
Cardiometabolic Health Outcomes Associated with Discordant 
Visceral and Liver Fat Phenotypes: Insights from The Dallas 
Heart Study and UK Biobank

Sanaa Tejani, BA1, Cody McCoy, MD2, Colby R. Ayers, MS2, Tiffany M. Powell-Wiley, 
MD, MPH3,4, Jean-Pierre Després, PhD5, Jennifer Linge, MSc6,7, Olof Dahlqvist Leinhard, 
PhD6,8,9, Mikael Petersson, PhD6, Magnus Borga, PhD6,9,10, Ian J. Neeland, MD11

1University of Texas Southwestern Medical School, Dallas, TX, USA

2Department of Internal Medicine, University of Texas Southwestern Medical Center, Dallas, TX, 
USA

3Cardiovascular Branch, Division of Intramural Research, National Heart, Lung, and Blood 
Institute, National Institutes of Health, Bethesda, MD, USA

4Intramural Research Program, National Institute on Minority Health and Health Disparities, 
National Institutes of Health, Bethesda, MD, USA

5Department of Kinesiology, Faculty of Medicine, Université Laval and VITAM – Centre de 
rercherche en santé durable, CIUSSS Capitale-Nationale, Québec, Canada

6AMRA Medical AB, Linköping, Sweden

7Department of Health, Medicine and Caring Sciences, Division of Society and Health, Linköping 
University, Linköping, Sweden

8Department of Health, Medicine and Caring Sciences, Division of Diagnostics and Specialist 
Medicine, Linköping University, Linköping, Sweden

9Center for Medical Image Science and Visualization, Linköping University, Linköping, Sweden

10Department of Biomedical Engineering, Division of Biomedical Engineering, Linköping 
University, Linköping, Sweden

11University Hospitals Harrington Heart and Vascular Institute and Case Western Reserve 
University School of Medicine, Cleveland, OH, USA

For Correspondence: Ian J. Neeland, MD, University Hospitals Harrington Heart and Vascular Center, 11100 Euclid Ave, Cleveland 
OH, 44106 Fax: 216-844-8954 Tel: 216-844-5965 ian.neeland@uhhospitals.org.
Author contribution:
First Author: Tejani
Corresponding Author: Neeland
Conception, Design, Analysis, and Interpretation of Data: Tejani, McCoy, Ayers, Powell-Wiley, Després, Linge, Dahlqvist Leinhard, 
Petersson, Borga, Neeland
Drafting, Revision, and Final Approval: Tejani, McCoy, Ayers, Powell-Wiley, Després, Linge, Dahlqvist Leinhard, Petersson, Borga, 
Neeland

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mayo Clin Proc. Author manuscript; available in PMC 2023 February 01.

Published in final edited form as:
Mayo Clin Proc. 2022 February ; 97(2): 225–237. doi:10.1016/j.mayocp.2021.08.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Abstract

Objective: To evaluate the cardiometabolic outcomes associated with discordant visceral adipose 

tissue (VAT) and liver fat (LF) phenotypes in two cohorts.

Patients and Methods: Participants in the Dallas Heart Study (DHS) underwent baseline 

imaging between January 2000-December 2002 and were followed for incident cardiovascular 

disease (CVD) and type 2 diabetes (T2DM) through 2013. Associations between VAT/LF groups 

(low/low, high/low, low/high, and high/high) and outcomes were assessed using multivariable-

adjusted regression and were replicated in the independent UK Biobank (UKB, 2014-2020).

Results: DHS included 2064 participants (mean age 44 (SD 9) years; 54% female; 47% black). 

High VAT-high LF and high VAT-low LF were associated with prevalent atherosclerosis whereas 

low VAT-high LF was not. Among 1731 participants without CVD/T2DM, 128 (7.4%) developed 

CVD and 95 (5.5%) T2DM over median 12 years. High VAT-high LF and high VAT-low LF were 

associated with increased risk for CVD (HR 2.0 [95% CI 1.3–3.2] and HR 2.4 [95% CI 1.4 – 

4.1]) and T2DM (OR 7.8 [95% CI 3.8–15.8] and OR 3.3 [95% CI 1.4–7.8], respectively); whereas 

low VAT-high LF was associated with T2DM (OR 2.7 [95% CI 1.1–6.7]). In the UKB (N=22,354 

April 2014-May 2020), only high VAT-low LF remained associated with CVD after multivariable 

adjustment for age and body mass index (HR 1.5 [95% CI 1.2 – 1.9]).

Conclusion: Although VAT and LF are each associated with cardiometabolic risk, these 

observations demonstrate the importance of separating their cardiometabolic implications when 

there is presence or absence of one or both in an individual.

Introduction:

Approximately 42% of adults in the United States are currently estimated to have obesity.1 

Abdominal obesity, in particular, has been linked to adverse cardiometabolic health 

outcomes.2, 3 However, there is significant heterogeneity in the manifestation of abdominal 

obesity, and variable manifestations of abdominal fat accumulation in visceral adipose tissue 

(VAT), and ectopic sites (i.e. fat deposition in non-adipose tissue containing organs) such as 

excess liver fat (LF), results in differing risk of developing cardiometabolic disease.4, 5 Exact 

mechanisms of individual variation in fat deposition are not fully understood, but multiple 

factors have been studied including age, race, sex, and genetics. Although both excess VAT 

and LF have been associated with metabolic abnormalities predictive of increased risk of 

cardiovascular disease (CVD) and type 2 diabetes mellitus (T2DM),6,7 it is important to 

separate their cardiometabolic implications when there is presence or absence of one or both 

in an individual patient.

Some studies suggest that while VAT is positively associated with CVD and T2DM, LF may 

be more variable such that individuals with elevated VAT may have a higher prevalence of 

T2DM when LF is elevated while, conversely, the prevalence of coronary heart disease may 

be higher when LF is low in individuals with high VAT.8 Although LF is an independent 

abdominal fat depot from VAT, the two are commonly present together, therefore, the 

respective contributions of excess VAT vs. LF to CVD and T2DM risk remain debated. With 

the rising prevalence of non-alcoholic fatty liver disease (NAFLD) in the population, it is 
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important to understand how these two separate fat depots coassociate with cardiometabolic 

health.9

Therefore, we aimed to examine the associations of VAT and LF, both isolated and 

combined, with cardiometabolic risk variables in a cross-sectional analysis of a multiethnic 

North American cohort and to prospectively compare the differences between four 

phenotypes of high/low VAT/LF in the incidence of CVD and T2DM over longitudinal 

follow-up. Longitudinal analyses were then replicated in a large European cohort. We 

hypothesized that the high VAT-low LF phenotype would be more closely associated with 

atherosclerosis and CVD, whereas the high VAT-high LF phenotype would be more closely 

associated with metabolic disease such as T2DM and less with atherosclerosis and CVD.

Methods:

Study Population

The DHS is a multiethnic, population-based study of Dallas County residents, with over-

sampling of African Americans with the goal of improving the diagnosis, prevention, and 

treatment of heart disease. Details of the study have been described previously.10 For the 

present study, we performed both a cross-sectional analysis and a longitudinal analysis. 

For the cross-sectional analysis, among the 3072 participants in DHS-1, we excluded 

participants missing VAT or LF measurements (N=803); those with excessive alcohol 

use (N=192), and those who died within one year of the baseline visit (N=13) to avoid 

confounding bias. All remaining participants (N=2064) were included for cross-sectional 

analyses of prevalent traditional risk factors and atherosclerotic endpoints. For biomarker 

and lipoprotein analysis, we further excluded individuals receiving aspirin, lipid lowering, or 

glucose lowering medications since these medications may influence levels of biomarkers. 

For longitudinal analysis of CVD and T2DM outcomes, from the 2064 individuals included 

in the cross-sectional analysis, we excluded an additional N=333 participants who had 

prevalent CVD or T2DM at study entry (Supplemental Figure 1) in order to assess incident 

(new-onset) outcomes among apparently healthy and non-diabetic individuals who were 

asymptomatic for CVD (N=1731). The study period for longitudinal analysis was from the 

onset of the study in January 1, 2000 through December 31, 2013. All participants provided 

written informed consent, and the protocol was approved by the Institutional Review Board 

of the University of Texas Southwestern Medical Center.

The incident CVD and T2DM analysis was replicated using data from the UK Biobank 

(UKB) imaging study – a population based sub study to the large UKB started in April 

2014 and followed through May 2020 with detailed characterization adding imaging of the 

brain, heart, bones, carotid arteries and body composition of 100,000 participants.11 Written 

informed consent was obtained prior to study entry and the study was approved by the North 

West Multicenter Research Ethics Committee in the United Kingdom. Data were accessed 

under project ID 6569. For the present study, among the 25,000 participants first scanned, 

we excluded participants with missing VAT or LF and prevalent CVD or T2DM at imaging, 

resulting in a final sample size of 22,354.
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Variable Definitions

Race/ethnicity, history of CVD, and smoking status were self-reported. 

Hypercholesterolemia, low high-density lipoprotein (HDL), and hypertension were defined 

using previously described clinical definitions.12 Diabetes was defined by a fasting glucose 

level ≥126 mg/dl or use of hypoglycemic medication. The homeostasis model assessment of 

insulin resistance index (HOMA-IR) was calculated by fasting insulin (mIU/mL) × fasting 

glucose (mmol/l)/22.5.13 Presence of the metabolic syndrome was defined according to the 

National Cholesterol Education Program’s Adult Treatment Panel III report.14 Glomerular 

filtration rate was estimated using the Modification of Diet in Renal Disease Equation.15 

Physical activity was derived using self-reported frequency and type of leisuretime physical 

activity and a standard conversion for metabolic equivalence units (METs). Excessive 

alcohol consumption was defined as >14 drinks/week or >4 drinks/day for men under age 65 

or >7 drinks/week or >3 drinks/day for men over age 65 or women.

Body Composition Measurements

For DHS, magnetic resonance imaging (MRI) measurements of abdominal fat mass were 

performed as previously described using a validated method of fat mass prediction from 

a single MR slice at the L2-L3 intervertebral level.16 Subjects were imaged by a 1.5 

Tesla MRI scanner (Intera, Philips Medical Systems, Best, The Netherlands) and abdominal 

adipose tissue was separated into VAT and SAT compartments by manually circumscribing 

contours using anatomic landmarks. Assuming an adipose tissue density of 0.9196 kg/L, 

fat volume was converted to mass. Hepatic triglyceride content (HTGC) was measured 

using 1.5T 1H magnetic resonance spectroscopy, and hepatic steatosis was defined as 

a HTGC >5.5% as determined for a low-risk subpopulation from this study cohort, as 

previously described.17 For UKB, participants were scanned in a Siemens MAGNETOM 

Aera 1.5T MRI scanner (Siemens Healthineers, Erlangen, Germany) using a 6-minute 

dual-echo Dixon Vibe protocol providing a water and fat separated volumetric data set 

covering neck to knees, and a multiecho Dixon acquisition for proton density fat fraction 

assessment in the liver. Quantification of visceral fat volume and liver fat fraction was 

performed using AMRA Profiler Research.18-21 Waist to hip ratio was calculated as 

waist circumference(cm)/hip circumference(cm). BMI was calculated as weight(kilograms)/

height(meters)2. Dual-energy x-ray absorptiometry (DEXA) was used to measure total 

fat mass and fat-free mass of the following body compartments: head, upper and lower 

extremities, and trunk. Definitions of body compartments have been previously described.22

Outcomes

Biomarker measurements—Analytical methods for all biomarkers mentioned here 

have been previously described23, including fasting blood glucose (FBG), insulin, and 

plasma lipids 10, coronary artery calcium (CAC), aortic plaque burden and aortic wall 

thickness23, adiponectin, and high-sensitivity C-reactive protein (hs-CRP). Particle sizes and 

concentrations of LDL, HDL, and very low-density lipoprotein (VLDL) subclasses were 

measured by LipoScience, Inc. using NMR spectroscopy.
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Cardiovascular Disease and Type 2 Diabetes Mellitus—CVD was defined as 

CV death, coronary heart disease (myocardial infarction, hospitalized unstable angina, 

percutaneous coronary intervention, or coronary artery bypass graft surgery), ischemic 

stroke, transient ischemic attack (TIA), cerebrovascular revascularization, peripheral arterial 

revascularization, hospitalization for systolic or diastolic heart failure, or hospitalization for 

atrial fibrillation. All non-fatal and fatal events were determined through December 31, 2013 

using previously described methods.24 For replication in UKB, a definition as similar as 

possible (Supplemental Methods) was applied utilizing electronic health records data. For 

DHS, incident T2DM was defined by initiation of medical treatment for diabetes during 

the study interval, Fasting Blood Glucose (FBG) ≥126 mg/dL, non-FBG ≥200 mg/dL, or 

Hgb A1C ≥ 6.5%, according to updated guidelines (Hgb A1C was not measured at baseline 

in DHS).25 No information was available regarding time of onset of incident diabetes. 

For replication in UKB, a definition was applied utilizing electronic health records data 

to capture all cases of type 2 diabetes mellitus (ICD-10 codes E11 and E11.0 to E11.9) 

documented in inpatient records. No outpatient records were available for review at the time 

of the analysis; therefore, the definition used here is based solely on inpatient records and 

likely underestimates the true incidence rate of T2DM.

Statistical Analysis

Based on known racial/ethnic differences in visceral and liver fat levels, DHS participants 

were stratified into phenotype groups: low VAT-low LF, high VAT-low LF, low VAT-high 

LF, and high VAT-high LF defined by ≥ or < the median sex- and race-specific values for 

VAT (black and non-black) and LF (Hispanic and non-Hispanic), respectively (Supplemental 

Table 1).26,27 For UKB, a mainly Caucasian cohort, participants were similarly stratified 

into phenotype groups using median sex-specific values for VAT and LF. 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 rank-sum test for 

non-normally distributed variables.

The baseline association of VAT-LF groups with continuous biomarkers was assessed by 

linear regression. The β-coefficients represent the estimated change in the biomarker in 

each group with low VAT-low LF as referent. Logistic regression was used to assess 

associations of VAT-LF groups with categorical outcome variables. The odds ratio and 95% 

confidence interval represent the odds of the outcome for each group with low VAT-low 

LF as referent. To determine independent associations of VAT-LF group with cardiac and 

metabolic phenotypes, all models were adjusted for age, menopausal status (women only), 

and BMI. Cross-sectional associations with lipoproteins and inflammatory biomarkers were 

additionally adjusted for HOMA-IR to determine independence from insulin resistance. 

Cross-sectional associations with clinical and imaging variables were additionally adjusted 

for hypertension, diabetes, smoking, hypercholesterolemia, low HDL, glucose lowering 

medication, lipid-lowering medication, and aspirin to evaluate for attenuation by risk factors 

or medications that improve the risk factor profile. Additional secondary analyses were 

performed stratified by race/ethnicity based on known racial/ethnic differences in visceral 

and liver fat levels.
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Cox proportional hazards modeling and logistic regression were used to assess longitudinal 

associations of VAT-LF groups with incident CVD and T2DM, respectively. The hazard ratio 

represents the hazard and associated 95% confidence interval of the outcome for each group 

with low VAT-low LF as referent, and the odds ratio and 95% confidence interval represent 

the odds of the outcome for each group with low VAT-low LF as referent. To determine 

independent associations of VAT and LF with CVD or T2DM, models were adjusted for 

age and BMI, and subsequently for smoking, hypercholesterolemia, hypertension, physical 

activity, postmenopausal status (women only), and family history of CVD (for CVD 

models) or family history of T2DM (for T2DM models). Additional models were performed 

adjusting for high sensitivity C-reactive protein (CVD outcome) and HOMA-IR (T2DM 

outcome) to determine independence from inflammation and insulin resistance, respectively. 

The assumptions of linear regression and Cox regression models were evaluated using 

Schoenfeld residuals. Interactions between VAT and LF were assessed for all models. For all 

statistical testing, a two-sided p-value <0.05 was considered statistically significant without 

adjustments for multiple testing. Statistical analyses were performed using SAS version 9.4 

software.

Results:

The DHS study cohort included 2064 participants (mean age 44 (SD 9) years; 54% female; 

47% black, 18% Hispanic). Baseline characteristics by VAT-LF group are presented in 

Table 1. Those with high VAT were older and more likely to have higher BMI, waist 

circumference, total body fat mass, cardiovascular risk factors, and metabolic syndrome, 

compared to the overall study population. (Table 1, p<.05 for all). Those with high VAT-

low LF had a higher prevalence of existing CVD than those with high VAT-high LF 

(9.9% vs. 7.1%). When stratified by ethnicity, Hispanic participants were more likely to 

have increased LF compared to VAT, whereas white and black participants were more 

likely to have increased VAT compared to LF (Supplemental Figure 2). For completeness, 

baseline characteristics of the DHS study population stratified by normal/abnormal VAT and 

separately normal/abnormal LF are presented in Supplemental Tables 2 and 3, respectively.

Cardiometabolic Risk Markers, Atherosclerosis, and Traditional Risk Factors (Cross-
Sectional Analysis)

When VAT and LF were continuously modeled with prevalent CVD or T2DM in the study 

cohort, VAT (age and BMI-adjusted HR 1.21, 95% CI 1.06-1.40), but not LF (age and 

BMI-adjusted HR 1.00, 95% CI 0.98-1.03) was significantly associated with CVD, and both 

VAT (age and BMI-adjusted HR 1.24, 95% CI 1.06-1.45) and LF (age and BMI-adjusted 

HR 1.33, 95% CI 1.17-1.50) were significantly associated with T2DM (Supplemental Table 

4). Multivariable associations between VAT-LF groups and cardiometabolic biomarkers, 

atherosclerosis, and traditional CV risk factors are presented in Table 2. High VAT-low LF 

and low VAT-high LF were significantly and positively associated with multiple adverse 

metabolic biomarkers including HOMA-IR, hs-CRP, triglycerides, large VLDL cholesterol, 

and low HDL cholesterol. However, several dissimilar associations were observed between 

the two phenotypes. High VAT-low LF was associated with higher myeloperoxidase (an 

inflammatory marker) and aortic atherosclerosis, whereas low VAT-high LF was not 
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associated with myeloperoxidase or aortic atherosclerosis. Many biomarkers, including 

several inflammatory biomarkers tested, showed no association with either high VAT-low 

LF or low VAT-high LF in multivariable adjusted models (Supplemental Table 5). Both 

high VAT-low LF and low VAT-high LF groups were associated with prevalent hypertension, 

metabolic syndrome, and T2DM (Table 2).

Incident Cardiovascular Disease (Longitudinal Analysis)

Among the initial DHS cohort, 1731 participants did not have prevalent CVD or T2DM and 

were followed for a median (IQR) of 12.0 (11.5-12.7) years. Demographic characteristics of 

these participants are presented in Supplemental Table 6. 128 participants (7.4%) had a CVD 

event during follow-up (Supplemental Table 7). The high VAT-low LF group experienced 

the greatest frequency of CVD events (12.6%) and had the highest hazard ratio for CVD, 

while low VAT-high LF exhibited rates of CVD events similar to the referent low VAT-low 

LF (~6%) (Figure 1, Panel A). When VAT and LF were modeled continuously with CVD 

outcome, VAT (HR 1.24, 95% CI 1.07-1.43), but not LF (HR 0.98, 95% CI 0.84-1.14), was 

significantly associated with CVD, and there was no statistical interaction between VAT 

and LF on CVD outcome (p-interaction=.19) (Supplemental Table 8). In unadjusted models, 

only high VAT-high LF and high VAT-low LF were associated with incident CVD; low 

VAT-high LF was not associated with incident CVD even in unadjusted analysis. However, 

after adjustment for age and BMI, all associations with CVD were attenuated (Table 3). 

Findings were similar when CVD models were additionally adjusted for traditional risk 

factors and hs-CRP (Supplemental Table 9). There was a statistical interaction between 

race and VAT/LF group for incident CVD (p-interaction = .02), indicating heterogeneity of 

effect between race and VAT/LF groups on CVD outcomes. When stratified by race, high 

VAT-high LF and high VAT-low LF were significantly associated with CVD in non-black 

participants (HR, 95% CI: 3.2, 1.6-6.3 and HR 3.1, 1.3-7.3, respectively), but not in black 

participants (HR, 95% CI: 1.2, 0.8-2.0 and HR 1.3, 0.7-2.2 respectively).

Incident Type 2 Diabetes (Longitudinal Analysis)

Incident diabetes developed in 95 (5.5%) participants in the DHS. In univariable analyses, 

all groups were significantly associated with incident T2DM (Table 4), with high VAT-high 

LF having the strongest association with incident T2DM, OR 7.8 (95% CI 3.8 – 15.8). After 

adjusting for age, BMI, smoking, hypercholesterolemia, hypertension, physical activity, 

postmenopausal status and family history of diabetes (Supplemental Table 4), all groups 

remained significantly associated with incident T2DM. Findings were similar when T2DM 

models were additionally adjusted for HOMA-IR (Supplemental Table 9).

Replication in the UK Biobank cohort (Longitudinal Analysis)

The UKB included 22,354 participants without prevalent CVD or T2DM (baseline 

characteristics in Supplemental Table 10) who were followed for a median (IQR) of 

3.1 (2.3-4.4) years. Of those, 892 (3.9%) had a CVD event and 121 (0.5%) received a 

diagnosis of T2DM during follow-up. Among the four phenotype groups, high VAT-low LF 

experienced the greatest proportion of CVD events (Figure 1, Panel B). This group was also 

most strongly associated with incident CVD in unadjusted analysis, HR of 2.00 (95% CI 

1.65 – 2.43). This association persisted after adjustment for age and BMI, HR of 1.50 (95% 
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CI 1.22 – 1.85) (Table 3). In adjusted analyses, neither high VAT-high LF nor low VAT-high 

LF were associated with incident CVD.

For the T2DM outcome, among the four phenotype groups, high VAT-high LF had the 

highest number of incident T2DM cases (89 versus 12, 7, and 13 in the high VAT-low 

LF, low VAT-high LF, and low VAT-low LF groups, respectively). This group was also 

most strongly associated with incident T2DM, FIR of 8.22 (95% CI 4.59 – 14.72). This 

association persisted after adjustment for age and BMI, HR of 3.68 (95% CI 1.93 – 7.02) 

(Table 4). In adjusted analyses, neither high VAT-low LF nor low VAT-high LF were 

associated with incident T2DM although the number of events in each group were relatively 

few.

Discussion:

Principal Findings:

This study examined the cardiometabolic profile and health outcomes associated with 

discordant phenotypes of VAT and LF in the multiethnic DHS population cohort and 

replicated the incident CVD and T2DM results in the large UK Biobank study. Our results 

indicate that VAT and LF are differentially associated with CVD and T2DM outcomes. 

High VAT, in the presence of high or low LF, was found to be associated with both CVD 

and T2DM, while high LF was not associated with CVD; moreover, a highly novel finding 

was that a high VAT-low LF phenotype was more robustly associated with CVD than high 

VAT-high LF, a finding that persisted despite multivariable adjustment when validated in the 

much larger UK Biobank cohort. Our findings also demonstrate consistent evidence of an 

association between LF and T2DM, regardless of VAT level.

In Context of Current Literature:

Previous studies have documented an association between liver fat and increased risk of 

CVD.28 While NAFLD has been associated with an adverse biomarker profile and increased 

risk of CVD, it is difficult to establish a direct relationship between NAFLD and CVD 

due to the close association of NAFLD with visceral obesity, metabolic syndrome, and 

increased levels of other ectopic fat depots. Recent studies involving detailed analyses of 

body fat composition showed that isolated liver fat does not pose significantly increased risk 

for developing CVD.9,19 Similarly, our study demonstrates no significant increased risk for 

CVD in subjects with elevated LF without elevated VAT. Although the association between 

NAFLD and T2DM has also been well documented by previous studies, the focus has been 

on the prevalence of NAFLD in subjects with preexisting T2DM and subsequent risk of 

developing cardiovascular and hepatic diseases.29-31 More recent studies have attempted to 

understand the bidirectional relationship between NAFLD and T2DM. Studies examining 

the role of NAFLD in the development of T2DM have found NAFLD to be associated 

with an almost two-fold increased risk of incident T2DM.31,33 Our results similarly found 

elevated liver fat to be associated with increased risk for incident T2DM, regardless of the 

concomitant visceral fat phenotype. Although the pathophysiological pathway of NAFLD 

and T2DM is not fully understood, possible mechanisms involve the impact of NAFLD 

on hepatic metabolism, including reduced hepatic extraction of insulin and increased 
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production of hepatic glucose, linking excess liver fat to the development of T2DM.9 We 

found LF to be more strongly associated with triglycerides than VAT. This, along with a 

stronger association of large VLDL, glucose and HOMA-IR after adjustment, suggests LF 

is more important for circulating markers of metabolic abnormalities that are proximal to 

hepatic metabolism such as VLDL, insulin, and glucose levels, which is consistent with 

previous studies.

Possible Mechanisms for Discordant Phenotypes

Increased LF is a frequent feature of visceral obesity. However, individual variability in fat 

accumulation can result in discordant VAT/LF phenotypes. Exact mechanisms of individual 

variation in fat deposition are not fully understood, but multiple factors have been studied 

including age, race, sex, and genetics.9 In cases of excess LF in the setting of normal VAT, 

the PNPLA3 I148M and TM6SF2 E167K genetic variants have been noted to predispose 

individuals to excess liver fat accumulation without excess fat deposition in other depots. 

Interestingly, these genetic variants might be associated with protection from cardiovascular 

disease.34 VAT, but not LF, is associated with atherogenic apo-B containing lipoproteins 

and aortic wall thickness, both potentially underpinning an increased risk for CVD, an 

association which may be enhanced in the setting of low LF, indicating regulation of liver 

triglyceride partitioning may play an important role in cardiovascular health in the context 

of visceral obesity. Further investigations are needed to understand if high VAT-low LF is an 

expression of an inability to handle ectopic fat deposition via the liver associated with high 

CVD risk or if decrease in liver fat as consequence of liver dysfunction increases the risk for 

CVD.

Clinical Implications:

The differential association of VAT and LF with the development of CVD or T2DM 

demonstrates the value of analyzing body fat composition to understand individual risk 

of developing cardiometabolic disease. Racial/ethnic and other factors associated with 

differential fat distribution further inform patient risk. With the prevalence of obesity in 

the population and the recent rise in the prevalence of NAFLD, contextualizing patients’ risk 

for disease is limited when only anthropometry is measured. Given the risk implications, 

future studies of weight loss strategies, whether pharmacologic, device-based, or surgical, 

should incorporate assessments of fat distribution to determine the variable responses to 

these interventions. Furthermore, our finding that low LF in the context of high VAT confers 

excess risk for CVD should inform the active drug development programs for NAFLD in the 

current era. Based on our findings here, it is possible that lowering LF pharmacologically 

without concomitantly addressing high VAT could lead to paradoxically higher risk for 

adverse cardiovascular outcomes. This may explain why lifestyle interventions for LF are 

consistently linked with improved CV outcomes, since they dually lower LF and VAT 

together. Recognizing the importance of how one lowers LF, either concordantly with VAT 

or in isolation, may aid in appropriate development of effective therapies for CVD risk 

reduction in the future. When developing NAFLD treatments, a decrease in liver fat alone 

may not be sufficient to lower patients’ cardiometabolic risk. In fact, although our results are 

not definitive, decreasing liver fat without resolving visceral obesity may put the patient at 

greater risk of heart disease.
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Strengths and Limitations:

Strengths of the current study include a diverse sample of adults applicable to the general 

population, extensive and detailed phenotyping using advanced imaging and laboratory 

techniques, and longitudinal follow-up in a well-validated prospective cohort. Additionally, 

we were able to utilize data from the UK Biobank to replicate our findings regarding 

cardiovascular and T2DM risk associated with discordant VAT/LF phenotypes. Several 

limitations of this study also merit comment. Unfortunately, the time of diabetes onset was 

not available in the DHS since incident T2DM was measured at follow-up appointments 

only. Second, since other imaging based assessments of ectopic fat were not measured in 

this study (e.g. epicardial, perinephric), we are unable to assess the association between 

other ectopic fat depots and incident CVD or T2DM. Third, the UK Biobank data for 

T2DM was limited to inpatient diagnosis codes only as access to the primary care UKB 

cohort was not available at the time of the analysis. This resulted in relatively few cases 

for modeling analysis when stratified into VAT/LF groups. As such, the incidence rate 

here likely underestimates the true incidence rate of T2DM in the UKB. Furthermore, the 

group hospitalized with T2DM diagnosis codes may differ from the outpatient group not 

hospitalized, limiting to some extent the generalizability of these findings. Despite these 

limitations, these data validate and support the findings in DHS and strengthen the evidence 

for an association of both high VAT and LF with T2DM.

Conclusions:

In summary, we found that heterogeneous manifestations of abdominal obesity impact 

cardiometabolic biomarker profile and health outcomes. Knowledge of patient risk for 

disease is limited when assessment is restricted to single, isolated fat depots. VAT is 

associated with an adverse atherosclerotic, dyslipidemic, dysmetabolic, and inflammatory 

phenotype whereas LF is more associated with metabolic abnormalities. Additionally, 

VAT was associated with both incident CVD and T2DM, while low VAT-high LF was 

significantly associated with incident T2DM, but not with increased risk of CVD events. 

Furthermore, high VAT-low LF most strongly associated with incident CVD, a finding 

replicated in the UK Biobank cohort. Further work is needed to assess the value of 

determining risk of cardiometabolic disease based on individual body fat composition and 

whether knowledge of body fat composition can serve to direct prevention and treatment 

strategies for individuals with obesity. In conclusion, although excess VAT and LF are 

individually associated with markers of cardiometabolic risk, these observations demonstrate 

the importance of separating their cardiometabolic implications when there is presence or 

absence of one or both in an individual.
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Figure 1. Kaplan-Meier curves of incident cardiovascular disease events stratified by body fat 
phenotype in the Dallas Heart Study (panel A) and UK Biobank study (panel B)
Incidence of CVD (y-axis) as a function of follow-up days (x-axis) in low VAT-low LF 

(black), high VAT-low LF (red), low VAT-high LF (green), and high VAT-high LF (blue) 

phenotypes in DHS (A) and UKB (B). High VAT/LF defined by median sex- and race-

specific (black, non-black/Hispanic, non-Hispanic) values for VAT/LF in DHS and median 

sex-specific values for UKB. High VAT-low LF experienced the greatest rate of CVD events, 

while low VAT-high LF had rates of incident CVD similar to the referent group, low 

VAT-low LF.
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Table 1.

Baseline Characteristics of the Study Population Stratified by Adipose Tissue Phenotype

Overall (n = 
2064)

High VAT / 
High LF 
(n=740)

High VAT / 
Low LF 
(n=293)

Low VAT / 
High LF 
(n=293)

Low VAT / 
Low LF 
(n=738)

P-Value

Age, median (IQR) 44 (37,53) 47 (40, 54) 48 (39, 55) 42 (35, 51) 41 (35, 50) <.001

Female, No. (%) 1113 (54) 400 (54) 157 (54) 157 (54) 399 (54) .10

Race, No. (%)

 White 665 (32) 254 (34) 76 (26) 96 (33) 239 (32) .11

 Black 976 (47) 329 (45) 160 (55) 135 (46) 352 (48) .04

 Hispanic 378 (18) 140 (19) 55 (19) 50 (17) 133 (18) .91

 Other 45 (2) 17 (2) 2 (1) 12 (4) 14 (2) .04

Weight, median (IQR)-kg 82 (70, 97) 94 (84, 109) 88 (79, 102) 77 (68, 87) 70 (62, 81) <.001

Height, median (IQR)-cm 168 (160, 175) 168 (160, 175) 168 (161, 175) 166 (159, 173) 168 (160, 175) .08

Body Mass Index,median (IQR)-
kg/m2 29 (25, 34) 33 (30, 38) 31 (28, 35) 27 (25, 31) 25 (23, 28) <.001

Waist Circumference,median 
(IQR)-cm 97 (87,108) 108 (100, 117) 103 (96, 112) 93 (86, 99) 87 (79, 93) <.001

VAT, median (IQR)-kg 2 (2, 3) 3 (2, 3) 3 (2, 3) 2 (1, 2) 1 (1,2) <.001

LF, median (IQR)-% 4 (2, 67) 8 (5,13) 2 (2,3) 5 (4,8) 2 (1,3) <.001

DEXA

 Fat mass,median (IQR)-kg
a 25 (19, 33) 32 (26, 41) 28 (24, 36) 23 (18, 29) 19 (14, 24) <.001

 Lean mass,median (IQR)-kg
a 54 (46, 64) 59 (50, 68) 57 (48, 66) 52 (43, 60) 49 (42, 60) <.001

 Lower body fat, median (IQR)-

kg
a 9 (6, 12) 10 (8, 14) 10 (8, 13) 8 (6, 11) 7 (5, 10) <.001

 Truncal fat,median (IQR)-kg
a 13 (9, 17) 17 (14, 21) 14 (12, 18) 11 (9, 14) 9 (6, 11) <.001

Diabetes Mellitus, No. (%)
b 231 (11) 147 (20) 34 (12) 24 (8) 26 (4) <.001

Hypercholesterolemi a, No. (%) 279 (14) 134 (18) 47 (16) 42 (14) 56 (8) <.001

Low High-density lipoprotein 
cholesterol, No. (%) 871 (42) 407 (55) 133 (45) 119 (41) 212 (29) <.001

Metabolic Syndrome, No. (%) 734 (36) 453 (61) 121 (41) 85 (29) 75 (10) <.001

Current Smoker, No. (%)
c 515 (25) 164 (23) 64 (22) 67 (23) 220 (30) .003

Prior Cardiovascular disease, No. 
(%) 136 (7) 55 (7) 29 (10) 13 (4) 39 (5) .02

Physical Activity, median (IQR)-

MET min/week
d 144 (0, 585) 99.5 (0, 444) 120 (0,560) 119 (0,560) 239 (0, 720) <.001

a
n = 2020

b
n = 2063

c
n = 2059

d
n = 1918
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Table 2.

Multivariable-adjusted linear and logistic regression models of relation of VAT-LF phenotypes to biomarkers 

of cardiometabolic disease

High VAT-High LF High VAT-Low LF Low VAT-High LF

Biomarker β-coefficient (standard error) β-coefficient (standard error) β-coefficient (standard error)

Glucose (mg/dL) 0.08 (0.01)* 0.02 (0.01) 0.05 (0.01)*

HOMA-IR (units) 0.68 (0.04)* 0.27 (0.05)* 0.32 (0.05)*

Adiponectin (ng/mL) −0.35 (0.03)* −0.19 (0.04)* −0.26 (0.04)*

hs-CRP (mg/dL) 0.35 (0.07)* 0.26 (0.09)* 0.27 (0.08)*

Myeloperoxidase (ng/mL) 0.05 (0.03)* 0.06 (0.03)* −0.002 (0.03)

LDL-C (mg/dL) 0.08 (0.02)* 0.08 (0.03)* 0.04 (0.03)

LDL Small (nm) 0.51 (0.08)* 0.35 (0.09)* 0.31 (0.08)*

Triglycerides (mg/dL) 0.47 (0.04)* 0.18 (0.04)* 0.29 (0.04)*

VLDL Large (nm) 0.91 (0.05)* 0.32 (0.06)* 0.60 (0.06)*

HDL-C (mg/dL) −0.14 (0.02)* −0.10 (0.02)* −0.07 (0.02)*

HDL Large (nm) −0.38 (0.03)* −0.22 (0.04)* −0.20 (0.03)*

Aortic Wall Thickness (mm) 0.09 (0.02)* 0.06 (0.02)* 0.03 (0.02)

Biomarker Odds Ratio (95% CI) Odds Ratio (95% CI) Odds Ratio (95% CI)

Hypertension 2.1 (1.5, 2.9)* 1.6 (1.1, 2.3)* 1.5 (1.1, 2.2)*

Metabolic Syndrome 6.6 (2.2, 5.9)* 3.3 (2.3, 4.7)* 2.9 (2.0, 4.1)*

Diabetes Mellitus 3.6 (2.2, 5.9)* 1.9 (1.1, 3.2)* 2.2 (1.2, 3.3)*

Data presented are β-coefficients (standard error) that represent the unit increase in the outcome for each phenotype group or odds ratios (95% CI) 
that represent the odds of the outcome for each phenotype group of High VAT-Low LF or Low VAT-High LF

Model adjusted for age + sex + race + menopausal status (women only) + body mass index (referent low VAT-low LF)

*
P < 0.05

LF, liver fat; HOMA-IR, homeostasis model assessment of insulin resistance; LDL-C, low density lipoprotein cholesterol; HDL-C, high density 
lipoprotein cholesterol; hs-CRP, high sensitivity C-reactive protein; VAT, visceral adipose tissue; VLDL, very low density lipoprotein
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Table 3.

Multivariable-Adjusted Associations of Adipose Tissue Phenotypes with Incident CVD in DHS and UKB

Incident CVD - DHS (N=1,731) Incident CVD - UKB (N=22,354)

N HR (95% CI) p-value N HR (95% CI) p-value

Model 1

High VAT-High LF 609 2.03 (1.28-3.21) .002 7848 1.59 (1.35-1.87) <.001

High VAT-Low LF 257 2.42 (1.41-4.13) .001 2822 2.00 (1.65-2.43) <.001

Low VAT-High LF 257 1.21 (0.63-2.31) .55 2982 1.40 (1.12-1.75) .003

Model 2

High VAT-High LF 609 1.20 (0.70 – 2.06) .50 7848 1.10 (0.90-1.34) .34

High VAT-Low LF 257 1.53 (0.86 – 2.71) .15 2822 1.50 (1.22-1.85) <.001

Low VAT-High LF 257 1.04 (0.54 – 1.99) .91 2982 1.24 (0.99-1.55) .06

Hazard ratios (HR) calculated for incident CVD using Cox proportional-hazards model. Referent group is low VAT-low LF (DHS N = 608; UKB N 
= 8702)

Model 1 is unadjusted

Model 2 is adjusted for age and BMI
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Table 4:

Multivariable-Adjusted Associations of Adipose Tissue Phenotypes with Incident T2DM in DHS

Incident T2DM - DHS (N=1,731) Incident T2DM - UKB (N=22,354)

N OR (95% CI) p-value N HR (95% CI) p-value

Model 1

High VAT-High LF 609 7.81 (3.85-15.85) <.001 7848 8.22 (4.59-14.72) <.001

High VAT-Low LF 257 3.26 (1.35-7.83) .008 2822 2.75 (1.26-6.04) .01

Low VAT-High LF 257 2.69 (1.08-6.71) .03 2982 1.84 (0.73-4.60) .20

Model 2

High VAT-High LF 609 6.25 (2.86 – 13.67) <.001 7848 3.68 (1.93-7.02) <.001

High VAT-Low LF 257 2.72 (1.09 – 6.78) .03 2822 1.62 (0.73-3.62) .24

Low VAT-High LF 257 2.55 (1.02 – 6.40) .05 2982 1.58 (0.63-3.98) .33

Odds ratio calculated for incident T2DM using logistic regression. Hazard ratios (HR) calculated for incident CVD using Cox proportional-hazards 
model. Referent group is low VAT-low LF (DHS N = 608; UKB N = 8702)

Model 1 is unadjusted

Model 2 is adjusted for age and BMI
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