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Abstract

Visceral (VAT) and abdominal subcutaneous (SAT) adipose tissues contribute to obesity but may
have different metabolic and atherosclerosis risk profiles. Among obese participants in the Dallas
Heart Study, we examined the cross-sectional associations of abdominal VAT and SAT mass,
assessed by magnetic resonance imaging (MRI) and indexed to body surface area (BSA), with
circulating biomarkers of insulin resistance, dyslipidemia, and inflammation (n=942); and with
aortic plaque and liver fat by MRI and coronary calcium by computed tomography (n=1200).
Associations of VAT/BSA and SAT/BSA were examined after adjustment for age, sex, race,
menopause, and body mass index. In multivariable models, VAT significantly associated with the
homeostasis model assessment of insulin resistance (HOMA-IR), lower adiponectin, smaller LDL
and HDL particle size, larger VLDL size, and increased LDL and VLDL particle number (p<0.001
for each). VAT also associated with prevalent diabetes, metabolic syndrome, hepatic steatosis, and
aortic plague (p<0.001 for each). VAT independently associated with C-reactive protein but not
with any other inflammatory biomarkers tested. In contrast, SAT associated with leptin and
inflammatory biomarkers, but not with dyslipidemia or atherosclerosis. Associations between SAT
and HOMA-IR were significant in univariable analyses but attenuated after multivariable
adjustment. In conclusion, VAT associated with an adverse metabolic, dyslipidemic, and
atherogenic obesity phenotype. In contrast, SAT demonstrated a more benign phenotype,
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characterized by modest associations with inflammatory biomarkers and leptin, but no
independent association with dyslipidemia, insulin resistance, or atherosclerosis in obese
individuals. These findings suggest that abdominal fat distribution defines distinct obesity sub-
phenotypes with heterogeneous metabolic and atherosclerosis risk.

Keywords
Obesity; Lipoproteins; Inflammation; Atherosclerosis; Diabetes

Introduction

Abdominal obesity is a major risk factor for diabetes and cardiovascular disease, but its
manifestations are heterogeneous across individuals (1). Excess visceral (VAT) and
subcutaneous (SAT) adipose tissues are key contributors to abdominal obesity but differ in
their structural composition, metabolic activity, and functional significance (2). Current
evidence suggests that positive caloric balance in individuals with impaired adipogenesis
may result in abdominal SAT adipocyte hypertrophy leading to impaired energy storage and
SAT dysfunction (2). An inadequate SAT reservoir for fat storage, in turn, promotes
redistribution of free fatty acids to ectopic tissues such as VAT, liver, and skeletal muscle,
predisposing to increased metabolic risk (3).

Prospective studies have shown VAT and SAT to be associated with multiple cardiovascular
risk factors (4-6), markers of inflammation and oxidative stress (7), hepatic steatosis (8),
and atherosclerosis (9) in the general population. However, data regarding the differential
contributions of VAT and abdominal SAT to cardiac and metabolic risk in obese persons are
conflicting (10-12) and studies to date vary in design, sample population, and methods
applied and have not comprehensively compared the associations of VAT and SAT with
metabolic, lipid, inflammatory, and atherosclerosis biomarkers specifically in the obese
population. Additionally, because abdominal fat distribution varies significantly between
racial and ethnic groups (13), and because obesity is more prevalent among racial and ethnic
minorities (14), it is important to define the associations of VAT and SAT with metabolic
and atherosclerosis risk in a representative population with a large number of ethnic
minorities.

Therefore, we sought to determine the associations of abdominal VAT and SAT mass
assessed by magnetic resonance imaging (MRI) with biomarkers of insulin resistance,
dyslipidemia, inflammation, and imaging-based measures of liver fat and subclinical
atherosclerosis in a multi-ethnic, population-based sample of obese adults with extensive
cardiac and metabolic phenotyping. We hypothesized that VAT would associate with an
adverse metabolic, inflammatory, and atherogenic phenotype, whereas SAT would associate
with a generally more benign phenotype.
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Methods and Procedures

Study population

The Dallas Heart Study (DHS) is a multi-ethnic, population-based, probability sample of
Dallas County residents, with deliberate over-sampling of African-Americans. Details of the
study design have been described previously (15). A subject selection diagram for the
current study is provided in Supplementary Appendix Figure 1. Briefly, among the 2971
subjects who completed all three DHS visits, including a detailed in-home survey,
laboratory testing, and imaging studies, we excluded 248 participants who had incomplete
MRI imaging or biomarker data, a co-existing malignancy, connective tissue disease, or HIV
infection, or who died within 1 year of the last visit. Of the remaining 2723 subjects, the
current study further excluded all 1523 non-obese subjects (BMI< 30 kg/m?2), resulting in a
final sample size of 1200 obese individuals with characterization of abdominal adipose
tissue distribution by MRI and full survey and biomarker data.

All participants were included for analyses of traditional risk factors, liver fat, and
atherosclerosis endpoints. For analyses of biomarkers and lipoproteins, we excluded an
additional 258 participants receiving aspirin, lipid-lowering, or glucose-lowering
medications since these medications may influence levels of biomarkers. As expected,
participants excluded due to medication use were older, with higher rates of hypertension,
diabetes, and the metabolic syndrome, and had more VAT and SAT compared with those
included. However, these participants did not substantially differ from those included with
regard to sex, race, BMI, or percent total body fat (Supplementary Appendix Table 1). All
participants provided informed consent, and the protocol was approved by the Institutional
Review Board of the University of Texas Southwestern Medical Center.

Variable definitions

Race/ethnicity, history of cardiovascular diseases, and smoking status were self-reported.
Hypercholesterolemia was defined as a calculated low-density lipoprotein (LDL) cholesterol
>160 mg/dL on a fasting sample, direct LDL =160 mg/dL on a non-fasting sample, total
cholesterol =240 mg/dL, or use of statin medication. Low high-density lipoprotein (HDL)
cholesterol was defined as HDL <40 mg/dL in men and <50 mg/dL in women. Hypertension
was defined as systolic blood pressure =140 mm Hg or diastolic blood pressure 290 mm Hg
from an average of five sequential blood pressure measurements done at the first visit, or use
of antihypertensive medication. Diabetes was defined by a fasting glucose level 2126 mg/dL
or use of hypoglycemic medication. Presence of the metabolic syndrome was defined
according to the National Cholesterol Education Program’s Adult Treatment Panel 111 report
(16). Glomerular filtration rate was estimated using the Modification of Diet in Renal
Disease equation (17). The homeostasis model assessment of insulin resistance index
(HOMA-IR) was calculated by fasting insulin (ulU/ml)xfasting glucose (mmol/liter)/22.5
(18).

Body composition measurements

Waist and hip circumference were measured in centimeters and waist to hip ratio was
calculated as waist circumference (cm)/hip circumference (cm). BMI was calculated as
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weight (kilograms)/height (meters)? and body surface area (BSA, cm?2) was calculated as
128.1xweight (kg)%44xheight (cm)%-80 for men and 147.4xweight (kg)%-4"xheight (cm)©-5°
for women by the method of Tikuisis et. al (19).

MRI measurements of abdominal fat mass were performed as previously described using a
validated method of fat mass prediction from a single MRI slice at the L2-L3 inter-vertebral
level (Figure 1) (20). Single slice measurement of subcutaneous and visceral fat mass at this
inter-vertebral level has been previously validated in multiple studies to provide highly
concordant results (intra-class correlation coefficient, ICC=92-98%), compared with total
fat mass measured at all inter-vertebral levels (20-22). Since this method had been
previously validated and is less time consuming than measurement of total abdominal fat, it
was prospectively used for measurement of abdominal fat in the DHS. Subjects were imaged
by a 1.5 Tesla MRI scanner (Intera, Philips Medical Systems, Best, The Netherlands) and
abdominal adipose tissue was separated into visceral and subcutaneous compartments by
manually circumscribing contours using anatomical landmarks. Fat volumes were converted
to mass using 0.9196 kg/L as the density of adipose tissue. MRI fat mass variables used in
the current study include visceral fat mass and subcutaneous fat mass indexed to BSA
(subsequently referred to as VAT and SAT, respectively) to account for variations in lean
body mass and overall body size. BSA was selected as the indexing variable since it was
available in all patients and correlated strongly with lean mass in our cohort (R=0.93
between VAT/lean body mass and VAT/BSA). Hepatic triglyceride content (HTGC) was
measured using 1.5T 1H magnetic resonance spectroscopy, and the presence of hepatic
steatosis was defined as a HTGC>5.5% as determined for a low-risk sub-population from
this study cohort, as previously described (23).

Dual-energy x-ray absorptiometry (DEXA, Delphi W scanner, Hologic Inc., Bedford, MA,
USA and Discovery software [version 12.2]) was used to measure total fat mass and fat-free
mass of the following body compartments: trunk, upper and lower extremities, and head (24)
The trunk was defined as the region delineated by a horizontal line below the chin, vertical
lines within the left and right glenoid fossae and bordering laterally to the ribs, and by
oblique lines crossing the femoral necks and converging below the pubic symphysis. Lower
extremity fat was defined as all fat mass below these oblique lines.

Biomarker measurements

Venous blood was collected in EDTA tubes and maintained at 4 C for < 4 hours before
centrifugation at 1430xg for 15min. Plasma was then removed and frozen at —80 C until
assays were performed by individuals blinded to all clinical data. All biomarkers reported
here have been previously measured and the analytical methods described, including fasting
blood glucose, insulin, and plasma lipids (15), leptin (25), adiponectin (26), and high-
sensitivity C-reactive protein (hs-CRP) (27). Particle sizes and concentrations of LDL, HDL,
and very low-density lipoprotein (VLDL) sub-classes were measured by LipoScience, Inc.
(Raleigh, NC, USA) using NMR spectroscopy (28). Other biomarkers measured in the DHS
and reported in this analysis are listed in the Supplementary Appendix Methods.
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Atherosclerosis measurements

Electron beam computed tomography measurements of coronary artery calcium (CAC) were
performed in duplicate 1-2 minutes apart using an Imatron 150 XP scanner (Imatron Inc.,
San Bruno, CA, USA). Scores were expressed in Agatston units and the mean of two
consecutive scans was used as the final score (29).

Using the same 1.5T MRI system described above, six transverse slices of the infrarenal
abdominal aorta were obtained using a free-breathing, ECG-gated, T2-weighted turbo spin-
echo (black-blood) sequence. Images were analyzed by trained observers blinded to all
subject data using the Magnetic Resonance Analytic Software Systems cardiac analysis
software package (Version 4.2 beta, Medis Medical Imaging Systems Inc). Atherosclerotic
plaque was identified as hyperintense signal volume that protruded =1 mm from the
endoluminal surface of the aortic wall (Figure 1). Aortic plaque burden (APB) was
calculated as the sum of the total plaque area divided by the total vessel area for all slices,
multiplied by 100. Aortic wall thickness (AWT) was calculated by dividing the total vessel
wall area by the aortic circumference in each slice and averaged over all slices (30).

Statistical analysis

Dichotomous variables were compared using chi-square tests and continuous variables were
compared using Student’s T-test for normally distributed variables or the Wilcoxon ranksum
test for non-normally distributed variables. Correlation analysis was performed using
Spearman’s rank coefficients. Linear regression modeling was used to assess associations of
VAT and SAT with continuous biomarker variables, with the log-transformed biomarker
value as the dependent variable and VAT/BSA and SAT/BSA as the independent variables.
Standardized p coefficients were used for both dependent and independent variables to
facilitate comparisons between VAT, SAT, and biomarkers. The § coefficient for the fat
parameter represents the unit change in 1 standard deviation of the log-transformed
biomarker for a 1 standard deviation change in the fat parameter. Logistic regression was
used to determine associations of VAT/BSA and SAT/BSA with categorical outcome
variables. The odds ratio represents the odds of the outcome for each 1 standard deviation
increase in the fat parameter. To determine independent associations of VAT/BSA and
SAT/BSA with cardiac and metabolic phenotypes, all models were adjusted for age, sex,
race, menopausal status (if female), VAT/BSA, and SAT/BSA; models were further
adjusted for BMI to evaluate for attenuation of these associations by overall adiposity.
Associations with lipoproteins and inflammatory biomarkers were additionally adjusted for
HOMA-IR to determine independence from insulin resistance, and models of atherosclerosis
were additionally adjusted for traditional coronary disease risk factors and glucose lowering,
lipid-lowering, or aspirin medication use to evaluate for attenuation by risk factors or
medications that improve the risk factor profile. Adjusted aortic plaque prevalence across
sex-specific tertiles of VAT and SAT was calculated using the average probability for
prevalent aortic plaque from the fully adjusted multivariable logistic regression model and
compared using the Jonckheere-Terpstra trend test. Due to potential collinearity by inclusion
of VAT or SAT with BMI in multivariable models, we tested for correlations (correlation
coefficients of BMI with VAT/BSA and SAT/BSA were —0.02 and 0.68, respectively) and
by examining variance inflation factors after inclusion of BMI in multivariable models,
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which were consistently less than 3. Because the continuous measure of APB included many
zero values and a non-normal distribution of the non-zero measurements, Tobit linear
regression (using PROC LIFEREG) was performed for log (APB+1) (31). All analyses were
adjusted for multiple testing and Bonferroni-corrected p-values <0.0016 were considered
statistically significant. All statistical analyses were performed using SAS version 9.2
software (SAS Corporation, Cary, NC, USA).

Among the 1200 obese participants, the median age (25%, 751" percentile) was 44 (36, 52)
years and median BMI was 35 (32, 39) kg/m2. The prevalence of metabolic syndrome was
56%; other demographic characteristics of the study cohort are reported in Table 1. Women
had more subcutaneous fat and less visceral fat compared with men (median [25%, 75t
percentile] 7.6 [6.1, 9.7] vs. 4.9 [4.0, 6.5] kg and 1.4 [1.1, 1.8] vs. 2.0 [1.6, 2.4] kg,
respectively, p<0.0001 for both). Blacks had less VAT and more SAT than either Whites or
Hispanics (Supplementary Appendix Figure 2).

Univariable correlations

VAT and SAT were not significantly correlated with each other in this sample (Spearman’s
rho=0.02, p=0.44). Unadjusted Spearman’s rank correlation coefficients for VAT and SAT
with all variables tested are listed in Supplementary Appendix Table 2. In univariable
analyses, VAT and SAT positively correlated with HOMA-IR, but showed differential
correlations with fructosamine, leptin, and adiponectin levels. VAT correlated with a
dyslipidemic phenotype, whereas SAT was inversely correlated with dyslipidemic markers
(Supplementary Appendix Table 2). Both VAT and SAT were modestly correlated with
selected biomarkers of adipogenesis, inflammation, and endothelial and renal function, but
VAT more strongly correlated with measures of subclinical atherosclerosis compared with
SAT (Supplementary Appendix Table 2).

Multivariable-Adjusted Regressions

Biomarkers (n=942)—In multivariable analyses including both VAT and SAT as
independent variables, VAT remained associated with markers of hyperglycemia and insulin
resistance whereas associations with SAT were no longer significant after adjustment for
BMI (Table 2). VAT, but not SAT, was inversely associated with adiponectin levels.
Conversely, SAT was more strongly associated with leptin than VAT. VAT was associated
with a dyslipidemic lipoprotein profile including increased LDL and VLDL particle number,
smaller LDL and HDL size and larger VLDL size, increased triglycerides, and lower HDL
cholesterol (Table 2). After further adjustment for HOMA-IR, VAT remained associated
with these lipoprotein parameters. In contrast, SAT showed no significant independent
associations with any lipid markers in fully-adjusted multivariable models (Table 2).

Both VAT and SAT were modestly associated with hs-CRP, but only SAT was significantly
associated with lymphotoxin 3 receptor (LTPR) and soluble endothelial cell-selective
adhesion molecule (SESAM) (Table 2). However, the large majority of inflammatory
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biomarkers tested showed no association with either VAT or SAT in adjusted models
(Supplementary Appendix Table 3).

Traditional Risk Factors, Liver Fat, and Atherosclerosis (n=1200)—In fully
adjusted models, VAT was significantly associated with prevalent diabetes and the
metabolic syndrome (p<0.0001 for each). VAT also strongly associated with percent liver
fat, aortic plaque burden, and aortic wall thickness (Table 3). Associations remained
significant after further adjustment for traditional atherosclerotic risk factors and medication
use. In contrast, no associations between SAT and traditional risk factors, liver fat, or
atherosclerosis phenotypes were observed in fully adjusted models (Table 3). Whereas a
significant increase in adjusted aortic plaque prevalence was observed across tertiles of VAT
in multivariable analyses (p-trend<0.0001), a significant inverse relationship with aortic
plaque was seen across tertiles of SAT (p-trend=0.01, Figure 2). Neither VAT nor SAT was
independently associated with CAC in adjusted models; results were unchanged in analyses
of CAC as a continuous or dichotomous variable with varying cut-points.

Findings were generally consistent and insensitive to stratification by sex or race, and to
indexing VAT and SAT by total body fat. The only significant differences by sex and race
observed were associations of VAT with leptin in men but not in women (standardized
3=0.18, p<0.0016 vs. p=-0.05, p=0.40) and differential associations of VAT with VLDL
particle number in black vs. white participants (standardized $=0.19, p<0.001 vs. $=0.09,
p=0.23).

Discussion

In this study designed to examine the cross-sectional associations of abdominal fat
distribution with cardiac and metabolic risk markers in a large, multi-ethnic, population-
based sample of obese adults, we demonstrate that visceral and subcutaneous abdominal
adipose tissue mass are not significantly correlated with each other in the obese population,
and differentially associate with markers of dyslipidemia, insulin resistance, hepatic
steatosis, and subclinical atherosclerosis. VAT associates with an atherogenic and
dysmetabolic obesity phenotype whereas SAT demonstrates no association with
atherosclerosis and inconsistent, and generally weaker, associations with metabolic
phenotypes despite advanced obesity. Novel findings include 1) strong associations between
VAT and aortic atherosclerosis not previously described in a large, population-based study,
2) no independent associations observed between SAT and dyslipidemia or atherosclerosis,
with only modest associations seen with insulin resistance, liver fat, and traditional risk
factors that were no longer significant after further adjustment for BMI, and 3) the absence
of a robust inflammatory phenotype specifically associated with either fat depot, an
observation that challenges conventional paradigms about obesity and circulating
inflammatory biomarkers. Findings were generally insensitive to stratification by sex or race
suggesting that, although fat distribution differs by sex and race, the associations of
abdominal fat distribution with metabolic and cardiac phenotypes are similar in men and
women and across race/ethnicity. These observations suggest that clinically relevant sub-
phenotypes of obesity can be defined by abdominal fat distribution, supporting the notion of
obesity as a heterogeneous disorder with varying cardiac and metabolic manifestations.
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Previous studies in community-based cohorts have generally concluded that visceral, and to
a lesser extent subcutaneous, adiposity correlates with an adverse metabolic profile (4-7, 9).
However, the average BMI in these populations ranged from normal to overweight, with
obese subjects comprising a minority of the overall sample. Because SAT function may be
modified by increasing weight gain and amount of VAT (32), examining relations of SAT
with biomarkers may be particularly important among obese individuals. Additionally, it is
unclear if an obesity threshold exists beyond which VAT no longer contributes to the
dysmetabolic state. Our findings, in a cohort with an average BMI meeting criteria for class
Il obesity, show clear associations between progressively larger amounts of VAT and a
detrimental dyslipidemic and atherosclerotic phenotype, independent of BMI. In contrast,
we do not find compelling evidence that SAT independently associates with this phenotype
in advanced obesity.

While our study provides strong evidence of independent associations between VAT and
markers of insulin resistance among obese individuals, the findings with regard to SAT were
less consistent, and sensitive to whether adjustment was performed for BMI. Previous
physiologic studies of glucose metabolism reported that the rate of glucose disposal (a
marker of insulin sensitivity) was more strongly correlated with abdominal SAT than with
VAT, and that the majority of postprandial free fatty acids (FFA) originate from abdominal
SAT, rather than VAT (33-34). However, a cross-sectional study of abdominal fat
distribution in 3000 community-dwelling individuals found that abdominal SAT was
associated with the metabolic syndrome in normal-weight, but not obese, men (35).
Similarly, the Framingham Heart Study demonstrated that SAT was associated with adverse
risk factors in those with low VAT but was relatively neutral in those with high VAT (11).
Because our study focused only on obese participants, it does not address the role of SAT on
insulin resistance among individuals with lower BMI and less abdominal fat. It is possible
that the development of insulin resistance in earlier stages of adiposity may be related to
both abdominal VAT and SAT accumulation but that once obesity is present, VAT is the
more important fat depot.

Few studies have examined the association between abdominal fat distribution and
subclinical atherosclerosis. In one study, carotid intima-media thickness was positively
associated with VAT and negatively associated with SAT, but this analysis was restricted to
middle-age women and was not adjusted for BMI (9). In our study, VAT also associated
with measures of aortic atherosclerosis not previously described, including aortic plaque
burden and wall thickness, independent of BMI. In contrast, although CAC associated with
VAT in univariable analyses, the association was attenuated after adjustment. This finding is
consistent with a recent study that did not demonstrate an independent association between
VAT and coronary atherosclerosis after BMI adjustment (36). Others, however, have
described independent associations between anthropometric measures of obesity and CAC
(37-38). Explanations for the absence of association with CAC in our study may include the
relatively low prevalence of CAC, a 2:1 ratio of women to men, and the relatively young age
of our sample population. Further investigation into relationships between VAT and
measures of atherosclerosis in higher risk individuals is warranted.
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Previous studies have reported a possible “protective” effect of lower body fat, which is
composed primarily of SAT, with regard to metabolic risk factors (24) and biomarkers such
as adiponectin (26). In our study, SAT associated with leptin and inflammatory markers to a
greater degree than with dyslipidemia or atherosclerosis. Some associations with SAT
suggest potential protective effects against atherosclerosis and metabolic disease, including
inverse associations with fructosamine, an intermediate-term marker of glucose control, and
with triglycerides and VLDL particle number. However, no protective effects were seen
with increasing SAT for insulin resistance, liver fat, or atherosclerosis in multivariable
models. A possible explanation for these discrepant findings may relate to the distribution of
SAT. Peripheral SAT may be associated with a metabolically more favorable phenotype, but
abdominal SAT may have a more complex relationship with metabolic risk. Abdominal
SAT has both superficial and deep components that may have opposing effects (32) leading
to an overall neutral association with metabolic and cardiovascular markers in the obese
population. Thus, the preponderance of evidence does not suggest a protective effect of
increasing abdominal SAT in obese individuals.

Potential mechanisms

Limitations

What is the reason for the apparent stronger association between VAT and metabolic risk
factors compared with SAT? One explanation may be that in persons with greater VAT, the
subcutaneous adipose depot (the preferred site of fat storage) does not provide an adequate
reservoir for body fat. Excess fatty acids may then be redistributed to ectopic tissues such as
visceral fat, liver, and skeletal muscle, predisposing to metabolic risk. This may be
especially apparent in obese persons in whom SAT is overwhelmed by excess energy input.
In these individuals, VAT size may be a strong indicator of deficient body fat storage
capacity in subcutaneous adipose tissue.

The mechanistic link between visceral obesity and inflammation remains unclear. Previous
studies have generally investigated adipose tissue from biopsy samples and measured locally
expressed or secreted tissue markers. The absence of a robust inflammatory phenotype
specific to VAT in our study could reflect the failure of measurements of circulating
biomarkers to accurately characterize actions of inflammatory cytokines in the local tissue
microenvironment. Alternatively, our findings of generally similar associations of
inflammatory biomarkers with VAT and SAT may suggest that inflammation associated
with obesity is more related to overall fat mass than to fat distribution. In contrast to our
findings with insulin resistance and dyslipidemia, inflammation may be related to expansion
of all fat compartments and not represent a distinct visceral adipose phenotype.

Several limitations of our study must be acknowledged. Our study is cross-sectional and
causal relationships between VAT, SAT, and phenotypes cannot be determined. We also
acknowledge that our study may yield some false-positive findings due to multiple testing
given that we examine associations with multiple biomarkers and imaging variables.
Additionally, because participants receiving aspirin, lipid-lowering, or glucose-lowering
medications were excluded a priori from lipoprotein and biomarker analyses, our findings
cannot be generalized to individuals taking these medications. Finally, our cohort is
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relatively young and therefore extrapolations to older populations in whom fat mass
physiology may be different cannot be made.

Clinical Implications

Considerable heterogeneity exists in the cardiovascular manifestations of obesity. BMI is a
simple measure for clinical use, but it does not differentiate between fat and lean mass, and
obscures differences between various body mass compartments. Other measures, such as
waist circumference or waist-to-hip ratio, offer more information regarding fat distribution,
but add only modest clinical information to the prediction of incident CVD, with divergent
results across studies (39-40). Because the consequences of obesity on the cardiovascular
system are not predictable based on simple anthropometric measurements, new tools are
needed to identify appropriate candidates for intensive CVD risk reduction, and possibly
also to select candidates for weight reduction surgery or pharmacological therapy. The
observation that VAT and SAT associate with divergent phenotypes suggests that MRI and
other imaging tests merit further exploration as tools to guide clinical decision-making
among obese individuals. However, while MRI is a simple and safe tool to differentiate
VAT and SAT components, clinical application may be limited by cost, availability, and
expertise required for image analysis. Moreover, it should be acknowledged that while the
associations of VAT with atherosclerosis phenotypes were statistically robust, and likely of
pathophysiological significance, they are quantitatively modest and thus assessment of VAT
may not substantially improve risk prediction. VAT may represent only one key feature of
dysfunctional adiposity; in the future, it is possible that measurement of circulating
biomarkers (such as lipoprotein sub-classes) may provide useful surrogate information for
the risk associated with VAT, and may be more feasible when MRI is not available.

Conclusions

In a large, multi-ethnic, population-based sample of obese adults, we found that VAT and
SAT are associated with different obesity sub-phenotypes: an adverse metabolic,
dyslipidemic, and atherogenic phenotype with VAT, and a moderately inflammatory but
generally more benign phenotype with SAT. These findings suggest that abdominal obesity
is a heterogeneous disorder comprised of clinically distinguishable sub-phenotypes defined
by abdominal fat distribution. Further research is needed to determine if measurement of
VAT and SAT improves cardiac and metabolic risk assessment among obese individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative Examples of Abdominal Fat and Aortic Plaque by MRI in Two
Subjectswith Divergent Cardiovascular and Metabolic Phenotypes

Panel A: Transverse abdominal MRI images of VAT and SAT (upper panel) and aortic
plaque (lower panel) in a 21 year old black female with BMI of 36 kg/m? and total body fat
of 4.2 kg (41%) demonstrate very low VAT (0.22 kg/m?2) and high SAT (4.45 kg/m?2), and
no aortic plaque (0%). Panel B: In contrast, images of VAT and SAT (upper panel) and
aortic plaque (lower panel) in a 59 year old white male with a BMI of 31.4 kg/m? and total
body fat of 4.0 kg (34%) demonstrate very high VAT (1.80 kg/m2) and low SAT (1.46
kg/m?), and high aortic plaque (18%).

BMI, body mass index; LDL, low-density lipoprotein; MRI, magnetic resonance imaging;
SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue
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Figure 2. Adjusted Prevalence of Aortic Plaque by Tertile of VAT/BSA or SAT/BSA in Obese
Adults
The adjusted prevalence of aortic plaque increases significantly across sex-specific tertiles

of VAT, but decreases across tertiles of SAT, in obese adults. Adjusted for age, sex, race,
menopausal status (women only), hypertension, diabetes, smoking, hypercholesterolemia,
low HDL cholesterol, glucose-lowering medication, lipid-lowering medication, aspirin,
VAT/BSA, and SAT/BSA. p-value for trend across tertiles

BSA, body surface area; SAT, subcutaneous adipose tissue; Tert, tertile; VAT, visceral
adipose tissue
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Demographic Characteristics of Obese Participants in the Dallas Heart Study (n=1200)

Table 1

Variable Median (25, 75t per centile) or Proportion (%)
Age (years) 44 (36, 52)
Female 746 (62%)
Race

White 318 (26%)

Black 660 (55%)

Hispanic 222 (19%)

Weight (kg) 98.0 (87.5, 110.2)
Height (cm) 165.1 (158.8, 172.7)
BMI (kg/m?) 35 (32, 39)

Waist Circumference (cm)
Hip Circumference (cm)
Waist/Hip ratio
DEXA Fat Measures
Fat Mass (kg)
Lean Mass (kg)
Total Body Fat (%)
Lower Body Fat (kg)
Truncal Fat (kg)
MRI Fat Measures
SAT (kg)
VAT (kg)
Hypertension
Diabetes
Hypercholesterolemia
Low HDL
Metabolic Syndrome
Current Smoking

Prior CVD

110 (102.0, 118.0)
118.0 (111.0, 127.8)
0.92 (0.87, 0.98)

35.0 (28.8, 42.6)
57.9 (50.7, 68.4)
39.7 (30.5, 44.1)
12.1(9.2, 15.5)
17.6 (14.8, 21.3)

6.6 (5.0, 8.9)
1.6 (1.2, 2.0)
510 (43%)
209 (17%)
181 (15%)
617 (51%)
675 (56%)
268 (22%)
96 (8%)

Page 16

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; DEXA, dual energy x-ray absorptiometry; HDL, high-density lipoprotein;
SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue
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