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ABSTRACT

Background
The separate cardiovascular effects of type 2 diabetes and adiposity remain to be examined. 

This study aimed to investigate the role of insulin resistance in the relations of visceral (VAT), 

abdominal subcutaneous (aSAT) adipose tissue and total body fat (TBF) to cardiovascular 

remodeling.

Methods
In this cross-sectional analysis of the population-based Netherlands Epidemiology of Obesity 

study, 914 middle-aged individuals (46% men) were included. Participants underwent magnetic 

resonance imaging. Standardized linear regression coefficients (95%CI) were calculated, 

adjusted for potential confounding factors.

Results
All fat depots and insulin resistance (HOMA-IR), separate from VAT and TBF, were associated 

with lower mitral early and late peak filling rate ratios (E/A): -0.04 (-0.09;0.01) per SD (54 cm2) 

VAT; -0.05 (‑0.10;0.00) per SD (94 cm2) aSAT; -0.09 (‑0.16;‑0.02) per SD (8%) TBF; -0.11 (-0.17;-0.05) 

per 10-fold increase in HOMA-IR, whereas VAT and TBF were differently associated with left 

ventricular (LV) end-diastolic volume: -8.9 (-11.7;-6.1) mL per SD VAT; +5.4 (1.1;9.7) mL per SD 

TBF. After adding HOMA-IR to the model to evaluate the mediating role of insulin resistance, 

change in E/A was -0.02 (-0.07;0.04) per SD VAT; -0.03 (-0.08;0.02) per SD aSAT; ‑0.06 (-0.13;0.01) 

per SD TBF, and change in LV end-diastolic volume was -7.0 (-9.7;-4.3) mL per SD VAT. In women, 

adiposity but not HOMA-IR was related to higher aortic arch pulse wave velocity.

Conclusion
Insulin resistance was associated with reduced diastolic function, separately from VAT and TBF, 

and partly mediated the associations between adiposity depots and lower diastolic function.

Highlights
•	 We examined the separate relations of HOMA-IR and body fat to cardiac remodeling. 

•	 All adipose tissue depots were associated with reduced diastolic function.

•	 Visceral but not total body fat was related to a smaller left ventricular volume.

•	 HOMA-IR was linked to diastolic dysfunction, separately from body fat.

•	 HOMA-IR mediated the relation of body fat to diastolic dysfunction.
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INTRODUCTION

Type 2 diabetes, in the absence of significant coronary artery disease, hypertension or other 

potential etiologies, is associated with myocardial remodeling (1). This concept is referred to 

as diabetic cardiomyopathy (2). Although diabetic cardiomyopathy has been recognized as 

a distinct clinical entity (3), its phenotypic characterization remains unclear (1). One of the 

difficulties in phenotyping diabetic cardiomyopathy is the strong association between obesity 

and type 2 diabetes (4). Due to their coexistence, it is challenging to isolate the contribution of 

type 2 diabetes and obesity to cardiovascular remodeling.

Obesity has been related to a variety of alterations in left ventricular (LV) morphology 

and function, vascular function and hemodynamics (5-9). Interestingly, visceral (VAT) 

and subcutaneous (SAT) adipose tissue are metabolically distinct and show differential 

incidence rates of cardiovascular disease (10). VAT in particular secretes proinflammatory 

and proatherogenic cytokines including tumor necrosis factor-alpha and interleukin-6 (11), 

whereas VAT produces less adiponectin, which protects the heart from adverse remodeling 

(12). Particularly VAT may predispose to type 2 diabetes, as low adiponectin levels and chronic 

inflammation are considered to mediate the effects of obesity in the pathogenesis of insulin 

resistance (13). Of importance, VAT and SAT appear to be differently associated with cardiac 

structure and hemodynamics (9,14). Overall obesity and SAT have been related to increases in 

LV dimensions and cardiac output, presumably as a result of intravascular volume expansion 

(9,14,15). In contrast, VAT has been associated with reduced LV end-diastolic volume and 

increased LV mass, possibly due to the release of prohypertrophic adipokines (9,14,16). 

Furthermore, previous large-scale studies have reported associations of type 2 diabetes with 

LV functional impairments, particularly diastolic dysfunction, but also with increased cardiac 

mass (17-21). Although VAT has been related to impaired diastolic function as well (22), a direct 

causal link between type 2 diabetes and diastolic dysfunction is supported by alterations in 

cardiac metabolism associated with insulin resistance (23-27). In contrast, LV morphological 

changes in type 2 diabetes may be explained predominantly by hemodynamic mechanisms 

associated with increased body size and altered body composition (9,28). Previously, only a 

few population-based studies have assessed imaging-based metrics of VAT and SAT in addition 

to generalized measures of obesity, when examining LV structure and function in obese 

individuals (9,14,29), but the association of type 2 diabetes with cardiovascular remodeling, 

separate from adipose tissue, remains to be investigated.

Furthermore, it has been demonstrated that not merely type 2 diabetes but rather the 

insulin resistance continuum has adverse effects on cardiac structure and function (17,18,30-

33). As such, assessment of the role of insulin resistance in adipose tissue-related cardiovascular 

remodeling in the general population may contribute to the phenotypic characterization 

of diabetic cardiomyopathy. Thus far, the relation of insulin resistance to cardiovascular 

remodeling, independent of the body fat depots, has not been examined in a population-
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based cohort, whereas adjustment for overall obesity may not fully separate the cardiovascular 

effects of insulin resistance and VAT.

The aim of this study was to investigate the role of insulin resistance in the associations of 

VAT, abdominal SAT (aSAT) and total body fat (TBF) with cardiovascular remodeling, assessed by 

LV mass and dimensions, systolic and diastolic function, stroke volume, cardiac output and aortic 

stiffness, using magnetic resonance imaging (MRI), in the middle-aged general population. 

As depicted in Figure 1, this implies 1) assessment of the relation of insulin resistance to 

cardiovascular parameters after adjusting for potential confounding by adiposity, and 2) 

examination of the attenuation of the association of adiposity with cardiovascular parameters 

after adding insulin resistance as a potential mediator to the regression models. Our hypothesis 

is that insulin resistance is associated with reduced diastolic function, separately from VAT and 

TBF, and that insulin resistance is a mediator in the relation of adiposity to reduced diastolic 

function.

METHODS

Study design and study population
The Netherlands Epidemiology of Obesity (NEO) study is a prospective, population-based 

cohort study in 6,671 individuals (34). Between 2008 and 2012, men and women aged between 

45 and 65 years, with a self-reported body mass index (BMI) of 27 kg/m2 or higher, from Leiden 

and the surrounding area were invited to participate. To obtain a reference distribution of BMI, 

men and women from Leiderdorp in the same age range were invited irrespective of their BMI. 

A random subset of the participants underwent MRI. The Medical Ethics Committee of Leiden 

University Medical Center approved the study protocol. All participants provided written 

informed consent.

The present study is a cross-sectional analysis of the baseline measurements of the NEO 

study. Participants included those who underwent cardiac and abdominal MRI. Exclusion 

criteria were use of glucose-lowering medication (oral hypoglycemic agents or insulin) in 

the month before study visit and a history of cardiovascular disease (congestive heart failure, 

myocardial infarction, angina pectoris and/or heart rhythm abnormalities). Participants with 

missing data were excluded.
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Figure 1. Study aim and MRI-derived adiposity and cardiovascular parameters. (A) This study sought to 
examine the role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular remodeling, 
assessed by LV mass and dimensions, systolic and diastolic function, stroke volume, cardiac output and 
aortic stiffness. (B) VAT (upper image) and aSAT (lower image) were assessed on transverse slices at the 
level of the fifth lumbar vertebra. (C) LV systolic function was quantified as the LV ejection fraction, derived 
from short-axis cine MRI. LV structure was assessed by measurement of LV mass and end-diastolic volumes 
(left panel). LV diastolic function was examined by calculating the ratio of the early and late diastolic flow 
rates across the mitral valve, using velocity-encoded MRI (right panel). (D) Aortic stiffness was quantified 
as the velocity of the systolic pulse wave, from ascending aorta to distal abdominal aorta, using velocity-
encoded MRI. Abbreviations: aSAT: abdominal subcutaneous adipose tissue, HOMA-IR: homeostatic 
model assessment of insulin resistance, LV: left ventricular, TBF: total body fat, VAT: visceral adipose tissue.
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Data collection
Self-reported ethnicity was categorized into white and other, education into low and high 

(higher vocational school, university and postgraduate education) and tobacco smoking into 

never (reference), former and current smoker. Physical activity was expressed in metabolic 

equivalents of task (MET)-hours per week. Data on the frequency, duration and intensity of 

physical activity during leisure time was collected using the Short Questionnaire to Assess 

Health-enhancing physical activity (SQUASH). In women, the use of hormones (contraceptives 

or hormone replacement therapy) was grouped into current and no use of estrogens and 

menopausal state into postmenopausal (reference), peri- and premenopausal. Data on 

anthropometry and blood pressure and blood samples were obtained in the morning after 

an overnight fast of at least ten hours. Hypertension was defined as systolic blood pressure 

≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg, and/or use of antihypertensive 

drugs (35). Fasting glucose and insulin were examined using an enzymatic colorimetric 

assay (Roche Modular P800 Analyzer, Roche Diagnostics, Mannheim, Germany) and a two-

site chemiluminescent immunometric assay (Siemens Immulite 2500, Siemens Healthcare 

Diagnostics, Breda), respectively. Details on the data collection can be found elsewhere (34).

Insulin resistance, adiposity and cardiovascular parameters
We used the homeostatic model assessment of insulin resistance (HOMA-IR). HOMA-IR was 

calculated according to: fasting glucose (in mmol/L) multiplied by fasting insulin (in mU/L), 

divided by 22.5 (36,37).

The MRI studies were at the same morning as the clinical data collection. Abdominal 

and cardiac MRI was performed on a 1.5 Tesla MR scanner (Philips Medical Systems, Best, the 

Netherlands). The MRI data were analyzed using MASS and FLOW (Leiden University Medical 

Center, Leiden, the Netherlands). 

VAT and aSAT were quantified as the mean area on three transverse images at the level of 

the fifth lumbar vertebra. Such cross-sectional single-slice areas strongly correlate with the total 

VAT and aSAT volumes (38). We estimated the TBF percentage using the Tanita bio-impedance 

balance (TBF-310; Tanita International Division, Yiewsley, United Kingdom). Lean body mass 

was calculated from body weight and TBF percentage.

LV mass was evaluated in the end-diastolic phase. LV stroke volume was defined as the 

difference between end-diastolic volume and end-systolic volume. Similarly to several previous 

studies, LV mass and volumes were adjusted for lean body mass (9,39,40). LV concentricity was 

defined as the LV mass-to-volume ratio. We calculated the LV ejection fraction by dividing 

stroke volume by end-diastolic volume, multiplied by 100%, and cardiac output by multiplying 

stroke volume by heart rate. Diastolic function was assessed using the ratio of the mitral early 

and late peak filling rate (E/A ratio). We examined the aortic pulse wave velocity (PWV), as a 

measure of aortic stiffness, for the total aorta and regionally for the aortic arch and descending 

aorta. Details on the image acquisition are provided as Supplementary Material.
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Statistical analyses
In the NEO study, individuals with a BMI of 27 kg/m2 or higher were oversampled. For a correct 

representation of the associations in the general population, individuals were weighted 

toward the BMI distribution of participants from the Leiderdorp municipality, whose BMI 

distribution was similar to the BMI distribution of the Dutch general population, to adjust for 

the oversampling of individuals with a BMI of 27 kg/m2 or higher (34).

Baseline characteristics were expressed as mean and standard deviation (SD), median and 

interquartile range, or percentage. We performed standardized linear regression analysis to 

assess the associations of VAT, aSAT, TBF and HOMA-IR with cardiovascular parameters. We used 

the standard deviation of the adiposity parameters and the normally-distributed log-transform 

of HOMA-IR. Regression coefficients were calculated for the total population and for men 

and women separately. Sex interaction was examined by assessment of the sex interaction 

coefficients. Similarly to others (9), we assessed the relation of insulin resistance and adipose 

tissue to LV mass and dimensions by adjusting for lean body mass, which is a stronger correlate 

for cardiac structure than body surface area or height2.7 (39,40).

In the first model, the standardized linear regression coefficients with 95% confidence 

intervals (95%CI) for the associations between adiposity and cardiovascular parameters were 

calculated with adjustment for the potential confounding factors age, sex, ethnicity, education, 

smoking, physical activity, use of hormones and menopause, in addition to hypertension 

and lean body mass. As adiposity parameters are highly correlated (41), the first model was 

additionally adjusted for either VAT or TBF. The coefficients of VAT were adjusted for TBF and vice 

versa, as VAT is closely related to overall obesity. The coefficients of aSAT were adjusted for VAT, 

as the abdominal fat depots are strongly associated. In contrast, the coefficients of aSAT were 

not adjusted for TBF, as in general TBF mainly consists of subcutaneous fat.

In the second model, the mediating role of insulin resistance in the association between 

adiposity and cardiovascular parameters was evaluated, by adding HOMA-IR to the first model, 

after assessment of the mediator conditions (42,43). First, we evaluated the independent 

association between HOMA-IR and cardiovascular parameters, by adjusting for adiposity (VAT 

and TBF), age, sex, ethnicity, education, smoking, physical activity, use of hormones, menopause, 

hypertension and lean body mass. Second, we calculated the interaction coefficients between 

adipose tissue (VAT, aSAT and TBF) and HOMA-IR to rule out exposure-mediator interaction, 

whereas the relations between the fat depots and insulin resistance were confirmed previously 

(44). Third, we assessed the mediating role of HOMA-IR by visual inspection of the change in 

regression coefficient of the adiposity parameter after adding HOMA-IR to the model. Mediation 

by HOMA-IR was supported if the regression coefficient was fully or partly attenuated towards 

the null. P values <0.05 were considered to indicate significant interaction. Stata Statistical 

Software (release 14; StataCorp, College Station, TX) was used for the statistical analyses.
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RESULTS

Baseline characteristics
In total, 6,671 participants were included in the NEO study. Cardiac MRI was acquired in a 

subsample of 1,207 participants. Data on both systolic and diastolic function and aortic PWV 

were available in 1,163 individuals. After exclusion of n=87 participants due to technical errors 

in systolic and/or diastolic cardiac MRI and/or aortic PWV (n=48 for systolic cardiac MRI, n=20 

for diastolic cardiac MRI, n=22 for aortic PWV), consecutively n=59 because of use of glucose-

lowering medication, n=65 because of a history of cardiac disease and n=38 due to missing 

data, the total number of participants was 914.

Table 1. Demographic, clinical and biochemical characteristics by BMI categories

Normal weight
BMI < 25 kg/m2

Overweight
BMI 25-30 kg/m2

Obese
BMI ≥ 30 kg/m2

Proportion of study population 42% 45% 13%

Demographic

Age, y 55 (4) 55 (6) 56 (11)

Sex, % men 34 58 46

Ethnicity, % white 98 96 94

Education, % high 55 45 32

Median physical activity, hours/week 37.6 (16.5, 57.8) 30.2 (18.3, 47.3) 28.0 (13.3, 46.0)

Clinical

Postmenopausal, % (women) 58 58 64

Current use of hormones, % (women) 8 12 5

Tobacco smoking, %

Current smoker 10 14 14

Ever smoker 40 45 52

Never smoker 50 41 34

Heart rate, bpm 63 (5) 64 (11) 67 (18)

Systolic blood pressure, mmHg 129 (11) 131 (17) 135 (30)

Diastolic blood pressure, mmHg 82 (6) 85 (11) 87 (18)

Use of antihypertensive drugs, % 12 19 33

Hypertension, % 39 46 64

Use of lipid-lowering medication, % 3 9 13

Biochemical

Fasting glucose, mmol/L 5.1 (0.3) 5.5 (0.9) 5.8 (1.5)

HbA1c, % 5.2 (0.1) 5.3 (0.4) 5.5 (0.8)

Median fasting insulin, mU/L 6.0 (4.4, 9.0) 8.9 (6.0, 12.8) 14.1 (9.9, 20.7)

Median HOMA-IR, units 1.4 (1.0, 2.1) 2.1 (1.4, 3.1) 3.4 (2.4, 5.2)

Fasting triglycerides, mg/dL 1.0 (0.3) 1.4 (0.8) 1.7 (1.8)
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Table 1. Demographic, clinical and biochemical characteristics by BMI categories

Normal weight
BMI < 25 kg/m2

Overweight
BMI 25-30 kg/m2

Obese
BMI ≥ 30 kg/m2

Fasting total cholesterol, mmol/L 5.7 (0.5) 5.8 (1.1) 5.7 (1.9)

Fasting HDL cholesterol, mmol/L 1.7 (0.2) 1.5 (0.4) 1.3 (0.6)

Fasting LDL cholesterol, mmol/L 3.5 (0.5) 3.7 (1.0) 3.6 (1.7)

Data are means (SD) or medians (interquartile ranges). Results are based on analyses weighted toward the 
BMI distribution of the general population (n=914). Please note that the absolute number of individuals 
in each BMI category is not provided because of the weighted analysis. Abbreviations: HbA1c: glycated 
hemoglobin, HOMA-IR: homeostatic model assessment of insulin resistance. Due to missing values, for 
heart rate: n=904, HbA1c: n=910.

The study population (46% men) had a mean age (SD) of 55 (6) years, BMI of 25.9 (3.9) kg/

m2, VAT of 113 (58) cm2 (men) and 67 (40) cm2 (women), aSAT: 208 (77) cm2 (men) and 260 (98) 

cm2 (women), TBF: 25 (5)% (men) and 36 (6)% (women), LV mass: 96 (25) g, LV end-diastolic 

volume: 148 (32) mL, LV concentricity: 0.66 (0.13), LV ejection fraction: 64 (6)%, E/A ratio: 1.33 

(0.46), aortic PWV: 6.6 (1.4) m/s, cardiac output: 6.2 (1.4) L/min and HOMA-IR: 2.4 (2.0). Baseline 

characteristics stratified by BMI are shown in Table 1 and 2. In contrast to aortic arch PWV, 

which was obtained in all participants (n=914), total aortic PWV and descending aortic PWV 

was available in 911 and 832 participants, respectively. Baseline characteristics of the excluded 

participants were similar to those of the included study population (43% men, mean age (SD): 

56 (6), BMI: 26.4 (4.6) kg/m2).

Table 2. Adiposity and cardiovascular characteristics by BMI categories

Normal weight
BMI < 25 kg/m2

Overweight
BMI 25-30 kg/m2

Obese
BMI ≥ 30 kg/m2

Adiposity

Median BMI, kg/m2 22.6 (21.5, 23.8) 26.8 (25.8, 27.9) 32.3 (31.0, 34.5)

Waist circumference, cm

Men 89 (3) 99 (6) 113 (12)

Women 77 (3) 91 (8) 105 (15)

Hip circumference, cm

Men 98 (2) 105 (4) 113 (10)

Women 96 (3) 106 (5) 118 (14)

Waist/hip ratio

Men 0.90 (0.02) 0.94 (0.05) 1.00 (0.09)

Women 0.81 (0.03) 0.86 (0.06) 0.90 (0.11)

Body weight, kg

Men 75.9 (4.3) 88.5 (8.0) 106.4 (17.7)

Women 62.2 (3.2) 75.0 (7.8) 92.0 (18.0)
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Table 2. Adiposity and cardiovascular characteristics by BMI categories

Normal weight
BMI < 25 kg/m2

Overweight
BMI 25-30 kg/m2

Obese
BMI ≥ 30 kg/m2

Lean body mass, kg

Men 61.0 (3.4) 65.8 (5.7) 71.2 (12.5)

Women 42.0 (1.4) 45.5 (3.2) 49.6 (6.4)

TBF, %

Men 20 (2) 26 (3) 33 (8)

Women 32 (2) 39 (4) 46 (6)

VAT, cm2

Men 75 (17) 120 (50) 178 (109)

Women 45 (13) 77 (33) 128 (90)

aSAT, cm2

Men 155 (20) 210 (52) 331 (142)

Women 193 (30) 294 (56) 435 (170)

Cardiovascular MRI

LV end-diastolic volume, mL 138 (16) 154 (33) 160 (59)

LV end-systolic volume, mL 50 (7) 56 (17) 60 (31)

LV mass, g 88 (11) 101 (26) 104 (54)

LV concentricity, g/mL 0.65 (0.06) 0.66 (0.14) 0.66 (0.26)

LV ejection fraction, % 64 (3) 64 (6) 63 (11)

E/A ratio 1.39 (0.25) 1.31 (0.50) 1.17 (0.61)

LV stroke volume, mL 88 (10) 98 (22) 100 (37)

LV cardiac output, L 5.9 (0.7) 6.4 (1.4) 6.7 (2.6)

Aortic PWV, m/s

Total aorta 6.7 (0.9) 6.6 (1.2) 6.7 (2.1)

Aortic arch 6.5 (1.1) 6.6 (2.3) 6.8 (4.0)

Descending aorta 7.0 (1.3) 6.8 (1.8) 6.9 (2.9)

Data are means (SD) or medians (interquartile ranges). Abbreviations: aSAT: abdominal subcutaneous 
adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate, LV: left ventricular, LV concentricity: 
LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: visceral adipose tissue. Results 
are based on analyses weighted toward the BMI distribution of the general population (n=914). Due to 
missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Adiposity and cardiovascular parameters
The regression coefficients for the relation of adiposity to cardiovascular parameters, in the 

total population and in men and women separately are presented in Supplemental Table 1 
and Table 3, respectively. In the total population (Supplemental Table 1), VAT as compared 

with TBF was differently associated with most of the cardiovascular parameters, except for LV 

diastolic function. In general, the associations between aSAT and the cardiovascular parameters 

were weaker than for VAT and TBF. VAT was associated with a smaller LV end-diastolic volume 

(-8.9 (-11.7;-6.1) mL per SD VAT) and reduced stroke volume and cardiac output, whereas for 

TBF those parameters were higher (LV end-diastolic volume: +5.4 (1.1;9.7) mL per SD TBF). There 

were no associations between aSAT and LV end-diastolic volume and cardiac output.

For VAT, the reduction in LV end-diastolic volume was paralleled by a small decrease in LV 

mass (-3.3 (-5.1;-1.6) g per SD VAT) and therefore, LV concentricity was slightly higher (+0.02 

(0.00;0.03) per SD VAT). For TBF, the increase in LV end-diastolic volume was larger than the 

slight increase in LV mass (+0.6 (-1.7;2.9) g/mL per SD TBF). As a result, TBF was associated with 

a slightly lower LV concentricity (-0.02 (-0.04;0.00) g/mL per SD TBF). Results were generally 

similar in the analyses with indexing to height2.7 instead of adjusting for lean body mass 

(Supplemental Table 2).

The aSAT- and TBF-related changes in LV end-diastolic volume and/or stroke volume 

resulted in small changes in LV ejection fraction. Of importance, all fat parameters were or 

tended to be associated with a small reduction in E/A ratio: -0.04 (-0.09;0.01) per SD VAT; -0.05 

(-0.10;0.00) per SD aSAT; -0.09 (-0.16;-0.02) per SD TBF. In the total population, the regression 

coefficients for the associations between the adiposity parameters and total and regional 

aortic PWV were all around zero.

Sex differences were present in the association of TBF and aSAT with LV mass and LV 

concentricity and in the relation of adiposity to aortic arch PWV (Table 3 and Figure 2). TBF 

tended to be related to a higher LV mass in men, but not in women (P interaction=0.04), and 

aSAT was associated with a lower LV mass in women, but not in men (P interaction=0.01). 

As a result, the differential relation of VAT versus TBF and aSAT with LV concentricity (higher 

versus lower LV concentricity, respectively) was more pronounced in women than in men. 

Furthermore, VAT, aSAT and TBF were associated with a higher aortic arch PWV in women, but 

not in men (P interaction=0.001, 0.048 and 0006, respectively).
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Table 3. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters, stratified by sex

Adjusted standardized difference
in cardiovascular parameters (95%CI)

Men (46%) Women (54%) P interaction

LV structure

LV mass, g

Log HOMA-IR -3.6 (-7.2 to 0.1) -5.0 (-7.9 to -2.1) 0.09

VAT (SD: 54 cm2) -3.4 (-5.7 to -1.2) -4.2 (-7.2 to -1.2) 0.06

aSAT (SD: 94 cm2) 0.2 (-2.3 to 2.8) -4.0 (-6.0 to -2.0) 0.01

TBF (SD: 8%) 2.6 (-1.4 to 6.5) 0.6 (-2.3 to 3.7) 0.04

LV end-diastolic volume, mL

Log HOMA-IR -10.5 (-15.2 to -5.9) -6.4 (-10.4 to -2.5) 0.6

VAT (SD: 54 cm2) -7.6 (-11.3 to -3.9) -11.1 (-15.1 to -7.1) 0.2

aSAT (SD: 94 cm2) 2.5 (-1.7 to 6.6) -3.0 (-6.2 to 0.2) 0.3

TBF (SD: 8%) 6.4 (0.1 to 12.7) 4.3 (-2.3 to 10.9) 0.4

LV concentricity, g/mL

Log HOMA-IR 0.03 (0.00 to 0.05) -0.01 (-0.03 to 0.01) 0.02

VAT (SD: 54 cm2) 0.01 (-0.01 to 0.03) 0.02 (0.00 to 0.05) 0.8

aSAT (SD: 94 cm2) -0.01 (-0.03 to 0.01) -0.02 (-0.03 to 0.00) 0.4

TBF (SD: 8%) -0.01 (-0.04 to 0.02) -0.02 (-0.05 to 0.01) 0.4

LV function

LV ejection fraction, %

Log HOMA-IR 0.7 (-0.5 to 1.8) -0.5 (-1.5 to 0.5) 0.3

VAT (SD: 54 cm2) 0.4 (-0.5 to 1.2) -0.3 (-1.4 to 0.8) 0.7

aSAT (SD: 94 cm2) -0.3 (-1.2 to 0.6) -0.9 (-1.7 to -0.2) 0.5

TBF (SD: 8%) -1.3 (-2.6 to 0.0) -0.4 (-1.5 to 0.6) 0.6

E/A ratio

Log HOMA-IR -0.17 (-0.27 to -0.07) -0.04 (-0.12 to 0.03) 0.2

VAT (SD: 54 cm2) -0.01 (-0.08 to 0.06) -0.09 (-0.16 to -0.02) 0.3

aSAT (SD: 94 cm2) -0.06 (-0.13 to 0.00) -0.04 (-0.11 to 0.04) 0.7

TBF (SD: 8%) -0.12 (-0.22 to -0.02) -0.07 (-0.18 to 0.05) 0.8

Aortic stiffness

Total aorta, m/s

Log HOMA-IR 0.1 (-0.1 to 0.4) -0.1 (-0.3 to 0.2) 0.9

VAT (SD: 54 cm2) -0.1 (-0.2 to 0.1) 0.1 (-0.2 to 0.4) 0.3

aSAT (SD: 94 cm2) 0.1 (-0.1 to 0.3) -0.1 (-0.3 to 0.1) 0.6

TBF (SD: 8%) 0.1 (-0.2 to 0.3) -0.1 (-0.4 to 0.2) 0.7
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Table 3. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters, stratified by sex

Adjusted standardized difference
in cardiovascular parameters (95%CI)

Men (46%) Women (54%) P interaction

Aortic arch, m/s

Log HOMA-IR 0.0 (-0.5 to 0.5) -0.1 (-0.6 to 0.3) 0.3

VAT (SD: 54 cm2) -0.1 (-0.5 to 0.2) 0.3 (0.0 to 0.6) 0.001

aSAT (SD: 94 cm2) 0.0 (-0.3 to 0.3) 0.1 (-0.1 to 0.4) 0.048

TBF (SD: 8%) 0.0 (-0.5 to 0.5) 0.3 (0.0 to 0.7) 0.006

Descending aorta, m/s

Log HOMA-IR 0.2 (-0.1 to 0.6) -0.2 (-0.5 to 0.2) 0.3

VAT (SD: 54 cm2) -0.1 (-0.3 to 0.1) 0.0 (-0.5 to 0.6) 0.8

aSAT (SD: 94 cm2) 0.1 (-0.1 to 0.4) -0.2 (-0.5 to 0.1) 0.1

TBF (SD: 8%) 0.1 (-0.2 to 0.4) -0.2 (-0.7 to 0.3) 0.5

Hemodynamics

Stroke volume, mL

Log HOMA-IR -5.3 (-8.7 to -1.9) -4.6 (-7.3 to -1.9) 0.9

VAT (SD: 54 cm2) -4.3 (-6.8 to -1.9) -7.5 (-10.2 to -4.8) 0.2

aSAT (SD: 94 cm2) 0.9 (-1.9 to 3.7) -3.4 (-5.4 to -1.3) 0.3

TBF (SD: 8%) 2.0 (-2.2 to 6.1) 1.9 (-2.2 to 6.1) 0.7

Cardiac output, mL

Log HOMA-IR 181 (-76 to 438) -144 (-371 to 84) 0.2

VAT (SD: 54 cm2) -126 (-308 to 56) -321 (-519 to -122) 0.9

aSAT (SD: 94 cm2) 71 (-126 to 267) -128 (-280 to 23) 1.0

TBF (SD: 8%) 125 (-158 to 407) 264 (-10 to 537) 0.4

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of adiposity 
and are corrected for age, ethnicity, education, smoking, physical activity, use of hormone therapy, 
menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is adjusted for VAT and TBF, VAT 
is adjusted for TBF, and aSAT and TBF are adjusted for VAT). P values for interaction by sex. Abbreviations: 
aSAT: abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate, 
log HOMA-IR: log-transformation of the homeostatic model assessment of insulin resistance, LV: left 
ventricular, LV concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: 
visceral adipose tissue. Results are based on analyses weighted toward the BMI distribution of the general 
population (n=914). Due to missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Figure 2. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters for men and women. 
Adjusted standardized regression coefficients (95%CI) in men and women for the association of HOMA-IR 
(log-transformation) (=solid diamond), VAT (SD: 54 cm2) (=solid circle), aSAT (SD: 94 cm2) (=open circle) and 
TBF (SD: 8%) (=open square) with cardiovascular parameters (after adjustment for potential confounding 
factors, see Table 3). Abbreviations: aSAT: abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral 
early and late peak filling rate, HOMA-IR: homeostatic model assessment of insulin resistance, LV: left 
ventricular, LV concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: 
visceral adipose tissue.
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Table 4. Mediating role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular 
parameters

Adjusted standardized difference
in cardiovascular parameters (95%CI

Model 1:
adjusted for

confounding factors

Model 2:
model 1 + adjusted for

insulin resistance

LV end-diastolic volume, mL

VAT (SD: 54 cm2) -8.9 (-11.7 to -6.1) -7.0 (-9.7 to -4.3)

aSAT (SD: 94 cm2) -0.5 (-2.9 to 1.8) 0.4 (-1.8 to 2.7)

TBF (SD: 8%) 5.4 (1.1 to 9.7) 7.5 (3.1 to 11.9)

Stroke volume, mL

VAT (SD: 54 cm2) -5.6 (-7.5 to -3.7) -4.4 (-6.2 to -2.6)

aSAT (SD: 94 cm2) -1.4 (-2.9 to 0.2) -0.8 (-2.4 to 0.8)

TBF (SD: 8%) 2.2 (-0.5 to 4.9) 3.5 (0.6 to 6.3)

E/A ratio

VAT (SD: 54 cm2) -0.04 (-0.09 to 0.01) -0.02 (-0.07 to 0.04)

aSAT (SD: 94 cm2) -0.05 (-0.10 to 0.00) -0.03 (-0.08 to 0.02)

TBF (SD: 8%) -0.09 (-0.16 to -0.02) -0.06 (-0.13 to 0.01)

Results represent regression coefficients per SD of measure of adiposity. Model 1: adjusted for age, sex, 
ethnicity, education, smoking, physical activity, use of hormone therapy, menopausal state, hypertension, 
lean body mass and adiposity (VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). Model 2: 
model 1 + adjusted for HOMA-IR. For abbreviations, see Table 3.

Mediating role of insulin resistance
In the total population (Supplemental Table 1), HOMA-IR was associated with a lower E/A 

ratio and smaller LV end-diastolic volume (-0.11 (-0.17;-0.05) and -8.5 (-11.5;-5.5) mL per 10-fold 

increase in HOMA-IR, respectively), paralleled by a reduction in LV mass, a slightly higher LV 

concentricity, and a reduced stroke volume. Results were similar when indexing to height2.7 

instead of accounting for lean body mass (Supplemental Table 2). In contrast, HOMA-IR was 

not associated with LV ejection fraction, cardiac output or aortic PWV. In the analyses stratified 

by sex (Table 3 and Figure 2), HOMA-IR was associated with a higher LV concentricity in men, 

but not in women (P interaction=0.02).

As HOMA-IR appeared to be related to a lower E/A ratio and smaller LV dimensions, similarly 

in men and women, HOMA-IR was included as a mediating variable in the models on the 

association of adiposity with E/A ratio, LV end-diastolic volume and stroke volume, after ruling 

out exposure-mediator interaction (P interaction >0.2 for all associations). As shown in Table 4 

and Figure 3, HOMA-IR attenuated the association between the fat depots and E/A ratio, and 

between VAT and LV end-diastolic volume and stroke volume.
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Figure 3. Mediating role of HOMA-IR in the associations of VAT, aSAT and TBF with cardiovascular 
parameters. Adjusted standardized regression coefficients (95%CI) in the total population for the 
association of HOMA-IR (log-transformation) (=solid diamond) and VAT (SD: 54 cm2) (=solid circle), aSAT 
(SD: 94 cm2) (=open circle) and TBF (SD: 8%) (=open square) with cardiovascular parameters. Regression 
coefficients for adiposity are presented after adjustment for potential confounding factors (model 1, see 
Table 4) (each left bar, in black) and after adding HOMA-IR as a mediator to the model (model 2, see Table 
4) (each right bar, in gray). For abbreviations, see Figure 2.

DISCUSSION

In previous studies, the separate effects of insulin resistance, visceral and subcutaneous 

fat in obesity-related cardiovascular remodeling have not been fully disentangled. In this 

population-based study including middle-aged men and women without use of glucose-

lowering medication and no history of cardiovascular disease, insulin resistance was associated 

with a lower diastolic function, independently of VAT and TBF; in contrast, insulin resistance 

was not associated with systolic function and aortic stiffness. Furthermore, insulin resistance 

partly mediated the relations of VAT, aSAT and TBF to reduced diastolic function as well as 

the relationship of VAT to a smaller LV end-diastolic volume. Interestingly, all fat depots were 

associated with a lower diastolic function, while VAT and TBF demonstrated distinct associations 

with LV dimensions. In this population-based study, the differential association between 

VAT versus TBF fat with LV structure and dimensions (higher versus lower LV concentricity, 

respectively) was more pronounced in women than in men, and all adiposity parameters were 

associated with a higher aortic arch PWV in women, but not in men.

Insulin resistance
Our results expand current literature on the relation of insulin resistance, abnormal glucose 

metabolism and type 2 diabetes to diastolic dysfunction (17,18,32,33,45). Several large-scale 
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studies have described reduced diastolic function in association with abnormalities in glucose 

regulation; for example, the Strong Heart Study reported a lower Doppler E/A ratio in non-

diabetic, non-hypertensive individuals with impaired fasting glucose and/or impaired glucose 

tolerance than in those with normal glucose tolerance (17), and the ARIC (Atherosclerosis Risk 

In the Community) study demonstrated higher echocardiography-derived LV filling pressures 

associated with glycemic status (normal, prediabetes or type 2 diabetes), independent of BMI 

(18). Whereas BMI is less complex, expensive and time consuming than direct adipose tissue 

measures, it is an inaccurate metric of excess body fat and visceral adiposity (46). Therefore, 

the cardiovascular effects of insulin resistance and VAT might not be fully disentangled 

by adjustment for BMI. Importantly, this study confirms the relation of insulin resistance to 

reduced diastolic function in the middle-aged general population, separately from VAT and TBF. 

Also, our study allows for the appreciation of the relative contribution of insulin resistance, in 

comparison with adipose tissue, to impairments in diastolic function.

Unlike the findings of previous population-based studies (7,8,17-21,29-31), in our study, 

insulin resistance was not associated with increased cardiac mass but neither was adiposity, 

which might be attributable to the lower degree of obesity in our population (BMI of ~25.9 kg/

m2). Interestingly, several population-based studies have reported an increasing LV mass with 

worsening abnormalities in glucose metabolism, particularly in women (18,19,47,48). In view 

of these previous findings, our observation of a higher LV concentricity with increasing HOMA-

IR in men, but not in women, is remarkable. However, it should be noted that this HOMA-IR-

related increase in LV concentricity in men was without an increase in LV mass. Also, we did not 

observe sex differences in the associations of HOMA-IR with LV end-diastolic volume and LV 

mass, which prevents us from drawing definitive conclusions regarding sex-related differences 

in the impact of HOMA-IR on LV concentric remodeling.

Proposed mechanisms for reduced diastolic function in insulin-resistant individuals 

comprise abnormalities in myocardial energetics and calcium homeostasis (25,26,49). 

Interestingly, the contribution of metabolic processes to impairments in diastolic function may 

be larger as compared with LV geometric remodeling (25). Insulin resistance has been shown 

to alter the myocardial substrate preference, which is associated with adenosine triphosphate 

(ATP) shortage (23,24). Diastolic rather than systolic function has been demonstrated to be 

primarily affected by energy shortage (26). Additionally, altered myocardial tissue characteristics, 

including collagen deposition and triglyceride accumulation, may increase myocardial stiffness 

and contribute to impaired LV relaxation (50,51), although the association between insulin 

resistance and impaired diastolic function has been shown to be independent of myocardial 

fibrosis (52). In our study, insulin resistance and VAT were also associated with a smaller LV 

end-diastolic volume. Interestingly, a recent study in type 2 diabetes patients described 

a link between cardiac steatosis and phosphocreatine (PCr)-to-ATP ratios and concentric 

LV remodeling, suggesting a role for myocardial lipotoxicity and energetic status in type 2 

diabetes-related LV morphologic changes (51).
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Adipose tissue
The various fat depots were differently associated with LV dimensions and hemodynamics. TBF 

was related to a higher cardiac output, presumably due to increased metabolic demands (53), 

whereas VAT was associated with lower blood flow rates. This divergent association of VAT and 

SAT with LV morphology and hemodynamic parameters is in keeping with the UK Biobank data 

(14), the Dallas Heart Study (9) and the MESA (Multi-Ethnic Study of Atherosclerosis) (29,30). 

VAT in particular may attract macrophages and this chronic low-grade inflammatory state may 

cause endothelial dysfunction (11). In our study, VAT was associated with a smaller LV end-

diastolic volume and higher LV concentricity, particularly in women. Accordingly, it has been 

previously shown that cardiac adaptations to obesity are more severe in women, which might 

be attributable to sex differences in biological factors associated with adipose tissue (54).

Interestingly, in the UK Biobank study (14), women showed a stronger relation of VAT 

to increased total vascular stiffness as compared with men. In our study, adiposity-related 

aortic arch stiffening was present in women, but not in men. In addition to hyperleptinemia, 

increased circulating inflammatory markers and local inflammation of perivascular fat (8,55), 

in some studies, insulin resistance has been implicated in obesity-related aortic stiffening 

(56,57); however, a mediating role of HOMA-IR in the relation of adiposity to increased aortic 

stiffness was not supported by our data. While age- and hypertension-related aortic stiffening 

is thought to be due to progressive declines in elastin primarily in the proximal aorta (58), the 

mechanisms by which adiposity might impair total and regional vascular function remain to be 

elucidated and in particular the impact of sex may warrant further research.

Implications
In our population, the observed reductions in diastolic function were small, as MRI-derived 

E/A ratio values in normal diastolic function range from 0.8 to 1.5 (59). Also, insulin resistance 

did not completely mediate the associations between adipose tissue and reduced diastolic 

function, which implies that other factors including inflammation, increased leptin and 

autonomic dysfunction are likely to may play a role in the pathogenesis of diastolic dysfunction 

in obesity (60,61). Nonetheless, the results of this study confirm that insulin resistance, separate 

from adipose tissue, is associated with reduced diastolic function, thereby supporting that 

diastolic dysfunction is indeed a characteristic of diabetic cardiomyopathy. Furthermore, 

concentric remodeling has been associated with an increased susceptibility of heart failure 

events (62). In this context, our results reaffirm the clinical importance of differentiating visceral 

and subcutaneous adiposity, as VAT but not TBF was associated with a smaller LV end-diastolic 

volume.

Limitations
Some limitations need to be addressed. The cross-sectional design does not allow to draw 

conclusions on causality, neither on the direction of the associations. Also, our study may not 
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have sufficient power to draw conclusions on sex differences in obesity-related cardiovascular 

remodeling, as the observed changes in cardiovascular parameters related to adiposity and 

insulin resistance were small. We excluded individuals using type 2 diabetes medication, who 

may have the largest impairments in diastolic function, because glucose-lowering drugs 

may influence insulin resistance or modify the relation of insulin resistance to cardiovascular 

parameters (37). Furthermore, we used HOMA-IR as a feasible alternative for the hyperinsulinemic 

euglycemic clamp, which is considered the gold standard for whole-body insulin resistance. 

HOMA-IR is widely used in epidemiologic studies and corresponds well to estimates of insulin 

resistance in clamp studies (63). Interestingly, advanced PET/MR protocols which enable the 

measurement of tissue-specific insulin sensitivity may help to gain more insight into the 

association of myocardial insulin resistance with cardiac remodeling (64). In the NEO study, 

diastolic function is derived from MRI. MRI values for the E/A ratio are highly reproducible and 

strongly correlate with echocardiography measurements (65-67). However, in clinical patients, 

the diagnosis of diastolic dysfunction is based on echocardiography, using multiple diastolic 

function parameters, in combination with the evaluation for signs or symptoms of congestive 

heart failure (68). For example, we did not have data on left atrial size, which can be used as 

a measure of chronic diastolic dysfunction. Furthermore, we examined LV ejection fraction, 

whereas systolic strain is considered a more sensitive measure for LV contractility (18,20). 

Accordingly, in the Strong Heart Study, insulin resistance was related to lower systolic strain and 

reduced measures of myocardial mechano-energetic efficiency, whereas LV ejection fraction 

was unaltered (69).

CONCLUSION

In this cross-sectional population-based imaging study in middle-aged men and women, we 

document that insulin resistance has a mediating role in the relation between adipose tissue 

and a lower E/A ratio and between VAT and a smaller LV end-diastolic volume. All fat depots 

including VAT, aSAT and TBF were related to reduced diastolic function, whereas VAT but not 

TBF was associated with smaller LV dimensions. We assessed specific adiposity metrics rather 

than excess body weight. The present study demonstrates that insulin resistance is associated 

with a lower E/A ratio and a smaller LV end-diastolic volume, separately from VAT and TBF, 

supporting reduced diastolic function and smaller LV dimensions as adiposity-independent 

characteristics of insulin resistance-related cardiovascular remodeling, in the middle-aged 

general population.
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SUPPLEMENTARY MATERIAL

Image acquisition
VAT and aSAT were assessed by acquiring three transverse images at the level of the fifth 

lumbar vertebra, using a turbo spin-echo protocol, with imaging parameters: repetition/echo 

time (TR/TE) 300/20 ms, flip angle (FA) 90°, slice thickness 10 mm, slice gap 2 mm.

For LV structure and systolic function, the LV was imaged in short-axis orientation using 

electrocardiographically (ECG)-gated breath-hold balanced steady-state free precession 

(bSSFP), with imaging parameters: TR/TE 3.4/1.7 ms, FA 35º, slice thickness 10 mm, no slice gap, 

field of view (FOV) 400x400 mm, matrix size 256x256.

To determine diastolic function, an ECG-gated gradient echo sequence with velocity 

encoding over the mitral valve was used, with imaging parameters: TR/TE 6.5/1 ms, FA 20°, slice 

thickness 8 mm, FOV 350x350 mm, matrix size 256x256, velocity-encoding gradient 150 cm/s, 

number of phases 40.

Aortic PWV was derived from retrospectively ECG-gated gradient echo sequences 

with velocity-encoding (200 cm/s), acquired perpendicular to the ascending and proximal 

descending aorta and distal descending aorta (just above the aortic bifurcation). Aortic PWV 

was calculated by dividing the aortic path length by the transit time of the arrival of the systolic 

wave front, as previously described (1).
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Supplemental Table 1. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters in 
the total population

Standardized difference in
cardiovascular parameters (95%CI)

Crude Adjusted

LV structure

LV mass, g

Log HOMA-IR -4.0 (-6.0 to -2.0) -4.1 (-6.4 to -1.9)

VAT (SD: 54 cm2) -1.9 (-3.2 to -0.5) -3.3 (-5.1 to -1.6)

aSAT (SD: 94 cm2) -2.4 (-3.6 to -1.3) -2.5 (-4.0 to -1.0)

TBF (SD: 8%) -0.8 (-2.2 to 0.6) 0.6 (-1.7 to 2.9)

LV end-diastolic volume, mL

Log HOMA-IR -8.6 (-11.4 to -5.8) -8.5 (-11.5 to -5.5)

VAT (SD: 54 cm2) -6.1 (-8.3 to -4.0) -8.9 (-11.7 to -6.1)

aSAT (SD: 94 cm2) 0.8 (-1.1 to 2.7) -0.5 (-2.9 to 1.8)

TBF (SD: 8%) 3.5 (1.2 to 5.8) 5.4 (1.1 to 9.7)

LV concentricity, g/mL

Log HOMA-IR 0.02 (0.01 to 0.04) 0.01 (-0.01 to 0.02)

VAT (SD: 54 cm2) 0.03 (0.02 to 0.04) 0.02 (0.00 to 0.03)

aSAT (SD: 94 cm2) -0.02 (-0.03 to -0.01) -0.01 (-0.03 to 0.00)

TBF (SD: 8%) -0.04 (-0.05 to -0.03) -0.02 (-0.04 to 0.00)

LV function

LV ejection fraction, %

Log HOMA-IR -0.2 (-0.9 to 0.4) 0.0 (-0.8 to 0.8)

VAT (SD: 54 cm2) -0.3 (-0.8 to 0.1) 0.1 (-0.6 to 0.7)

aSAT (SD: 94 cm2) -0.5 (-0.9 to -0.1) -0.7 (-1.2 to -0.1)

TBF (SD: 8%) 0.1 (-0.4 to 0.5) -0.8 (-1.6 to 0.0)

E/A ratio

Log HOMA-IR -0.18 (-0.24 to -0.12) -0.11 (-0.17 to -0.05)

VAT (SD: 54 cm2) -0.12 (-0.16 to -0.08) -0.04 (-0.09 to 0.01)

aSAT (SD: 94 cm2) -0.04 (-0.08 to 0.00) -0.05 (-0.10 to 0.00)

TBF (SD: 8%) -0.05 (-0.09 to 0.00) -0.09 (-0.16 to -0.02)

Aortic stiffness

Total aorta, m/s

Log HOMA-IR 0.2 (0.0 to 0.4) 0.0 (-0.1 to 0.2)

VAT (SD: 54 cm2) 0.1 (0.0 to 0.2) 0.0 (-0.1 to 0.1)

aSAT (SD: 94 cm2) 0.0 (-0.1 to 0.1) 0.0 (-0.2 to 0.1)

TBF (SD: 8%) 0.2 (0.0 to 0.3) 0.0 (-0.2 to 0.1)
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Supplemental Table 1. Associations of HOMA-IR, VAT, aSAT and TBF with cardiovascular parameters in 
the total population

Standardized difference in
cardiovascular parameters (95%CI)

Crude Adjusted

Aortic arch, m/s

Log HOMA-IR 0.2 (0.0 to 0.4) 0.0 (-0.4 to 0.3)

VAT (SD: 54 cm2) 0.2 (0.1 to 0.4) 0.0 (-0.3 to 0.2)

aSAT (SD: 94 cm2) 0.1 (-0.1 to 0.2) 0.1 (-0.1 to 0.3)

TBF (SD: 8%) 0.1 (-0.1 to 0.3) 0.2 (-0.1 to 0.5)

Descending aorta, m/s

Log HOMA-IR 0.2 (-0.1 to 0.4) 0.1 (-0.2 to 0.3)

VAT (SD: 54 cm2) 0.1 (-0.1 to 0.2) 0.0 (-0.2 to 0.2)

aSAT (SD: 94 cm2) 0.0 (-0.1 to 0.2) -0.1 (-0.3 to 0.1)

TBF (SD: 8%) 0.2 (0.1 to 0.4) -0.1 (-0.5 to 0.2)

Hemodynamics

Stroke volume, mL

Log HOMA-IR -5.4 (-7.4 to -3.5) -5.1 (-7.2 to -3.0)

VAT (SD: 54 cm2) -4.1 (-5.6 to -2.6) -5.6 (-7.5 to -3.7)

aSAT (SD: 94 cm2) -0.3 (-1.6 to 1.0) -1.4 (-2.9 to 0.2)

TBF (SD: 8%) 1.6 (0.0 to 3.2) 2.2 (-0.5 to 4.9)

Cardiac output, mL

Log HOMA-IR -24 (-172 to 124) -30 (-210 to 150)

VAT (SD: 54 cm2) -115 (-227 to -2) -223 (-359 to -88)

aSAT (SD: 94 cm2) 34 (-57 to 125) -13 (-121 to 94)

TBF (SD: 8%) 155 (37 to 273) 242 (66 to 419)

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of 
adiposity. In the left column, regression coefficients for LV structure and volumes (LV mass, LV end-diastolic 
volume, LV stroke volume and cardiac output) are corrected for lean body mass. In the right column, 
regression coefficients are corrected for age, sex, ethnicity, education, smoking, physical activity, use of 
hormone therapy, menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is adjusted 
for VAT and TBF, VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). Abbreviations: aSAT: 
abdominal subcutaneous adipose tissue, E/A ratio: ratio of mitral early and late peak filling rate, log HOMA-
IR: log-transformation of the homeostatic model assessment of insulin resistance, LV: left ventricle, LV 
concentricity: LV mass-to-volume ratio, PWV: pulse wave velocity, TBF: total body fat, VAT: visceral adipose 
tissue. All analyses are weighted towards the BMI distribution of the general population (n=914). Due to 
missing values, for PWV total aorta: n=911, PWV descending aorta: n=832.
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Supplemental Table 2. Associations of HOMA-IR, VAT, aSAT and TBF with LV mass and volumes indexed 
to height2.7

Standardized difference in
cardiovascular parameters (95%CI)

Crude Adjusted

LV mass/height2.7, g/m2.7

Log HOMA-IR 0.1 (-0.5 to 0.7) -0.8 (-1.4 to -0.2)

VAT (SD: 54 cm2) 1.0 (0.6 to 1.3) -0.2 (-0.7 to 0.3)

aSAT (SD: 94 cm2) -0.1 (-0.4 to 0.2) 0.3 (0.0 to 0.7)

TBF (SD: 8%) -0.7 (-1.0 to -0.4) 0.6 (-0.1 to 1.3)

LV end-diastolic volume/height2.7, L/m2.7

Log HOMA-IR -0.8 (-1.6 to -0.1) -1.6 (-2.5 to -0.8)

VAT (SD: 54 cm2) 0.0 (-0.5 to 0.5) -1.0 (-1.7 to -0.3)

aSAT (SD: 94 cm2) 1.0 (0.5 to 1.5) 1.4 (0.8 to 1.9)

TBF (SD: 8%) 0.7 (0.2 to 1.2) 2.1 (0.9 to 3.3)

Stroke volume/height2.7, mL/m2.7

Log HOMA-IR -0.6 (-1.1 to -0.1) -1.0 (-1.6 to -0.4)

VAT (SD: 54 cm2) -0.1 (-0.4 to 0.2) -0.6 (-1.1 to -0.2)

aSAT (SD: 94 cm2) 0.5 (0.1 to 0.8) 0.6 (0.2 to 1.0)

TBF (SD: 8%) 0.4 (0.1 to 0.8) 1.0 (0.3 to 1.8)

Cardiac output/height2.7, mL/m2.7

Log HOMA-IR 28 (-7 to 63) -1 (-41 to 40)

VAT (SD: 54 cm2) 14 (-9 to 36) -18 (-50 to 13)

aSAT (SD: 94 cm2) 44 (22 to 65) 45 (20 to 70)

TBF (SD: 8%) 42 (19 to 65) 79 (32 to 125)

Results represent regression coefficients per 10-fold increase in HOMA-IR or per SD of measure of adiposity. 
Adjusted regression coefficients are corrected for age, sex, ethnicity, education, smoking, physical activity, 
use of hormone therapy, menopausal state, hypertension, lean body mass and adiposity (HOMA-IR is 
adjusted for VAT and TBF, VAT is adjusted for TBF, and aSAT and TBF are adjusted for VAT). For abbreviations, 
see Supplemental Table 1.








