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Abstract

Background: This study aimed to elucidate correlations between obesity-related indicators and vitamin D (VD) status in a nationally
representative sample of U.S. adults. Methods: We analysed data from 9168 adults aged 20—59 years obtained from the 2011-2018
National Health and Nutrition Examination Survey. Serum 25 hydroxyvitamin D [25(OH)D] levels were measured and categorised into
quartiles. Anthropometric measurements, including weight, waist circumference, and fat mass in various body regions quantified through
dual-energy X-ray absorptiometry, were collected. Multiple imputation was employed to replace missing data. The importance of obesity-
related indicators and serum 25(OH)D concentration was explored using multiple linear regression adjusted for demographics, lifestyle
factors, dietary intake, and clinical biomarkers, and stepwise regression. Results: Weight, waist circumference, and fat mass across all
body regions were inversely associated with serum 25(OH)D levels (all p < 0.001). Notable differences were observed between men and
women. Stepwise regression revealed a strong inverse correlation between visceral adipose tissue and serum 25(OH)D concentration in
men [ 95% CI: —-13.04 (-18.10, -7.99), p < 0.001], whereas in women, only weight was significantly correlated with serum 25(OH)D
concentration [3 95% CI: —0.20 (—0.28, —0.12), p < 0.001]. Demographic attributes, seasonal sunlight exposure, dietary VD, calcium,
phosphorus, and magnesium intake, and biomarkers including alkaline phosphatase and creatinine also emerged as significant predictors.
Conclusions: Besides conventional obesity measures, abdominal fat metrics exhibit robust associations with VD deficiency, especially
in men. Public health initiatives and clinical management strategies for hypovitaminosis D in obese populations should consider nuanced
aspects of adiposity distribution alongside other demographic, lifestyle, and dietary factors influencing VD.
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1. Introduction highlights the prognostic importance of abdominal obesity
for cardiovascular and metabolic disorders, often surpass-
ing the implications of BMI [14,15]. Alternative metrics
such as waist circumference (WC), waist-to-hip ratio, and
waist-to-height ratio (WHtR) provide insights into abdom-
inal obesity [16]. Notably, adipose tissue serves as a pri-
mary reservoir for VD, which, in turn, critically influences

Obesity represents a critical public health challenge,
with links to a range of morbidities including type 2 dia-
betes, cardiovascular diseases, chronic kidney diseases, and
various cancers [1—4]. These conditions drastically dimin-
ish an individual’s quality of life and considerably shorten

life expectancy. The prevalence of adult obesity in the - . T
United States has surged from 14% in 1980 to 42% in 2018 adipocyte physiology [17-20]. Moreover, studies indicate

[5]. By 2030, nearly half of the U.S. adult population is that reducing body fat can elevate serum 25(OH)D concen-
trations [21-23]. In light of the escalating obesity crisis and

the critical role of VD, exploring their interrelationship is
imperative.

This study aimed to elucidate this correlation by com-
paring weight, WC, and detailed indicators of body fat dis-
tribution with serum 25(OH)D levels in a comprehensive
sample of adults in the United States. We hypothesised that
the primary cause of lower serum VD concentrations is the
accumulation of visceral fat. Our findings aim to facilitate
tailored clinical and public health strategies for mitigating
obesity and addressing VD deficiency.

projected to be contending with obesity [6].

A notable concurrent issue is the frequent detection
of vitamin D (VD) deficiency in individuals with obesity.
Evidence supporting an inverse correlation between obesity
and VD levels is growing [7-10]. Although the underpin-
nings of this relationship are complex, factors such as lim-
ited sunlight exposure, sedentary lifestyles, and the seques-
tration of VD in adipose tissue are likely significant con-
tributors [11]. Considering the pivotal role adipocytes play
in VD metabolism, VD deficiency might accelerate adipo-
genesis, thereby exacerbating the challenge of obesity [11].

Although body mass index (BMI) is a standard met-
ric for assessing adiposity [12,13], it does not fully capture
the nuances of body fat distribution. Emerging evidence
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2. Materials and Methods
2.1 Study Population

This study utilised data from the 2011-2018 National
Health and Nutrition Examination Survey (NHANES),
which employed a stratified, multistage, probability sam-
pling design to obtain representative samples of the U.S.
population. Detailed survey operations and procedures
have been described online (https://www.cdc.gov/nchs/nha
nes). Briefly, NHANES surveys included an in-home in-
terview and a subsequent health examination at a mobile
examination centre (MEC). Information on demographics,
lifestyle behaviours, and health conditions was collected
through interviews. Physical examinations, body measure-
ments, and laboratory tests were performed at the MEC. Di-
etary related information was obtained through two follow-
up telephone interviews to obtain a 24-hour dietary recall.

2.2 Inclusion and Exclusion Criteria

We included people who participated in NHANES
from 2011 to 2018, and the exclusion criteria were as fol-
lows: we excluded patients who were only interviewed,
considering the correlation between 25 (OH)D concentra-
tion and sun exposure. We included a population aged
20-59 years who participated in the sun exposure and sun
protective behaviour interviews. Moreover, dietary intake
and supplements can also affect 25 (OH)D levels; hence,
individuals who did not participate in dietary follow-up
were excluded from the analysis. To ensure the accuracy
of the dual-energy X-ray absorptiometry (DXA) scan data,
only complete and valid whole-body scans were included
in the study. Furthermore, participants were excluded if
they wore clothes or carried medical equipment during
weight measurements. Participants who did not maintain
an upright posture during height measurement were also
excluded. Finally, any individuals with missing data on
obesity-related indicators was also excluded from the anal-
ysis. The detailed screening process is shown in Fig. 1.

2.3 Laboratory Measurement of the Serum 25(OH)D
Concentration

Serum concentrations of 25(OH)D2, 25(OH)D3,
and C3-epimer-25(OH)D3 were measured using a
fully validated, standardised, high-performance liquid
chromatography-tandem mass spectrometry method
(Thermo Vantage mass spectrometer and Thermo Accela
ultra-high-performance liquid chromatography system,
ThermoElectron Corp). The total 25(OH)D concentration
was defined as the sum of 25(OH)D2 and 25(OH)D3,
excluding C3-epimer-25(OH)D3. C3-epimer-25(OH)D3 is
an epimer of 25(OH)D3 and was excluded to avoid overes-
timating VD levels. The detection limits were constant for
all analytes. It should be noted that 25(OH)D2 detection
results may be lower than the limit of detection (LOD). For
analytes with results below the LOD, an imputed value of
1.45 nmol/L (the LOD divided by the square root of 2) was

National Health and Nutrition

Examination Survey from 2011 to
2018 (n=39,156)
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"] interviewed only (n = 1757)
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Participants who completed the
examination at the mobile
examination center (n = 37,399)
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1. Aged <20 or > 60 years (n =
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2. Did not complete the 24-hour
diet recall on day 1 (n = 1303).
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Completed data (n = 13,044)

Excluding participants:

1. Missing information on serum
25(0OH)D concentration (n =
555).

2. Did not undergo the whole
body DXA or had invalid data
(n=1595).

3. Did not measure their height or
not straight (n = 40).

4. Did not measure their weight
or clothed or had medical
equipment (n = 56).
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Fig. 1. Flowchart of the study population. Abbreviations:
25(OH)D, 25-hydroxyvitamin D; DXA, dual-energy X-ray ab-
sorptiometry; WC, waist circumference; BMC, bone mineral con-
tent; VD, vitamin D.

placed in the analyte results field.

2.4 Obesity-Related Indicators

BMI is an internationally recognised classification in-
dicator for overweight and obesity, calculated by dividing
weight by the square of height [24]. WC is frequently used
as an indicator for evaluating abdominal obesity. There-
fore, in this study, we used height, weight, and WC, along
with the distribution of body fat, to evaluate the correla-
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tion between obesity and 25 (OH)D serum concentration.
To ensure the accuracy of our results, we excluded indi-
viduals from the NHANES data who were wearing clothes
during weight measurement, carrying medical equipment,
or those who failed to maintain an upright posture during
height measurement, as these factors could potentially af-
fect the results. For the measurement of human body fat,
DXA is the most widely accepted method for measuring
body composition due in part to its speed, ease of use, and
low radiation exposure. Only data obtained from scans cov-
ering the entire body and subsequently validated were in-
cluded in our analysis.

2.5 Covariates

Demographic variables included age, sex, ethnicity,
education level, family income-to-poverty ratio, and exam-
ination period. Lifestyle factors comprised smoking sta-
tus, alcohol consumption, time spent outdoors on week-
days and weekends, and physical activity level. Dietary
intake of VD, calcium, phosphorus, and magnesium from
foods and supplements were also considered as potential
confounders. Additionally, biomarkers included serum cal-
cium and phosphorus, alkaline phosphatase (ALP), ala-
nine aminotransferase (ALT), and creatinine. Given the
classic role of VD in regulating calcium and phosphorus
metabolism and promoting bone development [25,26], we
included dietary intake and supplementation of calcium and
phosphorus, along with serum calcium and phosphorus lev-
els, as covariates. Since ALP indicates bone formation and
is involved in generating phosphorus ions and bone salt
crystals [27], it was also included in the analysis as a covari-
ate. Given that VD is metabolised in the liver and kidneys
[28], serum creatinine reflects renal function [29], and ALT
reflects liver function, creatinine and ALT were included as
covariates.

2.6 Statistical Analysis

Serum 25(OH)D concentrations were categorised into
quartiles (<49.0, 49.0-64.2, 64.3-80.3, >80.4 nmol/L).
Demographic, lifestyle, dietary, anthropometric, and clin-
ical characteristics across 25(OH)D quartiles were com-
pared using Kruskal-Wallis tests for continuous variables
and chi-square tests for categorical variables.

We used multiple imputation to fill in missing data.
Predictive mean matching was used to impute numeric fea-
tures, logistic regression to impute binary variables, and
Bayesian polytomous regression to impute factor features.
Simultaneously, we performed statistical analysis on both
imputed and non-imputed data to evaluate the stability of
the model.

We incorporated all previously mentioned covariates
into the multivariable linear regression models. The models
were generated to examine the associations of weight, WC,
head fat, arm fat, leg fat, subcutaneous fat, and visceral adi-
pose tissue with serum 25(OH)D levels separately. Due to
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the inconsistency of evaluation index units, we standard-
ised the data. Model 1 was adjusted for demographic char-
acteristics, including age, sex, height, ethnicity, education
level, examination period, and family income. Model 2 was
further adjusted for lifestyle factors, including smoking his-
tory, alcohol consumption, sunlight exposure, and physical
activity. Model 3 incorporated dietary intake and supple-
ments (VD, calcium, magnesium, and phosphorus), bone
mineral content (BMC), and biomarkers, including serum
calcium and phosphorus, ALP, ALT, and creatinine. Si-
multaneously, we used bidirectional stepwise regression to
explore which component of fat plays a key role in serum
25(OH)D levels. Stratified analysis based on sex was also
performed.

All statistical analyses accounted for the complex sur-
vey design and sample weights in NHANES. Two-sided p
< 0.05 was considered statistically significant. All analy-
ses were performed using R version 4.2.2 (R Foundation for
Statistical Computing, Vienna, Austria), with the aid of the
“survey” and “mice” packages.

3. Results
3.1 Participants’ Baseline Characteristics

Using imputed data from 9168 participants cate-
gorised by serum 25(OH)D levels, we stratified them into
quartiles: quartile 1 (<49.0 nmol/L), quartile 2 (49.0—
64.2 nmol/L), quartile 3 (64.3-80.3 nmol/L), and quartile
4 (>80.4 nmol/L). Key demographic factors—age, sex,
ethnicity, education level, and family income-to-poverty
ratio—were correlated with serum 25(OH)D concentrations
(all p < 0.001). As participants aged and as education and
family income rose, 25(OH)D concentrations increased.
Notably, women and non-Hispanic Whites tended to have
higher 25(OH)D levels. Meanwhile, seasonal variations
were conspicuous, with individuals tested in summer show-
ing generally elevated concentrations (p < 0.001). Lifestyle
choices influenced 25(OH)D levels: alcohol consumers had
higher concentrations (p = 0.009), and reduced outdoor ex-
posure corresponded with diminished 25(OH)D levels (p <
0.001). Anthropometric indicators, including weight, WC,
and fat, sequentially decreased from quartile 1 to quartile
4 (all p < 0.001). Dietary patterns played a role: aug-
mented intakes of VD, calcium, phosphorus, and magne-
sium correlated with heightened 25(OH)D concentrations
(all p < 0.001). Biochemical parameters, including ALP,
creatinine, and serum calcium and phosphorus, underscored
pronounced differences across quartiles (all p < 0.05). De-
tailed insights from the imputed data are presented in Ta-
ble 1. Preliminary findings from unimputed data largely
aligned with those from imputed data (Table 2). However,
while the imputed data highlighted statistical differences in
ALT and physical activity across concentrations (p < 0.05),
the unimputed dataset did not (p > 0.05).
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Table 1. Baseline characteristics stratified by serum 25(OH)D quartiles using imputed NHANES data.

Serum 25(OH)D concentration (nmol/L)

T3]
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4

Ss3id NI

Characteristics Overall p-value
Quartile 1 (<49.0)  Quartile 2 (49.0-64.2)  Quartile 3 (64.3-80.3)  Quartile 4 (>80.4)

Number of participants 9168 (100.0%) 3161 (25.0%) 2397 (25.0%) 1927 (25.0%) 1683 (25.0%)

Age (years) 38.7 (11.8) 36.2 (11.3) 37.5(11.6) 39.4 (11.7) 41.9 (11.9) <0.001

Male 4651 (51.7%) 1656 (54.2%) 1273 (55.6%) 1009 (54.2%) 713 (42.9%) <0.001

Ethnicity <0.001
Mexican American 1402 (11.6%) 581 (19.3%) 462 (15.3%) 258 (8.5%) 101 (3.3%)

Other Hispanic 967 (7.4%) 283 (8.7%) 321 (9.3%) 230 (7.3%) 133 (4.3%)
Non-Hispanic White 3240 (59.7%) 484 (30.1%) 808 (56.7%) 907 (69.9%) 1041 (82.7%)
Non-Hispanic Black 1841 (10.7%) 1139 (26.9%) 360 (8.3%) 198 (4.4%) 144 (3.1%)
Other Ethnicity 1718 (10.5%) 674 (15.0%) 446 (10.4%) 334 (9.8%) 264 (6.7%)

Education level <0.001
< high school 3626 (34.3%) 1380 (42.7%) 972 (34.9%) 716 (31.7%) 558 (28.1%)

Above high school 5540 (65.6%) 1780 (57.2%) 1425 (65.1%) 1210 (68.3%) 1125 (71.9%)
Unknown 2 (0.0%) 1 (0.1%) 0(0.0%) 1 (0.0%) 0 (0.0%)

Examination period <0.001
November—April 4545 (45.3%) 1906 (62.2%) 1144 (45.5%) 841 (40.1%) 654 (33.2%)
May—October 4623 (54.7%) 1255 (37.8%) 1253 (54.5%) 1086 (59.9%) 1029 (66.8%)

Family income-to-poverty ratio 2.9 (1.7) 2.4(1.6) 2.8(1.7) 3.1(1.7) 3.4(1.6) <0.001

Drinking 7685 (87.6%) 2574 (84.7%) 2010 (86.7%) 1636 (89.0%) 1465 (90.1%) 0.009

Smoking 3571 (40.6%) 1160 (38.1%) 907 (38.6%) 798 (43.8%) 706 (41.8%) 0.200

Stay in the shade 0.028
Always, most of the time, or sometimes 6904 (73.2%) 2468 (77.0%) 1826 (74.0%) 1395 (71.5%) 1215 (70.2%)

Rarely or never 2261 (26.8%) 691 (23.0%) 570 (25.9%) 532 (28.5%) 468 (29.8%)
Unknown 3 (0.0%) 2 (0.1%) 1 (0.0%) 0 (0.0%) 0 (0.0%)

Outdoors work day (minutes) 104.1 (132.3) 91.8 (123.8) 100.2 (132.1) 118.3 (141.5) 106.3 (130.0) <0.001

Outdoors, not work day (minutes) 155.5 (127.5) 126.3 (119.6) 147.3 (123.3) 177.9 (131.7) 170.8 (128.6) <0.001

Physical activity (kcal/day) 1639.0 (4536.5) 1630.9 (3230.1) 1661.8 (3075.1) 1644.8 (3389.2) 1618.3 (7144.5) 0.046

Height (cm) 169.0 (9.5) 168.1 (9.7) 168.8 (9.5) 170.0 (9.7) 169.3 (9.2) 0.001

Weight (kg) 81.6 (19.8) 84.8 (22.3) 82.5(19.1) 81.9(19.2) 77.0 (17.5) <0.001

BMI (kg/m?) 28.5(6.3) 30.0 (7.3) 28.9 (6.1) 28.3 (6.1) 26.8 (5.4) <0.001

WC (cm) 96.9 (15.5) 99.7 (17.4) 97.9 (15.1) 96.8 (14.9) 93.3 (13.8) <0.001

WHtR 0.57 (0.09) 0.59 (0.10) 0.58 (0.09) 0.57 (0.09) 0.55 (0.08) <0.001

Total BMC (g) 2360.2 (441.2) 2361.8 (444.3) 2341.7 (413.8) 2404.7 (456.9) 2333.0 (445.5) 0.007

Head fat (g) 1164.9 (164.8) 1201.3 (170.7) 1178.3 (162.2) 1166.1 (165.7) 1113.4 (146.9) <0.001

Arms fat (g) 3303.8 (1523.9) 3588.6 (1757.2) 3350.6 (1476.6) 3228.7 (1446.4) 3044.2 (1329.5) <0.001

Legs fat (g) 9611.3 (4071.3)  10,278.2 (4592.0) 9602.9 (4000.6) 9426.7 (3889.5) 9130.9 (3653.4) <0.001

SAT (g) 1585.6 (776.8) 1738.4 (877.1) 1625.1 (759.9) 1539.3 (746.4) 1438.1 (678.0) <0.001

VAT (g) 489.9 (272.3) 517.3 (282.6) 511.0 (263.0) 488.5 (268.6) 442.6 (268.5) <0.001
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Table 1. Continued.

Serum 25(OH)D concentration (nmol/L)

Characteristics Overall p-value
Quartile 1 (<49.0)  Quartile 2 (49.0-64.2)  Quartile 3 (64.3-80.3)  Quartile 4 (>80.4)
Dietary intake
Vitamin D (pg/day) 4.5 (4.6) 3.8(3.9) 4.54.7) 4.9 (4.6) 4.7 (4.8) <0.001
Calcium (mg/day) 994.5 (531.8) 906.9 (526.0) 970.7 (501.7) 1072.0 (551.6) 1029.7 (532.5) <0.001
Phosphorus (mg/day) 1433.4 (617.6) 1372.8 (620.1) 1420.9 (609.4) 1504.1 (636.1) 1436.7 (597.5) <0.001
Magnesium (mg/day) 310.6 (139.7) 283.7 (130.5) 303.9 (137.2) 329.0 (146.8) 326.1 (139.4) <0.001
Dietary supplements
Vitamin D (pg/day) 9.7 (41.6) 1.8 (13.2) 4.3 (19.2) 8.7(32.4) 242 (71.1) <0.001
Calcium (mg/day) 92.7 (228.4) 31.8(126.3) 61.0 (161.4) 99.4 (211.8) 179.3 (331.5) <0.001
Phosphorus (mg/day) 4.3 (27.3) 1.0 (9.0) 3.2 (19.6) 4.4 (27.7) 8.5 (41.5) <0.001
Magnesium (mg/day) 21.0 (70.4) 7.2 (44.2) 13.5 (46.8) 23.9 (68.0) 39.5(102.5) <0.001
Biomarkers
Alkaline phosphatase (U/L) 66.5 (21.5) 69.6 (23.1) 67.4 (22.9) 65.2(19.2) 63.6 (20.1) <0.001
Alanine aminotransferase (U/L) 26.3(20.2) 28.0 (22.6) 26.8 (19.8) 25.6 (20.8) 24.9 (17.3) 0.048
Creatinine (umol/L) 76.0 (26.4) 74.7 (28.4) 74.5 (17.7) 75.8 (16.5) 78.8 (37.2) <0.001
Serum calcium (mmol/L) 2.35(0.08) 2.34 (0.09) 2.34 (0.09) 2.35(0.08) 2.35(0.08) <0.001
Serum phosphorus (mmol/L) 1.21 (0.18) 1.20 (0.18) 1.21 (0.18) 1.21 (0.18) 1.22 (0.18) 0.017

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; BMI, body mass index; WC, waist circumference; WHtR, waist-to-height ratio; BMC, Bone Mineral Content; SAT,
subcutaneous adipose tissue; VAT, visceral adipose tissue.

Note: Continuous variables are described as means with standard deviations. Categorical variables are presented as unweighted sample sizes and weighted proportions.
All estimates were adjusted to account for the complex survey design by incorporating dietary weight. Non-normally distributed data were analysed using the
Kruskal-Wallis test, whereas normally distributed data were tested using the analysis of variance. Categorical variables were analysed using the Chi-square test.
Family income-to-poverty ratio was calculated by dividing family (or individual) income by the poverty guidelines specific to the survey year. Bold p-values indicate

statistical differences.
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Table 2. Baseline characteristics stratified by serum 25(OH)D quartiles using unimputed NHANES data.

Serum 25(OH)D concentration (nmol/L)

Characteristics Overall p-value
Quartile 1 (<49.0)  Quartile 2 (49.0-64.2)  Quartile 3 (64.3-80.3)  Quartile 4 (>80.4)
Family income-to-poverty ratio (n = 8480) 2.9 (1.7) 2.4 (1.6) 2.8 (1.7) 32(1.7) 3.4 (1.6) <0.001
Outdoors work day (minutes) (n = 9152) 104.1 (132.3) 91.7 (123.6) 100.2 (132.1) 118.2 (141.5) 106.4 (130.0) <0.001
Outdoors, not work day (minutes) (n = 9144) 155.5 (127.5) 126.3 (119.5) 147.4 (123.3) 177.9 (131.7) 171.0 (128.6) <0.001
Physical activity (kcal/day) (n=9135) 1633.8 (4539.7) 1630.9 (3233.1) 1652.2 (3066.9) 1636.5 (3388.7) 1615.6 (7154.8) 0.059
Alkaline phosphatase (U/L) (n = 9093) 66.5 (21.5) 69.6 (23.1) 67.5(23.0) 65.2 (19.2) 63.6 (20.1) <0.001
Alanine aminotransferase (U/L) (n = 9092) 26.3 (20.2) 28.0 (22.6) 26.8 (19.8) 25.6 (20.8) 24.9(17.3) 0.050
Creatinine (pmol/L) (n = 9095) 76.0 (26.4) 74.8 (28.5) 74.5 (17.7) 75.9 (16.5) 78.9 (37.2) <0.001
Calcium (mmol/L) (n = 9076) 2.35(0.08) 2.34(0.09) 2.34(0.09) 2.35(0.08) 2.35(0.08) <0.001
Phosphorus (mmol/L) (n = 9094) 1.21 (0.18) 1.20 (0.18) 1.21 (0.18) 1.21 (0.18) 1.22 (0.18) 0.018
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Abbreviation: 25(OH)D, 25-hydroxyvitamin D.

Note: Data that did not need to be imputed is not displayed again. Continuous variables are described as means with standard deviations. All the estimates were adjusted to
account for the complex survey design by incorporating dietary weight. Non-normally distributed data were analysed using the Kruskal-Wallis test, whereas normally distributed
data were analysed using analysis of variance. Family income-to-poverty ratio was calculated by dividing family (or individual) income by the poverty guidelines specific to

the survey year. Bold p-values indicate statistical differences.

Table 3. Associations of factors with serum 25(OH)D concentrations: multiple stepwise regression analysis of imputed NHANES data.

L Overall Male Female
Characteristics
B (95% CI) p-value B (95% CI) p-value B8 (95% CI) p-value

Age (year) 0.32(0.22, 0.42) <0.001 0.40 (0.29, 0.51) <0.001 0.26 (0.14, 0.38) <0.001
Ethnicity

Mexican American Reference

Other Hispanic 4.07 (1.40, 6.74) 0.003 3.10 (-0.11, 6.30) 0.058 5.28(1.58, 8.98) 0.005

Non-Hispanic White 11.08 (9.01, 13.16) <0.001 9.76 (7.24,12.27) <0.001 13.22(10.25,16.20)  <0.001

Non-Hispanic Black -12.58 (-15.03,-10.13) <0.001 -16.13(-19.03,-13.23) <0.001 -8.44(-11.76,-5.12)  <0.001

Other Race —0.34 (-2.89,2.21) 0.792 —1.41 (-4.49, 1.67) 0.369 1.26 (-2.02, 4.55) 0.451
Examination period

November—April Reference

May—October 6.58 (4.70, 8.45) <0.001 5.85(3.86, 7.84) <0.001 7.22 (4.71,9.73) <0.001
Family income-to-poverty ratio 0.95(0.49, 1.42) <0.001 0.59 (0.07, 1.11) 0.026 1.40 (0.60, 2.20) 0.001
Outdoors work day (seconds) 0.83 (0.56, 1.11) <0.001 0.76 (0.49, 1.04) <0.001 0.82 (0.15, 1.49) 0.016



https://www.imrpress.com

o)

,

(&

4

Table 3. Continued.

Ss3id dNI

L Overall Male Female
Characteristics
B (95% CI) p-value B (95% CI) p-value B (95% CI) p-value

Outdoors not work day (seconds) 0.81 (0.50, 1.11) <0.001 0.71 (0.39, 1.03) <0.001 0.91 (0.34, 1.49) 0.002
Vitamin D intake (ng/d) 0.33(0.12, 0.53) 0.002 0.41 (0.19, 0.63) <0.001 0.25 (-0.13, 0.62) 0.196
Magnesium intake (pg/d) 17.30 (8.71, 25.89) <0.001 11.99 (4.13, 19.85) 0.003 22.89 (7.73, 38.06) 0.003
Phosphorus intake (pg/d) -3.95(-6.09,-1.81)  <0.001 -3.06 (-5.33,-0.80) 0.008 -4.56 (-9.93, 0.81) 0.096
Vitamin D supplement intake (ng/d) 0.13 (0.08, 0.19) <0.001 0.21 (0.09, 0.32) 0.001 0.11 (0.06, 0.17) <0.001
Calcium supplement intake (pg/d) 17.21 (11.99,22.42)  <0.001 4.51 (-3.66, 12.68) 0.279 19.84 (13.57,26.11) <0.001
Magnesium supplement intake (pg/d) 5.07 (-9.81, 19.96) 0.504 19.23 (-13.16, 51.62) 0.244 4.20 (-13.96, 22.35) 0.651
Creatinine (umol/L) 0.09 (0.04, 0.14) <0.001 0.08 (0.03, 0.13) 0.002 0.14 (0.04, 0.23) 0.005
Serum Calcium (mmol/L) 20.74 (10.55,30.93)  <0.001 23.18 (13.00, 33.36) <0.001 19.36 (2.77, 35.95) 0.022
Total BMC (mg) 5.23(2.61,7.84) <0.001 4.84 (2.25,7.43) <0.001 3.30 (-1.77, 8.37) 0.202
Head fat (mg) -9.24 (-16.46,-2.03)  0.012 —4.91 (-16.28, 6.46) 0.397  -11.02 (-23.48, 1.45) 0.083
Sex

Male Reference

Female 10.54 (7.66, 13.41) <0.001 NG NG
Physicail activity (cal/d) 0.09 (-0.04, 0.23) 0.179 0.14 (0.04, 0.23) 0.006 NG
Subcutaneous fat (mg) -3.40 (-4.93,-1.88)  <0.001 —4.69 (-8.76,-0.61) 0.024 NG
Visceral adipose tissue (mg) —6.74 (-12.66,—0.81) 0.026  —13.04 (-18.10,-7.99) <0.001 NG
Stay in the shade

Always, most of the time or sometimes Reference

Rarely or never 1.32 (-0.43, 3.07) 0.139 NG 2.88(0.13,5.63) 0.040

Unknown —2.57 (-5.83, 0.69) 0.122 NG —-1.18 (-6.20, 3.84) 0.646
Calcium intake (ug/d) 1.53 (-0.99, 4.05) 0.235 NG 3.04 (-1.82,7.90) 0.220
Alkaline phosphatase (IU/L) —0.06 (-0.09, -0.02) 0.001 NG -0.12 (-0.17,-0.07) <0.001
Height (cm) NG —0.13 (-0.36, 0.09) 0.246 0.24 (0.00, 0.48) 0.055
Weight (kg) NG 0.20 (-0.02, 0.42) 0.068 —0.20 (-0.28,-0.12) <0.001
Arms fat (mg) NG -1.36 (-3.26, 0.54) 0.159
Phosphorus (mmol/L) NG —2.84 (-7.17, 1.49) 0.198
Education level

Less than or equal to high school Reference

Above high school NG NG -1.88 (-4.69, 0.92) 0.188

Unknown NG NG 6.89 (2.90, 10.87) 0.001

Abbreviations: BMC, bone mineral content; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; NG, not given.

Note: Family income-to-poverty ratio was calculated by dividing family (or individual) income by the poverty guidelines specific to the survey year. Bold

p-values indicate statistical differences.
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3.2 Correlation between Obesity Indicators and Serum
25(OH)D Concentration

Fig. 2 delineates the outcomes of multiple linear re-
gression analyses in the general population, and the male
and female subsets, which explored the correlation between
distinct metrics—namely weight, WC, and fat in different
parts of the body—and serum 25(OH)D levels. Adjust-
ments were made and all indicators of the adjusted model
showed statistical significance (all p < 0.05). In the com-
prehensive model using interpolated data, the relatively su-
perior evaluation indicators include weight, WC, and sub-
cutaneous fat [weight: 5 95% CI: -5.12 (-6.00, —4.24),
pseudo R?: 0.408, AIC: 75,985.36; WC: 3 95% CI: —4.67
(-5.45, —3.90), pseudo R2: 0.408, AIC: 75,980.16; sub-
cutaneous fat: 5 95% CI: —4.76 (-5.54, —3.99), pseudo
R2: 0.407, AIC: 75,990.86, respectively]. Among men,
WC was the superior index [ 95% CI:. —4.42 (-5.44, —
3.41), pseudo R2?: 0.400, AIC: 37,487.01], while weight
was a stronger predictor in women [ 95% CI: —4.92 (-
6.19, =3.65), pseudo R?: 0.425, AIC: 38,323.89]. Regard-
ing fat distribution, visceral adipose tissue volume in men
showed a stronger correlation with serum 25(OH)D levels
[B 95% CI: —4.67 (-5.70, —3.64), pseudo R?: 0.403, AIC:
37,466.70], whereas subcutaneous fat volume was more
closely associated with serum 25(OH)D levels in women
[ 95% CI: —3.95 (-5.06, —2.58), pseudo R?: 0.422, AIC:
38,347.76]. Consistency was observed between results de-
rived from the imputed and non-imputed data.

To comprehensively consider the effects of body fat
composition on serum 25(OH)D levels, we conducted a rig-
orous bidirectional stepwise regression analysis on the en-
tire population, and the male and female subpopulations.
Head fat, visceral adipose tissue, and subcutaneous fat were
independent determinants in the entire population [head fat:
B 95% CI: -9.24 (-16.46, —2.03), p = 0.012; visceral adi-
pose tissue: 3 95% CI: —6.74 (-12.66, —0.81], p = 0.026;
subcutaneous fat: 3 95% CI: —3.40 (—4.93, —-1.88), p <
0.001, respectively). In men, a strong inverse correlation
was observed between serum 25(OH)D concentrations and
both visceral adipose tissue and subcutaneous fat, with vis-
ceral adipose tissue having a more pronounced impact [vis-
ceral adipose tissue: 3 95% CI: —13.04 (-18.10,-7.99), p <
0.001; subcutaneous fat: 5 95% CI. —4.69 (-8.76, —0.16),
p = 0.024]. In contrast, no significant correlation was ob-
served between fat distribution and serum 25(OH)D levels
in women, although weight was identified as an important
influencing factor [ 95% CI: —0.20 (-0.28, —0.12), p <
0.001]. Additionally, demographic factors like age, sex,
ethnicity, examination period, and family income; lifestyle
aspects including outdoor duration; dietary elements en-
compassing dietary intake of VD, phosphorus, and mag-
nesium; and supplementary intake of VD and calcium are
intricately linked with 25(OH)D. Notably, biomarkers such
as ALP, creatinine (umol/L), and serum calcium (mmol/L)

also share a close association with 25(OH)D. Please refer
to Table 3 for a detailed overview.

4. Discussion
Our analysis of a nationally representative, contempo-

rary sample of adults in the United States affirms an inverse
association between body fat and serum 25(OH)D levels.
While previous studies have highlighted the relationship
between obesity and 25 (OH)D concentration using BMI
[30,31], it is acknowledged that BMI does not capture nu-
ances in fat distribution. This study expands this correlation
to distinct facets of adiposity distribution. In the linear re-
gression model adjusting for demographics, lifestyle, diet,
biomarkers, and BMC, weight, WC, and regional fat depots
(arms, legs, head, subcutaneous, and visceral) all demon-
strate robust inverse relationships with 25(OH)D, aligning
with previous evidence [32,33]. In the stepwise regression
analysis, subcutaneous and visceral fat emerged as signifi-
cant predictors of serum 25(OH)D levels, particularly in the
male subpopulation, while weight was significantly corre-
lated with serum 25(OH)D levels in women. These results
suggest that both sex and body fat distribution play critical
roles in determining the VD status.

The mechanistic basis underlying the relationship be-
tween fat and hypovitaminosis D warrants discussion. Adi-
pose tissue serves as a major reservoir for VD and its
metabolites, as evidenced by an animal study showing 75%
of supplemented VD distributed to fat in pigs, with 35% as
25(0OH)D, 30% in serum, 20% in muscle, and 15% else-
where [18]. Furthermore, clinical trials have demonstrated
that vitamin D3 supplementation increases 25(OH)D3 lev-
els in both serum and subcutaneous fat [19,20]. The seques-
tration of VD in fat likely contributes to the comorbidity of
VD deficiency and obesity [7]. However, the differential
association of specific fat depots with VD remains unclear
and merits further interrogation.

While adiposity loss increases 25(OH)D [21-23],
whether greater fat accretion reciprocally lowers 25(OH)D
remains uncertain. VD slowly mobilises from fat into cir-
culation [34]; however, the precise mechanisms are incom-
pletely elucidated. Notably, all VD hydroxylation enzymes
are expressed in adipocytes and adipose tissue, implying
potential tissue-specific regulation [17,35]. The differen-
tial expression and activity of metabolic enzymes across
fat depots may thus drive the divergent associations ob-
served here with VD. In obesity, adipose dysfunction oc-
curs, characterised by hypertrophied adipocytes, inflam-
mation, hypoxia, and reduced angiogenesis [36]. The nu-
clear VD receptor, abundant in adipocytes, mediates VD
activities, influencing adipokines, energy metabolism, in-
flammation, oxidative stress, differentiation, and apoptosis
[17]. VD deficiency could thereby disrupt adipocyte func-
tion [17,36,37]. Therefore, it is important to pay attention
to VD levels in people with obesity. Our findings highlight
the importance of visceral adipose tissue and subcutaneous
fat, especially in men.
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Index Imputed data Unimputed data Norest plot
FOSech  Peewdo K2 AIC pvalue Pecndo K2 AIC_pvalue

Weight

Model 1 490 (577, -4.04) 0289 7827022 <0.001 0239 7508813 <0001 —_—

Model 2 479 (-5.64,3.93) 0305 7773247 <0.001 0253 7586197 <0.001 —_—

Model 3 -5.12(-6.00,-424) 0408 7598536 <0.001 -5.15(-6.08-422) 035 7472760 <0.001  —————4——

we

Model 1 -5.07(584,-430) 0294 7820854 <0.001 -5.10(-5.90,-430) 0244 7592945 <0.001 —_—

Model 2 -4.91 (-5.68,-4.13) 0300 7768046 <0.001 -4.95(-576,-4.14) 0257  7S81277 <0.001 —_—

Model 3 467 (-5.45,3.90) 0408 7598016 <0.001 0359 7472249 <0.001 e——)

Head fat

Model 1 468 (550,385 0262 7834733 <0001 469 (555,38 0232 7606171 <0.001 —_—

Model 2 -4.52(-533,-370) 0290 7781046 <0.001 -4.53(-5385,-369) 0246 7593952 <0.001 f——

Model 3 435 (521,3.49) 0401 7608096 <0.001 -436(527.-346) 035 74s206 <0.001 e —

Arms fat

Model 1 -4.97(-560,-425) 0202 7823596 <0.001 -500(-575.-425) 0242 7595476 <0.001 —_— J—

Model 2 -4.75 (-5.46,-4.05) 0307 7771242 <0.001 -4.50(-555,-4.06) 0254 7584324 <0.001 _ -

Model 3 -4.52(-533,-3.71) 0406 7600241 <0.001 -4.54(-5.39,-3.70) 0357 7474437 <0.001 ——

Legs

Model 1 -4.97 (-5.82,-4.12) 0289 7826911 <0.001 -4.97(-5.84,-410) 0239 7598972 <0.001 —_

Model 2 -4.68 (-5.53,-3.83) 0304 7775177 <0.001 -472(-5.61,-384) 0251 7588172 <0.001 l—

Model 3 -4.07 (-4.96,-3.18) 0402 7606664 <0.001 -409(-5.03.-3.15) 0352 7450754 <0.001 _

Subcutancousft volume

Model 1 -5.56 (-6.25,<4.87) 0296 7817833 <0.001 -5.57(-628.-4.85) 0246 7590038 <0.001

Model 2 -5.35 (-6.04,-4.65) 0311 77,6521 <0.001 -5.37 (-6, 0250 7579031 <0001 Tt

Model 3 -4.76(-5.54,-399) 0407  TS99086 <0.001 -4.78 (-5.60. 0358 7473301 <0.001 —_—

Visceral adipose tissue volume

Model1 5.23(627.4.15) 0299 TR <0awl 529639, 419) 024 759978 <vew L—————

Model 2 -5.05(-6.09.-4.00) 0309 77.68857 <0.001 -5.09(-6.18-4.00) 0257 7581947 <0.001

Model3 -4.28 (-520,-3.27) 0405 7602155 <0.001 -431(-5.37,-3.24) 0356 7476320 <0.001 — —

(b)

Index Imputed data Unimputed data Forest plot
FOTACh  Pewdo Rz AIC palee 03 Peewdo k2 AIC_ pvatue

Weishe

Model I 336(-437,-236) 0266 3870014 <0001 335 (440.-229) 0213 3741080 <0.001 R

Model 2 -3.40 (-4.37, -2.42) 0293 3831913 <0.001 -3.40 (-4.40, -2.39) 0237 37,308.46 <0.001 :

Model 3 -4.24 (-5.31, -3.17) 0396 3752030 <0.001 -4.27(-5.39,-3.15) 0344 36,808.51 <0.001 - -

we N

Model 1 427522, 332) 0277 356005 <0.001 426 (-5.26.3.26) 735010 <0001 R —

Model2 419 (512,326 0302 26263 <0001 -419(515,323) 026 3725446 <0.001 JE———
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Head fat N
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Model2 297 (104,-189) 0290 383275 <0001 296(407,-185 0234 3732077 <0001 S —

Modeld 303(4.17,-208) 038 3755630 <0.001 13 (422.-200) 038 368383 <0.000 JE——

Arms fat ’

Model I 412(491,-333) 0277 386439 <0001 411 (495.-326) 0225 1734542 <0.001 [ —

Model2 396 (474,318) 0301 326395 <0.001 395476, 3149 0246 3725643 <0.001 [ —]

Model3 405 (-499,-3.12) 0399 1749358 <0.001 408 (-5.06.-310)  0MS 3675230 <0.001 —_—

Lo

Model 1 382 (463,301 0273 6 <0001 378 (464,292 021 3736877 <0.001 —_—

Model 2 3,60 (-4.43,-276) 0297 3829161 <0.001 358 (-445.-272) 0241 3728262 <0.001 ——

Model 3 =342 (-4.40.2.43) 0393 3751855 <0.001 344 (-447.240) 0342 3682642 <0.001 —_—

Subcutaneous i

Model I 437 (-5.19,-3.54) 0280 3861513 <0.001 -433(-520,-346) 0228 3732810 <0.001 —_—

Model 2 -4.23 (-5.06,-3.40) 0305 3824411 <0.001 -421(-5.07,-335) 0249 3723731 <0.001 —_—

Model 3 415 (512,317) 0400 3748652 <0001 -416(S18, 319 0349 3677538 <0.001 —_—

Viscoral adipose tissue volume

Model | -5.38 (-6.34,-4.43) 02885 3856957 <0.001 -5.42(-6.43,-441) 0237 3728067 <0.001 St

Model 2 -5.26 (:6.20,-431) 0312 3819632 <0.001 (624,-427) 0257 3709099 <00 T4

Model 3 -4.67 (-5.70.-3.64) 0403 3746670 <0.001 -4.70(-5.75,-3.62) 0352 3675593 <0.001 _

'

(©)

Index Imputed data Unimputed data Forest plot
POSAC)  PreudoR2 AIC pvalue | pOS Peudo k2 AIC povaluc

Weight

Model 1 580 (-6.95,-4.65) 0299 3938415 <0001 -586(7.07.-466) 0251 3840495 <0001 ————4——

Model 2 -5.47 (-6.62,-4.32) 0309 3923743 <0.001 -5.57(-6.78,-4.36) 0259 3838386 <0.001 ——

Model3 -492 (6.19,-3.65) 0425 3833 <0.001 -495(628,361) 0378 3778122 <0.001 —_—

we

Model 1 557 (6.61,-452) 0298 3939058 <0.001 -5.60(6.70,-451) 0250 3841214 <0.000 ——

Model2 -525(:6.29,-421) 0308 3024274 <0001 -S31(640,-423) 0258 3839066 <0.001 —_—

Model 3 -4.20 (-5.30, -3.11) 0422 3834354 <0.001 -4.23 (-5.38, -3.08) 0375 37,800.60 <0.001 —_—

Head fat

Model 1 482 (5.95,-3.67) 0200 3044104 <0001 -480(-5.99,-360) 0240 3846333 <0.001 —_—

Model2 445 (5.61,-330) 0300 3929124 <0001 447 (5.67.-328) 0249 3843913 <0.000 —_—

Model 3 -3.69 (-4.84,-2.53) 0419 3836464 <0.001 -370(-4.91,-249) 0372 3782140 <0.001 —_—

Arms fat

Model 1 -5.08 (6.08,-4.07) 0204 3041509 <0001 -5.13(-6.20,-407) 0245 3843543 <0.001 —_—

Model 2 -4.77 (-577,3.77) 0305 3926431 <0.001 -4.86(-5.92,-380) 0254 3841119 <0.001 ——

Model3 384409, 2.68) 0421 3830 <0001 386507265 0372 3781050 <0.000 —-

Legs

Model 1 -5.13(-643,-3.8) 0293 1941937 <0.001 -5.16(652,381) 025 3544081 <0.001 —_—

Model2 475 (6.05,-345) 0304 3927150 <0.001 -484(-620,-345) 0253  3SAIS0S <0.000 — —

Model 3 -3.49 (480, -217) 0419 3836856 <0.001 351 (-4.89,-212) 0372 3782526 <0.001 L ——)

Subcutancousft volume

Model 1 <556 (-6.57,-4.55) 0299 3938153 <0001 -S.61 (6.66,-455) 0251 3840339 <0.001 — e

Model 2 -5.26 (-6.28,-424) 0310 3923273 <0.001 -5.33 (-6.40,-426) 0260 3838120 <0.001 — —

Model3 395 (5.06,-285) 0422 3834776 <0001 398 (S.15.-282) 0374 3750476 <0.001 —_—

Visceral adipose tissue volume

Model 1 477 (6.62,-2.92) 0289 3945042 <0.001 483 (6.77.-285) 0241 3846889 <0.000 —_—

Model2 452 (6.37,-267) 0301 3929499 <0001 458 (6.51,-265) 0250 3844124 <0.001 )

Model3 314 (493,-136) 0417 3838681 <0001 316(5.05,-128) 0370 3784325 <0.001 —_—

Fig. 2. Association between obesity indicators and serum 25(OH)D in total population (a), and male (b), and female subpopula-
tions (c): Forest plot from multiple linear regression. Model 1 adjusted for demographic characteristics, including age, sex, height,
ethnicity, education level, examination period and family income. Model 2 further adjusted for lifestyle factors, including smoking his-
tory, alcohol consumption, sunlight exposure, and physical activity. Model 3 incorporated dietary intake and supplements (VD, calcium,
magnesium, and phosphorus), bone mineral content, and biomarkers including serum calcium and phosphorus, alkaline phosphatase,
alanine aminotransferase, and creatinine.
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Beyond adiposity, our analysis spotlights diverse
facets intricately linked to 25(OH)D status, including de-
mographic attributes, seasonal/light exposure, dietary pat-
terns, and select biomarkers, which demand tailored public
health and clinical considerations. Unsurprisingly, reduced
outdoor exposure on weekdays and weekends was linked
to lower 25(OH)D levels in our study. Surprisingly, phys-
ical activity did not emerge as an independent predictor in
our stepwise regression model. Sedentary lifestyles proba-
bly overlap with limited sun exposure. Promoting outdoor
activities could offer synergistic benefits by boosting ac-
tivity levels, light exposure, and VD status. Moreover, di-
etary and supplementary intakes of VD, calcium, phospho-
rus, and magnesium positively influenced serum 25(OH)D.
Clinicians should carefully assess intakes of VD, calcium,
magnesium, and phosphorus and recommend balanced nu-
tritional support alongside targeted supplementation.

Our data were derived from the specific national rep-
resentativeness of the NHANES in the United States, im-
parting a degree of generalisability to the study results. At
the same time, we included some obesity-related indicators
to provide refined insights. Confounder adjustment using
multivariable regression lent validity to the observed asso-
ciations. Sensitivity analyses performed after multiple data
imputation verified the robustness of outcomes. However,
the cross-sectional nature of the study limits causal interpre-
tations. Further longitudinal and mechanistic studies can
build on these data, offering nuanced insights for the de-
velopment of clinical and public health strategies against
obesity and VD deficiency. It is crucial to acknowledge
that the study focused exclusively on adults (aged 20-59
years), who participated in DXA testing and have data on
body fat distribution. Our findings, viz. such as the ob-
served increase in vitamin D concentration with age, may
differ from those of studies that include broader or differ-
ent populations. These differences underscore the potential
variability in results due to the unique characteristics of our
study cohort. The findings from the study warrant corrob-
oration in diverse demographic groups. Besides, there are
still other potential factors that affect VD that were not in-
cluded in the study.

5. Conclusions

This nationally representative study offers unequivo-
cal evidence affirming the association between fat and hy-
povitaminosis D among adults. Abdominal fat emerged as
predictors of 25(OH)D, emphasising the importance of as-
sessing fat distribution rather than simply replacing it with
BMI or WHtR. Besides anthropometric indicators, demo-
graphic characteristics, lifestyle factors, and dietary habits
also have complex effects on VD. Personalising clinical de-
cisions and public health interventions based on these pa-
rameters could help mitigate the heavy burden of obesity
and hypovitaminosis D.
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