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Background & aims: Obesity is a well-established risk factor of vitamin D deficiency. However, it is un-
clear which fat deposit is most strongly related to serum 25-hydroxyvitamin D (25(OH)D) concentra-
tions. Our aim was to distinguish the specific contributions of total body fat (TBF), abdominal
subcutaneous adipose tissue (aSAT), visceral adipose tissue (VAT) and hepatic fat on 25(OH)D
concentrations.
Methods: We performed a cross-sectional analysis of the Netherlands Epidemiology of Obesity study, a
population-based cohort study. We used linear regression analyses to examine associations of TBF, aSAT,
VAT (n ¼ 2441) and hepatic fat (n ¼ 1980) with 25(OH)D concentrations. Standardized values were used
to compare the different fat deposits.
Results: Mean (SD) age and 25(OH)D concentrations of the study population was 56 (6) years and 70.8
(24.2) nmol/L, respectively. TBF was inversely associated with 25(OH)D concentrations in women, but not
in men. One percent higher TBF was associated with 0.40 nmol/L (95%CI:-0.67 to �0.13) lower 25(OH)D.
aSAT was not associated with 25(OH)D concentrations. One cm2 higher VAT was associated with
0.05 nmol/L (�0.09 to �0.02) lower 25(OH)D in men, and 0.06 nmol/L (�0.10 to �0.01) lower 25(OH)D in
women. Hepatic fat was only associated with 25(OH)D in men. A tenfold increase in hepatic fat was
associated with 6.21 nmol/L (�10.70 to �1.73) lower 25(OH)D. Regressions with standardized values
showed VAT was most strongly related to 25(OH)D.
Conclusions: In women, TBF and VAT were inversely related to 25(OH)D concentrations. In men, VAT and
hepatic fat were inversely related to 25(OH)D concentrations. In both groups, VAT was most strongly
associated with 25(OH)D concentrations.

© 2018 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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1. Introduction

Obesity and vitamin D deficiency both strike in pandemic pro-
portions [1,2]. Clinical evidence shows that these two major public
health issues are linked with each other [3]. Measures of adiposity
such as body mass index (BMI) and percentage of total body fat are
inversely related to concentrations of 25-hydroxyvitamin D
(25(OH)D) [4e8]. In addition, the prevalence of vitamin D
nter, Department of Internal
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deficiency in individuals with obesity is 35% higher compared to
individuals without obesity [9].

Several explanations for the inverse relationship between
obesity and vitamin D concentrations have been proposed [3]. One
potential explanation is that individuals with obesity have lower
25(OH)D concentrations because of less exposure to sunlight. This
is a consequence of less involvement in outdoor activities and
clothing habits in persons with obesity [10e12]. A second potential
explanation for vitamin D deficiency in obesity is that sequestration
and storage of vitamin D by adipose tissue in individuals with
obesity is increased compared with lean individuals [3,13,14]. After
exposure to ultraviolet radiation and oral supplementation of
vitamin D, individuals with obesity show a relatively smaller in-
crease in serum concentrations of vitamin D compared with
ism. All rights reserved.
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individuals without obesity [15]. Third, it has been hypothesized
that catabolism of 25(OH)D is higher with increasing amounts of
adiposity [3]. This is due to the expression of 24-hydroxylase
enzyme by adipose tissue which degrades 1,25(OH)2D by further
hydroxylation [3,16]. Fourth, it has been hypothesised that the
clearance of vitamin D could be increased due to obesity-associated
inflammation. Obesity is associated with a state of chronic low-
grade inflammation and several studies have shown vitamin D to
decrease during inflammation [17e19]. Finally, the hydroxylation
on 25-hydroxyvitamin D in the liver might be decreased in obese
individuals [20]. Obesity is closely related to non-alcoholic fatty
liver disease (NAFLD), which covers disorders in a spectrum of
increasing severity from simple hepatic steatosis (fatty liver) to
hepatocellular carcinoma [21].

Despite the well-known link between obesity and vitamin D
deficiency, it is yet unclear which fat deposit is most strongly
related to serum 25(OH)D concentrations. More insight in the
specific contributions of the different fat deposits on 25(OH)D
concentrations may clarify mechanisms that underlie this rela-
tionship and show which individuals are at highest risk of vitamin
D deficiency. Therefore, our aim for this study was to examine as-
sociations of total body fat, abdominal subcutaneous adipose tissue,
visceral adipose tissue and hepatic fat with 25(OH)D
concentrations.

2. Methods

2.1. Study design and study population

The present study is a cross-sectional analysis of baseline
measurements of the Netherlands Epidemiology of Obesity (NEO)
study, a population-based prospective cohort study in 6671 men
and women aged between 45 and 65 years. The study population
and study design have been described in detail previously [22].
Men and women who had a self-reported BMI of 27 kg/m2 or
higher, aged between 45 and 65 years and living in the greater
area of Leiden (in the West of the Netherlands) were eligible to
participate in the NEO study. In addition, all inhabitants of one
municipality (Leiderdorp) aged between 45 and 65 years were
invited to respond irrespective of their BMI, allowing for a refer-
ence distribution of BMI. Participants visited the NEO study center
of the Leiden University Medical Center (LUMC) after an overnight
fast. Prior to this study visit, participants completed question-
naires to report demographic, lifestyle and clinical information. At
the study center, the participants completed a screening form,
asking about anything that might create a health risk or interfere
with magnetic resonance imaging (MRI) (most notably metallic
devices, claustrophobia, or a body circumference of more than
1.70 m). Of the participants who were eligible for MRI, approxi-
mately 35% were randomly selected to undergo MRI. All partici-
pants underwent other baseline measurements including
anthropometry and blood sampling. For the present analysis, we
included all participants with successful measurements of
abdominal subcutaneous and visceral adipose tissue and hepatic
fat, and excluded participants with missing data. The study was
approved by the medical ethics committee of the LUMC (CME
LUMC 058, N� of approval P08.109) and all participants gave
written informed consent.

2.2. Measures of different body fat deposits

Total body fat (%) and body weight (kg) were measured by the
Tanita bio impedance balance (total body fat-310, Tanita Interna-
tional Division, UK) without shoes and 1 kg was subtracted from
the body weight to correct for the weight of clothes. Body mass
Please cite this article as: Rafiq R et al., Associations of different body fa
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index (BMI) (kg/m2) was calculated by usingmeasured bodyweight
(kg) and height (cm). Abdominal subcutaneous and visceral adi-
pose tissue were quantified byMRI using a turbo spin echo imaging
protocol. At the level of the fifth lumbar vertebra three transverse
images eachwith a slice thickness of 10mmwere obtained during a
breath-hold. Abdominal subcutaneous and visceral adipose tissue
were converted from the number of pixels to centimeters squared
and the average of three slices was used in the analyses.

Hepatic triglyceride content was quantified by 1H-MRS of the
liver. An 8 ml voxel was positioned in the right lobe of the liver,
avoiding gross vascular structures and adipose tissue depots. Sixty-
four averages were collected with water suppression. Spectra were
obtained with an echo time of 26 ms and a repetition time of
3000 ms. Data points were collected using a 1000 Hz spectral line.
Without changing any parameters, spectra without water sup-
pression, with a repetition time of 10 s, andwith four averageswere
obtained as an internal reference. 1H-MRS data were fitted using
Java-based magnetic resonance user interface software (jMRUI
version 2.2, Leuven, Belgium). HTGC relative to water was calcu-
lated as (signal amplitude of triglyceride)/(signal amplitude of
water) x 100. All imaging was performed on a 1.5 T whole-body MR
scanner, (Philips Medical Systems, Best, the Netherlands).

2.3. 25(OH)D concentrations

At the baseline study visit a fasting blood sample of venous
blood was collected by venipuncture, and immediately sent to
the central clinical laboratory of the LUMC for the assessment of
serum 25-hydroxyvitamin D (25(OH)D) concentrations. During
the inclusion period of the NEO study, quantification of the
25(OH)D concentration in the serum was done by three subse-
quent methods. From 1 September 2008 to 4 October 2010 the
radioimmunoassay (RIA) method was used (Diasorin, Italy). From
5 October 2010 to 29 September 2011 the Chemiluminescent
Immunoassay was used (iSYS analyzer, ImmunoDiagnostics Inc.,
Boldon, UK). Finally, from 30 September 2011 until the end of the
study, the 2nd generation Electrochemiluminescence Immuno-
assay (ECLIA) (Modular Analytics E170 analyzers, Roche Di-
agnostics, Mannheim, Germany) was used. Two level commercial
IQC samples were used in all three methods to monitor perfor-
mance. Maximum overall CVa was <12%. All methods have stated
specificity for both 25-hydroxyvitamin D2 and D3 (25(OH)D2 and
25(OH)D3). Because three different immunoassays were used
during the study period, serum 25(OH)D was calibrated towards
the “golden standard” LC-MS/MS method (isotope dilution/online
solid-phase extraction liquid chromatography/tandem mass
spectrometry (ID-XLC-MS/MS) to minimize possible variations.
These LC-MS/MS measurements were performed at the Endo-
crine Laboratory of the VU University Medical Center (Amster-
dam, the Netherlands) as described before [23]. The limit of
quantitation (LOQ) was 4.0 nmol/L; intra-assay CV was <6%, and
inter-assay CV was <8% for concentrations between 25 and
180 nmol/L 25(OH)D2 and 25(OH)D3 were measured separately.
From measurements of each of the three different 25(OH)D as-
says used, 50 samples were selected to determine serum 25(OH)
D with LC/MSeMS. Previous studies have shown that 50 samples
suffice to fit an equitation for comparison between the different
assays [24]. Samples were selected according to tentiles of serum
25(OH)D within each of the methods used. Within each tentile 5
samples were selected on time slots of the total period during
which the method was used. This time-dependent sampling was
added to minimize the contribution of inter assay variation to the
comparisons made between the different assays. Calibrated
serum 25(OH)D concentrations were then calculated using linear
regression formulas.
t deposits with serum 25-hydroxyvitamin D concentrations, Clinical
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2.4. Potential confounding variables

Potential confounders were age, ethnicity, educational level,
chronic diseases, smoking, alcohol use, physical activity and sex.
The participants reported ethnicity by self-identification in eight
categories, which were grouped into ‘white’ and ‘other’. Educa-
tional level was reported on the questionnaire and grouped into
‘high’ and ‘low’. Low education was defined as no education, only
primary school or lower vocational education. Chronic diseases
were defined as a self-reported medical history of diabetes, oste-
oarthritis and cardiovascular diseases (defined as myocardial
infarction, angina, congestive heart failure, stroke and peripheral
vascular disease). Smoking was categorized into never smoked,
former smoker and current smoker. Physical activity during leisure
time was reported by the participants in the Short Questionnaire to
Asses Health-enhancing physical activity (SQUASH) and expressed
in metabolic equivalents hours per week (MET-hours/week)
[25,26]. MET is calculated by multiplying the average amount of
time of participation in specified physical activities with the spe-
cific MET value of each activity [26]. Alcohol consumption was
assessed using the Frequency Food Questionnaire, and categorized
into 4 categories: 0 g per day, �1 g per day, 1e5 g per day and �5 g
per day.

2.5. Statistical analysis

Data were analysed using STATA version 13 (StataCorp LP, Col-
lege Station, TX, USA). In the NEO study individuals with a BMI of
27 kg/m2 or higher were oversampled. To correctly represent
baseline associations in the general population, adjustments for the
oversampling of individuals with a BMI�27 kg/m2 weremade [27].
This was done by weighting all participants towards the BMI dis-
tribution of participants from the Leiderdorp municipality, whose
BMI distribution was similar to the BMI distribution of the general
Dutch population [28,29]. All results were based on weighted an-
alyses. Consequently, the results apply to a population-based study
without oversampling of individuals with a BMI �27 kg/m2. Base-
line characteristics of the study population were stratified by sex.
Pearson's correlation coefficients were calculated between total
body fat, abdominal subcutaneous adipose tissue, visceral adipose
tissue, and hepatic fat.

Linear regression analyses were performed to examine re-
lationships of the different fat deposits with 25(OH)D concentra-
tions. We also calculated population-based Z-scores and
standardized the values of total body fat, abdominal subcutaneous
adipose tissue, visceral adipose tissue, and hepatic fat to compare
the contributions of the different fat deposits with each other.
Regression analyses were performed for men and women sepa-
rately. The variable hepatic fat was highly skewed and therefore log
transformed for the analyses. The regression coefficient of the an-
alyses with hepatic fat can be interpreted as the difference in
25(OH)D concentration associated with a 10-fold increase in he-
patic fat. First, we adjusted the crude model for age. The second
model was additionally adjusted for ethnicity, educational level,
chronic diseases, alcohol use, smoking, physical activity and season.
Finally, to study the specific effects of the fat deposits, themodels of
abdominal subcutaneous and visceral adipose tissue were addi-
tionally adjusted for total body fat, and the models of hepatic fat
were additionally adjusted for total body fat and visceral adipose
tissue. Because serum 25(OH)D concentrations follow a sinusoidal
pattern throughout the year, adjustment for season was performed
using a cosinor model [30]. In this model the variable t date of visit
(month, day, year) was transformed as 1) Sin [(2p *t)/365.25] and 2)
Cos [(2p *t)/365.25] and added as covariate to the regression
models. All confounding variables were tested for collinearity
Please cite this article as: Rafiq R et al., Associations of different body fa
Nutrition, https://doi.org/10.1016/j.clnu.2018.12.018
before entering them in the model. This was done by calculating
variance inflation factors (VIFs). VIF values were considered
appropriate if they were below 10 in all models.

3. Results

3.1. Baseline characteristics

From the total of 6671 participants in the NEO study, 2580
participants underwent an MRI of the abdomen. Abdominal sub-
cutaneous and visceral adipose tissue was available for 2569 par-
ticipants. Hepatic fat was available for 2083 participants.
Participants with missing data for total body fat (n ¼ 4), 25(OH)D
concentrations (n ¼ 12) and potential confounders (n ¼ 112) were
excluded. This resulted in the inclusion of 2441 participants in our
analyses for total body fat, abdominal subcutaneous and visceral
adipose tissue, and 1980 for hepatic fat. Table 1 presents the
characteristics of the study population. Mean (SD) age and serum
25(OH)D concentrations of the study population was 56 [6] years
and 70.8 nmol/L (24.2), respectively. Overall, women had higher
25(OH)D concentrations, a higher amount of total body fat and
more abdominal subcutaneous adipose tissue compared to men.
Men had a higher amount of visceral adipose tissue and hepatic fat
compared to women.

3.2. Correlations between measures of different body fat deposits

We calculated Pearson's correlation coefficients between mea-
sures of different body fat deposits for men and women separately
(Table 2). Total body fat was strongly correlated with both
abdominal subcutaneous and visceral adipose tissue in both men
and women, in women stronger than in men. In addition, visceral
adipose tissue and abdominal subcutaneous adipose tissue were
correlated inwomen. Hepatic fat was most strongly correlated with
visceral adipose tissue.

3.3. Associations of different fat deposits with 25(OH)D
concentrations

The associations of total body fat, abdominal subcutaneous ad-
ipose tissue, visceral adipose tissue and hepatic fat with serum
25(OH)D concentrations are shown separately for men and women
in Table 3. Total body fat was inversely associated with 25(OH)D
concentrations in women, but not in men. After adjustment for
confounders, one percent higher total body fat was associated
with �0.40 nmol/L (95%CI: �0.67 to �0.13) lower 25(0H)D in
women. Abdominal subcutaneous adipose tissue was not associ-
ated with 25(OH)D after adjustment for total body fat. Visceral
adipose tissue was inversely associated with serum 25(OH)D con-
centrations in both men and women. After adjustment for total
body fat, one cm2 higher visceral adipose tissue was associated
with 0.05 nmol/L (�0.09 to �0.02) lower 25(OH)D in men, and
0.06 nmol/L (�0.10 to �0.01) lower 25(OH)D in women. After
adjustment for total body fat and visceral adipose tissue, hepatic fat
was only associated with 25(OH)D in men. A tenfold increase in
hepatic fat was associated with 6.21 nmol/L (�10.70 to �1.73)
lower 25(OH)D.

3.4. Associations of standardized measures of different body fat
deposits with 25(OH)D concentrations

Figure 1 shows the results of the linear regression analyses with
standardized values of total body fat, abdominal subcutaneous
adipose tissue, visceral adipose tissue and hepatic fat for men and
women separately. In women, total body fat and visceral adipose
t deposits with serum 25-hydroxyvitamin D concentrations, Clinical



Table 1
Characteristics of participants in the Netherlands Epidemiology of Obesity study aged between 45 and 65 years stratified by sex.

All Men (47%) Women (53%)

Age (years) 56 (6) 56 (6) 55 (6)
BMI (kg/m2) 25.9 (4.0) 26.7 (3.6) 25.3 (4.1)
Ethnicity (% white) 96 96 95
Education level (% low) 53 50 57
Tobacco smoking (%)
Never 40 37 43
Former 45 47 44
Current 14 16 13

Physical activity (MET-hours/week) 30.0 [16.0e51.5] 31.0 [15.8e53.0] 29.5 [16.5e49.7]
Alcohol consumption (%)
Abstainer 1 0 1
0e1 units per day 49 35 61
1e4 units per day 47 58 38
�5 units per day 3 6 0

Chronic disease (%) 31 29 34
Measures of different body fat deposits
Total body fat (%) 30.8 (8.3) 24.7 (5.8) 36.2 (6.1)
aSAT (cm2) 235.7 (96.6) 210.3 (84.8) 258.5 (98.5)
VAT (cm2) 89.8 (56.2) 115.7 (61.1) 66.6 (40.8)
Hepatic fat (%) 2.7 [1.4e6.3] 3.8 [2.0e8.7] 1.8 [1.1e4.5]

25(OH)D (nmol/L) 70.8 (24.2) 68.6 (24.8) 72.8 (23.4)

Results are based on analyses weighted towards the BMI distribution of the general population (n ¼ 2441; Hepatic fat n ¼ 1980). Data are shown as mean (SD), median
[interquartile range] or percentage.
MET: Metabolic equivalent; aSAT: abdominal subcutaneous adipose tissue; VAT: visceral adipose tissue; 25(OH)D: 25-hydroxyvitamin D.

Table 2
Pearson correlation coefficients between measures of different body fat deposits in
men (left lower corner) and women (right upper corner) aged between 45 and 65
years participating in the NEO study.

Total body fat aSAT VAT Hepatic fat

Total body fat 0.84 0.71 0.54 Women
aSAT 0.77 0.62 0.46
VAT 0.65 0.46 0.63
Hepatic fata 0.48 0.33 0.50

Men

Results are based on analyses weighted towards the BMI distribution of the general
population (n ¼ 2441; Hepatic fat n ¼ 1980).
aSAT: abdominal subcutaneous adipose tissue; VAT: visceral adipose tissue.

a 10 log transformation.
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tissue were similarly associated with serum 25(OH)D concentra-
tions. One standard deviation higher total body fat (8.3%) was
associated with 3.35 nmol/L (�5.58 to �1.11) lower 25(OH)D. One
standard deviation higher visceral adipose tissue (56.2 cm2) was
associated with 3.20 nmol/L (�5.90 to �0.50) lower 25(OH)D. In
Table 3
Associations of total body fat, abdominal subcutaneous adipose tissue, visceral adipos
participating in the Netherlands Epidemiology of Obesity study aged between 45 and 65

Model 1

Difference in 25(OH)D con

Total body fat (%) Men �0.03 (�0.36 to 0.30)
Women �0.45 (�0.73 to �0.16)

aSAT (cm2) Men �0.02 (�0.04 to 0.00)
Women �0.03 (�0.04 to �0.01)

VAT (cm2) Men �0.04 (�0.07 to �0.01)
Women �0.09 (�0.12 to �0.05)

Hepatic fata (%) Men �4.26 (�9.20 to 0.68)
Women �5.92 (�10.31 to �1.53)

Results are based on analyses weighted towards the BMI distribution of the general popul
with 95% confidence intervals from linear regression analyses and expressed as difference
adipose tissue, visceral adipose tissue and hepatic fat. Model 1 shows the results of the
confounders: ethnicity, educational level, chronic diseases, smoking, alcohol use, physica
abdominal subcutaneous and visceral adipose tissue, and addition of total body fat and
aSAT: abdominal subcutaneous adipose tissue; VAT: visceral adipose tissue; 25(OH)D: 2

a 10 Log transformation: regression coefficient can be interpreted as the difference in

Please cite this article as: Rafiq R et al., Associations of different body fa
Nutrition, https://doi.org/10.1016/j.clnu.2018.12.018
men visceral adipose tissue was the most contributing factor. One
standard deviation higher visceral adipose tissue (56.2 cm2) was
associated with 3.08 nmol/L (�4.87 to �1.28) lower 25(OH)D.
4. Discussion

In this population-based study of middle-agedmen andwomen,
we observed that the relationship between different body fat de-
posits and 25(OH)D concentrations was different for men and
women. In women, total body fat and visceral adipose tissue were
inversely related to 25(OH)D concentrations. In men, visceral adi-
pose tissue and hepatic fat were related to 25(OH)D concentrations.
In both men and women, visceral adipose tissue was most strongly
associated with 25(OH)D concentrations.

Our results are in line with previous studies that showed an
inverse association of total body fat with 25(OH)D concentrations
in women [6,31,32]. In the National Health and Nutrition Exami-
nation Survey (NHANES) III, the relationship between total body fat
and 25(OH)D concentrations inwomenwas studied in different age
e tissue and hepatic fat with serum 25(OH)D concentrations of men and women
years.

Model 2 Model 3

centrations (nmol/L) with 95% CI

�0.08 (�0.42 to 0.26)
�0.40 (�0.67 to �0.13)
�0.01 (�0.03 to 0.01) �0.02 (�0.05 to 0.00)
�0.02 (�0.04 to �0.01) �0.01 (�0.03 to 0.02)
�0.04 (�0.07 to �0.01) �0.05 (�0.09 to �0.02)
�0.07 (�0.11 to �0.04) �0.06 (�0.10 to �0.01)
�6.36 (�10.54 to �2.18) �6.21 (�10.70 to �1.73)
�5.73 (�9.61 to �1.86) �2.46 (�7.38 to 2.45)

ation (n¼ 2441; Hepatic fat n¼ 1980) and were derived from regression coefficients
s in serum 25(OH)D concentrations per unit total body fat, abdominal subcutaneous
regression analyses adjusted for age. Model 2 is similar to Model 1 with addition of
l activity and season. Model 3 is similar to Model 2 with addition of total body fat for
visceral adipose tissue for hepatic fat.
5-hydroxyvitamin D.
25(OH)D concentration associated with a 10-fold increase in hepatic fat.
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Fig. 1. Associations of standardized total body fat, abdominal subcutaneous adipose tissue, visceral adipose tissue and hepatic fat with serum 25(OH)D concentrations of men and
women participating in the Netherlands Epidemiology of Obesity study aged between 45 and 65 years. Results are based on analyses weighted towards the BMI distribution of the
general population (n ¼ 2441; Hepatic fat n ¼ 1980) and were derived from regression coefficients with 95% confidence intervals from linear regression analyses and expressed as
differences in serum 25(OH)D concentrations per standard deviation of total body fat, abdominal subcutaneous and visceral adipose tissue, and hepatic fat. All analyses were
adjusted for age, ethnicity, educational level, chronic diseases, smoking, alcohol use and physical activity. Analyses of abdominal subcutaneous and visceral adipose tissue were
additionally adjusted for total body fat. Analyses of hepatic fat were additionally adjusted for total body fat and visceral adipose tissue. aSAT: abdominal subcutaneous adipose
tissue; VAT: visceral adipose tissue; TBF: total body fat; 25(OH)D: 25-hydroxyvitamin D; SD: standard deviation.
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groups and races. Although the strength of the relationship varied
with race and age group, total body fat was inversely related to
serum 25(OH)D concentrations in all groups [31]. This inverse as-
sociation was confirmed by two other studies in women using dual
energy x-ray absorptiometry (DXA) tomeasure total body fat [6,32].
In a cohort of older persons, total body fat was associated with
25(OH)D concentrations in both men and women [5].

In our study we found that visceral adipose tissue, and not
abdominal subcutaneous adipose tissue, was associated with
serum 25(OH)D in both men and women. Because total body fat
was available, we could adjust for overall adiposity and study the
specific contribution of the different fat deposits. Our finding is
consistent with previous studies [26,32e34]. A study conducted in
prediabetic individuals showed that, after correction for total body
fat, visceral adipose tissue was associated with 25(OH)D concen-
trations, while subcutaneous adipose tissue was not associated
with 25(OH)D concentrations [26]. In the Framingham study,
abdominal subcutaneous and visceral adipose tissuewere inversely
associated with 25(OH)D concentrations [13]. Visceral adipose tis-
sue was more strongly related to 25(OH)D concentrations
compared to abdominal subcutaneous adipose tissue. However,
while the relationships studied were stratified for different BMI
categories, no adjustments were made for the amount of total body
fat or BMI. This might explain why abdominal subcutaneous adi-
pose tissue was related to 25(OH)D concentrations in this study.
Similarly, a study in Hispanic and African-Americans showed
Please cite this article as: Rafiq R et al., Associations of different body fa
Nutrition, https://doi.org/10.1016/j.clnu.2018.12.018
abdominal subcutaneous and visceral adipose tissuewere inversely
related to 25(OH)D [34]. This study, however, did not adjust for
measures of total body fat.

Finally, we also investigated the association of hepatic fat with
25(OH)D concentrations. Our study is in line with previous litera-
ture showing an inverse association of hepatic fat content with
25(OH)D concentrations [21,35]. The Changfeng Study observed a
negative association between liver fat content and serum 25(OH)D
concentrations in men but not in women [35]. In this study, ultra-
sonography was used to measure liver fat. In a study with NAFLD
patients, serum 25(OH)D concentrations were inversely related to
disease severity [21].

The differences between men and women found in our study
might be caused by differences in body fat distribution [36]. In
general, women have a higher percentage of total body fat
compared to men, which could potentially explain why only
women showed associations of total body fat with 25(OH)D con-
centrations. Additionally, men store more fat in the visceral region
while women typically store more fat in the gluteal-femoral region
[37]. As men generally have higher amounts of visceral adipose
tissue and hepatic fat, there is a potential influence of abdominal
adiposity on lower 25(OH)D concentrations [37,38].

There are a number of potential explanations for the association
between obesity and decreased 25(OH)D concentrations. One hy-
pothesis is that the fat-soluble vitamin D is sequestered in adipose
tissue, which decreases its bioavailability. This suggests that 25(OH)
t deposits with serum 25-hydroxyvitamin D concentrations, Clinical
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D concentrations should correlate closely with subcutaneous adi-
pose tissue measures, as it is the largest volume fat deposit in the
body and on average represents 85% of total body fat [13,15,39].
This is not in line with our finding that abdominal subcutaneous
adipose tissue was not associated with 25(OH)D. Other studies
suggest that visceral adipose tissue attributes the most to
decreased serum 25(OH)D concentrations in obesity [13,40]. In our
study, linear regressions with standardized estimates showed that
visceral adipose tissue was most strongly related to 25(OH)D con-
centrations. This might be due to the metabolic activity of visceral
adipose tissue. In contrast to subcutaneous adipose tissue, visceral
adipose tissue secretes more pro-inflammatory and less anti-
inflammatory adipokines. It has been shown that vitamin D con-
centrations are inversely related to inflammatorymarkers [41]. This
hypothesis is in line with our finding that visceral adipose tissue,
and not subcutaneous adipose tissue is related to 25(OH)D con-
centrations [3,26]. In addition, it is suggested that inflammation
may lower 25(OH)D concentrations by potential effects on vitamin
D binding proteins [26].

While we did not study the prevalence of vitamin D deficiency
in our study population, our study suggests that individuals with a
larger amount of visceral adipose tissue are at a higher risk of lower
vitamin D concentrations. As vitamin D deficiency is highly prev-
alent in individuals with obesity, specific attention to persons with
a large amount of visceral adiposity should be given. Future studies
on the effects of vitamin D supplementation should specifically
target persons with obesity and study specific effects in groups
with visceral and hepatic fat.

The strengths of our study include the large study population,
the availability of MRI of abdominal subcutaneous and visceral
adipose tissue, and proton-MRS of hepatic fat. This enabled us to
investigate the individual contributions of the different fat deposits.
In addition, total body fat was available which allowed us to adjust
for total body fat and to investigate the specific effects of the
different fat deposits on 25(OH)D concentrations. Our study cohort
is very well phenotyped, which allowed adjustment for potential
confounding factors. This study also has some limitations. First, due
to the observational nature of this study, causal inference is not
possible, as we cannot exclude the presence of residual con-
founding and reverse causation. While we studied the effects of
different fat deposits on 25(OH)D concentrations, several studies
have hypothesized that vitamin D might play a causal role in adi-
pogenesis [3,40]. However, a systematic review of randomized
controlled trials showed no effect of vitamin D supplementation on
weight reduction [42]. In addition, lower serum 25(OH)D concen-
trations and obesity might be related as they are both associated
with a sedentary lifestyle. We have tried to correct for this by
adjusting for lifestyle factors such as physical activity, smoking and
alcohol use. Second, we used cross-sectional images at the level of
the fifth lumbar vertebra of visceral adipose tissue and abdominal
subcutaneous adipose tissue and therefore did not have total sub-
cutaneous and visceral adipose tissue. However, earlier studies
have shown that such cross-sectional images are highly correlated
to total volumes (correlation coefficients around 0.8) and can
therefore validly represent abdominal subcutaneous and visceral
adipose tissue [43]. Third, during the study period, serum 25(OH)D
measurements were performed by three different assays, which
could led to variations in the measurements. To minimize these
possible variations, we calibrated our serum 25(OH)D measure-
ments to the golden standard LC-MS/MS. Lastly, our study popu-
lation primarily consists of white individuals. Previous studies have
shown that the relationship between adiposity measures and
25(OH)D concentrations differ between ethnicities [44,45].

In conclusion, this study showed that in women total body fat
and visceral adipose tissue were inversely associated with lower
Please cite this article as: Rafiq R et al., Associations of different body fa
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25(OH)D concentrations. In men, visceral adipose tissue and he-
patic were inversely related to 25(OH)D concentrations. Compared
with the other body fat deposits, visceral adipose tissue was most
strongly related to 25(OH)D concentrations in both men and
women. This implies that specific attention for vitamin D deficiency
should be given to individuals with a high amount of visceral adi-
pose tissue. Further research should elucidate which mechanisms
underlie the contribution of visceral adipose tissue to low 25(OH)D
concentrations.
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