affected by latitude, altitude, time of
day, and season (4,5), as well as by environmental factors, in-
cluding air pollution, cloud cover, and natural ozone levels (6). Age,
clothing type, and sunscreen also affect cutaneous vitamin D
synthesis (7-9). Melanin, the principal skin pigment, reduces
but does not block cholecalciferol synthesis. Thus, longer
periods of sun exposure are required for equivalent vitamin D
synthesis in people of African ancestry (AA) compared with
those of European ancestry (EA) (9,10).

Although sunlight is known to stimulate cholecalciferol
synthesis, few studies have used quantitative methods to assess
the contribution of sun exposure to vitamin D status. The
principal goal of the work presented here is to make such
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quantitative assessments in order to predict vitamin D status. We
have assessed individual sun exposure using polysulfone (PS)
dosimeter film badges and records of clothing use (11,12), skin
pigmentation using reflectance spectrophotometry, and vitamin D
intake using food records. This work was carried out as a
university-based, year-long, longitudinal study of 72 healthy
young adults with a wide range of skin pigmentation and sun
exposure. Data were used to develop a multiple linear regression
model to predict vitamin D status in individuals with high or low
sun exposure as well as high or low skin reflectance (i.e. light or
dark skin pigmentation, respectively). Using this model, we also
estimated the additional vitamin D intake that would be needed
to achieve target serum 25(OH)D concentrations of 50 and
75 nmol/L (13).

Materials and Methods

Participants. Participants were recruited from the University of
California, Davis (UCD) campus. Volunteers with high and low levels
of skin pigmentation and outdoor activity were sought to achieve a wide
range for both of these independent variables. Inclusion criteria were:
BMI 18.5-30 kg/m?, 19-39 y of age, general good health, and a
willingness follow the study p lusion criteria included
planned travel outside the Davis area frequcntly during the study
protocol (>2 wk total), daily sunscreen use on all or most exposed skin,
use of tanning beds or high-dose vitamin D supplements (excluding
RDA-level multivitamin supplements) within 2 mo, pregnancy, and
presence of any disease, condition, or use of medication that might affect
vitamin D metabolism, such as chronic kidney disease or liver disease.
Oral contraceptive users were not excluded. The study was approved by
the Institutional Review Board of UCD and written informed consent
was obtained in accordance with the Helsinki Declaration of 1975 as
revised in 1983.

Study design. The study was an observational, prospective study
conducted at the USDA Western Human Nutrition Research Center on
the UCD campus and involved a total of 72 participants in 4 cohorts
followed over 8-wk periods each academic quarter, except the fall
quarter, when, for logistic reasons, the period was 7 wk, The fall cohort
was followed from October 29 to December 15, 2006, the winter cohort
from January 17 to March 16, 2007, the spring cohort from April 11 to
June 8, 2007, and the summer cohort from July 18 to September 14,
2007. Particip ded an ed | meeting the week prior to the
study to learn how to keep food records, how to fill out the sun exposure
questionnaires, and how to wear and maintain the PS dosimeter badges.
Participants were asked to maintain their typical routines. Blood was
drawn and skin reflectance measured at wk 0, 4, and 7 or 8. Participants
who were identified as deficient (<37.5 nmol/L), using the mean serum
25(OH)D concentration, were provided with this information as well as
diet counseling.

Sun exposure assessment. Personal UV-B exposure was measured
using PS dosi badges prepared by the la y of Prof, Kimlin, PS
is a photosensitive polymer that is used as an objective way to measure
broadband UV-B exposure and is sensitive to the same wavelengths that
affect human skin (14). The PS badges are typically used to estimate the
amount of erythemal UV-B exposure in terms of a minimal erytherna
dose for typical Caucasian skin, which is equivalent to 250 Jim? of
erythemal action spectrum-weighted UV energy (e.g. 1 minimal ery-
thema dose causes slight pinkness to the skin). The error associated
with the UV-B measurements using PS film was previously estimated
to be ~10% (15). Each PS film was mounted on a 3-cm X 3-cm
white plastic holder with a central aperture measuring 1 cm?,

The PS badges were worn from 0700 to 1900 once per week on the
same day by all participants on their right wrist by artaching it to a white
sweat band. For each cohort, the PS badge days were chosen randomly
with the restriction that each day of the week and weekend were
included at least once. Participants kept daily logs recording all time
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spent outside from 0700 to 1900 that included specific information
about time of day, location, outdoor activity, time in the direct sun or
shade, sunscreen use, and clothing. The PS badge measurements were
individually adjusted for body surface area (BSA) exposed to the sun
(Table 1) based on daily clothing records kepr by each participant. The
daily PS badge measurement (J/m?) was multiplied by the mean m? of
exposed skin when participants were in the sun, resulting in an
individual dose of sun exposure (]) received on that day.

To obtain the maximum possible UV-B exposures on days the sun
badges were used by participants, a PS badge was also placed in a
horizontal position in the direct sunlight (0700 to 1900) at the UCD
Climate Station [Davis, CA, 38.5° N, 121.7° W, elev. 49 ft (15 m)] next
toa UV-B Broadband Py (Yankee Envi | Systems) that
measures global irradiance on a continual basis in the UV-B spectral
range of 280-330 nm (16). The UV-B radiation detected by the
instrument is converted to visible light and this signal is measured in
W/m? every 15 s and means are recorded every 3 min. We downloaded
the erythemally weighted UV-B measurements from the USDA UV-B
Network Web site (16) and converted the measurements to J/m? to make
them comparable to the PS badge . UV-B exp
measurements (J/m?) taken using PS badges expuscd in direct sun all
day were compared with the pyranometer UV-B readings for the same
day that participants wore the PS badges. These results were correlated
(r=0.91; P < 0.0001; data not shown), demonstrating the ability of the
PS badge to 1 UV-B

P

Dietary assessment. Vitamin D intake from food and supplements was
derermined using consecutive 4-d food records that were kept every
other week for a total of 16 records/participant. Food records have
previously been validated as an accurate tool to measure nutrient intake
through observational studies (17). The 4-d food records included a
weekend day to capture typical intake and days included rotated from
Wednesday-Saturday to Sunday-Wednesday. The partici were
trained in how to keep accurate food records by a registered dietitian.
The food records were analyzed for vitamin D content using the
Nutrition Data System for Research Program (2006, University of
Minnesota, Minneapolis, MN) and a daily vitamin D intake in 1U was
determined (Vitamin D: 40 IU = 1 ug).

Skin refly . Skin refl (p ) was
measured using a Minolta 2500d spectrophotometer (Konica Minolta
Sensing). Measurements were taken on the middle upper inner right arm,

TABLE 1 Estimates of percent of BSA exposed based on the
“rule of nines'" and clothing worn'

Body region® Clathing type % BSA exposed

Head Nothing 4
Beanie/bike helmet 3
Baseball cap 2
Cowboy hat 1

Torso/arms Nothing 4
Bikini top/sports bra 42
Tank top 18
Tea shirt 10
Quarter length shirt 3
Long sleeves 0

Legs Bikini bottom 38
Short shorts/ Skirt %
Knee-length shorts/skirt B
Full-length pants 0

Feet Nothing 2
Sandals 15
Shoes 0

! From {18).

2 Hands contributed 4% of exposed BSA (0% if gloves were worn) and the neck 2%
(0% if a scarf was worn).
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TABLE 2 Baseline characteristics of study participants’

Cohort Fall Winter Spring Summer Total
n
Participants 17 17 20 18 7
Ethnicity/ancestry?*
European 10 5 6 5 26
Hispanic 1 2 1 0 4
North Asian 1 3 2 6 12
South Asian 5 3 6 1 15
African 0 4 5 6 15
Gender
Female 14 n 16 12 53
Male 3 8 4 6 19
Age, y 23=x3 275 23=x4 2=3 8=x4
BMI * kg/m B2 W2 V=2 N=3 8=3

' Velues are n or means = SD.

2 Self-reported ethnicity/ancestry.

3 Nationalities for European included Russian/Kszekhsten and American; Hispanic
included South American and Mexican; North Asian included Chinese and Korean;
South Asian Included Indian, Vietnamese, Sri Lankan, Thei, Cambodian/Chinese/
Malaysian, and Philipino; and African included American, African/Puerto Rican, African/
Europeanyitalien, and African/Mexican.

“The mean of wk 0, 4, and 7 or 8 was used for each participant

the dorsum of the right hand between the thumb and index finger, and
the middle of the forehead at wk 0, 4, and 7 or 8. Each site was measured
3 times and the instrument was moved slightly over the region of interest
to obtain a mean for the site. The measurements are expressed using the
L* (ligh value of the Ci International d'Eclairage system.
The L* value ranges from 0 to 100, with 0 indicating no reflected light
(pure black) and a value of 100 indicating 100% reflectance (pure
white). The L* value is highly correlated to the Melanin Index (18) and
the L* value was used in the multiple linear regression model.

Serum 25(0OH)D. Blood was drawn (week 0, 4, 7 or 8) after a 4 h fast
from dietary fat. Serum was stored at —70°C until analysis. Serum 25
(OH)D was analyzed by ultra-performance liquid chromatography-
tandem MS (LC-MS) using a Diels-Alder derivative with 4-phenyl-
1,2,4-triazoline-3,5-dione, as described (19,20), and by RIA (DiaSorin)
according to the manufacturer's instructions with the following mod-
ification: the ¢ i the step was
performed at 3000 X g g for 60 min at IO“C rather than 1800 X g for
20 min at 20-25°C.

For the RIA procedure, the CV for duplicate samples measured on the
same day was 5.0% (range, 0.04-10.0%) and for duplicate samples
measured on different days was 11.6% (range, 7.2-16.0%). For the
LC-MS procedure, the same-day CV was 3.2% (range, 1.6-4.8%), as
previously reported (19). The USDA Western Human Nutrition Research
Center participates in the Vitamin D External Quality Assessment
Scheme (21) and calibration standards from this program analyzed
during this period were all within acceptable limits (22).

Pamthyroid hormone. lntact serum parathyroid hormone (PTH) was
d using a chemil method (I lite Siemens Medical
Solutions Diagnostics) at wk 7 or 8.

Statistical marhod: SAS version 9.1.3 (StataCorp) was used to
perform all i ly Ce data were tested for
normality using the Kolmogorov-Smxmov test and variables that were
not normally distributed (P < 0.05) were transformed using Box-Cox
transformations. ANOVA was performed for comparisons between
cohorts and time-repeated were performed within cohorts. Duncan tests
were performed for pairwise comparisons. If a variable could not be
transformed to a normal distribution then a nonparametric test was
performed. Variables are expressed as mean = SD or as medians (range),
depending on their distribution. Spearman correlation was used to
examine associations between variables.
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To predict serum 25(OH)D, multiple linear regression analysis was
used with continuous variables for skin reflectance, sun exposure, and
vitamin D intake, because they are known to influence status and dummy
variables for cohort because of independent groups each season.
Covariates, such as age, gender, BMI, oral contraceptive use, ethnicity,
self-reported sun level (high or low), and athlete (yes or no) (athletes had
high sun exposure) were explored in the model along with interac-
tions, such as skin X sun, sun X diet, skin X diet, skin X sun X diet, and
sun X each season. Pitman’s test was used to determine whether a skin
reflectance measurement from one site in the model was a significantly
better predictor than another site and to determine whether J/m? and
joules were i di from each other. All
P-values < 0.05 were considered slgmﬁcanr

Results

Baseline characteristics. The 72 study participants were of
varied ancestry, most were female, and few were overweight
(Table 2). When asked to categorize their habitual sun exposure
as either high or low, 62% (45/72) said low and 38% (27/72)
said high.

UV-B exposure. PS badges were placed in direct sun to measure
maximum potential UV-B exposure intensity on the same day
that badges were worn by participants to measure individual
exposures (Fig. 1). The median exposure intensity for the fall
cohort, 643 J/m® (range: 213-2100 J/m?) was the lowest of
the 4 cohorts. The winter median, 1830 J/m? (range: 1124-3431
J/m?), was also relatively low but was nonetheless significantly
greater than the fall median. The median exposure intensity in
the spring cohort was 7230 J/m? (range: 52828454 J/m?) and in
the summer was 5818 J/m? (range: 1995-8309 J/m?). The spring
and summer exposure intensities did not differ from one another
but were significantly greater than either fall or winter.

Webb et al. (4) reported that a minimum exposure intensity
of 200 J/m? is needed to initiate cutaneous vitamin D synthesis.
This level of exposure could theoretically have been reached on
any of the days when exposure was measured in the present
study. However, the exposure intensities reported here represent
a 12-h period. The time needed to achieve 200 J/m? would range
from nearly a full day (e.g. on the day in December when the
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FIGURE 1 Maximum potential UV-B exposure measured by PS
dosimeter badges exposed in the direct sun on a horizontal surface on
the same day each week that participants wore personal dosimeter
badges. One badge was exposed each day. Each point represents
a single badge (n = 31). Study cohort dates: fall, 10/29-12/15; winter,
1/17-3/16; spring, 4/11-6/8; and summer, 7/18-9/14. Study cohorts
without 8 common letter differ, P < 0.05.
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lowest level was measured, 213 J/m?) to <20 min on some days
in the spring and summer cohorts.

Individual sun exposure doses (determined for each partic-
ipant from exposure intensity and amount of skin exposed to the
sun) (Fig. 2) followed the same seasonal pattern as for exposure
intensity (Fig. 1). The median for the fall cohort was 3 J (range:
1-154 ]), the lowest of the 4 cohorts. The winter median of 26 ]
(range: 4-438 ]) was significantly greater than the fall median.
The spring median, 169 ] (range: 16-2138 ]}, and the summer
median, 163 J (range: 13-1085 ]), were significantly greater than
the medians for the other 2 cohorts but did not differ from one
another.

Sun exposure could vary by ancestry group due to differences
in behavior. The median dose for participants of European (156 J),
African (111 ]), North Asian (76 J), and Hispanic (59 J) ancestry
did not significantly differ from one another (adjusted for
cohort). Doses for Hispanic and South Asian (16 ]) participants
did not differ from one another, but doses for South Asians were
significantly less than doses for North Asian, African, and
European participants (data not shown).

Dietary vitamin D intake. Vitamin D intake did not vary by
cohort and the overall median for all participants was 194 Iu/d
(S ug) (Table 3). Vitamin D intakes could differ between
ancestry groups because of differences in food habits or sup-
plement use. Median vitamin D intakes of European (236 1u) and
South Asian (223 1v) participants were greater (P < 0.05) than
the intakes of Hispanic (117 w) participants but not of North
Asian (184 ) and African (148 10) participants. Vitamin D
intake was correlated with serum 25(OH)D (r = 0.27; P = 0.02;
data not shown).

Skin reflectance. Reflectance (L*) measured at all sites corre-
lated with serum 25(OH)D. The forehead measurement had the
highest correlation coefficient (r = 0.39; P = 0.0008), followed by
the back-of-the-hand measurement (r = 0.38; P = 0.0011) and
the inner-arm measurement (r = 0.29; P = 0.0136). The
difference in reflectance between the inner arm and forehead
measurements for an individual (a possible index of sun
exposure) was not correlated with serum 25(OH)D (P > 0.05;
data not shown).
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FIGURE 2 Individual mean UV-B exposure measured by PS

dosimeter badges worn by participants once a week for each cohort.
Each point represents the mean dose for each participant over 7-8 wk,
adjusted for BSA exposed to the sun (n = 72). Study cohort dates: fall,
10/29-12/15; winter, 1/17-3/16; spring, 4/11-6/8; and summer, 7/18-
9/14. Study cohorts without a common letter differ, P < 0.05.

TABLE 3 Serum 25(0OH)D concentrations and vitamin D intakes
for each cohort'

Cohort
Variable Fall Winter Spring Summer
25(0HID, nmoi/L
Wk 0 68 = 27 L] 50 = 27¢ 64 £ 27
Wk 4 63 = 29" 22 47 = 25" 66 + 30
Wk 87 56 + 31 a4 +24 56 = 23* 61+29
Overall 62+ 28" 442U 5= 6328
Vitamin D Intake,** 1U/d b} m 181 206
166-692) (36-621) {55-599) (50-219)

' Values are means + SD or median (range), n = 72. Means in a row with superscripts
a and b without a common letter differ, P < 0.05. Means in a column with superscripts
X, y, and z without a common letter differ, P < 0.05.

2 Wk 7 for fall.

2 Includes supplements.

4401V = 1 ug.

Skin reflectance varied by ancestry group (Fig. 3). Although
the range of values within each group overlapped with all other
groups, some significant differences were seen among group
means. The mean forehead reflectance for African participants
(44 = 7 L* units) was significantly lower than for other ancestry
groups. Mean reflectance for South Asian (54 + 5 L* units) and
Hispanic participants (58 + 4 L* units) did not differ from one
another nor did the mean for Hispanics differ from the North
Asian mean (59 * 4 L* units), which did not differ from the
mean for European participants (63 = 4 L* units).

Vitamin D status. Serum 25(OH)D concentrations were
measured both by RIA and LC-MS. These values were highly
correlated (Fig. 4), as reported previously for data from the fall
cohort only (19), although the LC-MS values were consistently
greater than the RIA values. The LC-MS procedure distinguishes
between 25(OH)D2 and 25(OH)D3 whereas the RIA does not.
Most participants (93%; 67/72) had low mean serum 25(OH)
D2 concentrations (<20 nmol/L for the mean of the 3 blood
draws for each participant; Fig. 5). When 25(OH)D2 was
expressed as a percent of total 25(OH)D, the median was 2.5%
(25th/75th percentiles, 1.2/6.1%; range: 0.4-54%). For most
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FIGURE 3 Forehead skin reflectance varies by ancestry. The L*
scale for skin reflectance extends from 0 (black) to 100 (white). Each
point represents the mean forehead skin reflectance for each
participant, n = 72. Groups without a common letter differ, P < 0.05.
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FIGURE 4 Association between the serum 25(0HID concentrations
measured by LC-MS and RIA for all samples from 72 participants, n =
216. Regression equation: LC-MS 25(0H)D%* = 1.02873 + (0.13195)
{In RIA 25(OH)D); A% = 0.8351; P < 0.0001. Dashed lines = 95% ClI.

participants (93%; 67/72), 25(OH)D2 contributed <20% of the
total serum 25(OH)D concentration and in only 2 cases (2.8%;
2/72) was the proportion >50%. Thus, ergocalciferol was a
minor contributor to vitamin D status for most study partici-
pants. The 25(OH)D concentrations from the RIA procedure
were used in the analyses presented below, because this method
is more widely used in population studies, thus making our
results more directly comparable to other studies in the
literature.

Because the cohorts in this study are made up of different
groups of participants, differences in serum 25(OH)D among
these cohorts cannot be attributed solely to seasonal differences
in UV-B exposure. However, mean serum 25(OH)D in the fall
cohort was significantly greater than the winter cohort but not
significantly different from the spring and summer cohort (Table
3). Mean serum 25(OH)D in the winter cohort was significantly

68
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FIGURE 5 Distribution of mean (baseline, 4 and 7 or 8 wk} serum 25
(OH)D2 and 25(0H)D3 concentrations in the 72 study participants
measured by LC-MS. The X-axis indicates 20 nmol/L increments from
0 to 220 nmol/L.
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less than the fall and summer cohort but not the spring cohort
(Table 3). Modest trends within cohorts were seen reflecting
expected changes that would result from seasonal changes in
UV-B exposure (Table 3). Mean serum 25(OH)D decreased
significantly (by 18%) from the beginning to end of the fall
cohort study period, whereas the mean increased significantly
(by 12%) during the spring cohort study period. Significant
differences were not seen within the winter and summer cohorts.

Serum 25(OH)D means were compared among different
ancestry groups while adjusting for season. European partici-
pants had significantly greater serum 25(OH)D concentrations
(78 * 27 nmol/L) than Hispanic (52 = 21 nmol/L), African (43 +
17 nmol/L), South Asian (40 * 13 nmol/L), and North Asian
(40 = 15 nmol/L) participants, who did not differ from one
another.

PTH. PTH secretion is inhibited by the active form of vitamin D;
thus, high serum PTH can be associated with vitamin D
deficiency (2). Serum PTH measured at wk 7 or 8 correlated
negatively with serum 25(OH)D measured at the same time
point (r = —0.23; P = 0.051; data not shown), suggesting that
some participants in the study were vitamin D deficient.

Model predicting vitamin D status. Single and multiple linear
regression analysis was used to predict serum 25(OH)D using
sun exposure, vitamin D intake, and skin reflectance. Vitamin D
intake (including a variable for cohort) explained 21% of the
variance in serum 25(OH)D (P = 0.011). Forehead skin
reflectance was a better predictor of serum 25(OH)D than inner
arm reflectance and marginally better than hand reflectance
(data not shown), explaining 30% of the variance in serum
25(OH)D (P = 0.0002). UV-B dose (]) explained 42% of the
variance in serum 25(OH)D (P < 0.0001). Together, UV-B dose,
forehead skin reflectance, and dietary intake explained 55% of
the variance in serum 25(OH)D (Table 4). When LC-MS data
for total 25(OH)D were used rather than the RIA dara,
essentially the same results were seen for this analysis (data
not shown). Sun exposure not adjusted for clothing (J/m?) was
also a predictor when used in place of dose (J), although the
R? value was lower (R* = 0.50; P < 0.0001; data not shown).
Independently, BMI, age, gender, and sunscreen use (on PS badge
days) were not significant predictors of vitamin D status in the

TABLE 4 Multiple linear regression model using RIA data to
predict serum 25(0OH)D concentrations’

RIA model Estimate SE Estimate  Pvalue R
Full model, n=72 055
PS badge.? J 1.12760 0.20888 067776  <0.0001*

Skin {forehead),” £+ 375x1077  108x1077 032280  0.0008*

Vit Dintake,* iy 012436 0.06269 016904 00515

Cahort 1 {Fall} Ref ®

Cohort 2 (Winter) —0.57209 012627 —05175 <0.0001*

Cohort 3 (Spring) —0.60856 0.16080 —0.5805 0.0003*

Cohort 4 {Summer) 037243 016130 -0.3435 0.0246"

' Equation using RIA data: In 25(0HID = 157739 + (1.12760 x badge”0 1) +
10.0000003754066 % skinA3.4) + {0.12436 x In diet) - (0.57209 x winter) — (0.60856 x
spring) - (0.37243 x summer); (P < 0.0001)* *Significant P.value < 0.05.

2, Mean joules per participant.

* Mean forehead L* skin reflectance per participant.

41Ufd, Daily dietary vitamin D, including supplements, per participant

5 Ref, Reference dummy variable in the model.

€401U =1 g
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full model (data not shown). Several interactions were tested in
the model and none were significant (including sun X season,
sun X skin reflectance, sun X diet, skin reflectance X diet, and
skin reflectance X sun X diet). Sun exposure (]} had the greatest
impact on serum 25(OH)D, followed by skin reflectance and
vitamin D intake, as judged by the relative magnitude of the
coefficients in the regression model (Table 4).

Several covariates were significant predictors of serum 25
(OH)D in the full model in combination with sun exposure,
skin reflectance, and vitamin D intake. Including the variable
“athlete” in the full model explained 59% of the variance in
serum 25(OH)D; athlete was a positive predictor {P = 0.012).
Adding ancestry/ethnicity explained 65% of variance in serum
25(OH)D, with North Asian being a negative predictor (P =
0.012). Oral contraceptive use was also a positive predictor,
explaining 62% of the variance in 25(OH)D when added to the
full model (P = 0.0011). Participants who used oral contracep-
tives did not have different sun exposure, vitamin D intake, or
skin reflectance than other female participants (P > 0.05; data
not shown). Oral contraceptive users had higher serum 25(OH)
D concentrations (72 * 21 nmol/L) than female nonusers (50 +
27 nmol/L) (adjusted for season; P < 0.05), which is consistent
with the literature (23).

To illustrate the association of variation of sun exposure and
skin reflectance with vitamin D status, the regression model was
used to predict serum 25(OH)D in participants with low and
high sun exposure and with low and high skin reflectance (4
groups). Low and high sun exposure were defined as the 20th
and 80th percentiles of exposure for each cohort. These values
were 2 and 56 ] for fall, 7 and 158 ] for winter, 24 and 958 J for
spring, and 85 and 576 J for summer. Participants with low sun
exposure on average spent 20 min/d in direct sun with ~18%
BSA exposed (i.e. face, neck, hands, and arms; as would be
exposed when wearing long pants and a short-sleeve shirt),
whereas participants with high sun exposure spent ~90 min/d in
direct sun with ~35% BSA exposed {(i.e. face, neck, hands, arms,
and legs; as would be exposed when wearing a sleeveless top and
shorts covering the thighs). The mean UV-B exposure in the low
group for all seasons was 0.62 * 0.56% of maximum possible
exposure, whereas in the high group the mean exposure was
10.1 % 2.2%. The mean for those with median exposure was
1.8 = 1.0%. Low skin reflectance was defined as the median
forehead reflectance for participants of AA (L* = 42) and high
reflectance was defined as the median for participants of EA (L* =
63). Vitamin D intake was set at 200 1 (5 ug)/d, approximately
the median for all participants. In these projections (Fig. 6}, both
sun exposure and skin reflectance influenced serum 25(0H)D
during all seasons. The 2 low-sun groups had the lowest serum
25(OH)D concentrations each season {(except summer), whereas
low skin reflectance always produced a lower serum 25(0OH)D
than high skin reflectance.

Vitamin D intake needed to maintain a healthy vitamin D
status. A shortcoming of current recommendations for vitamin D
intake is that they are not individualized to reflect risk of de-
ficiency, as could be determined by sun exposure and skin
reflectance. To illustrate how recommendations might vary
when these factors are considered, we estimated the amount of
additional vitamin D intake that would be needed to achieve
and maintain serum 25(OH)D at =50 nmol/L (Table 5) and
=75 nmol/L (Table 6) using our model to estimate serum
25(OH)D (Fig. 6) and the response to vitamin D supplementa-
tion reported by Heaney et al. (24), 0.7 nmol/L for every
additional 40 1 (1 ug) of vitamin D intake. Individuals with low

120

—e— Light skin, High sun
—o— Dark skin, High sun
100 —v— Light skin, Low sun
—a— Dark skin, Low sun

Serum 25(0H)D (nmoliL}
g

o \//

Winter

Fall Spring Summer

FIGURE 8 Multiple, linear regression model prediction of serum 25
(OHID in 4 groups based on sun exposure [20th {low) or 80th (high}
percentile for each season in Joules| and skin reflectance [median
forehead reflectance for participants of African (dark skin) and
European (light skin) ancestry]. Study cohort dates: fall, 10/28-12/15;
winter, 1/17-3/16; spring, 4/11-6/8; and summer, 7/18-9/14. Vitarmin D
intake was set at 200 w (5 pgl/d. The equation is shown in Table 4,
footnote 1.

skin reflectance and low sun exposure need the highest intakes to
reach either 50 or 75 nmol/L, as expected. Participants of AA
with low sun exposure would need from 650 to 1700 w of
supplemental vitamin D, depending on the season, to meet the
50-nmol/L threshold and 2100-3100 w/d to meet the 75-nmol/L
threshold. The corresponding values for participants of AA with
high sun exposure are 0-850 r/d for the 50-nmol/L. threshold
and 1000-2250 wy/d for the 75-nmol/L threshold. For partici-
pants of EA with high sun exposure, no additional vitamin D
intake is needed to meet the 50-nmol/L threshold, whereas
considerable supplemental intake, 1300 w/d, is needed in the
winter to meet the 75-nmol/L threshold. However, participants
of EA with low sun exposure need considerable supplemental
intake (850-1100 1u/d) to meet the 50-nmol/L threshold in the
winter and spring and year-round intake ranging from 1000 to
2550 w/d to meet the 75-nmol/L threshold.

TABLE 5 Estimated vitamin D intake needed to achieve serum
25(0HID 50 nmol/L in participants with median skin
refiectance for African and European ancestries with
fow (20" percentile} and high (80" percentile) sun
exposure for each season'™

AA EA
Cohort Low sun High sun Low sun High sun
i
Fall 1050 0 200 0
Winter 1700 850 100 0
Spring 1500 0 850 0
Summer 650 0 0 0

! Estimated using regression madef {Table 4) to predict serum 25(CH)D based on skin
reflectance, sun exposure and 200 w/d current vitamin D intake, and using expected
serum 25(0H)D response to additional vitamin D supplementation based on a dose-
response study using 0.7 nmol/L for every additional 1 g of vitamin D intake from
supplements (24).

? Values include the baseline intake of 200 w/d.

2400 =1 ug.
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TABLE 6 Estimated vitamin D intake needed to achieve
serum 25(0H)D =75 nmol/L in participants with
median skin reflectance for AA and EA with low
{20th percentile) and high (80th percentile) sun
exposure for each season’-?

AA EA
Cohort Low sun High sun Low sun High sun
/d

Fall 2500 1250 1650 0

Winter 3100 2250 2550 1300

Spring 2900 1400 2250 50

Summer 2100 1000 1000 0

40 W =1 pg.

2 Estimated as described in footnote to Table 5

Discussion

Sun exposure adjusted for BSA exposed to the sun and skin
reflectance were the principal predictors of vitamin D status in
the present study. These associations are well recognized bur
have not, to our knowledge, been analyzed in a single, com-
prehensive model. For example, many studies have examined the
threshold of UV-B exposure needed for dermal viramin D
synthesis (5,25-27) and others have used such data in conjunc-
tion with ambient UV-B exposure measurements to predict the
impact of sun exposure on vitamin D status at different latitudes
(6,28-31). Using individual measurements, several recent stud-
ies have also correlated outdoor activity with vitamin D status
(32-34). Recent work by Armas et al. (35) has demonstrated a
dose-response relationship between UV-B exposure from an
artificial source and vitamin D status and that the relationship
depends on the level of skin pigmentation assessed by skin
reflectance. However, to our knowledge, the present study is the
first to use a quantitative assessment of sun exposure, skin
reflectance, and vitamin D intake in free-living participants to
predict vitamin D status.

Participants in this study were college students recruited to
represent a wide range of outdoor activity and it is reasonable to
question whether their level of sun exposure is similar to other
population groups. The median exposures for these participants
in the fall, winter, spring, and summer were 0.5, 1.4, 2.3, and
2.8%, respectively, of maximum ambient exposure (overall
median, 1.8%). These values are quite similar to population-
based data from a previous study of U.S. adults (2240 y of age)
that found that mean exposures for women were 1.8, 1.7, 2.9,
and 2.7% of maximum ambient exposure in fall, winter,
spring, and summer, respectively (overall mean, 2.3%) and the
corresponding values for men were 3.2, 2.2, 2.8, and 3.1%
(overall mean, 2.8%) (36). Similar results were recently reported
from Spain (37). These values represent typical exposure of
indoor workers and do not include contributions from vacations
(38,39). The 80th percentile for participants in the present study
(10.1% of ambient) is similar to levels reported for outdoor
workers (7-10%) in a recent review (40). Thus, sun exposure
levels in the present study are similar to those reported for other
adults in the US and Europe.

We compared the vitamin D status of participants in the
present study to data for the U.S. population based on ancestry
and ethnicity. The most recent NHANES (2000-2004) (41)
reported mean serum 25(OH)D concentrations of 67, 40, and
54 nmol/L for non-Hispanic Whites, non-Hispanic Blacks, and
Mexican-Americans from 20 to 59 y of age, respectively. In the
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present study, mean concentrations for European (nonathletes),
African, and Hispanic participants were 66, 43, and 52 nmol/L,
respectively. The present study used the same method of 25(OH)
D analysis as the NHANES study. Thus, whereas season,
latitude, age, diet, BMI, and personal UV-B exposure patterns
significantly affect serum 25(OH)D, the vitamin D status of
participants in the present study generally reflect expectations
based on race and ethnicity for the U.S. population.

Dietary intake can be an important contributor to vitamin D
status, but in our model intake was less significant as a predictor
of status than either sun exposure or skin pigmentation. Other
studies have also shown that vitamin D intake correlates poorly
with serum 25(OH)D (42,43). On the other hand, in a recent
study in the southwestern US, both sun exposure and vitamin D
intake significantly predicted vitamin D status, although the
effect was more pronounced in Whites than in Blacks or
Hispanics (33). This may be because participants of EA typically
consume higher levels of fortified dairy products and total
vitamin D than other groups (44), as was seen in the present
study.

The present study found that relatively high intakes of
vitamin D would be needed to achieve serum 25(OH)D
concentrations of 50 or 75 nmol/L for participants with low
sun exposure. However, these results are relatively consistent
with 2 recent studies that addressed this question with dose-
response intervention trials. Cashman et al. (45) found that total
intakes of 408 and 924 u/d would be needed to maintain median
serum 25(OH)D concentrations of 50 and 75 nmol/L, respec-
tively, during the winter in Ireland and Northern Ireland. Using
data from the present study, we estimate that an intake of 1100
and 2550 1/d would be needed in the winter to maintain median
serum 25(OH)D concentrations of 50 and 75 nmol/L, respec-
tively, for participants of EA with low sun exposure, somewhat
higher than expected based on the Irish study. This difference
may be due to our use of a conservative estimate of the serum
25(OH)D response to supplementation, 0.7 nmol/L per ug (24),
whereas the Irish study found a response of 2.0 nmol/L per ug
which is consistent with the previous report that supplements
<1400 w/d (35 wg/d) have a greater relative effect on serum
25(OH)D than higher doses (46). In a second supplementation
study conducted in New York (46), Black and White adults were
recruited in winter and supplementation levels were adjusted at
8-wk intervals to achieve a serum 25(OH)D concentration of
75 nmol/L. Blacks had a mean rotal intake of 3916 w/d and
Whites had 3040 w/d to achieve this level in 90% of partic-
ipants. In the present study, we estimated that participants of
AA with low sun exposure would need from 2100 to 3100 w/d
and participants of EA would need from 1000 to 2550 w/d to
reach 75 nmol/L, depending on the season.

Strengths of this study are that it involved longitudinal data
collection from participants over each season pursuing their
normal daily activities and included individuals with a wide
range of skin reflectance and sun exposure behaviors. The study
used objective, quantitative measures of sun exposure and skin
reflectance, repeated measurement of dietary vitamin D intake,
and careful assessment of vitamin D status using 2 independent
methods. Some of the limitations of the study include a relatively
small sample size (particularly for participants with low skin
reflectance and high sun exposure), different groups of individ-
uals each season, a limited range of dietary intake, and some
imbalances in exposure across ancestry groups (e.g. all self-
identified athletes were European and had the highest levels of
sun exposure). In addition, age and BMI were not significant
predictors of 25(OH)D, presumably because we recruited
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participants in a narrow age and BMI range. Other studies have
shown that increasing age (47) and greater BMI (48) are
associated with lower serum 25(OH)D.

In summary, we have found that participants with high skin
reflectance and high sun exposure are at low risk of vitamin D
insufficiency and need a supplemental intake of 1300 1/d only in
the winter, whereas participants with low skin reflectance and
low sun exposure need supplemental intake from 2100 to 3100 v/d
year-round to maintain a target serum level of 75 nmol/L. The
methods used here could be applied in future popul based
studies to confirm these observations and to determine whether
it is feasible to develop recommendations for vitamin D intake
based on these personal characteristics.
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