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Abstract

Changes in select adipose tissue volumes may differentially impact bone mineral density.
This study was performed to assess cross-sectional and longitudinal relationships between
computed tomography-determined visceral (VAT), subcutaneous (SAT), inter-muscular
(IMAT), and pericardial adipose tissue (PAT) volumes with respective changes in thoracic
vertebral and lumbar vertebral volumetric trabecular bone mineral density (vBMD) in African
Americans with type 2 diabetes. Generalized linear models were fitted to test relationships
between baseline and change in adipose volumes with change in vBMD in 300 African
American-Diabetes Heart Study participants; adjustment was performed for age, sex, diabe-
tes duration, study interval, smoking, hypertension, BMI, kidney function, and medications.
Participants were 50% female with mean + SD age 55.1+9.0 years, diabetes duration 10.2
+7.2 years, and BMI 34.7+7.7 kg/m?. Over 5.3 + 1.4 years, mean vBMD decreased in tho-
racic/lumbar spine, while mean adipose tissue volumes increased in SAT, IMAT, and PAT,
but not VAT depots. In fully-adjusted models, changes in lumbar and thoracic vBMD were
positively associated with change in SAT (B[SE] 0.045[0.011], p<0.0001; 0.40[0.013], p =
0.002, respectively). Change in thoracic vBMD was positively associated with change in
IMAT (p = 0.029) and VAT (p = 0.016); and change in lumbar vBMD positively associated
with baseline IMAT (p<0.0001). In contrast, vBMD was not associated with change in PAT.
After adjusting for BMI, baseline and change in volumes of select adipose depots were
associated with increases in thoracic and lumbar trabecular vBMD in African Americans.
Effects of adiposity on trabecular bone appear to be site-specific and related to factors
beyond mechanical load.
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Introduction

Obesity is an important risk factor for the development of type 2 diabetes mellitus (T2D).
Higher body mass index (BMI) is also independently associated with cardiovascular disease
(CVD) and higher mortality; increases in visceral adipose tissue (VAT) and pericardial adipose
tissue (PAT) volumes appear to impart the greatest risk [1,2]. In contrast, obesity may reduce
the risk of osteoporosis [3]. However, effects of adiposity on bone mineral density (BMD)
remain controversial; some studies failed to support associations between BMD with change
in body weight [4,5]. Higher BMD in patients with T2D does not result in lower fracture rates
[6]. In a meta-analysis of 16 studies, Janghorbani et al. reported a 2.6-fold increased hip frac-
ture risk in men with T2D [7]. In a secondary analysis of 770 women and 1199 men with T2D
from three prospective observational studies (the Study of Osteoporotic Fractures, the Osteo-
porotic Fractures in Men, and the Health, Aging, and Body Composition), Schwartz et al.
reported that individuals with T2D have higher risk of hip and non-spine fractures compared
to age- and BMD-matched controls [8]. Whether these conflicting observations reflect the
effect of specific adipose tissue distributions on BMD remains unclear.

Although cross-sectional relationships between volumetric BMD (vBMD) and regional
adipose depots have been described [9-13]; few longitudinal studies have been performed.
This is particularly true in the understudied African American population. These studies are
relevant because African Americans generally have lower volumes of VAT and PAT and
higher volume of subcutaneous adipose tissue (SAT) compared to European Americans
despite generally higher BMI in African American women compared to European American
women and similar BMI in men [14,15]. African Americans also have lower rates of osteope-
nia and osteoporosis than European Americans, and higher proportions of recent African
ancestry (e.g., lower proportions of European ancestry) are associated with higher BMD [16].
The present study assessed baseline and longitudinal relationships between VAT, SAT, PAT,
and inter-muscular adipose tissue (IMAT) volumes with the change in thoracic and lumbar
vertebral vBMD in African Americans with T2D. Results may help identify relationships
between adipose depot specific change and bone mineral density change which may help to
illuminate pathways linking the processes. Study participants were in the African American-
Diabetes Heart Study (AA-DHS), an intensively phenotyped cohort for indices influencing
bone health [17]. Analyses considered multiple covariates, including BMI, kidney function,
and medications.

Materials and methods
Study cohort

Between 2007 and 2010, 691 African Americans with T2D were recruited from internal medi-
cine clinics and community advertising in the AA-DHS [17]. The AA-DHS Longitudinal
Study subsequently re-examined 300 of these participants after a mean duration of 5.3+1.4
years. These 300 individuals comprise the study group. Identical baseline and follow-up exami-
nations were performed, including interviews for medical history, anthropometric measures,
fasting blood testing, spot urine collection, and imaging by quantitative computed tomography
(QCT). T2D was defined as a clinical diagnosis of diabetes after the age of 30 years without his-
torical evidence of diabetic ketoacidosis, treatment with oral hypoglycaemic agents or insulin,
and/or a fasting blood glucose >126 mg/dL, non-fasting blood glucose >200 mg/dL, or hemo-
globin Alc (HbAlc) >6.5%. Patients with serum creatinine concentration >2 mg/dL were not
recruited. The Institutional Review Board at the Wake Forest School of Medicine (WFSM)
approved these studies and all participants provided written informed consent.
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Clinical and laboratory measurements

Examinations were conducted in the WFSM Clinical Research Unit. Medications were
recorded, including calcium and vitamin D supplements, hormone replacement therapy, bis-
phosphonates, and oral and inhaled steroids. Height, weight and waist circumference were
measured and BMI computed. Laboratory studies included HbA ¢, serum creatinine to com-
pute estimated glomerular filtration rate (eGFR), albumin, calcium, phosphorus, 25 hydroxy-
vitamin D, 1,25 di-hydroxyvitamin D, intact parathyroid hormone (iPTH), and urine
albumin:creatinine ratio (UACR) [17].

Computed tomography measurements

As reported, trabecular vBMD in the thoracic vertebrae (Tg-T};) and lumbar vertebrae (T ,-
L;) were determined (mg/cm3) using QCT (QCT-5000 software version N-vivo 1.20; Image
Analysis Inc., Columbia, KY) [18]. CT examinations were obtained on General Electric sys-
tems (Discovery CT750 HD and LightSpeed VCT; GE Healthcare, Waukesha, WI). The
vBMD measured by QCT is highly precise with coefficients of variation <1% [19].

SAT, IMAT, VAT, and PAT volumes were measured (cm?®) from volumetric CT acquisi-
tions to reduce variability related to slice location using Volume Analysis software version 4.2
(Advantage Windows Workstation, GE, Healthcare; Waukesha, WI). A threshold of -190 to
-30 Hounsfield units defined adipose containing tissue [20]. VAT, SAT and IMAT measures
were centered at L4-L5, covering a volume of 15 mm in the craniocaudal direction. PAT mea-
sures were based on the origin of the left main coronary artery, covering a volume of 15 mm
cranial and 30 mm caudal. One observer independently analyzed 160 cardiac scan series from
80 participants for volume of PAT. Exams were placed in random order with the observer
blinded to other participant information. The two PAT volume measures were highly corre-
lated (Spearman R = 0.99, p<0.0001) and the mean difference in PAT between the first and
second scan was 2.11 mL +/- 12.81 mL, not significantly different from zero (p = 0.15). For
non-pericardial adipose volumes, one reader provided measurements without assessment of
intra- or inter-observer variability.

Statistical analyses

Sample means and standard deviations were computed for continuous measures and frequen-
cies and proportions were calculated for discrete traits. For variables with highly skewed distri-
butions, median values and interquartile ranges were reported to reflect the central tendency
and dispersion. The main predictor variables considered in these analyses were baseline and
follow-up volumes of VAT, SAT, IMAT, and PAT for relationships with change in thoracic
and lumbar vBMD after an average of 5.3 years of follow-up. Change was defined as the differ-
ence between the second visit and baseline vBMD, with this value treated as a continuous out-
come. Two linear models were fitted for each combination of changes in the predictor and
outcome. The first was a minimally-adjusted model, accounting for baseline vBMD, baseline
adipose volume, and the time between measurements. The second was a fully-adjusted model;
in addition to the predictors in the minimally adjusted model it included age, sex, smoking,
hypertension, BMI, eGFR, use of steroids, hormone replacement therapy (women), calcium
and vitamin D supplements. Box Cox transformation was applied on the outcome and residual
diagnostic tests were performed to ensure that the linear model assumptions were met.
Association tests were performed at the 0.05 significance threshold for eight tests (4 adipose
volumes and 2 vBMD measures), which requires adjustment for multiple testing. However,
changes in adipose volumes and vBMD measures are correlated such that adjustment for eight
independent tests would be too conservative. The Moskvina and Schimdt approach was
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applied separately with the 4 change outcomes and 2 predictors to provide two estimates of the
effective number of tests (M; for outcomes and M, for predictors) [21]. The M1*M2 product
led to the 4.85 value used as the overall effective number of tests. Tests reaching an adjusted p-
value <0.01 (<0.05/4.85) were considered statistically significant. Analyses were performed
using SAS, version 9.4 (Cary, NC, USA).

Results

The AA-DHS longitudinal study evaluated 300 unrelated African Americans with T2D

who had repeat evaluations after a mean of 5.3+1.4 years; 50% were female. At baseline, the
mean+SD age of the cohort was 55.1+9.0 years. Table 1 displays baseline characteristics of the
study population stratified by sex. Women had higher BMI and C-reactive protein levels than
men, and more women had hypertension and took calcium and vitamin D supplements. One
participant took bisphosphonates. S1 Table contains baseline and follow-up demographic and
clinical data. S2 Table displays correlations between baseline vBMD and adipose volumes

Table 1. Baseline demographic and biochemical parameters of African American-Diabetes Heart Study cohort.

Variable Baseline Values Stratified by Sex® P value
Female (n = 150) Male (n = 150)
Age (years) 55.2 (8.6) 55.0 (9.4) 0.87
T2D Duration (years) 10.2 (6.5) 10.2 (7.9) 0.94
BMI (kg/mz) 37.3(8.0) 32.1(6.4) <0.0001
Smoking (% past; % current) 28.7; 20.7 42.0; 24.0 0.01
CKD (%) 38.0 39.3 0.91
CVD (%) 25.3 333 0.16
HTN (%) 86.0 75.3 0.028
Medications
Insulin (%) 43.3 40.7 0.73
OHA (%) 77.3 75.3 0.79
Steroids (%) 10.0 4.7 0.12
HRT (%) 28.0 N/A N/A
Calcium supplements (%) 15.3 3.3 0.0005
Vitamin D supplements (%) 5.3 0.7 0.036
Biochemistry
High-sensitivity CRP (mg/dL) 1.35(1.93) 0.70 (1.05) 0.0004
HbAlc (%) 8.0 (2.0) 8.2 (2.0) 0.42
25(OH)D (ng/mL) 21.5 (14.1) 18.6 (9.9) 0.041
1,25(0OH),D5(pg/mL) 49.0 (18.1) 45.4(17.7) 0.094
iPTH (pg/mL) 61.9 (33.4) 50.3 (25.3) 0.001
Serum calcium (mg/dL) 9.65 (0.42) 9.50 (0.41) 0.0018
Serum phosphorus (mg/dL) 3.67 (0.55) 3.45 (0.59) 0.0009
Urine albumin:creatinine (mg/ g)b 11.1 (4.0, 48.0) 11.5 (4.3, 56.4) 0.43
eGFR (mL/min/1.73m?) 92.6 (22.1) 91.5 (20.2) 0.65

*Sample means with standard deviations presented for continuous variables. Discrete traits are described by frequencies and proportions;

®Median values with 25 and 75 percentile values presented for urine albumin:creatinine ratio due to skewed distribution;

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; CRP, C-reactive protein; CVD, cardiovascular disease; HTN, hypertension; HRT, hormonal
replacement therapy; iPTH, intact parathyroid hormone; OHA, oral hypoglycaemic agent; 1,25 (OH),Dj3 1,25 dihydroxycholecalciferol; 25(OH)D, 25
hydroxycholecalciferol.

https://doi.org/10.1371/journal.pone.0191674.t001
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Table 2. Baseline and follow-up regional bone mineral density and adipose tissue measures.

Baseline and follow-up vBMD and adipose volumes Values Stratified by Sex P value
Female (n = 150) Male (n = 150)

Lumbar vBMD? (mg/cm?)

Baseline 183 (145, 209) 178 (151, 209) 0.83

Follow-up 163 (133, 201) 162 (131, 191) 0.61

Change from baseline -13 (-24, -3) -15(-24, -7) 0.21
Thoracic vBMD?* (mg/cm”)

Baseline 211 (172, 239) 197 (172, 228) 0.16

Follow-up 193 (158, 223) 176 (148, 203) 0.0065

Change from baseline -16 (-29, 2) -23(-31,-12) 0.0009
Subcutaneous adipose tissue volume® (cm?)

Baseline 521 (168) 344 (166) <0.0001

Follow-up 511 (168) 354 (172) <0.0001

Change from baseline -9.1(98.2) 11.6 (84.3) 0.056
Inter-muscular adipose tissue volume® (cm?)

Baseline 12.0 (8.0) 8.9(6.1) 0.0003

Follow-up 16.3 (9.6) 12.5 (8.9) 0.0004

Change from baseline 4.1 (5.8) 3.8 (6.0) 0.67
Visceral adipose tissue volume® (cm?)

Baseline 175.9 (63.9) 187.8 (90.6) 0.20

Follow-up 178.9 (69.0) 187.8 (95.8) 0.35

Change from baseline 3.2 (46.1) 0.4 (62.3) 0.66
Pericardial adipose tissue volume® (cm?)

Baseline 83.6 (32.9) 98.2 (50.6) 0.0046

Follow-up 90.9 (37.8) 105.2 (53.8) 0.0082

Change from baseline 6.8 (15.8) 5.1 (20.0) 0.44

*Median values with 25 and 75" percentile values;
bSample means with standard deviations;

Abbreviations: vBMD, volumetric bone mineral density.

https://doi.org/10.1371/journal.pone.0191674.t1002

(higher baseline lumbar and thoracic vBMD were positively correlated with SAT and nega-
tively correlated with IMAT).

Table 2 displays baseline and follow-up vBMD and adipose volumes, stratified by sex. Mean
thoracic and lumbar vBMD decreased over time in both men and women. After mean 5.3 year
follow-up, women had significantly higher thoracic vBMD than men. In contrast baseline tho-
racic and baseline and follow-up lumbar vBMD did not differ significantly between men and
women. Adipose tissue volumes increased in all of the regions assessed with the exception of
VAT. At baseline and follow-up, volumes of SAT were higher in women, while PAT volumes
were higher in men.

Table 3 displays longitudinal relationships between mean 5.3 year change in thoracic and
lumbar vBMD with changes in each adipose volume. Changes in lumbar and thoracic vBMD
were positively associated with the change in SAT (B[standard error] 0.045[0.011], p<0.0001
and 0.040[0.013], p = 0.002, respectively). Change in thoracic vVBMD was positively associated
with changes in IMAT (0.432[0.198], p = 0.029) and VAT (0.055[0.023], p = 0.016).

Table 4 displays relationships between changes in thoracic and lumbar vBMD with baseline
adipose volumes. In models that adjusted for age, sex, smoking, hypertension, BMI, HbAlc,
eGFR, and steroid, hormone replacement therapy, calcium and vitamin D supplements,
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Table 3. Relationships between five year change in adipose volumes with change in thoracic and lumbar volumet-
ric bone mineral density.

B Coefficent (Standard Error); P value

Adipose Volume Thoracic vBMD Change Lumbar vBMD Change
Inter-muscular (minimally adjusted)

Change 0.473 (0.201); 0.019 0.231 (0.155); 0.14
Inter-muscular (fully adjusted)

Change 0.432 (0.198); 0.029 0.235 (0.160); 0.14
Subcutaneous (minimally adjusted)

Change 0.035 (0.013); 0.006 0.037 (0.010); 0.0003
Subcutaneous (fully adjusted)

Change 0.040 (0.013); 0.002 0.045 (0.011); <0.0001
Visceral (minimally adjusted)

Change 0.055 (0.023); 0.016 0.019 (0.018); 0.28
Visceral (fully adjusted)

Change 0.055 (0.023); 0.016 0.018 (0.019); 0.34
Pericardial (minimally adjusted)

Change 0.101 (0.066); 0.13 0.022 (0.052); 0.67
Pericardial (fully-adjusted)

Change 0.080 (0.066); 0.22 0.027 (0.057); 0.64

Minimally adjusted model: baseline thoracic/lumbar vBMD and study interval;

Fully adjusted model: baseline thoracic/lumbar vBMD, study interval, age, sex, smoking, hypertension, body mass
index, HbAlc, estimated glomerular filtration rate, steroid use, hormonal replacement therapy (women), calcium
supplements, and vitamin D supplements (inter-muscular adipose volume and inter-muscular adipose volume
change are included only in the lumbar vBMD subcutaneous change model).

Abbreviations: vBMD, volumetric bone mineral density.

https://doi.org/10.1371/journal.pone.0191674.t1003

baseline IMAT was significantly associated with the change in lumbar vBMD (0.628[0.157],
P<0.0001), with a trend for thoracic vBMD (0.445[0.193], p = 0.021). In contrast, change in
PAT (Table 3) and baseline PAT (Table 4) were not associated with changes in either thoracic
or lumbar vBMD. Thus, effects of adipose tissue volumes on BMD were region-specific.

Discussion

In fully-adjusted models assessing longitudinal relationships between the changes in volumet-
ric BMD with select adipose depots in African Americans, significant positive relationships
were seen between change in SAT with the changes in both thoracic vertebral vBMD and lum-
bar vertebral vBMD. In addition, strong trends toward positive association were also detected
between changes in IMAT and VAT with the change in thoracic vBMD. Higher baseline
IMAT was associated with increases in lumbar vBMD developing over an average of 5.3 years,
with a trend for increasing thoracic vBMD. These relationships remained after adjustment for
age, sex, study interval, baseline BMI, baseline vBMD, HbA ¢, kidney function, smoking,
hypertension, calcium and vitamin D supplementation, steroid use, and hormone replacement
therapy. Although PAT is known to be strongly associated with subclinical coronary artery dis-
ease (vascular calcified atherosclerotic plaque), it was not associated with changes in vertebral
vBMD [1].

Prior reports evaluating relationships between abdominal adiposity with bone mineraliza-
tion often employed surrogate indices of VAT, including waist circumference, waist-to-hip
ratio, and truncal fat measured using dual-energy x-ray absorptiometry (DXA); and were
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Table 4. Relationships between baseline adipose volumes with change in thoracic and lumbar volumetric bone
mineral density.

B Coefficent (Standard Error); P value

Adipose Volume Thoracic vBMD Change Lumbar vBMD Change
Inter-muscular (minimally adjusted)

Baseline 0.630 (0.016); <0.0001 0.570 (0.123); <0.0001
Inter-muscular (fully adjusted)

Baseline 0.445 (0.193); 0.021 0.628 (0.157); <0.0001
Subcutaneous (minimally adjusted)

Baseline 0.019 (0.006); 0.003 0.014 (0.005); 0.003
Subcutaneous (fully adjusted)

Baseline 0.008 (0.013); 0.52 0.017 (0.011); 0.12
Visceral (minimally adjusted)

Baseline 0.038 (0.016); 0.015 0.024 (0.012); 0.053
Visceral (fully adjusted)

Baseline 0.031 (0.019); 0.093 0.015 (0.016); 0.35
Pericardial (minimally adjusted)

Baseline 0.042 (0.028); 0.14 0.023 (0.022); 0.30
Pericardial (fully-adjusted)

Baseline 0.042 (0.034); 0.22 0.007 (0.028); 0.81

Minimally adjusted model: baseline thoracic/lumbar vBMD;

Fully adjusted model: baseline thoracic/lumbar vBMD, age, sex, smoking, hypertension, body mass index, HbAlc,
estimated glomerular filtration rate, steroid use, hormonal replacement therapy (women), calcium supplements, and
vitamin D supplements (inter-muscular adipose volume is also included only in the lumbar vBMD subcutaneous
model).

Abbreviations: vBMD, volumetric bone mineral density.

https://doi.org/10.1371/journal.pone.0191674.t1004

conducted in diverse and selected populations, including adolescent premenopausal women,
postmenopausal women, and men with metabolic syndrome, with conflicting results [4,5,22—
24]. More recently, CT and magnetic resonance imaging (MRI) have been used to more
directly quantify VAT and SAT. These reports revealed absent (or inverse) cross-sectional rela-
tionships between VAT and SAT with BMD [9-13], again in diverse populations, which con-
trast with the present longitudinal study in African Americans with T2D. It is possible that
these discrepancies relate to the cross-sectional nature of prior reports, more accurate assess-
ment of trabecular bone mineral density with QCT in the present report, or sex, age, race, or
metabolic differences in study populations. Of the five prior cross-sectional investigations that
employed CT or MRI for VAT and SAT, two were in Asian populations, one in a U.S. popula-
tion (only 2 African Americans were included), and two in which race/ethnicity was not
reported [9-13], two involved pre-peak bone mass in adolescents, and two were in obese pre-
menopausal women where endogenous hormonal factors may dominate. Two more recent
studies evaluated broader populations of men and women using CT measures of fat depots
and bone. Ng et al. evaluated 218 women and 291 men over a wide age range (20-97 years)
using abdominal CT to assess fat depots and spinal lumbar spine vBMD and found positive
associations between SAT and total, trabecular, and cortical vBMD at the spine and other sites,
although most associations were not significant after correcting for body weight. VAT was
negatively associated with spinal vBMD in young men even after correcting for body weight
[25]. More recently, abdominal CT was used to assess adipose tissue and high resolution-
PQCT used to assess bone in the distal radius and tibia in 710 non-diabetic subjects (58%

PLOS ONE | https://doi.org/10.1371/journal.pone.0191674  January 24, 2018 7/11


https://doi.org/10.1371/journal.pone.0191674.t004
https://doi.org/10.1371/journal.pone.0191674

@° PLOS | ONE

Adiposity and bone density

women, age 61.3+7.7 years) in the Framingham Osteoporosis Study [26]. VAT was positively
associated with trabecular number and vBMD, cortical thickness, and other parameters,
mainly in women; however these associations became nonsignificant after adjusting for BML
SAT and spinal vBMD were not evaluated in this study. Conversely, in a large study of over
8833 clinical CT scans from 7230 patients (46% women) aged 18-65 years, spinal trabecular
and cortical x-ray attenuation values (HU) were found to be inversely associated with BMI,
SAT, and especially VAT even after adjustment for age and sex, although the associations with
fat depots significantly decreased when BMI was a covariate [27]. The basis for the apparent
opposite relationships observed using these clinical CT data is unclear.

Positive correlations between adiposity and vertebral BMD may relate to increased load
bearing with resultant increased bone mineralization in obese individuals. However, the asso-
ciations identified in this report were adipose depot-specific and independent from BMI. This
suggests that additional mechanisms beyond simple gravitational loading may be involved.
Adipose tissue is a source of the aromatase enzyme responsible for the conversion of andro-
gens to estrogens and estradiol, a potent bone protective hormone. Both VAT and SAT have
been shown to produce estrone and estradiol in post-menopausal women, with SAT being
more efficient in the conversion of estrone to estradiol [28]. Adipokines may also influence
bone and other tissues. In 2003, we were the first to demonstrate an inverse relationship
between the adipocyte-derived adipokine adiponectin and bone density which was indepen-
dent of age, sex, and fat mass [18], and later demonstrated inverse relationships with BMD,
inflammation, and VAT in the AA-DHS study [18,20]. Adiponectin, which generally decreases
in the circulation with increasing adiposity, was inversely associated with VAT volume but not
SAT volume in both studies. The potential mechanistic relationship between circulating adipo-
nectin and bone density is not known, although several hypotheses have been put forth,
including the idea that falling or low adiponectin could signal the skeleton to increase mass/
density to prepare for a future increase in loading [20]. In contrast to adiponectin, leptin
increases in circulation with obesity [29], and has central effects on bone metabolism and
direct effects on bone cells which may also influence the skeleton. The effects of leptin are com-
plex and include both central and peripheral mechanisms; while hypoleptinemia is associated
with lower bone mass, levels above the physiological range do not necessarily increase bone
mass [30]. Leptin levels were not measured in this cohort.

Individual adipose depots have other characteristics which may lead to differential effects
on cardiometabolic and musculoskeletal metabolism. Increased VAT has been shown to lead
to accumulation of macrophages and other immune cells which create a proinflammatory
environment and increased adipose depot production of IL-6 and TNF-a which have osteo-
clastogenic properties potentially increasing bone resorption and turnover. Visceral fat derived
IL-6 and TNF-o are also implicated in activation of C-reactive protein production by the liver,
another inflammation associated biomarker. Fat depot specific signaling to the skeleton and
muscle is an area that needs further investigation.

The AA-DHS cohort represents the largest sample of African Americans with extensive
bone and adipose phenotyping; prior genotyping confirmed recent African ancestry. Analyses
included longitudinal assessment of the relationships between vBMD with a panel of clinical,
imaging, and laboratory measures over mean 5.3 year follow-up. Directly measured volumetric
adipose tissue volumes and BMD assessed using CT provide accurate and reproducible mea-
surements [19]. These analyses evaluated the understudied African American population, a
group with different distributions of adiposity and bone mineralization compared to Euro-
pean-derived populations [16]. A strength included consideration of a multiple testing penalty,
significance was defined by p-values <0.01. Limitations included assessment of only individu-
als with T2D; hence, results may not extrapolate to individuals without diabetes. In addition,
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BMD was only measured in the thoracic and lumbar vertebrae, other regions were not
assessed, and statistical adjustment was performed for BMI. BMI may not reflect mechanical
loading as well as measures such as “percentage body fat” [31]; however, we lack percentage
body fat.

In conclusion, this longitudinal investigation in African Americans revealed that changes
in thoracic vBMD and lumbar vBMD were positively associated with changes in SAT, with
trends seen toward positive association with interval changes in IMAT and VAT, but not peri-
cardial adipose tissue. These results were seen after adjustment for the effect of BMI. The rela-
tionships between adiposity and bone are complex and appear to involve factors other than
increased mechanical load. Bone-fat relationships may be adipose site-specific and mecha-
nisms underlying these associations require further investigation.

Supporting information

S1 Table. Baseline and follow-up demographic and clinical data.
(XLSX)

$2 Table. Correlations between baseline vBMD and adipose volumes.
(DOCX)

Acknowledgments

GCC drafted the manuscript; GBR and JD performed the statistical analyses; LL and JJC inter-
preted CT scans; JD, GCC, GBR, TCR, LEW, CDL and BIF interpreted results; SCS recruited
participants; JX managed the database; DWB, TCR, LL and JJC reviewed and approved the
manuscript; BIF designed the study, contributed to data analyses, interpretation, and drafted
the manuscript.

Author Contributions
Conceptualization: Donald W. Bowden, J. Jeffrey Carr, Barry I. Freedman.

Data curation: Gary C. Chan, Carl D. Langefeld, Jianzhao Xu, S. Carrie Smith, J. Jeffrey Carr,
Leon Lenchik, Barry I. Freedman.

Formal analysis: Jasmin Divers, Gregory B. Russell, Lynne E. Wagenknecht, Barry I.
Freedman.

Funding acquisition: Barry I. Freedman.

Methodology: Jasmin Divers, Thomas C. Register, Leon Lenchik.

Project administration: S. Carrie Smith, Donald W. Bowden, Barry I. Freedman.
Supervision: Jasmin Divers, Carl D. Langefeld, Lynne E. Wagenknecht.

Writing - original draft: Gary C. Chan, Barry I. Freedman.

Writing - review & editing: Gary C. Chan, Jasmin Divers, Gregory B. Russell, Carl D. Lange-
feld, Lynne E. Wagenknecht, Jianzhao Xu, S. Carrie Smith, Donald W. Bowden, Thomas C.
Register, J. Jeffrey Carr, Leon Lenchik.

References

1. DingJ, Hsu FC, Harris TB, Liu Y, Kritchevsky SB, Szklo M, et al. (2009) The association of pericardial
fat with incident coronary heart disease: the Multi-Ethnic Study of Atherosclerosis (MESA). Am J Clin
Nutr 90: 499-504. https://doi.org/10.3945/ajcn.2008.27358 PMID: 19571212

PLOS ONE | https://doi.org/10.1371/journal.pone.0191674  January 24, 2018 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191674.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191674.s002
https://doi.org/10.3945/ajcn.2008.27358
http://www.ncbi.nlm.nih.gov/pubmed/19571212
https://doi.org/10.1371/journal.pone.0191674

@° PLOS | ONE

Adiposity and bone density

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Smith U (2015) Abdominal obesity: a marker of ectopic fat accumulation. J Clin Invest 125: 1790-1792.
https://doi.org/10.1172/JC181507 PMID: 25932676

Berger C, Langsetmo L, Joseph L, Hanley DA, Davison KS, Josse RG, et al. (2009) Association
between change in BMD and fragility fracture in women and men. J Bone Miner Res 24: 361-370.
https://doi.org/10.1359/jbmr.081004 PMID: 18847328

Janicka A, Wren TA, Sanchez MM, Dorey F, Kim PS, Mittelman SD, et al. (2007) Fat mass is not benefi-
cial to bone in adolescents and young adults. J Clin Endocrinol Metab 92: 143—147. https://doi.org/10.
1210/jc.2006-0794 PMID: 17047019

Zhao LJ, Liu YJ, Liu PY, Hamilton J, Recker RR, Deng HW (2007) Relationship of obesity with osteopo-
rosis. J Clin Endocrinol Metab 92: 1640-1646. https://doi.org/10.1210/jc.2006-0572 PMID: 17299077

Walsh JS, Vilaca T (2017) Obesity, Type 2 Diabetes and Bone in Adults. Calcif Tissue Int 100: 528—
535. https://doi.org/10.1007/s00223-016-0229-0 PMID: 28280846

Janghorbani M, van Dam RM, Willett WC, Hu FB (2007) Systematic review of type 1 and type 2 diabe-
tes mellitus and risk of fracture. Am J Epidemiol 166: 495-505. https://doi.org/10.1093/aje/kwm106
PMID: 17575306

Schwartz AV, Vittinghoff E, Bauer DC, Hillier TA, Strotmeyer ES, Ensrud KE, et al. (2011) Association
of BMD and FRAX score with risk of fracture in older adults with type 2 diabetes. JAMA 305: 2184—
2192. https://doi.org/10.1001/jama.2011.715 PMID: 21632482

Gilsanz V, Chalfant J, Mo AO, Lee DC, Dorey FJ, Mittelman SD (2009) Reciprocal relations of subcuta-
neous and visceral fat to bone structure and strength. J Clin Endocrinol Metab 94: 3387-3393. https://
doi.org/10.1210/jc.2008-2422 PMID: 19531595

Yamaguchi T, Kanazawa I, Yamamoto M, Kurioka S, Yamauchi M, Yano S, et al. (2009) Associations
between components of the metabolic syndrome versus bone mineral density and vertebral fractures in
patients with type 2 diabetes. Bone 45: 174—179. https://doi.org/10.1016/j.bone.2009.05.003 PMID:
19446053

Choi HS, Kim KJ, Kim KM, Hur NW, Rhee Y, Han DS, et al. (2010) Relationship between visceral adi-
posity and bone mineral density in Korean adults. Calcif Tissue Int 87: 218-225. hitps://doi.org/10.
1007/s00223-010-9398-4 PMID: 20631995

Russell M, Mendes N, Miller KK, Rosen CJ, Lee H, Klibanski A, et al. (2010) Visceral fat is a negative
predictor of bone density measures in obese adolescent girls. J Clin Endocrinol Metab 95: 1247—-1255.
https://doi.org/10.1210/jc.2009-1475 PMID: 20080853

Bredella MA, Torriani M, Ghomi RH, Thomas BJ, Brick DJ, Gerweck AV, et al. (2011) Determinants of
bone mineral density in obese premenopausal women. Bone 48: 748—754. https://doi.org/10.1016/j.
bone.2010.12.011 PMID: 21195217

Hoffman DJ, Wang Z, Gallagher D, Heymsfield SB (2005) Comparison of visceral adipose tissue mass
in adult African Americans and whites. Obes Res 13: 66—74. https://doi.org/10.1038/oby.2005.9 PMID:
15761164

Katzmarzyk PT, Bray GA, Greenway FL, Johnson WD, Newton RL Jr., Ravussin E, et al. (2010) Racial
differences in abdominal depot-specific adiposity in white and African American adults. Am J Clin Nutr
91: 7-15. hitps://doi.org/10.3945/ajcn.2009.28136 PMID: 19828714

Ochs-Balcom HM, Preus L, Wactawski-Wende J, Nie J, Johnson NA, Zakharia F, et al. (2013) Associa-
tion of DXA-derived bone mineral density and fat mass with African ancestry. J Clin Endocrinol Metab
98: E713-E717. https://doi.org/10.1210/jc.2012-3921 PMID: 23436924

Freedman BI, Divers J, Russell GB, Palmer ND, Wagenknecht LE, Smith SC, et al. (2015) Vitamin D
Associations With Renal, Bone, and Cardiovascular Phenotypes: African American-Diabetes Heart
Study. J Clin Endocrinol Metab 100: 3693—-3701. https://doi.org/10.1210/jc.2015-2167 PMID:
26196951

Lenchik L, Register TC, Hsu FC, Lohman K, Nicklas BJ, Freedman BlI, et al. (2003) Adiponectin as a
novel determinant of bone mineral density and visceral fat. Bone 33: 646—651. PMID: 14555270

Lenchik L, Shi R, Register TC, Beck SR, Langefeld CD, Carr JJ (2004) Measurement of trabecular
bone mineral density in the thoracic spine using cardiac gated quantitative computed tomography. J
Comput Assist Tomogr 28(1): 134—139. PMID: 14716247

Register TC, Divers J, Bowden DW, Carr JJ, Lenchik L, Wagenknecht LE, et al. (2013) Relationships
between serum adiponectin and bone density, adiposity and calcified atherosclerotic plaque in the Afri-
can American-Diabetes Heart Study. J Clin Endocrinol Metab 98: 1916—-1922. https://doi.org/10.1210/
jc.2012-4126 PMID: 23543659

Moskvina V, Schmidt KM (2008) On multiple-testing correction in genome-wide association studies.
Genet Epidemiol 32: 567-573. https://doi.org/10.1002/gepi.20331 PMID: 18425821

PLOS ONE | https://doi.org/10.1371/journal.pone.0191674  January 24, 2018 10/11


https://doi.org/10.1172/JCI81507
http://www.ncbi.nlm.nih.gov/pubmed/25932676
https://doi.org/10.1359/jbmr.081004
http://www.ncbi.nlm.nih.gov/pubmed/18847328
https://doi.org/10.1210/jc.2006-0794
https://doi.org/10.1210/jc.2006-0794
http://www.ncbi.nlm.nih.gov/pubmed/17047019
https://doi.org/10.1210/jc.2006-0572
http://www.ncbi.nlm.nih.gov/pubmed/17299077
https://doi.org/10.1007/s00223-016-0229-0
http://www.ncbi.nlm.nih.gov/pubmed/28280846
https://doi.org/10.1093/aje/kwm106
http://www.ncbi.nlm.nih.gov/pubmed/17575306
https://doi.org/10.1001/jama.2011.715
http://www.ncbi.nlm.nih.gov/pubmed/21632482
https://doi.org/10.1210/jc.2008-2422
https://doi.org/10.1210/jc.2008-2422
http://www.ncbi.nlm.nih.gov/pubmed/19531595
https://doi.org/10.1016/j.bone.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/19446053
https://doi.org/10.1007/s00223-010-9398-4
https://doi.org/10.1007/s00223-010-9398-4
http://www.ncbi.nlm.nih.gov/pubmed/20631995
https://doi.org/10.1210/jc.2009-1475
http://www.ncbi.nlm.nih.gov/pubmed/20080853
https://doi.org/10.1016/j.bone.2010.12.011
https://doi.org/10.1016/j.bone.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21195217
https://doi.org/10.1038/oby.2005.9
http://www.ncbi.nlm.nih.gov/pubmed/15761164
https://doi.org/10.3945/ajcn.2009.28136
http://www.ncbi.nlm.nih.gov/pubmed/19828714
https://doi.org/10.1210/jc.2012-3921
http://www.ncbi.nlm.nih.gov/pubmed/23436924
https://doi.org/10.1210/jc.2015-2167
http://www.ncbi.nlm.nih.gov/pubmed/26196951
http://www.ncbi.nlm.nih.gov/pubmed/14555270
http://www.ncbi.nlm.nih.gov/pubmed/14716247
https://doi.org/10.1210/jc.2012-4126
https://doi.org/10.1210/jc.2012-4126
http://www.ncbi.nlm.nih.gov/pubmed/23543659
https://doi.org/10.1002/gepi.20331
http://www.ncbi.nlm.nih.gov/pubmed/18425821
https://doi.org/10.1371/journal.pone.0191674

@° PLOS | ONE

Adiposity and bone density

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Warming L, Ravn P, Christiansen C (2003) Visceral fat is more important than peripheral fat for endo-
metrial thickness and bone mass in healthy postmenopausal women. Am J Obstet Gynecol 188: 349—
353 PMID: 12592238

Kim CJ, Oh KW, Rhee EJ, Kim KH, Jo SK, Jung CH, et al. (2009) Relationship between body composi-
tion and bone mineral density (BMD) in perimenopausal Korean women. Clin Endocrinol (Oxf) 71: 18—
26. https://doi.org/10.1111/j.1365-2265.2008.03452.x PMID: 19178508

Szulc P, Varennes A, Delmas PD, Goudable J, Chapurlat R (2010) Men with metabolic syndrome have
lower bone mineral density but lower fracture risk—the MINOS study. J Bone Miner Res 25: 1446—
1454. https://doi.org/10.1002/jbmr.13 PMID: 20200928

Ng AC, Melton LJ I, Atkinson EJ, Achenbach SJ, Holets MF, Peterson JM, et al. (2013) Relationship of
adiposity to bone volumetric density and microstructure in men and women across the adult lifespan.
Bone 55: 119-125. https://doi.org/10.1016/j.bone.2013.02.006 PMID: 23428401

Liu CT, Broe KE, Zhou Y, Boyd SK, Cupples LA, Hannan MT, et al. (2017) Visceral Adipose Tissue Is
Associated With Bone Microarchitecture in the Framingham Osteoporosis Study. J Bone Miner Res 32:
143-150. https://doi.org/10.1002/jbmr.2931 PMID: 27487454

Zhang P, Peterson M, Su GL, Wang SC (2015) Visceral adiposity is negatively associated with bone
density and muscle attenuation. Am J Clin Nutr 101: 337-343. https://doi.org/10.3945/ajcn.113.081778
PMID: 25646331

Hetemaki N, Savolainen-Peltonen H, Tikkanen MJ, Wang F, Paatela H, Hamalainen E, Turpeinen U,
Haanpaa M, Vihma V, Mikkola TS (2017) Estrogen Metabolism in Abdominal Subcutaneous and Vis-
ceral Adipose Tissue in Postmenopausal Women. J Clin Endocrinol Metab 102: 4588-4595. https://
doi.org/10.1210/jc.2017-01474 PMID: 29029113

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR, Ohannesian JP, Marco
CC, McKee LJ, Bauer TL. (1996) Serum immunoreactive-leptin concentrations in normal-weight and
obese humans. N Engl J Med 334: 292—295. https://doi.org/10.1056/NEJM199602013340503 PMID:
8532024

Upadhyay J, Farr OM, Mantzoros CS (2015) The role of leptin in regulating bone metabolism. Metabo-
lism 64: 105—113. https://doi.org/10.1016/j.metabol.2014.10.021 PMID: 25497343

Lang T, Cauley JA, Tylavsky F, Bauer D, Cummings S, Harris TB (2010) Computed tomographic mea-
surements of thigh muscle cross-sectional area and attenuation coefficient predict hip fracture: the
health, aging, and body composition study. J Bone Miner Res 25: 513-519. https://doi.org/10.1359/
jbmr.090807 PMID: 20422623

PLOS ONE | https://doi.org/10.1371/journal.pone.0191674  January 24, 2018 11/11


http://www.ncbi.nlm.nih.gov/pubmed/12592238
https://doi.org/10.1111/j.1365-2265.2008.03452.x
http://www.ncbi.nlm.nih.gov/pubmed/19178508
https://doi.org/10.1002/jbmr.13
http://www.ncbi.nlm.nih.gov/pubmed/20200928
https://doi.org/10.1016/j.bone.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/23428401
https://doi.org/10.1002/jbmr.2931
http://www.ncbi.nlm.nih.gov/pubmed/27487454
https://doi.org/10.3945/ajcn.113.081778
http://www.ncbi.nlm.nih.gov/pubmed/25646331
https://doi.org/10.1210/jc.2017-01474
https://doi.org/10.1210/jc.2017-01474
http://www.ncbi.nlm.nih.gov/pubmed/29029113
https://doi.org/10.1056/NEJM199602013340503
http://www.ncbi.nlm.nih.gov/pubmed/8532024
https://doi.org/10.1016/j.metabol.2014.10.021
http://www.ncbi.nlm.nih.gov/pubmed/25497343
https://doi.org/10.1359/jbmr.090807
https://doi.org/10.1359/jbmr.090807
http://www.ncbi.nlm.nih.gov/pubmed/20422623
https://doi.org/10.1371/journal.pone.0191674

