Diabetologia (2012) 55:2622–2630
DOI 10.1007/s00125-012-2639-5

ARTICLE

The ratio of visceral to subcutaneous fat, a metric of body fat
distribution, is a unique correlate of cardiometabolic risk
B. M. Kaess & A. Pedley & J. M. Massaro & J. Murabito & U. Hoffmann & C. S. Fox

Received: 4 May 2012 / Accepted: 5 June 2012 / Published online: 17 August 2012
# Springer-Verlag 2012

Abstract
Aims/hypothesis The anatomic location of excess body fat
has an impact on associated cardiometabolic morbidity, and
visceral adipose tissue (VAT) is more pathogenic than subcutaneous adipose tissue (SAT). However, VAT or SAT
alone provides little information regarding the relative distribution of body fat. We hypothesised that the propensity to
store energy in VAT relative to SAT depots may be a
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correlate of cardiometabolic risk, and tested this hypothesis
using the VAT/SAT ratio as a metric of fat distribution.
Methods We investigated associations of the VAT/SAT ratio
with cardiometabolic traits in 3,223 participants (48% women) from the Framingham Heart Study. Fat depots were
quantified by multidetector computed tomography (CT)
scanning.
Results In women and men, higher VAT/SAT ratio was
associated (p<0.05) with most assessed cardiovascular risk
factors reflecting blood pressure, dyslipidaemia and insulin
resistance. Additional adjustment for BMI did not materially
change the findings in women, and generally strengthened
associations in men. Further adjustment for VAT attenuated
some associations in women, but those with lower HDLcholesterol, higher triacylglycerol (both p< 0.0001) and
higher prevalence of hypertension (p00.02), diabetes (p0
0.01) and the metabolic syndrome (p00.005) remained significant. Similarly, in men, associations with higher systolic
(p00.006) and diastolic blood pressure (p00.03), higher
fasting glucose (p00.0005), lower HDL-cholesterol and
higher triacylglycerol (both p<0.0001) and higher prevalence of diabetes (p00.006) remained significant.
Conclusions/interpretation VAT/SAT ratio is a correlate of
cardiometabolic risk, above and beyond BMI and VAT. The
propensity to store fat viscerally versus subcutaneously
may be a unique risk factor independent of absolute fat
volumes.
Keywords Body fat distribution . Obesity . Risk factors .
Subcutaneous fat . Visceral fat
Abbreviations
CT
Computed tomography
HOMA-IR HOMA of insulin resistance
SAT
Subcutaneous adipose tissue
VAT
Visceral adipose tissue
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Introduction
Obesity is an important risk factor for diabetes, dyslipidaemia, hypertension and cardiovascular disease [1, 2]. BMI
and waist circumference are commonly used to assess adiposity, but these anthropometric measures contain little or
no information regarding the anatomical location of stored
excess fat. This is particularly important because several
studies have indicated that visceral adipose tissue (VAT)
demonstrates a stronger association with metabolic disturbances and cardiovascular risk than subcutaneous adipose
tissue (SAT) [3, 4]. However, these investigations are challenged by a relatively high correlation between VAT and
SAT, and it has been suggested that SAT may have protective properties [5, 6]. In addition, the absolute quantification
of any given fat depot does not reflect its relative distribution in the human body. For example, high VAT volume
may reflect both a high overall fat mass as well as propensity to store fat viscerally.
To disentangle the absolute quantity of fat from the
propensity to store it viscerally vs subcutaneously, we
assessed the VAT/SAT ratio as a metric of relative body fat
composition. We hypothesised that the propensity to store
surplus energy in the visceral relative to the subcutaneous
fat depot would be an independent correlate of cardiometabolic risk. Thus, we investigated associations of the VAT/
SAT ratio with metabolic and cardiovascular disease risk
factors in participants in the Framingham Heart Study.

Methods
Study sample Individuals were participants in the Framingham Offspring and Third Generation cohorts that have been
previously described [7, 8]. Beginning in 1971, the Framingham Offspring study enrolled 5,124 participants who
were offspring of the Framingham Original cohort or their
spouses. From 2002, the Third Generation cohort recruited
4,095 children of the Framingham Offspring cohort and
their spouses. Participants were evaluated approximately
every 3–4 years. Each examination included a detailed medical history and physical examination by a study physician,
basic anthropometry measures, and assessment of standard
cardiovascular and metabolic risk factors. Data for the
Framingham Offspring participants were retrieved from examination cycle 7 (1998–2001), and Framingham Third
Generation participant data were collected at examination
cycle 1 (2002–2005). The study sample for the current
investigation includes individuals that were part of the Framingham CT substudy [6]. This subcohort contains mainly
individuals residing in the New England area of the USA.
Participants were eligible if they were male and ≥35 years of
age or female and ≥40 years of age, not pregnant, and with a
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body weight of <160 kg. Of the 3,370 individuals with
available VAT and SAT measurements, we excluded 147
for missing covariates, leaving 3,223 individuals (1,543
women) for the current analyses. All participants provided
informed consent and the study complies with the Declaration of Helsinki and was approved by the Institutional
Review Board at the Boston University Medical Center.
Risk factor assessment Serum lipids were assessed after an
overnight fast. Diabetes was defined as fasting plasma glucose ≥7.0 mmol/l or use of hypoglycaemic drugs or insulin.
Impaired fasting glucose was defined as fasting plasma
glucose level of 5.6–6.9 mmol/l in the absence of hypoglycaemic drug treatment. Hypertension was defined as systolic
blood pressure ≥140 mmHg, diastolic blood pressure
≥90 mmHg or the intake of antihypertensive drugs. Elevated
triacylglycerols were defined as levels ≥1.7 mmol/l or intake
of lipid-lowering drugs. Low HDL-cholesterol was defined
as <1.29 mmol/l in women and <1.04 mmol/l in men.
Current smoking was defined as ≥1 cigarette/day over the
last year. Alcohol use was classified as more or less than
seven drinks in women and 14 drinks in men per week. The
metabolic syndrome was defined by modified Adult Treatment Panel III criteria (impaired fasting glucose defined as
above, high triacylglycerol defined as above, blood pressure
criteria modified to include antihypertensive treatment) [6].
Insulin was measured using a radioimmunoassay in the
Offspring cohort and an enzyme-linked immunosorbent assay in the Third Generation cohort [9]. In the Offspring
cohort, the intra-assay coefficient of variation was 3.9%
and the inter-assay coefficient of variation had a range of
4.7–6.1%; in the Third Generation cohort the intra-assay
coefficient of variation was 2.7% and the inter-assay coefficient of variation was 8.1%. To account for the differing
assays used in the two cohorts, all values for the Third
Generation cohort were standardised to those for the Offspring cohort [9]. The HOMA of insulin resistance (HOMAIR) was calculated for all participants, and insulin resistance
was defined as the upper quartile of HOMA-IR [9].
CT measurements Fat measurement protocols for subcutaneous and abdominal fat have been described in detail elsewhere
[10]. Briefly, participants underwent assessment with an eightslice multidetector computed tomography (CT) scanner
(LightSpeed Ultra; General Electric, Milwaukee, WI, USA).
Five-millimetre slices were acquired covering 125 mm superiorly from the upper edge of the S1 vertebrae. Fat depots were
quantified semi-automatically on a dedicated offline workstation (Aquarius 3D Workstation; TeraRecon Inc., San Mateo,
CA, USA). The abdominal muscular wall was traced manually to separate VAT from the SAT depot. Inter- and intrareader reproducibility was excellent (intraclass correlations
>0.99) for both VAT and SAT measurements [4].
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Statistical analyses Because of the sex interactions we have
observed previously [4], all analyses were performed stratified by sex. The VAT/SAT ratio distribution was skewed
and therefore natural log-transformed for further analyses.
We calculated age-adjusted Pearson correlations of log VAT/
SAT ratio with continuous cardiometabolic variables. We
further stratified our sample by tertiles of VAT/SAT ratio
and calculated age-adjusted means of continuous cardiometabolic traits and age-adjusted prevalence of binary traits for
each stratum using linear or logistic regression models. To
assess whether the VAT/SAT ratio is associated with cardiovascular risk, we performed multivariable adjusted regressions with cardiometabolic traits as dependent variables and
VAT/SAT ratio as independent variable. All models were
adjusted for age, current smoking status, alcohol use and
physical activity. Menopausal status and hormone replacement were also included in models describing women.
Models of lipid traits were, in addition, adjusted for lipidlowering treatment, models of fasting glucose were adjusted
for treatment of diabetes, and blood pressure models were
Table 1 Characteristics of the
study sample

Data are presented as mean±SD
or median (interquartile range) for
continuous traits and count
(percentage) for dichotomous data
a

Available in 1,541 women (and
all men)

b

Defined as fasting glucose 5.6–
6.9 mmol/l

c

Assessed in 1,338 women and
1,467 men without diabetes. Insulin resistance was defined as
upper quartile of HOMA-IR

also adjusted for hypertension treatment. In a second modelling step, we added BMI as a covariate to the models, and
in a third step, we further adjusted for VAT (in addition to
BMI). All analyses were performed using SAS Version 9.1
(SAS Institute, Cary, NC, USA).

Results
The clinical and biochemical characteristics of the study
sample are given in Table 1. Overall 1,543 women and
1,680 men were available for the current analyses. The mean
age was 51.8 years in women and 49.5 years in men and the
median VAT/SAT ratio was 0.39 in women and 0.84 in men.
Pearson correlation coefficients of log-transformed VAT/
SAT ratio with cardiometabolic traits are given in Table 2.
The VAT/SAT ratio was positively correlated with age in
both sexes (r00.42 and r00.37). In women, VAT/SAT ratio
was weakly correlated with increasing BMI (r00.06) and
waist circumference (r00.10), whereas in men there were

Characteristic

Women (n01,543)

Men (n01,680)

Age (years)
BMI (kg/m2)
Height (cm)
Weight (kg)
Waist circumference (cm)a
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Hypertension (%)
Antihypertensive treatment (%)
Diabetes (%)
Glucose-lowering treatment (%)
Impaired fasting glucose (%)b
Metabolic syndrome (%)
Fasting glucose (mmol/l)
HOMA-IRc

51.8±9.7
27.0±5.8
163 (6)
71.8 (16.0)
93.0±15.4
120.0±17.6
73.5±9.1
402 (26.1)
283 (18.3)
84 (5.4)
45 (2.9)
281 (18.2)
414 (26.8)
5.3±1.0
2.38 (1.95–3.06)

49.5±10.6
28.4±4.5
177 (7)
89.0 (15.1)
100.8±11.8
123.3±14.6
78.0±9.1
523 (31.1)
317 (18.9)
121 (7.2)
59 (3.5)
626 (37.3)
631 (37.6)
5.7±1.3
2.79 (2.25–3.62)

Insulin resistancec
Total cholesterol (mmol/l)
HDL-cholesterol (mmol/l)
Triacylglycerol (mmol/l)
Lipid-lowering treatment (%)
Current smoking (%)
Alcohol use (%)
Physical activity index
Postmenopausal status (%)
Hormone replacement (%)
VAT (cm3)
SAT (cm3)
VAT/SAT ratio

334 (25.0)
5.1±0.9
1.6±0.4
1.1 (0.8–1.6)
159 (10.3)
187 (12.1)
230 (14.9)
36.7±5.8
762 (49.4)
266 (23.7)
1,350±829
3,136±1,508
0.39 (0.30–0.53)

366 (24.9)
5.0±0.9
1.2±0.3
1.3 (0.9–2.0)
295 (17.6)
225 (13.4)
269 (16.0)
38.3±8.2
Not applicable
Not applicable
2,226±1,020
2,633±1,207
0.84 (0.64–1.10)
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Table 2 Age-adjusted, sex-specific Pearson correlation coefficients
between log-transformed VAT/SAT ratio and cardiometabolic risk
factors
Characteristic

Women

Men

Agea
BMI
Height
Weight
Waist circumference
VAT
SAT
Systolic blood pressure
Diastolic blood pressure
Fasting glucose
Log HOMA-IRb
HDL-cholesterol
Log triacylglycerol

0.42****
0.06*
0.01
0.07*
0.10****
0.53****
−0.11****
0.12****
0.11****
0.19****
0.22****
−0.24****
0.32****

0.37****
−0.14****
−0.05*
−0.16**
−0.16****
0.42****
−0.43****
0.09***
0.08***
0.05*
0.07**
−0.16****
0.22****

a

Unadjusted correlation

b

Assessed in 1,338 women and 1,467 men without diabetes

p values for Pearson correlations: *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001

inverse correlations of VAT/SAT ratio with BMI and waist
(r 0−0.14 and r 0−0.16). In women, the VAT/SAT ratio
showed a stronger correlation with VAT (r00.53) than with
SAT (r0−0.11), whereas in men correlations were of similar
magnitude for VAT and SAT (r00.42 and r0−0.43). In both
women and men, a higher VAT/SAT ratio was correlated
with more adverse levels of the risk factors examined.
Age-adjusted means or prevalence of cardiovascular risk
factors, partitioned by sex and tertiles of VAT/SAT ratio, are
provided in Table 3. In women, the prevalence of hypertension, impaired fasting glucose, insulin resistance (defined by
HOMA-IR), diabetes, the metabolic syndrome and current
smoking increased significantly with tertiles of VAT/SAT
ratio (all p<0.0001 for trend, except diabetes: p00.001). In
men, trends were similar, but generally weaker.
We next explored the association of VAT/SAT ratio with
cardiometabolic traits in multivariable adjusted models
(Table 4). In women, higher VAT/SAT ratio was associated
with higher levels of all assessed cardiometabolic traits (or
with lower levels for HDL-cholesterol) reflecting blood
pressure, glucose homeostasis and dyslipidaemia (all p<
0.0003). In men, findings were similar, although associations were generally weaker and did not reach significance
(p>0.05) for fasting glucose, impaired fasting glucose, insulin resistance and diabetes.
To assess whether VAT/SAT ratio is associated with
cardiometabolic traits independent of BMI, we additionally
adjusted our models for BMI. In women, associations of
VAT/SAT ratio with cardiometabolic risk factors remained

fairly stable after BMI adjustment. In men, BMI-adjustment
strengthened several associations, including those with fasting glucose (p00.0005), impaired fasting glucose (p00.01)
and insulin resistance (p<0.0001). Figure 1 depicts adjusted
means of systolic blood pressure, fasting glucose, HDLcholesterol and log-transformed triacylglycerols, partioned
by sex-specific tertiles of VAT/SAT ratio. Additional adjustment for waist circumference did not materially change our
findings (data not shown).
To further explore whether the VAT/SAT ratio is a correlate of cardiometabolic risk independent of VAT, we additionally adjusted our models for VAT (Table 4; the effect
estimates for VAT in these models are given in electronic
supplementary material [ESM] Table 1). In the VATadjusted models, several associations of VAT/SAT ratio in
women were attenuated, but those with lower HDLcholesterol, higher triacylglycerols (both p<0.0001) and
higher prevalence of hypertension (p00.02), diabetes (p0
0.01) and the metabolic syndrome (p00.005) remained significant. Similarly, in men, additional VAT-adjustment attenuated some associations, but those with higher systolic (p0
0.006) and diastolic blood pressure (p00.03), higher fasting
glucose (p00.0005), lower HDL-cholesterol and higher triacylglycerols (both p<0.0001) and higher prevalence of
diabetes (p00.006) remained significant.
To assess the potential impact of menopause on our observations in women, we stratified our female study sample by
menopausal status in a secondary analysis. We observed similar associations between VAT/SAT ratio and cardiometabolic
risk in pre- and postmenopausal women (ESM Table 2).

Discussion
Principal findings We cross-sectionally analysed cardiometabolic correlates of VAT/SAT ratio (a measure of body fat
distribution between VAT and SAT compartments) in the
Framingham Heart Study cohort. We observed that in women,
the VAT/SAT ratio demonstrated a weak, positive correlation
with BMI and waist circumference. Conversely, in men, the
VAT/SAT ratio was inversely associated with BMI and waist
circumference. In both sexes, the VAT/SAT ratio was a significant correlate of several cardiometabolic risk factors, above
and beyond associations with BMI and VAT. These findings
suggest that ectopic fat distribution, independent of the absolute fat quantity, is a correlate of metabolic risk.
We have hypothesised that the VAT/SAT ratio is a metric
of the propensity to store fat viscerally relative to subcutaneous fat stores. The ‘lipid overflow ectopic fat model’
suggests that surplus energy is physiologically primarily
stored in subcutaneous compartments, and that when this
depot is dysfunctional, energy can alternatively be deposited
in visceral compartments [11]. Failure of adipocyte
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Characteristic

Women
Age (years)a
BMI (kg/m2)
Height (cm)
Weight (kg)
Waist circumference (cm)
VAT (cm3)
SAT (cm3)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Glucose (mmol/l)
Log HOMA-IRb
HDL-cholesterol (mmol/l)
Log triacylglycerol
Hypertension (%)
Impaired fasting glucose (%)c
Insulin resistance (%)b
Diabetes (%)
Elevated triacylglycerol (%)d
Low HDL-cholesterol (%)e
Metabolic syndrome (%)
Current smoking (%)
Men
Age (years)a
BMI (kg/m2)
Height (cm)
Weight (kg)
Waist circumference (cm)
VAT (cm3)

a

Unadjusted

b

Assessed in 1,338 women and
1,467 men without diabetes. Insulin resistance was defined as
upper quartile of HOMA-IR

c

Defined as fasting glucose 5.6–
6.9 mmol/l

d

Defined as fasting triacylglycerols ≥1.7 mmol/l or lipidlowering therapy

e

Defined as HDL-cholesterol
<1.29 mmol/l in women or HDLcholesterol <1.04 mmol/l in men

SAT (cm3)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Glucose (mmol/l)
Log HOMA-IRb
HDL-cholesterol (mmol/l)
Log triacylglycerol
Hypertension (%)
Impaired fasting glucose (%)c
Insulin resistance (%)b
Diabetes (%)
Elevated triacylglycerol (%)d
Low HDL-cholesterol (%)e
Metabolic syndrome (%)
Current smoking (%)

proliferation and differentiation has been discussed as a
possible mechanism of functional SAT insufficiency [12].

VAT/SAT ratio

p value for trend

Tertile 1

Tertile 2

Tertile 3

47.9
26.3
163
69.8
90.5
874
3,206
117.9
72.2

50.7
27.1
163
72.0
93.1
1,294
3,220
119.2
73.2

56.9
27.6
163
73.5
95.3
1,881
2,982
122.9
75.2

<0.0001
0.0006
0.61
0.0005
<0.0001
<0.0001
0.03
<0.0001
<0.0001

5.1
0.81
1.7
−0.1
18.4
11.2
14.2
2.5
14.0
16.4
15.0
7.5

5.3
0.89
1.6
0.1
25.1
17.0
25.0
4.7
24.9
24.5
23.5
12.4

5.5
1.03
1.5
0.3
32.8
25.3
35.4
7.5
38.5
36.1
39.7
18.9

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.001
<0.0001
<0.0001
<0.0001
<0.0001

45.4
29.1
177
91.6
102.9
1,781

49.2
28.4
177
88.6
100.5
2,193

54.1
27.8
176
86.7
99
2,704

<0.0001
<0.0001
0.03
<0.0001
<0.0001
<0.0001

3,209
122.2
77.1
5.6
1.02
1.2
0.2
28.2
35.1
22.3
6.0
33.3
23.7
31.5
11.1

2,609
123.4
78.2
5.7
1.06
1.2
0.3
28.6
37.1
25.7
7.2
43.0
32.3
38.2
15.6

2,082
124.3
78.8
5.7
1.09
1.1
0.4
36.1
39.5
26.8
7.9
54.7
42.0
42.6
13.7

<0.0001
0.02
0.003
0.15
0.01
<0.0001
<0.0001
0.004
0.15
0.13
0.27
<0.0001
<0.0001
0.0002
0.19

Lipodystrophy is characterised by SAT dysfunction leading
to marked increases in visceral and ectopic fat storage with a
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Table 4 Sex-specific, multivariable adjusted association of VAT/SAT ratio with cardiometabolic risk factors. Data are presented as betas (for
continuous traits) and odds ratios (for dichotomous traits) with 95% confidence intervals for the condition per 1 SD increase in log VAT/SAT ratio
Trait

Women
Beta/OR (95% CI)

Men
p value

Beta/OR (95% CI)

p value for
interaction
p value

Continous traits
Systolic blood pressure (mmHg)a
Base model

1.62 (0.74, 2.49)

0.0003

1.01 (0.30, 1.71)

0.005

+BMI

1.44 (0.59, 2.28)

0.0009

1.52 (0.83, 2.22)

<0.0001

+BMI+VAT

0.47 (−0.77, 1.71)

0.46

1.44 (0.42, 2.46)

0.006

0.0005

Diastolic blood pressure (mmHg)a
Base model

0.98 (0.47, 1.48)

0.0001

0.77 (0.31, 1.23)

0.001

+BMI

0.88 (0.39, 1.37)

0.0004

1.15 (0.69, 1.60)

<0.0001

+BMI+VAT

0.60 (−0.12, 1.31)

0.10

0.76 (0.10, 1.42)

0.03

0.03

Fasting glucose (mmol/l)a
Base model

0.14 (0.10, 0.19)

<0.0001

0.06 (−0.00, 0.12)

0.05

+BMI

0.13 (0.08, 0.17)

<0.0001

0.10 (0.04, 0.16)

0.001

+BMI+VAT

0.04 (−0.02, 0.11)

0.17

0.15 (0.07, 0.24)

0.0005

0.02

Log HOMA-IRb
Base model

0.10 (0.08, 0.12)

<0.0001

0.03 (0.01, 0.06)

0.003

+BMI

0.09 (0.07, 0.11)

<0.0001

0.07 (0.05, 0.09)

<0.0001

+BMI+VAT

0.03 (−0.00, 0.06)

0.05

0.00 (−0.02, 0.03)

0.79

0.001

HDL-cholesterol (mmol/l)a
Base model

−0.11 (−0.13, −0.08)

<0.0001

−0.06 (−0.08, −0.05)

<0.0001

+BMI

−0.10 (−0.12, −0.08)

<0.0001

−0.08 (−0.09, −0.06)

<0.0001

+BMI+VAT

−0.08 (−0.11, −0.05)

<0.0001

−0.06 (−0.09, −0.04)

<0.0001

0.002

Log triacylglycerola
Base model

0.16 (0.14, 0.19)

<0.0001

0.13 (0.10, 0.16)

<0.0001

+BMI

0.15 (0.13, 0.18)

<0.0001

0.16 (0.13, 0.19)

<0.0001

+BMI+VAT

0.11 (0.07, 0.14)

<0.0001

0.13 (0.09, 0.17)

<0.0001

<0.0001

Dichotomous traits
Hypertension
Base model

1.53 (1.32, 1.76)

<0.0001

1.22 (1.08, 1.38)

0.001

+BMI

1.47 (1.27, 1.70)

<0.0001

1.36 (1.19, 1.54)

<0.0001

+BMI+VAT

1.31 (1.05, 1.63)

0.02

1.13 (0.94, 1.37)

0.19

0.005

Impaired fasting glucosec
Base model

1.49 (1.28, 1.73)

<0.0001

1.09 (0.98, 1.22)

0.11

+BMI

1.45 (1.24, 1.70)

<0.0001

1.16 (1.04, 1.30)

0.01

+BMI+VAT

1.14 (0.90, 1.45)

0.28

0.89 (0.75, 1.05)

0.16

0.0003

Insulin resistanceb
Base model

1.71 (1.47, 1.97)

<0.0001

1.13 (0.99, 1.28)

0.07

+BMI

1.81 (1.53, 2.13)

<0.0001

1.54 (1.32, 1.80)

<0.0001

+BMI+VAT

1.15 (0.88, 1.52)

0.30

1.10 (0.87, 1.39)

0.44

0.0001

Diabetes
Base model

1.81 (1.41, 2.31)

<0.0001

1.07 (0.87, 1.31)

0.53

+BMI

1.82 (1.40, 2.38)

<0.0001

1.23 (0.99, 1.53)

0.06

+BMI+VAT

1.66 (1.12, 2.45)

0.01

1.58 (1.14, 2.19)

0.006

0.0004

Metabolic syndrome

a

Base model

2.03 (1.76, 2.36)

<0.0001

1.27 (1.14, 1.42)

<0.0001

+BMI

2.17 (1.83, 2.57)

<0.0001

1.71 (1.49, 1.96)

<0.0001

+BMI+VAT

1.45 (1.12, 1.88)

0.005

1.20 (0.98, 1.47)

0.08

<0.0001

Also adjusted for antihypertensive, hypoglycaemic or lipid-lowering therapy, respectively

b

HOMA-IR was assessed in 1,338 women and 1,467 men without diabetes. Insulin resistance was defined as upper quartile of HOMA-IR

c

Defined as fasting glucose 5.6–6.9 mmol/l. Model also adjusted for glucose-lowering treatment
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a

b
5.9

Adjusted mean SBP (mmHg)

Adjusted mean fasting glucose
(mmol/l)

Fig. 1 VAT-SAT ratio tertiles
and risk factors. Multivariable
(including BMI)-adjusted
means of fasting glucose (a),
systolic blood pressure (SBP)
(b), log-transformed triacylglycerols (c) and HDL-cholesterol
(HDL) (d), partitioned by sexspecific tertiles of VAT/SAT ratio (black columns, women;
grey columns, men)
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5.8
5.7
5.6
5.5
5.4
5.3
5.2
5.1
Tertile 1

Tertile 2

128
126
124
122
120
118
Tertile 1

Tertile 3

VAT/SAT ratio

Tertile 3

d

0.5

Adjusted mean HDL (mmol/l)

Adjusted mean log
triacylglycols

c

Tertile 2

VAT/SAT ratio

0.4
0.3
0.2
0.1
0
-0.1
Tertile 1

Tertile 2

VAT/SAT ratio

paucity of subcutaneous fat. Visceral fat may cause hepatic
insulin resistance by releasing a variety of biologically active molecules, such as NEFAs and inflammatory mediators,
into the portal vein system (‘portal vein hypothesis’) [11,
13]. Taken together, the propensity to store energy viscerally
as compared with subcutaneously may be both a cause and a
consequence of multiple different factors, including insulin
resistance, smoking, stress and lack of physical activity, and
may also be influenced by glucocorticosteroids and sex
hormones [11, 12, 14, 15].
Pharmacological studies suggest that the VAT/SAT ratio
may be a determinant of metabolic risk. The VAT/SAT ratio
can be lowered by thiazolidinedione (‘insulin sensitiser’)
treatment, which expands SAT volume and reduces VAT
[16], leading to improved insulin sensitivity despite weight
gain [17–19]. Conversely, drugs can also cause lipodystrophy, specifically as a common side effect of HIV proteaseinhibitor therapy. This adverse pattern of fat redistribution
corresponds to a higher VAT/SAT ratio [20], and is associated with insulin resistance and dyslipidaemia [21]. Hence,
even though not associated with weight gain [20] (in fact,
often weight loss [22]), protease-inhibitor-induced lipodystrophy demonstrates the metabolic profile of the metabolic
syndrome [21].
VAT/SAT ratio, other measures of body fat, and sex differences We observed a weak positive correlation of VAT/SAT
ratio with waist circumference in women (and even weaker
with BMI), whereas these correlations were modestly inversely associated in men. In a sample of 62 individuals,
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Gastaldelli and colleagues observed a weak, but positive,
association of VAT/SAT ratio with BMI in both women and
men [23]. Our considerably larger analysis supports the
notion of a very weak relation between VAT/SAT ratio and
BMI, but also suggests a different directionality of this weak
association in women and men. Taken together, the VAT/
SAT ratio appears to provide information that is independent
of standard measures of generalised or abdominal adiposity.
Also the relations of VAT/SAT ratio with VAT and SAT
differ between sexes: in women, VAT/SAT ratio was to a
much larger extent determined by VAT than by SAT, whereas in men, VAT and SAT contributed more similarly to the
VAT/SAT ratio.
Generally, associations of the VAT/SAT ratio with cardiovascular risk factors were stronger in women than in
men. In women, higher levels of the VAT/SAT ratio were
also associated with current smoking, with a more than
twofold increase in smoking prevalence from the lowest to
the highest VAT/SAT ratio tertile. We have previously
reported that women who currently smoke have somewhat
higher VAT and lower SAT than non-smokers or ex-smokers
[24]. The principles underlying this sex-specific association
are not entirely clear, but may be related to a decreased
bioavailability of oestrogen in smokers [25]. Oestrogen
plays an important role in regulating metabolism and lipogenesis [26]. Also, nicotine increases metabolic rate [27]
and inhibits appetite [28], which may result in lower SAT.
Alternatively, the association between current smoking and
higher VAT/SAT ratio may be mediated by other nutritional
or lifestyle factors related to smoking.
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VAT/SAT ratio and cardiovascular risk Several studies have
investigated the correlation of either VAT or SAT with
cardiometabolic risk, and many have concluded that VAT
is a stronger correlate of cardiometabolic risk than SAT [3,
4, 11]. However, little is known regarding how the relative
distribution of fat between visceral and subcutaneous compartments is associated with cardiometabolic traits. Some
smaller studies have previously reported a positive association of VAT/SAT ratio with cardiovascular risk factors [23,
29–31]. In their paper based on 62 individuals, Gastaldelli et
al [23] reported that VAT/SAT ratio was associated with
fasting glucose (whereas SAT or VAT alone were not).
Conversely, VAT alone was associated with fasting insulin
and insulin sensitivity, whereas VAT/SAT ratio was not.
Notably, these analyses were conducted after pooling sexes.
Miyazaki and DeFronzo [29] reported that, in a sample of 36
men with type 2 diabetes, the VAT/SAT ratio correlated with
endogeneous glucose production during insulin clamp (a
measure of hepatic insulin resistance), whereas VAT or
SAT alone did not. In contrast, total glucose disposal (a
measure of peripheral insulin sensitivity) correlated inversely with VAT and SAT, but not with VAT/SAT ratio. He et al
[30] observed that, in a sample of 437 individuals, the VAT/
SAT ratio was independently associated with cardiometabolic risk factor clustering in women (n0197), whereas in
men VAT was a stronger correlate of cardiometabolic risk
than the VAT/SAT ratio. In a sample of 13 spinal cord injury
patients, Gorgey et al reported an inverse association of
VAT/SAT ratio with fasting insulin [31]. A recent investigation by Kim et al [32] demonstrated that, in a Korean
population, a higher SAT/VAT ratio (i.e. the inverse of our
trait) was associated with lower prevalence of the metabolic
syndrome, higher HDL-cholesterol, lower triacylglycerol
and lower fasting glucose, even after adjustment for BMI.
Our data is consistent with this study, and extends these
findings to a large white population. We furthermore demonstrate that the VAT/SAT ratio is a correlate of cardiometabolic risk above and beyond BMI and VAT. These
observations suggest that the propensity to store energy in
visceral vs subcutaneous fat compartments is a correlate of
metabolic dysregulation, independent of overall obesity and
absolute visceral fat mass. Of note, our study was not
designed to demonstrate that VAT/SAT is a stronger correlate of cardiometabolic risk than VAT alone. In fact, when
we evaluated VAT and VAT/SAT jointly, VAT was associated with several cardiometabolic traits independently of the
VAT/SAT ratio and, in particular, was associated with some
traits that were not independently related to VAT/SAT ratio.
Strengths and limitations Several strengths of our study
warrant mention. We used a highly reproducible, highly
specific CT-derived volumetric assessment of fat depots
rather than anthropometric surrogate measures of body fat
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composition. The design of the Framingham Heart Study
with regular examinations in the dedicated on-site participants clinic assures high quality of clinical and biochemical
data. Limitations of our study are the observational design,
precluding any definite causal inference. Furthermore, our
study cohort is middle-aged and primarily white. Although
our findings are similar to observations made in an Asian
population [32], generalisibility to other age groups and
ethnic groups remains to be shown. Also, we only assessed
HOMA-IR as a measure of insulin resistance. However,
more sophisticated methods such as hyperinsulinaemic
euglycaemic clamp were not feasible in our large
community-based cohort. Last, as hip measurements are
not part of the Framingham study protocols, we were not
able to compare VAT/SAT ratio with waist/hip ratio.
Conclusion We demonstrate in a large community-based
sample that VAT/SAT ratio—a measure of relative body fat
distribution—is a unique correlate of metabolic risk, independent of BMI and VAT. These findings suggest that the
propensity for ectopic, relative to subcutaneous, fat deposition is associated with increased cardiovascular risk, independent of overall obesity and absolute visceral fat mass.
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