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Abstract

Low 25-hydroxyvitamin D (25[OH] D) results in hyperparathyroidism and is among the endocrine derangements of adult obesity. There
are differing recommendations on defining low 25(OH) D: hypovitaminosis D (serum 25[OH] D concentration <75 nmol/L) and vitamin D
deficiency (serum 25[OH] D concentration <50 nmol/L). We sought to evaluate the prevalence of low levels of 25(OH) D by examining
hypovitaminosis D (<75 nmol/L), vitamin D sufficiency (=75 nmol/L), vitamin D insufficiency (50-74.9 nmol/L), and vitamin D deficiency
(<50 nmol/L) in pediatric obesity and the relationship to other calciotropic hormones and adiposity. Serum 25(OH) D, intact parathyroid
hormone (iPTH), ionized calcium, glucose, and insulin levels along with hemoglobin A, (HbA.) and quantitative insulin sensitivity check
index (QUICKI) were determined in 127 subjects aged 13.0 + 3.0 years (49 Caucasian [C], 39 Hispanic [H], and 39 African American
[AA]; 61.2% female; body mass index 36.4 + 8.1 kg/m*) during fall/winter (F/W) and spring/summer (S/S). Body composition was
determined by bioelectrical impedance. Hypovitaminosis D was present in 74% of the cohort, but was more prevalent in the H (76.9%, P <
.05) and AA (87.2%, P <.05) groups than in the C group (59.1%). Hypovitaminosis D corresponded to decreased vitamin D intake (P <
.005) and was more prevalent in F/W than S/S (98.4% vs 49.2, P <.01). Vitamin D deficiency was identified in 32.3% of the entire cohort
and was more prevalent in the H (43.6%, P <.0001) and AA (48.7%, P <.0001) groups than in the C group (10.2%) associated with
decreased vitamin D intake (P <.0001). Vitamin D insufficiency was present in 41.7% of the cohort, with similar prevalence among C
(48.9%), H (33.3%), and AA (38.5%). Vitamin D insufficiency corresponded to decreased vitamin D intake (P < .005), with similar
prevalence in F/W and S/S (45.3% vs 38.1%), whereas vitamin D deficiency was not only accompanied by decreased vitamin D intake (P <
.0001) but was more prevalent in F/W than S/S (53.1% vs 11.1%, P <.0001). Serum 25(OH) D and iPTH (» = —0.41, P <.0001) levels
were negatively correlated without seasonal and ethnic/racial influences. Hypovitaminosis D and vitamin D—deficient groups had higher
body mass index, fat mass (FM), and iPTH, but had lower QUICKI than vitamin D—sufficient group (P <.01). Whereas FM was negatively
correlated with 25(OH) D (r = —0.40, P <.0001), it was positively correlated with iPTH (r = 0.46, P <.0001) without seasonal and racial/
ethnic influences. Serum 25(OH) D was also positively correlated with QUICKI (r = 0.24, P < .01), but was inversely correlated with
HbA,. (r = —0.23, P <.01). Hypovitaminosis D was identified in 74% of obese subjects, whereas vitamin D deficiency was observed in
32.3% of our cohort. Vitamin D status was influenced by vitamin D intake, season, ethnicity/race, and adiposity. Interrelationships between
25(0H) D, iPTH, and FM were not influenced by season and race/ethnicity. Furthermore, serum 25(OH) D was positively correlated with
insulin sensitivity, which was FM mediated, but negatively correlated with HbA ., implying that obese children and adolescents with low
vitamin D status may be at increased risk of developing impaired glucose metabolism independent of body adiposity. Additional studies are
needed to evaluate the underlying mechanisms.
© 2008 Elsevier Inc. All rights reserved.

- 1. Introduction
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metabolism through its endocrine function and its non-
calciotropic effects such as cellular differentiation and
replication in many organs via its paracrine and autocrine
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role [1,2]. These noncalciotropic functions comprise the
immune system, endocrine pancreas, liver, skeletal muscles,
and adipocytes [2]. The vitamin D endocrine system plays a
role in glucose homeostasis, especially in the mechanism of
insulin secretion [3-6]. Therefore, vitamin D deficiency and
insufficiency (hypovitaminosis D) can adversely affect
tissues that are not involved in calcium homeostasis and
bone metabolism [7].

Serum 25-hydroxyvitamin D (25[OH] D) concentrations
are largely determined by environmental factors, mainly
through vitamin D intake (cholecalciferol and ergocalci-
ferol) and ultraviolet radiation of 7-dehydrocholesterol in
the skin (cholecalciferol) [8,9]. The serum concentration of
25(0OH) D is the best marker of total body vitamin D status
[10,11]; however, the definition of acceptable serum
concentration of 25(0OH) D is equivocal. Recently, a
consensus statement for vitamin D nutritional guidelines
issued by scientists and nutritional experts suggested that
serum 25(0OH) D >75 nmol/L concentration is the
minimum acceptable level for maintenance of bone health
and health in general [12]. There was also a general
recommendation that blood concentration of 25(OH) D
should at the very least meet, or exceed, a minimum
desirable level of 50 nmol/L in all age groups [13]. Indeed,
vitamin D deficiency, defined as serum 25(0OH) D <50
nmol/L [13], has been shown to be common in healthy
adolescent population, with a higher prevalence in African
American youth and during winter months [14-16]. Indeed,
low serum 25(OH) D and the resultant hyperparathyroidism
are among the endocrine derangements of obesity [17].
Despite this discrepancy in proposed minimum level of
acceptable serum concentration of 25(OH) D, obese adults
and children have been shown to have low serum 25(OH)
D and elevated intact parathyroid hormone (iPTH) levels
[18-20]. Adult subjects with hypovitaminosis D are also
believed to be at higher risk of insulin resistance and
metabolic syndrome [6,7]. Hypovitaminosis D has been
implicated in the pathogenesis of insulin resistance, f-cell
dysfunction, and type 1 and type 2 diabetes mellitus
[21,22].

In young children and adolescents living in the
northern parts of the United States, a rise in parathyroid
hormone level occurs at low-normal concentrations of
vitamin D [15,23,24]. One hypothesis is that this
physiologic increase in parathyroid hormone levels in
response to hypovitaminosis D state is believed to increase
intracellular calcium in adipocytes, which leads to
increased lipogenesis and weight gain [25]. To date, the
prevalence of vitamin D deficiency and hypovitaminosis
D, the identification of the resultant hyperparathyroidism,
and the impact on insulin sensitivity and glucose home-
ostasis among obese children have not been evaluated.
Therefore, we evaluated the levels of fasting serum
calciotropic hormones, ionized calcium (iCa*?), phosphate,
insulin, glucose hemoglobin A;. (HbA.), and an index of
insulin sensitivity and dietary intake of vitamin D and

calcium in relationship to adiposity, season, and ethnicity/
race in a group of obese children and adolescents residing
in a northern climate (43° N).

2. Subjects and methods
2.1. Subjects and design

One hundred twenty-seven children and adolescents
(age, 6.0-17.9 years) who met the criteria for obesity (body
mass index [BMI] >95th percentile for age) [26] were
included in the study. All subjects were evaluated at the
Children’s Hospital of Wisconsin (affiliated with the
Medical College of Wisconsin) Endocrine Clinic for
evaluation of metabolic syndrome between January 2003
and June 2004. Subjects were stratified according to season:
fall/winter (F/W) (November-April) and spring/summer
(S/S)(May-October). Race/ethnicity was self-assigned: Cau-
casian (C; n = 49, 38.6%), Mexican American (Hispanic
[H]; n = 39, 30.7%), and African American (AA; n = 39,
30.7%). Children were excluded if they had hepatic or renal
disease, metabolic rickets, malabsorptive disorders (Crohn
disease, cystic fibrosis, and celiac disease), or cancer or if
they were taking anticonvulsants or systemic glucocorti-
coids. The Children’s Hospital of Wisconsin Institutional
Review Board approved the retrospective review of
patients’ clinical charts; therefore, informed consent was
not required.

Data were collected on patients including age, sex, self-
declared ethnicity, height, weight, blood pressure, and body
composition analysis that was performed by bioelectrical
impedance (BIA) (TANITA-TBF-410; TANITA America,
Arlington Heights, IL) [27,28]. Subjects and/or their
guardians completed a questionnaire detailing their medical
history and medications. Two well-trained clinicians deter-
mined pubertal maturation (Tanner stage). Fasting serum
samples were obtained for glucose, iCa'?, phosphate, insulin,
25(0H) D, and iPTH.

2.2. Assessment of vitamin D and calcium intake

Dietary intakes of vitamin D and calcium were estimated
using 3-day food records that the parents mostly completed.
The dietary and/or supplemental vitamin D and calcium
contents were calculated by Nutritionist Pro (version 3.0)
analysis software (Axxya Systems, Stafford, TX). Adequate
intake (Al) of vitamin D was defined as 200 U/d as
recommended by the American Academy of Pediatrics
regardless of sunlight exposure, milk intake, and/or vitamin
D supplement use [29].

2.3. Laboratory studies and calculations

All blood samples were obtained between 8:00 AM and
11:00 AM. Serum glucose and phosphate were measured by
an autoanalyzer (Orthodiagnostics Fusion 5.1; Orthodiag-
nostics, Rochester, NY). Serum iCa*> was measured by an
ion-selective electrode method using Roche AVL 988-4
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Analyzer (Roche Diagnostics, Indianapolis, IN). The intraas-
say coefficient of variation (CV) was 8% at 4.72 mg/dL
(1.18 mmol/L), and interassay CVs were 4.08% at 1.5 mg/dL
(0.338 mmol/L) and 2.85% at 2.11 mg/dL (0.527 mmol/L).
Hemoglobin A;. was determined by the Bayer DCA 2000
instrument (Bayer Diagnostics, Tarrytown, NY) (nondiabetic
range of 4.5%-5.7%).

Serum 25(0OH) D was measured using Nichols radio-
immunoassay (Nichols Institute, San Clemente, CA) with
intraassay and interassay CVs of 4.6% to 11.5% and 8.4%
to 14.0%, respectively. Serum iPTH measurements were
made using a Nichols immunochemiluminometric assay
with intraassay and interassay CVs of 3.4% to 7.3% and
3.7% to 6.6%, respectively. Fasting serum insulin was
measured by Nichols radioimmunoassay with intraassay and
interassay CVs of 2.4% to 6.3% and 5.2% to 13.0%,
respectively. The quantitative insulin sensitivity check index
(QUICKI) was calculated as previously described [30,31]:
QUICKI = 1/[log(ly) + log(Gy)], where I, is fasting insulin
(in microunits per milliliter) and Gy is fasting glucose (in
milligrams per deciliter).

2.4. Statistical analysis

Statistical analyses were carried out using SPSS (version
14.0; SPSS, Chicago, IL). Data are expressed as mean +
SD unless otherwise specified. The following definitions
for vitamin D status were used for stratification of subjects:
hypovitaminosis D, 25(OH) D level <75 nmol/L; vitamin D
sufficiency, 25(OH) D level >75 nmol/L [12]; vitamin D
deficiency, 25(0OH) D level <50 nmol/L [13]; and vitamin
D insufficiency, 25(0OH) D level of 50 to 74.9 nmol/L [12].
Differences between the hypovitaminosis D and vitamin
D-sufficient groups were estimated using unpaired Student
t tests. Afterward, the differences of the multiple subgroups
(ie, vitamin D sufficiency, vitamin D deficiency, and
vitamin D insufficiency) were estimated by 1-way analysis
of variance; Bonferroni post hoc testing was applied
whenever appropriate. Because the distributions of 25
(OH) D and iPTH were skewed, we used the natural
logarithmic transformation before analysis. Two multiple
linear regression analyses were performed to examine the
associations between fat mass (FM) and plasma 25(OH) D
or iPTH while controlling for potential covariates (eg, age,
sex, ethnicity, and season). Spearman correlations were
used to assess the relationship between 25(OH) D and
iPTH as well as the potential covariates. In addition,
multiple linear regression analysis was performed to
determine the associations between 25(0OH) D, QUICKI,
and HbA,. while controlling for potential covariates (eg,
age, sex, FM, ethnicity, and season). x> analyses were used
to compare the prevalence of hypovitaminosis D in the
Caucasian subgroup with that in the Hispanic and African
American subgroups. Fisher Z transformation was used to
compare 2 correlations at a time. Multiple regression
analyses were conducted using the statistical models

proposed by Baron and Kenny [32] and the Sobel test
[33]. P <.05 was considered significant.

3. Results

3.1. Findings stratified by vitamin D sufficiency and
hypovitaminosis D

Table 1 summarizes the clinical and biochemical
characteristics of the entire participant cohort and groups
stratified according to vitamin D levels >75 nmol/L and
<75 nmol/L. The vitamin D—sufficient and hypovitaminosis
D groups were similar in age, proportion of female
subjects, and Tanner stage. However, subjects in the
hypovitaminosis D group had higher BMI (P< .02) and
FM (P < .02) and lower ratios of fat-free mass (FFM) to
FM (P < .001) than the vitamin D-sufficient group.
Hypovitaminosis D was detected in 74% of the entire
cohort. Furthermore, the hypovitaminosis D group had
higher iPTH levels (P <.001) but had similar serum iCa™
and phosphate levels compared with the vitamin D-—
sufficient group. In addition, serum iCa*® was inversely
correlated with serum iPTH (r = —0.25, P < .01) but
positively correlated with 25(OH) D (»r = 0.22, P <.02) in
the entire cohort (data not shown). Although mean serum
glucose levels and HbA,. were similar in both groups,
serum insulin levels were slightly higher in the hypovita-
minosis D group than in the vitamin D—sufficient group;
but this difference did not reach statistical significance.
Nevertheless, the hypovitaminosis D group had lower
QUICKI values than the vitamin D—sufficient group (P <
.005). The hypovitaminosis D group not only reported
lower intake of vitamin D and calcium than the vitamin D—
sufficient group (P <.02), but also lower percentage of Al
of vitamin D (P < .005).

3.2. Findings stratified by vitamin D sufficiency, vitamin D
insufficiency, and vitamin D deficiency

Table 2 summarizes the clinical and biochemical
characteristics of the 3 groups. Vitamin D deficiency was
detected in 32.3% of the entire cohort. The vitamin D—
sufficient, vitamin D—insufficient, and vitamin D—deficient
groups were similar in age, proportion of female subjects,
and Tanner stage. However, subjects in the vitamin D—
deficient group had higher BMI (P <.001, P <.01) and FM
(P <.001, P <.01) and lower FFM/FM ratios (P <.001, P <
.0001) than the vitamin D-sufficient and vitamin D—
insufficient groups, respectively. Furthermore, the vitamin
D—deficient group had higher iPTH levels (P <.001) but
lower serum iCa’? level compared with the vitamin D—
sufficient group. Although mean fasting serum glucose
levels were similar, the vitamin D-deficient group had
higher HbA . and serum insulin levels (P <.05) but lower
QUICKI values than the vitamin D—sufficient group (P <
.01). The vitamin D—deficient group not only reported lower
intake of vitamin D and calcium (P <.0001), but also lower
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Table 1
Clinical and biochemical characteristics of subjects based on hypovitaminosis D status
Parameters All Vitamin D sufficiency Hypovitaminosis D P
(=75 nmol/L) (<75 nmol/L)
n (%) 127 33 (26) 94 (74) NA
Age (y) 13.0+3.0 13.0+3.2 129 +2.8 NS
Sex (% female) 62.2 63.6 61.7 NS
Tanner stage 3.1+14 33+14 3.1+14 NS
BMI (kg/m?) 37.1+8.5 33.9+6.0% 38.2+8.9 <.02
Fat (%) 44.6 + 8.0 40.8 £ 8.5%* 458+ 7.4 <.005
FM (kg) 43.5+20.2 36.1 £17.3% 46.0 +20.5 <.02
FFM (kg) 51.1+13.9 50.1 +£12.2 51.5+14.5 NS
FFM/FM 1.32 £0.44 1.55 £ 0.54 *** 1.24 £0.36 <.001
TBW (kg) 37.3+£10.2 36.6 + 8.9 37.6 £10.6 NS
iCa*? (mmol/L) 1.24 £ 0.05 1.24 +£0.04 1.23 £0.05 NS
Phosphate (mmol/L) 141 +£0.19 1.39+0.16 141 £0.18 NS
25(0OH) D (nmol/L) 59.9£232 89.3.4 + [2.9 ###* 494 +15.6 <.0001
iPTH (ng/L) 383+ 15.0 31.4 + 13.3%** 40.8 + 14.9 <.001
Glucose (mmol/L) 498 +0.44 5.00 +£0.34 4.96 +0.42 NS
HbA,. (%) 52+04 5.04+0.4 53+04 NS
Insulin (pmol/L) 202.8 + 113.9 174.5 £ 98.9 2129 + 117.5 NS
QUICKI 0.299 + 0.021 0.310 £ 0.023 ** 0.297 + 0.021 <.005
Vitamin D intake (IU/d) 227 £ 121 270.9 + 149.3* 210.9 + 106.1 <.02
AT of vitamin D (%) 48.1 75.8 ** 36.2 <.005
Calcium intake (mmol/d) 32.1+£145 37.1+£17.2% 302+ 129 <.02

TBW indicates total body water; NA, not applicable; NS, not significant.

* P <.02, for comparison of vitamin D—sufficient group vs hypovitaminosis D group.

** P <.005, for comparison of vitamin D—sufficient group vs hypovitaminosis D group.
*** P <.001, for comparison of vitamin D—sufficient group vs hypovitaminosis D group.
*EEE P <.0001, for comparison of vitamin D—sufficient group vs hypovitaminosis D group.

percentage of Al of vitamin D than the vitamin D—sufficient
group (P <.005).

In addition, vitamin D insufficiency was identified in
41.7% of our cohort. Subjects with vitamin D insufficiency
had lower BMI (P < .01), FM (P < .01), FFM/FM ratios
(P < .001), and serum insulin level (P < .01) than the
vitamin D-deficient group. Furthermore, the vitamin D—
insufficient group reported higher intake of vitamin D and
calcium and percentage of Al of vitamin D (P <.001) than
the vitamin D—deficient group. However, the vitamin D—
insufficient and vitamin D—deficient groups were similar in
relationship to iCa+2, phosphate, iPTH, glucose, HbA,,,
and QUICKI values.

Finally, the vitamin D-insufficient and vitamin D—
sufficient groups were similar in relationship to body
adiposity; serum levels of iCaﬂ, iPTH, glucose, insulin,
and HbA.; and QUICKI values as well as reported dietary
intake of vitamin D and calcium.

3.3. Findings for entire cohort

Table 1 summarizes the clinical and biochemical
characteristics of the entire participant cohort. The
correlations among the covariate, predictor, and dependent
variables are summarized in Table 3. Two hierarchical
multiple regression analyses were then performed to test
whether FM was related to serum 25(OH) D and iPTH
once covariates (ie, age, sex, ethnicity, and season) were
taken into account. Sex was not significantly correlated

with serum 25(OH) D or iPTH and was therefore not used
as a covariate in either multiple regression analysis.
However, because season was correlated with both serum
25(0H) D and iPTH (» = 0.63, P <.0001 and » = —0.36,
P <.0001, respectively), it was used as a covariate in both
regression analyses. In addition, ethnicity was correlated
with serum 25(0OH) D (» = —0.35, P <.0001); and age was
correlated with iPTH (r = 0.27, P <.001). Therefore, each
was also used in the respective multiple regression
analysis. For the serum 25(OH) D regression analysis,
season and ethnicity accounted for a significant proportion
of the variance (f = 0.55, t = 8.97, P <.0001 and B =
=33, t = =5.55, P <.0001, respectively). However, FM
emerged as a significant main effect for serum 25(0OH) D
B = —027, t = —-4.34, P < .0001). For the iPTH
regression analysis, season accounted for a significant
proportion of the variance (8 = —0.28, ¢t = —3.53, P <.01);
but age did not (8 = 0.11, ¢ = 1.27, P < .10). However,
FM emerged as a significant main effect for iPTH (B =
0.35, t = 4.09, P <.001).

Season emerged as a covariate for both serum 25(OH)
D and iPTH regression analyses with FM. There were
similar correlations between serum 25(0OH) D and iPTH
during the F/W (r = —0.28, P <.03) and S/S (r = —0.26,
P < .05) seasons. The positive relationship between iPTH
and FM was not significantly influenced by season (F/W:
r = 0.53, P <.0001 vs S/S: r = 031, P < .02). The
negative relationship between 25(OH) D and FM was not
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Table 2
Clinical and biochemical characteristics of subjects based on vitamin D status
Parameters All Vitamin D sufficiency Vitamin D insufficiency Vitamin D deficiency P
(=75 nmol/L) (50-74.9 nmol/L) (<50 nmol/L)
n (%) 127 33 (26) 53 (41.7) 41 (32.3) NA
Age (¥) 13.0+3.0 13.0+3.2 127 +3.1 133+24 NS
Sex (% female) 62.2 63.6 60.4 65.8 NS
Tanner stage 3.1+14 33+14 29+1.5 34+13 NS
BMI (kg/m?) 37.1£8.5 33.9 £ 6.0 *** 358 +7.17F 41.1£103 <.001
Fat (%) 44.6 + 8.0 40.8 + 8.5 %** 434+6.6"" 489+7.5 <.0001
FM (kg) 43.5+20.2 36.1 + 17.3 %% 39.8+ 15871 54.0 +23.1 <.0001
FFM (kg) 51.1+ 139 50.1+122 50.0 + 14.1 53.5+15.0 NS
FFM/FM 1.32 £ 0.44 1.55 £ 0.54 %% 1.35 £ 0.36 17T 1.09 £ 0.30 <.001
TBW (kg) 373102 36.6 + 8.9 36.5+10.3 39.1+10.9 NS
iCa™ (mmol/L) 1.24 +0.05 1.25 + 0.04 ** 1.24 + 0.04 1.22 +0.05 <01
Phosphate (mmol/L) 1.41+0.19 1.39+0.16 1.41 £0.19 1.39+0.16 NS
25(0OH) D (nmol/L) 59.9+23.2 89.5 + 12.9 *** 61.3 + 7.3t 342+ 8.7 <.0001
iPTH (ng/L) 383+ 15.0 314+ 133 %** 384+ 11.1 442+ 185 <.005
Glucose (mmol/L) 4.98 + (.44 5.00 + 0.34 5.01 +0.39 4.90 + 0.46 NS
HbA . (%) 52+04 5.04 + 0.40 * 52+0.38 53 +0.40 <.02
Insulin (pmol/L) 202.8 +113.9 174.5 + 98.9 % 185.2 + 86.2 1 248.6 + 140.9 <01
QUICKI 0.299 + 0.021 0.310 % 0.023 ** 0.301 + 0.019 0.293 + 0.023 <.005
Vitamin D intake (IU/d) 227 + 121 271 + 149 *#* 255 + 118111t 154 + 48 <.0001
Al of vitamin D (%) 48.1 75.8 ok 60.4 711 9.8 <.0001
Calcium intake (mmol/d) 32.1+14.5 37.1+17.2 33.1+13.4 233+54 <.0001

* P <.05, for comparison of vitamin D—sufficient group vs vitamin D—deficient group.

** P <.01, for comparison of vitamin D—sufficient group vs vitamin D—deficient group.

*#% P <.001, for comparison of vitamin D—sufficient group vs vitamin D—deficient group.
**¥% P <.0001, for comparison of vitamin D—sufficient group vs vitamin D—deficient group.
T P <.01, for comparison of vitamin D—insufficient group vs vitamin D—deficient group.

i

affected by season (F/W: r = —0.39, P <.003 vs S/S: r =
-0.27, P <.04).

Hierarchical multiple regression analyses were then
conducted to test whether FM mediated the relationships
between 25(0OH) D and HbA . and QUICKI. The strength
of the relationship between 25(OH) D and HbA;. and
QUICKI were reduced (HbA;.: p = —0.23, P < .01 to
p=-0.19, P = .05; QUICKL: p=-0.24, P <.0l to =
0.04, P = .61) when they were controlled for FM. The
reduction for 25(0OH) D and QUICKI was statistically
significant (z = 4.91, P <.0001), demonstrating mediation
by FM; however, the reduction for 25(OH) D and HbA .
was not statistically significant. Therefore, FM did not
mediate the significant inverse correlation between serum
25(0OH) D and HbA;..

To further examine the inverse relationship between 25
(OH) D and HbA,., a hierarchical multiple regression
analysis was then conducted to test whether serum 25(OH)
D and HbA,. were correlated once covariates (ie, age, sex,
ethnicity, and season) were taken into account. Age and sex
were not significantly correlated with serum 25(OH) D or
HbA . and were therefore not used as covariates in either
multiple regression analysis. However, because ethnicity
was correlated with both serum 25(0OH) D and HbA . (r =
—0.35, P <.0001 and r = 0.27, P <.001, respectively) and
season was correlated with serum 25(0OH) D (» = 0.61, P <
.0001), they were both used as covariates in the regression

P <.0001, for comparison of vitamin D—insufficient group vs vitamin D—deficient group.

analyses. For the HDbA,. regression analysis, ethnicity
accounted for a significant proportion of the variance (8 =
0.22, t = 2.34, P <.05), but not season (f = —0.05, ¢t =
—0.46, P = .65). Serum 25(0OH) D did not emerge as a
significant main effect for HbA . once the covariates were
taken into account (f = —0.13, t = —1.04, P = .30). To
further understand the significant role of the covariate
ethnicity in the relationship between serum 25(OH) D and
HbA,., correlations were run for the 2 variables within
each of the ethnicity groups. Serum 25(OH) D and HbA,,
were significantly inversely correlated for Caucasians (r =
—0.31, P <.05) and showed a trend toward significance for
Hispanics (r = —0.28, P = .085), but was not significant for
African Americans (r = 0.13, P = 43).

3.4. Findings stratified by ethnicity/race and season

3.4.1. Ethnicity/race

There were no differences in BMI, FM, and FFM/FM
ratio among the ethnic/racial groups (Table 4). Hypovita-
minosis D was more prevalent in H (76.9%, P < .05) and
AA (87.2%, P <.05) than in C (59.1%, P <.05). On the
other hand, vitamin D deficiency was more prevalent in H
(43.6%, P <.0001) and AA (48.7%, P <.0001) than in C
(10.2%) and corresponded to decreased vitamin D intake
(P <.0001), whereas vitamin D insufficiency was observed
with similar prevalence among C (48.9%), H (33.3%), and
AA (38.5%). Vitamin D sufficiency was higher in C
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Table 3
Bivariate correlations between covariates, predictor, and dependent variables for entire cohort
FM (kg)  QUICKI iPTH (ng/L)  25(0H) D (nmol/L)  HbA,. (%)  Age (y) Sex Race/ethnicity ~ Season

FM (kg) 1.0 —0.49 ** 0.46 ** —0.40 ** 0.19%* 0.43**  —0.12 0.04 -0.22*
QUICKI 1.0 -0.20* 0.24 ** —0.24 ** -0.23* —-0.01 —-0.16 0.02
iPTH (ng/L) 1.0 —0.41 ** —-0.07 027**  —-0.12  —0.01 —0.36**
25(0H) D (mmol/L) 1.0 —0.23 ** -0.07 -0.03  —0.35%** 0.61 **
HbA,. (%) 1.0 —-0.05 0.04 0.27 ** —-0.13
Age (y) 1.0 -0.05 -0.13 —-0.02
Sex 1.0 0.07 0.08
Race/ethnicity 1.0 —0.01
Season 1.0

* P <.05.

** p<.01.
(40.9%, P < .05) than AA (12.8%), but not H (23.1%). 3.5. Season

Although fasting serum glucose concentrations and HbA .
were similar among ethnic/racial subgroups, Caucasians
displayed lower fasting insulin concentrations (174.4 =+
98.7 vs 216.2 £ 95.9 and 234.2 + 141.8 pmol/L, P < .05)
but higher QUICKI value than the H and AA groups
(0.306 £ 0.021 vs 0.295 £ 0.020 and 0.296 £+ 0.025, P <.05).
The Caucasian group not only reported higher intake of
vitamin D (276 + 164 vs 200 + 67 and 192 + 71 TU/d,
P <.0001) and calcium (38.2 = 18.5 vs 28.6 £ 8.9 and 28.1 +
10.3 mmol/d, P < .001) than the Hispanic and African
American groups, but also had higher percentage of Al of
vitamin D (73.5% vs 33.3% and 30.8%, P <.05).

Table 4

The subjects in the F/W group had higher BMI (38.6 + 9.8
vs 35.4 + 6.6 kg/m?, P <.05), percentage of fat (46.8% +
7.5% vs 42.3% + 8.0%, P <.01), and FM (47.9 + 21.7 vs
38.9+17.5, P<.01) but lower FFM/FM ratio (1.19 +0.33 vs
1.45 £ 0.49, P <.001) and serum 25(OH) D levels (45.3 +
16.2 vs 74.4 = 19.9 nmol/L, P <.0005) than those in the S/S
group. Hypovitaminosis D was more prevalent in the F/'W
than in the S/S season (98.4% vs 49.2%, P <.01). Similarly,
vitamin D deficiency was more prevalent in the F/W than in
the S/S season group (53.1% vs 11.1%, P < .0001),
corresponding to higher serum iPTH levels in the F/W

Clinical and biochemical characteristics of all subjects according to ethnicity/race and season

Ethnicity Caucasians Hispanics African Americans

Season F/W SIS P F/W S/S P F/W S/S P

n 25 24 19 20 20 19

Age (y) 13.4+24 13.7+32 NS 13.0+25 121+28 NS 125+28 129+37 NS
Sex (% female) 48.0 66.7 NS 63.2 60.0 NS 65 68.4 NS
Tanner 3.0+ 1.4 34+14 NS 3.1+13 3.0£13 NS 3.0+ 1.5 34+15 NS
BMI 37.9+8.1 353+69 NS 388+ 11.1%  324+42 <05 377496 39.1£69 NS
Fat (%) 463 8.6 409+10.0 NS 46.8 + 6.1 413+59 <01 475+75 451+77 NS
FM (kg) 486+232  395+20.7 NS 46.7+19.5  334+104 <05 482+227  441+184 NS
FFM (kg) 526+122 53.4+144 NS 514+172  475+132 NS 5044156  503+11.9 NS
FFM/FM 124+037  1.50+0.60 NS 1.17+030  148+040 <05 1.15+132 128+041 NS
TBW (kg) 38.4+8.9 39.0+£10.5 NS 375+125  347+96 NS 369+114  367+87 NS
iCa™ (mmol/L) 123+0.03  124+0.04 NS 123+0.06  125+0.04 NS 124+0.06  125+0.03 NS
Phosphate (mmol/L) 136+0.13  1.36+0.16 NS 145+£023  136+0.16 NS 145+0.16  145+0.19 NS
25(0H) D (nmol/L) 549+ 152% 849+185" <0001 41.7+127% 73.6+157 <0001 3794147 629+19.7 <0001
Vitamin D sufficiency (%) 4.0 79.0" <.0001 45.0 <0001 0.0 26.3 <.0001
Vitamin D insufficiency (%) 76.0" 20.8" <01 21.1 45.0 <05 30.0 47.4 NS
Vitamin D deficiency (%)  20.07 0 <0005 78.9 10.0 <0001  70.0 26.3 <01
iPTH (ng/L) 448+£19.0 342+127 <05 389+ 1144 317+92 <05 462+16.0°  331+13.1 <0l
Glucose (mmol/L) 493+£041  504+034 NS 496+047  512+033 NS 488+043  487+042 NS
HbA | (%) 52+04 50+04 NS 53+04 51+03 NS 54+05 54+03 NS
Insulin (pmol/L) 1722+ 89.6  177.1£109.7 NS 226.4+101.4 1882+813 NS 2389+ 1743 2285+102.8 NS
QUICKI 0.305+0.017 0307 +0.024 NS 0.295+0.020 0.297 +£0.019 NS 0.297 £0.027 0.296 +0.023 NS
Vitamin D (1U/d) 282+ 157 271+1747 NS 203 + 84 196+47 NS 199 + 69 189+80 NS
Al of vitamin D (%) 76.0% 70.8 NS 21.1 45.0 <05 35.0 316 NS
Calcium (mmol/d) 38.6+17.5  37.7+1997 NS 201+113  282+6.1 NS 292+ 117  269+88 NS

The F/W ethnic/racial subgroup comparisons: *P < .001, "P < .001 (Caucasian vs Hispanic or Caucasian vs African American), P <05 (comparison of
Caucasian F/W vs Hispanic subgroup and Caucasian vs African American). P <.0001. The S/S ethnic/racial subgroup comparisons: "P <.001 and 1P < .05

(Caucasian vs Hispanic or Caucasian vs African American).
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group compared with the S/S group (43.5 £ 16.6 vs 33.1 £
11.7 ng/L, P <.0001). However, the frequency of vitamin D
insufficiency was similar in the F/W and S/S seasons (45.3%
vs 38.1%). In addition, vitamin D sufficiency was decreased
in the F/W compared with the S/S season (1.6% vs 50.8%,
P <.0001). Finally, there were no seasonal differences in
relationship to dietary vitamin D and calcium intake.

3.6. Ethnicity/race and season

Although the F/W Caucasian and African subgroups
appeared to have higher BMI, percentage of fat, and FM
compared with their respective S/S subgroups, these
differences were not statistically significant. However, the
F/W Hispanic subgroup had higher BMI, percentage of fat,
and FM than the S/S Hispanic subgroup (P <.05). Although
the prevalence of hypovitaminosis D was similar among the
C (96%), H (100%) and AA (100%) subgroups, vitamin D
deficiency was more prevalent in the H (78.9, P <.0001) and
AA (70%, P < .0001) subgroups than in the C subgroup
(20%) in the F/W season. However, vitamin D insufficiency
was more prevalent in the C (76%, P <.001) compared with
the H (21.1%) and AA (30%) F/W subgroups. Serum iPTH
levels were higher in the F/W subgroups compared with the
S/S subgroups (P <.05) within each ethnic/racial subgroups.
The C group had lower insulin but higher QUICKI values
than the H and AA groups (P <.05). Whereas there were no
seasonal differences in reported intake of calcium and
vitamin D within the C and AA subgroups, the F/W Hispanic
subgroup reported lower percentage of Al of vitamin D than
the S/S Hispanic subgroup (P < .05). Moreover, reported
dietary calcium and vitamin D intakes were lower in the H
and AA subgroups compared with the C subgroup in the F/
W season (P <.05). On the other hand, hypovitaminosis D
was more prevalent in H (55%, P <.01) and AA (73.7%,
P <.01) than C (20.8%) in the S/S season, whereas vitamin D
deficiency was present only in the H (10.0%) and AA
(26.3%) subgroups but not in the C subgroup in the S/S
season (P <.0001), corresponding to lower reported dietary
calcium and vitamin D intake in the H and AA subgroups
compared with the C subgroup (P <.05). Finally, vitamin D
insufficiency was more prevalent in H (45%) and AA
(47.5%) than in C (25%) in the S/S season (P <.01).

4. Discussion

In our study, 74% of subjects were identified with
hypovitaminosis D, whereas vitamin D deficiency was
observed in about one third (32.3%) of obese children and
adolescents, with higher frequency in Hispanics and African
Americans than in Caucasians. In addition, 41.7% met the
definition of vitamin D insufficiency, whereas only 26% of
the subjects had sufficient vitamin D levels. Low serum 25
(OH) D was more prevalent in the F/W than the S/S season
and corresponded to suboptimal dietary intake of vitamin D.
Both serum 25(0OH) D and iCa*? were inversely correlated

with iPTH concentrations, and these relationships were not
significantly affected by season and ethnicity/race. More-
over, FM was positively correlated with iPTH levels; but it
was negatively correlated with 25(OH) D, even after taking
covariates (eg, age, sex, ethnicity, and season) into account.
Hypovitaminosis D and vitamin D-deficient subjects
showed decreased insulin sensitivity compared with vitamin
D-sufficient subjects, with positive relationship between
serum 25(OH) D and QUICKI that was mediated by FM.
However, FM did not mediate an inverse correlation
between serum 25(OH) D and HbA,. which were
significantly correlated for Caucasians, showed a trend
toward significance for Hispanics, but were not significant
for African Americans.

The prevalence of vitamin D deficiency in 2 seasonal
National Health and Nutrition Examination Survey
(NHANES) III subpopulations of adolescents and adults
residing at median latitudes of 32° N (winter) and 39° N
(summer) was previously reported to range between 8% and
29% [23] for those with serum 25(OH) D <50 nmol/L. In
our study, the S/S cohort had similar prevalence of vitamin
D deficiency compared with the NHANES III summer
population (11.3% vs 8%-13%), whereas our F/W cohort
appeared to have a higher prevalence of hypovitaminosis D
than the NHANES III winter subpopulation (53.1% vs
13%-29%). The cumulative 2-season prevalence of vitamin
D deficiency in our cohort was 32.3% despite living at a
higher latitude (43° N), at which vitamin D is not
synthesized in the skin during winter months [34], which
was lower than that observed by Gordon et al [15] among
healthy adolescents (42%) in Boston at a similar latitude
(42° N). However, the latter study’s cohort included a lower
proportion of Caucasians (16.1% vs 38.6%) but a higher
proportion of African American and Hispanic subjects
(72.4% vs 61.4%) as compared with our study cohort; and
therefore, it overrepresented racial/ethnic groups at risk for
vitamin D insufficiency.

The prevalence of vitamin D deficiency was higher in
African Americans and Hispanics than in Caucasians in our
study [15,23,24], corresponding to significantly lower intake
of calcium and vitamin D intake [15,16,35] without any
seasonal difference in dietary intakes of calcium and vitamin
D. Nevertheless, the F/W Hispanic subgroup had lower
vitamin Al compared with the S/S Hispanic subgroup, which
can, in part, explain the higher prevalence of vitamin D
deficiency (78.9% vs 10.0%, P <.0001) during F/W in this
subgroup with only a slight seasonal difference in the
prevalence of hypovitaminosis D (100% vs 55%, P = not
significant). Indeed, because adequate sunlight exposure
cannot be precisely determined for every individual and
there is growing concern regarding the hazards of ultraviolet
B light exposure and risk of skin cancer in adulthood and the
decreased intake of vitamin D—fortified foods among older
children and adolescents, maintenance of normal serum 25
(OH) D should be achieved through dietary supplementation
[36]. However, there is emerging debate that the current
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recommended intake of 200 IU/d may not be enough,
especially because circulating concentrations of 25(OH) D
decline with growth and age, implying even higher
recommended vitamin D intakes [37,38].

In addition, we observed a negative association between
25(0OH) D and body fat as previously reported [11,17]. This
reduction in serum 25(OH) D with increased adiposity is
assumed to be due to enhanced sequestration of vitamin D in
fat [39]. Consequently, lower serum 25(OH) D in our obese
cohort was most likely the cause of higher iPTH concentra-
tions; and serum iPTH levels were positively correlated with
the degree of adiposity [17,20] and were higher only in the
hypovitaminosis D and vitamin D—deficient groups com-
pared with the vitamin D-sufficient subjects [17,18].
Because almost half of the hypovitaminosis D group fell in
the vitamin D-deficient range, this likely influenced the
significant findings between the hypovitaminosis D and
vitamin D—sufficient groups.

Abnormal calcium metabolism has been associated with
weight gain [40], and a high calcium intake is believed to
prevent obesity [41]. In addition, low vitamin D intake and
low serum calcium with the resultant hyperparathyroidism
can be associated with excess weight gain [9,17,42]. In our
cohort, vitamin D-insufficient and vitamin D-deficient
subgroups had lower vitamin D intake corresponding to
higher plasma iPTH and FM compared with the vitamin D—
sufficient group. However, only vitamin D—deficient sub-
jects demonstrated lower serum iCa*? levels compared with
the remainder of subjects.

Bell et al [43] reported that serum 25(OH) D is
significantly lower and serum iPTH is significantly higher
in African American compared with Caucasian adults,
whereas serum iCa*?, phosphate, and 1,25(OH)2 D were
similar. However, others have observed that in African
American but not Caucasian adults, serum 25(OH) D levels
correlated negatively with both basal and peak iPTH
responses to EDTA-induced hypocalcemia [44,45]. Indeed,
basal vitamin D status appeared to be a determinant of the
degree of the parathyroid response in African Americans,
with peak parathyroid hormone level being inversely
correlated with 25(OH) D levels. On the other hand, in our
study, serum iPTH in Hispanic and African American
subjects compared with Caucasians were not significantly
higher despite lower 25(OH) D levels, suggesting relative
resistance to vitamin D in the H and AA groups.

Hypovitaminosis D has been considered a risk factor for
glucose intolerance [5,6]. Chiu et al [21] observed a positive
relationship between vitamin D status and insulin sensitivity
index in adults. In addition, they showed that vitamin D
levels were negatively correlated with both first- and second-
phase insulin responses during a hyperglycemic clamp and
glucose levels during oral glucose tolerance test. Thus, they
suggested that subjects with hypovitaminosis D not only
displayed impaired S-cell function causing impaired glucose
homeostasis, but also were at increased risk of developing
insulin resistance and metabolic syndrome compared with

vitamin D—sufficient adults. In our cohort, the hypovitami-
nosis D subjects had decreased insulin sensitivity compared
with the vitamin D-sufficient subjects, corresponding to
significantly higher BMI and FM in the hypovitaminosis D
group as previously reported [6]. Moreover, serum 25(OH)
D levels were inversely correlated with HbA . independent
of body fat, implying higher ambient glucose concentrations
in children with lower vitamin D concentrations [5].
However, a significant relationship between serum 25(OH)
D and HbA . was only seen in Caucasians but not African
Americans or Hispanics, suggesting decreased sensitivity to
vitamin D and/or parathyroid hormone in these populations.

Limitations to this study include the following: retro-
spective design, relative overrepresentation of female
subjects, and lack of oral glucose tolerance data to assess
glucose homeostasis and p-cell function in relationship to 25
(OH) D and iPTH levels. In addition, the accuracy of BIA for
assessment of body composition has been questioned
because of larger errors in individual estimates of body fat
compared with the dual-energy x-ray asorptiometry method
[46]. However, BIA has been deemed accurate for assessing
body composition in large groups of normal-weight or obese
pediatric subjects compared with dual-energy x-ray asorp-
tiometry [27,28]. Another limitation to the study is that there
were no age- and sex-matched normal-weight controls for
each racial/ethnic group. Finally, the study’s cohort was
broken down into multiple subgroups, which may have
affected the outcomes of the statistical analyses. Therefore, a
larger initial sample may have yielded stronger results when
subgroups of the sample were analyzed.

In conclusion, hypovitaminosis D was present in about
three quarters of obese subjects and was influenced by
vitamin D intake, season, ethnicity/race, and adiposity.
Despite the differential findings of the multiple vitamin D
status groups, there were similarities between the vitamin D—
sufficient and vitamin D—insufficient groups. These findings
imply that the minimal acceptable level for vitamin D of
50 nmol/L may be the most clinically meaningful threshold
for identification of insulin resistance and impaired glucose
homeostasis in obese subjects. Interrelationships between 25
(OH) D, iPTH, and FM were not influenced by season and
race/ethnicity. Furthermore, serum 25(OH) D was positively
correlated with insulin sensitivity, which was mediated by
FM, but negatively correlated with HbA,., implying that
obese children and adolescents with “hypovitaminosis D”
may be at increased risk of developing impaired glucose
metabolism. Additional studies are needed to evaluate the
underlying mechanisms.
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