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Context: Dosages of vitamin D necessary to prevent or treat vitamin D deficiency in children remain
to be clarified.

Objective: To determine the effects of vitamin D3 1000 IU/day on serum 25(OH)D, PTH, and markers
of bone turnover (osteocalcin and collagen type 1 cross-linked C-telopeptide) in black and in white
children; and to explore whether there is a threshold level of 25(OH)D associated with maximal
suppression of serum PTH concentration.

Design: Healthy 8- to 14-yr-old Pittsburgh-area black (N�84) and white (N�73) children not re-
ceiving vitamin supplements, enrolled during October through March of 2008 through 2011, were
randomized to vitamin D3 1000 IU or placebo daily for 6 months.

Results: The mean baseline concentration of 25(OH)D was �20 ng/mL in both the vitamin D-sup-
plemented and the placebo group (19.8�7.6 and 18.8�6.9 ng/mL, respectively). Mean concentra-
tion was higher in the supplemented group than in the placebo group at 2 months (26.4�8.1 vs
18.9�8.1 ng/mL, P�0.0001) and also at 6 months (26.7�7.6 vs. 22.4�7.3, P�0.003), after adjusting
for baseline 25(OH)D, race, gender, pubertal status, dietary vitamin D intake, body mass index, and
sunlight exposure. Increases were significant only in black children, when examined by race. The
association between 25(OH)D and PTH concentrations was inverse and linear without evidence of
a plateau. Overall, vitamin D supplementation had no effect on PTH and bone turnover.

Conclusions: Vitamin D3 supplementation with 1000 IU/day in children with mean baseline
25(OH)D concentration �20 ng/mL effectively raised their mean 25(OH)D concentration to �20
ng/mL but failed to reach 30 ng/mL. Vitamin D supplementation had no effect on PTH
concentrations.

Maintaining adequate vitamin D status is essential for
calcium homeostasis and skeletal health. How-

ever, hypovitaminosis D is common in healthy children
living in northeastern United States, and its prevalence and
severity are greater in black than in white children (1).

Circulating concentration of 25-hydroxyvitamin D
[25(OH)D] is the recognized biomarker of vitamin D sta-
tus. Definition of a 25(OH)D cut-off level for optimal
skeletal health lacks consensus. The Institute of Medicine
(IOM) recommends concentrations of 25(OH)D � 20
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ng/mL as optimal for skeletal health, and defines vitamin
D deficiency as concentration � 12 ng/mL and vitamin D
insufficiency as concentrations 12 to 20 ng/mL (2). The
IOM estimates that concentrations of � 16 ng/mL and �

20 ng/mL would be adequate for ensuring the skeletal
health needs of 50% and 97.5%, respectively, of US chil-
dren. The Endocrine Society and other experts in the field
have suggested a target level � 30 ng/mL for optimal skel-
etal health (3, 4).

Concentrations of 25(OH)D associated with maximal
suppression of serum parathyroid hormone (PTH) con-
centration, indicated by a plateauing of the PTH concen-
tration have been used for defining vitamin D sufficiency
in adults. Such data in children are limited and are varied.
Hill et al (5) found no inflection point in the inverse as-
sociation between 25(OH)D and PTH in a cross-sectional
study of 7- to 18-year-old children. Whereas, Maguire et
al (6) demonstrated plateauing of PTH at 25(OH)D con-
centration of 42.8 ng/mL in a cross-sectional study of 1- to
6-year-old children. Vitamin D supplementation (0, 400,
1000, 2000, and 4000 IU/d for 12 weeks) in 9- to 13-year-
old children had no effect on PTH concentrations despite
dose-dependent increases in 25(OH)D concentrations (7).

Confounding effects of sun exposure and other deter-
minantsof vitaminDphotoproductionpose challenges for
estimating the amount of dietary vitamin D needed to
achieve and maintain a defined 25(OH)D level (2). Those
considerations notwithstanding, IOM’s dietary reference
intakes for vitamin D were calculated without regard for
variations in skin color, race, or sunlight exposure. De-
lineating the racial differences in response to vitamin D
supplementation and exploring levels of 25(OH)D asso-
ciated with vitamin D sufficiency is relevant for formulat-
ing dietary guidelines. In addition, data regarding the ef-
fect of vitamin D supplementation on bone turnover are
limited. Therefore, we initiated a pharmacological chal-
lenge with 1000 IU of vitamin D3 daily [5 times the pre-
vailing adequate intake for vitamin D (8)] in black and in
white children to examine the responsive changes in
25(OH)D, PTH, and bone turnover. The objective of this
study was to determine the effects of supplementation
with 1000 IU of vitamin D3 on serum concentrations of
25(OH)D, PTH, and markers of bone turnover in black
and in white children. We utilized the longitudinal design
of our study to determine if there was a threshold level of
25(OH)D associated with maximal suppression of serum
PTH concentration.

Materials and Methods

Study design and participants
We enrolled healthy 8- to 14-year-old children from Pitts-

burgh and Kittanning, Pennsylvania (latitude/longitude: 40.4°

N/80°W and 40.8° N/79.5°W, respectively) in a randomized,
double-blind, placebo-controlled trial of vitamin D3 1000 IU
daily (Clinicaltrials.gov identifier: NCT00732758). The chil-
dren were enrolled October through March of 2008 through
2011. Children receiving vitamin preparations underwent a
1-month washout prior to enrollment.

Subjects were recruited from the Primary Care Center of the
Children’s Hospital of Pittsburgh of UPMC (University of Pitts-
burgh Medical Center) and the Children’s Community Pediat-
rics-Armstrong practice in Kittanning, and through advertise-
ments posted in the offices of the Children’s Hospital-affiliated
Pediatric PittNet, a practice-based pediatric research network.
Study procedures subsequent to enrollment were conducted ei-
ther at the UPMC Montefiore Clinical and Translational Re-
search Center (MUH-CTRC) or at the Children’s Community
Pediatrics-Armstrong practice. The study was approved by Uni-
versity of Pittsburgh Institutional Review Board. Signed in-
formed parental consent and subjects’ assent were obtained prior
to research participation. Subject’s race was specified by their
parents.

Randomization and Intervention
Randomization was stratified by race using a 1:1 allocation

ratio and a permuted block scheme with block size of 4. Children
received either vitamin D3 1000 IU or placebo in a single tablet
once daily. The allocation scheme was generated by a study stat-
istician using R Version 2.7.0. The vitamin D3 and placebo tab-
lets were manufactured by Douglas Laboratories (Pittsburgh,
PA), and were similar in color and dispensed in identical con-
tainers labeled either A or B. A sealed envelope system was used
for the assignments. Children, parents, and the investigative
team were blinded to the treatment assignment until the study
was completed. Study medications were made in two batches.
The average vitamin D3 content of the vitamin D3 tablet, mea-
sured as previously described (9), in the first batch around the
midpoint of its shelf-life was �1129 IU; and in the second batch
at the end of the trial was �1140 IU.

Compliance
Compliance was assessed by pill count at the 2- and 6-month

follow-up visits, and validated in a subset of 90 subjects by an
electronic medication event monitoring system (MEMs 6 Track
Cap; AARDEX, Zug, Switzerland).

Study measurements

Anthropometry, sun exposure, skin color, dietary in-
take, and pubertal status

We measured height and weight and calculated body mass
index (BMI) at study entry and at the 6-month follow-up visit. At
study entry and exit we assessed: summertime sunlight exposure
characteristics; melanin index from the forehead, back of the
hand, and inner arm using a hand-held dermatospectrophotom-
eter (DSM II Colormeter, Cortex Technology, Hadsund, Den-
mark); and dietary intake of vitamin D and calcium using a val-
idated Youth and Adolescent Food Frequency Questionnaire
(10, 11). We estimated Tanner stage by physical examination
(12, 13) and ascertained the parent-reported Fitzpatrick sunre-
active skin type (14–16) at study entry.
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Biochemical assessments
We collected blood samples by venipuncture in a nonfasting

state throughout the day. We measured serum calcium, phos-
phorus, albumin, 25(OH)D, PTH, osteocalcin ([OC], marker of
bone formation), and collagen type 1 cross-linked C-telopeptide
([CTx], a marker of bone resorption) concentrations at baseline
and at 2- and 6-month follow-up visits. Calcium, phosphorus,
and albumin concentrations were measured at the UPMC Clin-
ical Chemistry laboratory. Serum 25(OH)D, PTH, OC, and CTx
concentrations were measured at the Vitamin D, Skin, and Bone
Research Laboratory at Boston University Medical Center. Se-
rum 25(OH)D concentrations were measured using liquid chro-
matography-tandem mass spectrophotometry (17). The intra-
assay and interassay coefficients of variation (CV) were 6% and
10%, respectively. The 25(OH)D assay is Center for Disease
Control certified, and National Institutes of Standards and Tech-
nology standards were used for confirmation of the standard
curves. Serum 3-epi-25-hydroxyvitamin D is excluded in the re-
ported levels. Serum PTH concentrations were assayed using a
Human Bioactive PTH 1–84 Elisa kit (Immutopics, Inc, San Cle-
mente, CA); intra-assay and interassay CV were 7% and 9%,
respectively. Serum OC concentrations were measured by Micro
Vue osteocalcin enzyme immunoassay (EIA) kit (Quidel, San
Diego, CA, USA); intra-assay and interassay CV were 5% and
10%, respectively. Serum CTx concentrations were measured by
Serum CrossLaps ELISA kit (Immunodiagnostic Systems,
Bolton, Tyne & Wear, UK); intra-assay and interassay CV were
1.8%–3%, and 8.0–10.9% respectively.

Statistical Analysis
We based parameter estimates for sample-size analyses on our

earlier study of changes in PTH concentration in response to
vitamin D3 supplementation (18). Assuming that the concentra-
tion of 25(OH)D would reach � 20 ng/mL in the supplemented
group and would remain � 20 ng/mL in the placebo group, and
with 2-sided ��0.05, we estimated that 160 children would be
needed to detect effect sizes in serum 25(OH)D and PTH con-
centrations of approximately 0.5, with power of 81% to 88%.
Assuming that 50% of the children were black and 50% white,
we had 79% power to detect a correlation of at least –0.3 be-
tween PTH and 25(OH)D concentrations within each race group
(��0.05). We anticipated an attrition rate of 5% and planned to
enroll a total of 168 children.

We used intention-to-treat analyses when testing the effects of
vitamin D supplementation relative to placebo. We tested for
treatment group or racial differences in categorical measures
using �2 or Fisher’s exact tests, and in continuous measures using
t-tests. Concentrations of 25(OH)D, the primary study outcome
did not require transformation. We compared mean 25(OH)D
concentrations using ANCOVA, controlling for baseline
25(OH)D, race, gender, pubertal status, BMI, dietary intake of
vitamin D, and sunlight exposure.

To explore threshold effects of 25(OH)D on PTH concentra-
tions, we conducted analyses similar to those described by Hill et
al (5) and Maguire et al, (6) using linear and cubic spline regres-
sions. Scatterplots were constructed superimposed with both fit-
ted lines and Lowess (locally weighted scatterplot smoothing)
curves to visually examine nonlinearity. We used mixed-effects
modeling to examine the associations between PTH and
25(OH)D concentrations. This allowed us to account for re-
peated measures within children across time and adjust for the

baseline covariates of BMI, race, and calcium intake and for the
time-varying covariates of 25(OH)D and season. In the models,
season was based on the date of visit and categorized as fall/
winter/early- to midspring (October through May) and late
spring/summer (June through September). We assessed cross-
sectional between-child associations using baseline measures
and within-child associations using changes from baseline.

Results

Of 304 eligible children, 157 were enrolled (Figure 1), 141
in Pittsburgh and 16 in Kittanning. Eighty-four of the chil-
dren were black and 73 were white. The vitamin D3-sup-
plemented and placebo groups were similar at baseline
(Table 1). Baseline characteristics between vitamin D vs.
placebo group when examined within each race group
were also balanced except for hand melanin index in black
children (Table 1). However, hand melanin index mea-
surements were missing in 12 black children.

Effects of Vitamin D3 supplementation
Effects on mean 25(OH)D concentrations. Baseline
25(OH)D concentrations were not different between the
vitamin D3-supplemented and placebo group and both
were � 20 ng/mL (Table 2). At the 2- and 6-month fol-
low-up visits, concentrations were higher in supplemented
children, and in black supplemented children considered
as a separate subgroup. The increase in 25(OH)D concen-

Study Flow Diagram 

 
Ineligible (n=51) 

Lost to follow-up 
(n=8) 

Did not agree to par�cipate (n=147) 
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Randomized 
(n=157) 

Assessed for eligibility 
(n=355) 

Consent form signed 
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Vitamin D Group (n=78) 
Black, 42; White, 36 
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Black, 42; White, 37 

Lost to follow-up 
(n=16) 

Figure 1. Enrollment, Randomization, and Follow-up of
Study Participants
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tration in supplemented children was greater in black than
white children at 2-months but not at 6-months. Mean
25(OH)D concentrations were lower generally in black
children than in white children. ANCOVA parameter es-
timates for the 25(OH)D differences at 2- and 6-months
are shown in Supplemental Table 1.

Children with baseline 25(OH)D concentrations < 20
ng/mL. Of this subgroup of children who received vitamin
D3 supplementation, concentrations at 2-months were be-
tween 20 and 30 ng/mL in 65% (24/37) and � 30 ng/mL
in 3% (1/37). Corresponding proportions in the children
who received placebo were 14% (5/36) and 6% (2/36),
respectively. At 6-months, concentrations in supple-
mented children were between 20 and 30 ng/mL in 47%
(17/36) and � 30 ng/mL in 14% (5/36). Corresponding
proportions in the children who received placebo were
53% (18/34) and 0% (0/34), respectively. The propor-
tions in black and in white children were similar.

Magnitude of changes in 25(OH)D concentration in rela-
tion to baseline concentration. Lower baseline 25(OH)D
concentration was associated with greater change in
25(OH)D concentration at 2 months overall (r � –0.32,
P � .001) and in black children (r � –0.49, P � .001) but
not in white children (r � –0.0005, P � 1.0). The asso-
ciations were similar for 6-month changes overall (r �
–0.44, P � .001), and both in black children (r � –0.58,
P � .001), and in white children (r � –0.24, P � .048).

Changesin25(OH)Dconcentrationsinrelationtodietary
intake of vitamin D and sun exposure. Baseline dietary in-
take of vitamin D was not correlated with changes in
25(OH)D concentrations at 2- and 6-months. The change
in 25(OH)D concentrations was higher in children with �
2 hrs vs. �2 hrs of sunlight exposure (2-months: 3.6 � 8.2
ng/mL vs. 0.9 � 6.0 ng/mL, P � .16; 6-months: 5.3 � 7.4
vs. 2.6 � 4.6 ng/mL, P � .035). This association varied by
race and skin pigmentation at 2-months but not at

Table 1. Baseline Characteristics of Enrolled Children

All Children Black Children White Children

Vitamin D Group (n � 78) Placebo Group (n � 79) P value Vitamin D Group (n � 42) Placebo Group (n � 42) P value Vitamin D Group (n � 36) Placebo Group (n � 37) P value

N (%) or mean � SD N (%) or mean � SD N (%) or mean � SD N (%) or mean � SD N (%) or mean � SD N (%) or mean � SD

Demographic

Male 33 (42.3) 45 (57.0) 0.07 18 (42.9) 23 (54.8) 0.38 15 (41.7) 22 (59.5) 0.16

Black 42 (53.8) 42 (53.2) 0.93

Ethnicity

Hispanic 1 (1.3) 1 (1.3) 0.42 1 (2.4) 1 (2.4) 0.80 0 0.36

Non-Hispanic 68 (87.2) 63 (79.7) 33 (78.6) 30 (71.4) 35 (97.2) 33 (89.2)

Not reported 9 (11.5) 15 (19.0) 8 (19.1) 11 (26.2) 1 (2.8) 4 (10.8)

Age (years) 11.2 � 1.9 11.4 � 2.0 0.48 11.1 � 1.9 11.8 � 2.0 0.08 11.3 � 1.9 10.9 � 1.8 0.35

Weight (kg) 48.4 � 18.0 49.2 � 19.6 0.80 49.7 � 18.2 54.8 � 23.3 0.27 46.9 � 18.0 42.8 � 11.7 0.25

Height (cm) 148.1 � 13.4 149.3 � 13.1 0.59 147.8 � 12.4 153.2 � 13.8 0.06 148.5 � 14.6 144.9 � 10.8 0.22

BMI (kg/m2) 21.6 � 5.5 21.6 � 6.2 0.97 22.3 � 6.1 22.8 � 7.5 0.75 20.7 � 4.7 20.1 � 3.8 0.56

Weight classification

Normal weight (BMI �85th %tile) 44 (56.4) 49 (62.0) 0.72 20 (47.6) 25 (59.5) 0.48 24 (66.7) 24 (64.9) 1.00

Overweight (BMI 85th-�95th %tile) 14 (17.9) 11 (13.9) 8 (19.1) 5 (11.9) 6 (16.7) 6 (16.2)

Obese (BMI �95th %tile) 20 (25.6) 19 (24.1) 14 (33.3) 12 (28.6) 6 (16.7) 7 (18.9)

Tanner stage

Tanner I 30 (38.5) 31 (39.2) 0.99 14 (33.3) 13 (31.0) 0.43 16 (44.4) 18 (48.7) 0.25

Tanner II 20 (25.6) 19 (24.1) 12 (28.6) 6 (14.3) 8 (22.2) 13 (35.1)

Tanner III 12 (15.4) 14 (17.7) 6 (14.3) 10 (23.8) 6 (16.7) 4 (10.8)

Tanner IV 8 (10.3) 8 (10.1) 6 (14.3) 6 (14.3) 2 (5.6) 2 (5.4)

Tanner V 8 (10.3) 7 (8.9) 4 (9.5) 7 (16.7) 4 (11.1) 0 (0)

Skin Type

I (easy burn, no tan) 4 (5.3) 6 (7.7) 0.26 0 (0) 0 (0) 0.06 4 (11.4) 6 (16.2) 0.91

II (easy burn, slight tan) 14 (18.4) 13 (16.7) 0 (0) 1 (2.4) 14 (40.0) 12 (32.4)

III (burn, then tan) 15 (19.7) 16 (20.5) 4 (9.8) 4 (9.8) 11 (31.4) 12 (32.4)

IV (no burn, good tan) 36 (47.4) 27 (34.6) 30 (73.2) 20 (48.8) 6 (17.1) 7 (18.9)

V (never burn, marked tan) 7 (9.2) 16 (20.5) 7 (17.1) 16 (39.0) 0 (0) 0 (0)

Melanin index*

Forehead 51.9 � 18.2 54.6 � 19.8 0.40 66.9 � 13.5 71.9 � 11.4 0.09 37.0 � 5.4 37.3 � 7.1 0.83

Hand 54.2 � 18.1 57.5 � 20.0 0.28 69.0 � 13.5 75.6 � 10.7 0.02 39.3 � 5.3 39.6 � 5.8 0.81

Underarm 51.2 � 16.8 53.1 � 18.5 0.52 64.6 � 13.7 69.2 � 12.2 0.14 37.8 � 4.1 37.5 � 5.6 0.75

Summertime Sunlight Exposure

Duration: � 2 h 63 (85.1) 60 (78.9) 0.32 33 (84.6) 35 (87.5) 0.76 30 (85.7) 25 (69.4) 0.16

Sunscreen use: Yes 28 (37.8) 36 (46.8) 0.27 6 (15.4) 13 (31.7) 0.12 22 (62.9) 23 (63.9) 1.00

Sunscreen use frequency

Often 13 (54.2) 22 (68.8) 0.32 1 (20) 4 (40) 0.44 12 (63.2) 18 (81.8) 0.29

Sometimes 11 (45.8) 8 (25.0) 4 (80) 4 (40) 7 (36.8) 4 (18.2)

Seldom 0 (0.0) 2 (6.3) 0 (0) 2 (20) 0 (0) 0 (0)

Vacation travel to sunny location: Yes 14 (18.9) 22 (28.6) 0.16 3 (7.7) 9 (22.0) 0.12 11 (31.4) 13 (36.1) 0.80

Laboratory data

Calcium (mg/dL) 9.7 � 0.4 9.6 � 0.4 0.43 9.8 � 0.38 9.7 � 0.39 0.21 9.5 � 0.35 9.5 � 0.40 0.83

Phosphorus (mg/dL) 5.0 � 0.5 5.1 � 0.6 0.14 4.9 � 0.49 5.1 � 0.58 0.31 5.0 � 0.42 5.1 � 0.58 0.28

Albumin (g/dL) 4.2 � 0.3 4.2 � 0.3 0.64 4.3 � 0.33 4.2 � 0.34 0.48 4.2 � 0.22 4.2 � 0.23 0.79

25(OH)D (ng/mL) 19.8 � 7.6 18.8 � 6.9 0.38 16.6 � 7.4 16.3 � 6.7 0.81 23.5 � 6.0 21.6 � 6.1 0.19

PTH (pg/mL) 36.9 � 19.6 37.6 � 19.0 0.83 43.4 � 20.8 42.3 � 21.0 0.80 29.4 � 15.1 32.3 � 15.2 0.41

OC (ng/mL) 94.2 � 44.9 104.5 � 48.4 0.18 88.0 � 41.9 93.4 � 54.5 0.62 101.3 � 47.6 116.4 � 38.0 0.14

CTx (ng/mL) 1.7 � 0.9 1.8 � 0.9 0.82 2.1 � 1.0 2.0 � 1.0 0.74 1.3 � 0.6 1.4 � 0.7 0.30

Dietary intake

Calcium (mg/day) 1164.3 � 602.2 1200.6 � 599.3 0.71 1157.0 � 600.9 1178.7 � 695.5 0.88 1172.8 � 612.1 1226.1 � 471.5 0.68

Vitamin D (IU/day) 253.6 � 141.0 283.9 � 175.0 0.23 239.4 � 132.1 262.2 � 166.9 0.49 270.2 � 150.9 309.3 � 182.9 0.33

Vitamin d-deficient

25(OH)D �20 ng/mL 42 (54) 45 (57) 0.69 30 (71) 29 (69) 0.81 12 (33) 16 (43) 0.38

*Melanin index from forehead and hand was not obtained in 11 black children (vitamin D group, 6; placebo group, 5), and melanin index from
underarm was not obtained in 12 black children (vitamin D group, 6; placebo group, 6).
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6-months (Supplemental Table 2). The direction of the
association was the same and significant among white
children and in children classified as light-skinned (skin
type I-III) but not in black children and dark-skinned chil-
dren (skin type IV-V), respectively.

Effects on PTH concentrations. Vitamin D supplementa-
tion did not have an impact on mean PTH concentrations
at 2 and 6 months (Table 2). At baseline, mean PTH con-
centrations were higher in black children than in white
children in each of the two treatment groups, and re-
mained so throughout the duration of the study.

25(OH)D-PTHassociations. Inunadjustedanalyses,both
the between-children association and the within-child as-
sociation were negative in all children (standardized co-
efficients –0.89 [P � .001] and –0.24 [P � .03], respec-
tively); the between-children association was stronger
than the within-child association (P � .001). Calcium in-
take did not modify these associations. Adjusting for sea-
son, BMI, calcium intake, and race attenuated the strength
of both associations (standardized coefficients –0.64 [P �
.013] and –0.14 [P � .23], respectively).

The 25(OH)D and PTH association, by race, was sig-
nificant only in black children (between-children: black
[standardized coefficient –0.92, P � .001], white [-0.38,
P�0.10]; within-child: black [-0.30, P � .038], white
[-0.13, P�0.39]). In black children, the between-children
association was stronger than within-child association
(P � .011). Calcium intake did not modify these associ-
ations. Adjusting for season, BMI, and calcium intake at-

tenuated the strength of both associations (standardized
coefficients –0.89 [P � .001] and –0.24 [P � .13],
respectively).

We had limited power to detect a threshold concentra-
tion of 25(OH)D associated with maximal suppression of
PTH. This was largely because few of the 25(OH)D data
pointswereabove40ng/mLrelative toother studieswhich
have explored this association (5, 6, 19). The Lowess
curves (Figure 2, Panels A-C) of the between-children as-
sociations in all children, and in the race subgroups, were
linear, without evidence of plateauing. Visually suggestive
plateauing of PTH concentrations around 30 ng/mL in
black children and 40 ng/mL in white children were not
significant for nonlinearity (P � .27 and P � .67,
respectively).

EffectsonOCandCTxconcentrations (Table3).Overall,
vitamin D3 supplementation had no effect on mean con-
centrations of OC and CTx. Black children had lower
mean concentration of OC and higher mean concentration
of CTx than white children at baseline; and in the placebo
group, their mean OC concentrations remained signifi-
cantly lower than white children at 2 and 6 months. The
effect of treatment varied by race for changes in OC at 6
months (race-by-treatment interaction term, P � .001). In
vitamin D-supplemented black children, mean OC con-
centration was significantly higher than the placebo group
at 6-months. There was no effect on CTx in black children.
In white children, however, mean OC and CTx concen-

Table 2. 25(OH)D and PTH concentrations by treatment group and race*

Mean 25(OH)D Concentrations (ng/mL)

Total Sample (n � 157) Black (n � 84) White (n � 73)

Vitamin D Group Placebo Group P Value Vitamin D Group Placebo Group P Value Vitamin D Group Placebo Group P Value

Baseline 19.8 � 7.6 (n � 78) 18.8 � 6.9 (n � 79) 0.38 16.6 � 7.4 (n � 42) 16.3 � 6.7 (n � 42) 0.81 23.5 � 6.0 (n � 36) 21.6 � 6.1 (n � 37) 0.19
2 month f/u 26.4 � 8.1 (n � 72) 18.9 � 8.1 (n � 64) �0.0001 25.2 � 6.9 (n � 37) 14.9 � 6.0 (n � 31)§ �0.0001 27.6 � 9.2 (n � 35) 22.7 � 8.1 (n � 33) 0.15
6 month f/u 26.7 � 7.6 (n � 70) 22.4 � 7.3 (n � 63) 0.003 24.2 � 7.4 (n � 35) 18.9 � 6.8 (n � 29) 0.012 29.2 � 7.0 (n � 35) 25.4 � 6.5 (n � 34) 0.08
2 mo - baseline � 6.1 � 7.6 0.17 � 7.0 �0.0001 8.2 � 8.1 � 10� �0.56 � 7.8 �0.0001 3.9 � 6.5 0.87 � 6.2 0.05
6 mo - baseline � 6.5 � 7.4 3.4 � 6.7 0.01 7.5 � 9.0 3.2 � 8.5 0.06 5.5 � 5.3 3.5 � 4.8 0.11
Mean PTH Concentrations (pg/mL)

Total Sample (n � 157) Black (n � 84) White (n � 73)
Vitamin D Group Placebo Group P Value Vitamin D Group Placebo Group P Value Vitamin D Group Placebo Group P Value

Baseline 36.9 � 19.6 (n � 78) 37.6 � 19.0 (n � 79) 0.83 43.4 � 20.8 (n � 42)§ 42.3 � 21.0 (n � 42)�10� 0.81 29.4 � 15.1 (n � 36) 32.3 � 15.2 (n � 37) 0.41
2 month f/u 35.1 � 17.6 (n � 72) 32.7 � 13.6 (n � 64) 0.37 39.3 � 18.7 (n � 37)�10� 36.1 � 11.6 (n � 31) 0.40 30.7 � 15.5 (n � 35) 29.5 � 14.7 (n � 33) 0.74
6 month f/u 35.5 � 16.3 (n � 69) 33.5 � 17.0 (n � 62) 0.51 42.0 � 16.6 (n � 35) 38.9 � 17.4 (n � 28)�10� 0.48 28.8 � 13.2 (n � 34) 29.1 � 15.7 (n � 34) 0.92
2 mo - baseline � �1.8 � 15.4 �4.7 � 16.2 0.29 �5.2 � 18.3 �6.1 � 16.0 0.82 1.7 � 10.9 �3.4 � 16.5 0.14
6 mo - baseline � �1.5 � 13.9 �3.4 � 20.0 0.52 �2.2 � 16.0 �2.7 � 20.6 0.91 �0.7 � 11.5 �4.0 � 19.7 0.40

Data shown as Mean � SD (N)

*P-values of 25(OH)D group differences at 2 and 6 month follow-up are adjusted for baseline 25(OH)D, race, BMI, diet vitamin D, gender, pubertal
status and sunlight exposure; P-values of PTH group differences are unadjusted; P-values of 25(OH)D � and PTH � group differences are
unadjusted

P � 0.0001 for the difference between black and white children in the corresponding treatment group

P � 0.001 for the difference between black and white children in the corresponding treatment group

§ P � 0.01 for the difference between black and white children in the corresponding treatment group

P � 0.05 for the difference between black and white children in the corresponding treatment group
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trations were both lower in the vitamin D-supplemented
group than the placebo group at 2 and 6 months.

25(OH)D and bone turnover relationships (Table 4). At
baseline, neither OC nor CTx was associated with
25(OH)D in all children, and in black and in white chil-
dren, when adjusted for intervention, pubertal status, sex,
and race. At 2 and 6 months, change in (�) 25(OH)D was
positively associated with the � OC overall and in white
children when adjusted for intervention, pubertal status,
race, sex, and baseline 25(OH)D.

Compliance
Three children, all in the placebo group, discontinued

study medication; one was started on vitamin D supple-
mentation by the treating physician and the other two
experienced unrelated events. By pill count, more than
80% of prescribed doses were taken by children in both
the vitamin D and the placebo group. Proportions of pre-
scribed doses taken did not differ between the two treat-
ment arms and was confirmed by the validation proce-
dure. Compliance did not vary by race.

Adverse effects
No child developed hypercalcemia.

Discussion

We have shown that vitamin D3 supplementation of 1000
IU/d during fall and winter in children with baseline mean
25(OH)D concentrations � 20 ng/mL was safe and effec-
tive to raise their mean concentrations of 25(OH)D to 20
- 30 ng/mL but not to � 30 ng/mL. Of the supplemented
children with baseline 25(OH)D concentrations � 20 ng/
mL, only 14% reached concentrations � 30 ng/mL at the
6-month follow-up visit. Effect of vitamin D3-supplemeta-
tion varied by race, and was more effective and significant
only in black children.

Our observations affirm the previously observed asso-
ciation between baseline 25(OH)D concentration and the
changes that occur in response to vitamin D supplemen-
tation (20, 21). There was greater 2 month increase in
25(OH)D concentration with vitamin D supplementation
and a strong negative association between change in
25(OH)D concentration and baseline 25(OH)D concen-
tration in black children compared to white children. Both
observations are likely functions of the black children’s
lower baseline 25(OH)D concentrations.
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Figure 2. 25(OH)D-PTH associations. In Panel A, the scatter plot
shows combined cross-sectional, between-children data concerning
the association between 25(OH)D and PTH concentrations across all
time points in all subjects. The solid line constitutes the linear
regression line, and the dotted lines indicate its 95% confidence
interval (CI). The bold solid line depicts the Lowess (locally weighted
scatterplot smoothing) curve. Panel B shows the scatter plot of the
between-children association between 25(OH)D and PTH in black
children with the liner regression line and the fitted Lowess smoother
line. Panel C shows the scatter plot of the between-children
association between 25(OH)D and PTH in white children with the liner

Legend to Figure 1 Continued. . .
regression line and the fitted Lowess smoother line.
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Black children had consistently higher concentrations
of PTH than white children. Our findings of lower
25(OH)D and higher PTH concentrations at baseline in
black than in white children is similar to the observations

of Warden et al (22). In their cross-sectional study of 10-
to 13-year-old early pubertal black and white children,
PTH was positively associated with bone strength at the
tibial diaphysis in black but not in white children, primar-

Table 3. OC and CTx concentrations by treatment group and race*

Mean OC Concentrations (ng/mL)

Total Sample (n � 157) Black (n � 84) White (n � 73)

Vitamin D Group Placebo Group P-value Vitamin D Group Placebo Group P-value Vitamin D Group Placebo Group P-value

Baseline
94.2 �

44.9 (n � 77)
104.5 �

48.4 (n � 77) 0.18
88.0 �

41.9 (n � 41)
93.4 � 54.5
(n � 40) 0.62

101.3 �
47.6 (n � 36)

116.4 �
38.1 (n � 37) 0.14

2 month f/u 97.3 � 45.6 (n � 71) 101.5 � 45.8 (n � 64) 0.60 98.0 � 44.4 (n � 36) 83.6 � 47.9 (n � 31) 0.21 96.6 � 47.4 (n � 35) 118.2 � 37.2 (n � 33) 0.041

6 month f/u 101.1 � 48.3 (n � 70) 104.8 � 48.7 (n � 61) 0.66 105.8 � 53.0 (n � 35) 78.6 � 43.6 (n � 29)§ 0.031 96.3 � 43.4 (n � 35) 128.6 � 40.5 (n � 32) 0.003
2 mo - baseline � 1.0 � 25.9 �0.7 � 21.7 0.67 5.6 � 32.0 0.4 � 11.7 0.38 �3.7 � 16.8 �1.8 � 28.0 0.74
6 mo - baseline � 4.7 � 33.6 5.9 � 32.8 0.84 13.4 � 37.2 �2.0 � 34.6 0.10 �4.0 � 27.5 12.7 � 30.1 0.02
Mean CTx Concentrations (ng/mL)

Total Sample (n � 157) Black (n � 84) White (n � 73)

Vitamin D Group Placebo Group P-value Vitamin D Group Placebo Group P-value Vitamin D Group Placebo Group P-value
Baseline 1.7 � 0.9 (n � 78) 1.8 � 0.9 (n � 79) 0.83 2.1 � 1.0 (n � 42)§ 2.0 � 1.0 (n � 42) 0.74 1.3 � 0.6 (n � 36) 1.4 � 0.7 (n � 37) 0.31
2 month f/u 1.6 � 0.8 (n � 72) 1.7 � 1.2 (n � 64) 0.44 1.9 � 0.8 (n � 37) 1.8 � 1.4 (n � 31) 0.70 1.3 � 0.6 (n � 35) 1.7 � 0.9 (n � 33) 0.041
6 month f/u 1.4 � 0.9 (n � 69) 1.6 � 0.9 (n � 63) 0.35 1.6 � 1.1 (n � 35) 1.4 � 1.0 (n � 29) 0.63 1.2 � 0.6 (n � 34) 1.7 � 0.9 (n � 34) 0.021
2 mo - baseline � �0.13 � 0.7 �0.01 � 1.0 0.43 �0.3 � 0.8 �0.27 � 1.0 0.88 0.05 � 0.63 0.23 � 0.85 0.32
6 mo - baseline � �0.29 � 1.0 �0.16 � 1.1 0.49 �0.6 � 1.2 �0.6 � 1.3 0.93 0.02 � 0.63 0.19 � 0.85 0.37

Data shown as Mean � SD (N)

*P-values of the OC and CTx group differences are unadjusted

P � 0.05 for the difference between black and white children in the corresponding treatment group

P � 0.01 for the difference between black and white children in the corresponding treatment group

§ P � 0.0001 for the difference between black and white children in the corresponding treatment group

Table 4. 25(OH)D and Bone Turnover Relationships

Baseline Associations

unadjusted adjusteda

Total Sample N r P-value P-value
25(OH)D & log OC 154 0.12 0.13 0.77
25(OH)D & log CTx 154 0.13 0.69 0.20
Black
25(OH)D & log OC 81 0.23 0.038 0.17
25(OH)D & log CTx 84 0.21 0.046 0.72
White
25(OH)D & log OC 73 �0.27 0.02 0.13
25(OH)D & log CTx 73 0.17 0.15 0.06
Change over 2 months

unadjusted adjustedb adjustedc

Total Sample N r P-value P-value P-value
�25(OH)D & �log OC 134 0.25 0.004 0.004 0.019
�25(OH)D & �log CTx 136 �0.08 0.37 0.48 0.34
Black
�25(OH)D & �log OC 66 0.18 0.14 0.17 0.71
�25(OH)D & �log CTx 68 �0.01 0.92 0.30 0.22
White
�25(OH)D & �log OC 68 0.33 0.006 0.006 0.006
�25(OH)D & �log CTx 68 �0.12 0.34 0.42 0.40
Change over 6 months

unadjusted adjustedb adjustedc

Total Sample N r P-value P-value P-value
�25(OH)D & �log OC 130 0.17 0.052 0.014 0.02
�25(OH)D & �log CTx 132 �0.014 0.87 0.87 0.54
Black
�25(OH)D & �log OC 63 0.19 0.14 0.17 0.36
�25(OH)D & �log CTx 64 0.01 0.93 0.88 0.45
White
�25(OH)D & �log OC 67 0.13 0.28 0.062 0.03
�25(OH)D & �log CTx 68 0.014 0.91 0.63 0.62

aTotal sample adjusted for intervention, Tanner stage, sex, and race; Black or White children adjusted for intervention, Tanner stage, and sex
bTotal sample adjusted for intervention, Tanner stage, sex, and race; Black or White children adjusted for intervention, Tanner stage, and sex
c Total sample adjusted for intervention, Tanner stage, sex, race, and baseline 25(OH)D; Black or White children adjusted for intervention, Tanner
stage, sex, and baseline 25(OH)D

P values �0.05 are shown in bold
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ily due to greater bone cross-sectional area with higher
PTH concentrations. This finding calls to question the
benefits of maximal PTH suppression in children.

We found that the negative association between
25(OH)D and PTH was linear without evidence of pla-
teauing, thereby calling into question the appropriateness
of using 25(OH)D-PTH dynamics as a surrogate indicator
for defining optimal vitamin D status in children. This
finding is in agreement with the report by Hill et al (5) and
affirms their conclusion that 25(OH)D-PTH association
in children is linear and lacks a threshold indicative of
maximal suppression of PTH. However, our failure to find
an inflection in the response curve could be attributed to
insufficient range of 25(OH)D concentrations, mainly the
number of 25(OH)D data points above 40 ng/mL.
Whether PTH levels would plateau at higher concentra-
tions of 25(OH)D, as reported in adults, (23, 24) remains
uncertain. Most importantly, our longitudinal design en-
abled us to examine whether the 25(OH)D-PTH within-
child association over time was as strong as the cross-
sectional association. We found the strength of within-
child association was far less. This finding implies that any
25(OH)D-PTH associations found through cross-sec-
tional studies are largely due to unmeasured confounding
and are overly biased estimates of the causal effects of
vitamin D on PTH.

In our study, overall, increase in serum 25(OH)D con-
centration following vitamin D supplementation had no
effect on PTH and bone turnover. In 323 9- to 13-year-old
black and white American children living at 34°N (Athens,
Georgia) and 40°N (West Lafayette and Indianapolis, In-
diana) with baseline mean 25(OH)D concentration of 28
ng/mL, dose-dependent increases in 25(OH)D with vita-
min D supplementation (0, 400, 1000, 2000, and 4000
IU/d for 12 weeks) had no effect on calcium absorption (7).
In the same cohort, bone turnover markers were not as-
sociated with 25(OH)D at baseline or with change in
25(OH)D over 12 weeks (25). Therefore, raising
25(OH)D concentrations � 30 ng/mL is unlikely to in-
crease calcium absorption or have an impact on bone turn-
over in children. Well-designed clinical trials with longer
duration of follow-up are warranted to examine the skel-
etal health benefits of enhancing the vitamin D status of
otherwise healthy vitamin D-deficient children.

Our observed race-related differences in bone turnover
and effect of vitamin D supplementation on bone turnover
are in discordance with the findings of Hill et al (25).
Differences in age and pubertal status of the cohorts may
explain the discordance. In addition there is a diurnal or
circadian rhythm for bone turnover markers and since
markers were obtained throughout the day, we may have
missed an association (26, 27). Race-related differences in

the effect of vitamin D supplementation on bone turnover
need further exploration.

Strengths of our study included enrollment of substan-
tial numbers of black children, enrollment limited to pe-
riods of reduced solar ultraviolet (UV)-B radiation, and
detailed characterization of determinants of vitamin D sta-
tus. Limitations included reliance on a standard dose,
rather than multiple doses, of vitamin D3, lack of func-
tional outcome measures such as calcium absorption and
bone mineral density (BMD), and nonfasting PTH and
bone turnover markers. Also, data regarding vitamin D-
binding-protein (DBP) concentrations, DBP polymor-
phisms, and 1,25(OH)2D concentrations might have pro-
vided additional insight into the racial differences that we
observed in PTH concentrations and into 25(OH)D-PTH
dynamics. In a recent study, black adults had lower
25(OH)D and DBP concentrations than white adults, but
similar concentrations of estimated bioavailable
25(OH)D, both generally and within each quintile of PTH
concentration (28).

In conclusion, vitamin D3 supplementation with 1000
IU/d in children with mean 25(OH)D concentration � 20
ng/mL failed to raise their 25(OH)D concentration to 30
ng/mL. Of the supplemented children with baseline
25(OH)D concentrations � 20 ng/mL, 39% continued to
have concentrations � 20 ng/mL at the 6-month follow-up
visit. These findings suggest that currently recommended
daily dietary allowances of vitamin D of 600 IU (2, 29)
may be inadequate for preventing vitamin D deficiency in
children. Overall, vitamin D supplementation had no ef-
fect on mean concentrations of PTH, OC, and CTx. Our
findings of lack of effect of vitamin D supplementation on
bone turnover markers may not reflect effects on skeletal
health as single measurements of bone turnover markers
do not correlate with bone density in children and young
adults (30). We were unable to define a threshold concen-
tration of 25(OH)D as an indicator of vitamin D suffi-
ciency based on the relationship between 25(OH)D and
PTH, as we found no plateauing effect on PTH concen-
tration with increasing concentrations of 25(OH)D. Fur-
ther study is needed to examine the clinical importance of
striving for higher 25(OH)D levels in children and to as-
certain whether PTH levels would plateau at higher con-
centrations of 25(OH)D.
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