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Abstract
Insulin resistance is associated with central obesity and an increased risk of cardiovascular disease.
Our objective is to examine the association between abdominal subcutaneous (SAT) and visceral
adipose tissue (VAT) and insulin resistance, to determine which fat depot is a stronger correlate of
insulin resistance, and to assess whether there was an interaction between SAT, VAT, and age,
sex, or BMI. Participants without diabetes from the Framingham Heart Study (FHS), who
underwent multidetector computed tomography to assess SAT and VAT (n = 3,093; 48% women;
mean age 50.4 years; mean BMI 27.6 kg/m2), were evaluated. Insulin resistance was measured
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using the homeostasis model and defined as HOMAIR ≥75th percentile. Logistic regression
models, adjusted for age, sex, smoking, alcohol, menopausal status, and hormone replacement
therapy use, were used to assess the association between fat measures and insulin resistance. The
odds ratio (OR) for insulin resistance per standard deviation increase in SAT was 2.5 (95%
confidence interval (CI): 2.2–2.7; P < 0.0001), whereas the OR for insulin resistance per standard
deviation increase in VAT was 3.5 (95% CI: 3.1–3.9; P < 0.0001). Overall, VAT was a stronger
correlate of insulin resistance than SAT (P < 0.0001 for SAT vs. VAT comparison). After
adjustment for BMI, the OR of insulin resistance for VAT was 2.2 (95% CI: 1.9–2.5; P < 0.0001).
We observed an interaction between VAT and BMI for insulin (P interaction = 0.0004), proinsulin
(P interaction = 0.003), and HOMAIR (P interaction = 0.003), where VAT had a stronger
association in obese individuals. In conclusion, SAT and VAT are both correlates of insulin
resistance; however, VAT is a stronger correlate of insulin resistance than SAT.

INTRODUCTION
Insulin resistance is associated with elevated levels of trigly cerides and systolic and
diastolic blood pressure, C-reactive protein, and type 2 diabetes and with decreased levels of
high-density lipoprotein-cholesterol (1,2). Additionally, insulin resistance has been shown to
predict cardiovascular disease events above and beyond traditional risk factors (1,3). Insulin
resistance is associated with increasing BMI. However, normal-weight individuals may also
be insulin resistant, suggesting that overall adiposity is not the sole determinant of insulin
resistance (4).

Although insulin resistance is correlated with BMI, it is more strongly associated with
abdominal obesity, a key component of the metabolic syndrome (5). Traditionally, simple
measurements, such as BMI and waist circumference, are used to assess abdominal obesity.
However, regional adiposity may confer differential metabolic risk. Radiographic imaging
allows for a more precise evaluation of abdominal obesity by quantifying the volume of
visceral (VAT) and subcutaneous adipose tissue (SAT). Adipose tissue, especially VAT, has
been shown to be strongly associated with cardiovascular disease risk factors (5,6).

Several studies have examined the association between abdominal obesity, as measured by
SAT and VAT, and insulin resistance (7–18). However, the results of these studies have
been inconsistent, with some showing that both SAT and VAT are correlated with insulin
measures and others showing that only VAT is correlated with insulin measures. These prior
studies are limited by their small sample sizes and highly selected patient populations, which
may account for the discrepant results. Previous analyses in the Framingham Heart Study
(FHS) have shown that both VAT and SAT are correlated with metabolic risk factors,
including triglycerides, high-density lipoprotein-cholesterol, and systolic and diastolic blood
pressure (6). We now propose to extend these findings by examining the association
between abdominal SAT, VAT and various measures of insulin sensitivity in order to further
elucidate the relationship between adipose tissue measures and insulin resistance in a large
population-based study sample, including subgroup analyses by sex, age, and BMI.

METHODS AND PROCEDURES
study sample

The study design of the FHS cohorts has been previously described (6). Briefly, the FHS
Original cohort began in 1948 with the enrollment of 5,209 men and women aged 28–62
years who subsequently underwent biennial examinations. In 1971, 5,124 offspring of the
original participants and their spouses were enrolled into the Offspring cohort and
underwent examinations approximately every 4 years. In 2002, 4,095 children of the
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offspring participants and their spouses were enrolled into the Third Generation cohort.
Participants from the Offspring and Third Generation cohorts were invited to participate in
the multidetector computed tomography substudy. Inclusion in this substudy was weighted
toward individuals from larger FHS families who were residing in the New England area. To
be eligible for the substudy, participants had to be ≥35 years old if male, ≥40 years old if
female, nonpregnant, and have a body weight <160 kg. A total of 3,529 participants (1,422
from Offspring, 2,093 from Third Generation) underwent multidetector computed
tomography scanning from 2002 to 2005. We excluded individuals with diabetes (type 1 or
2), who had missing data on VAT or SAT measurements, or who were missing
measurements of both insulin and proinsulin, resulting in a final sample size of 3,093. The
present analysis uses data from the seventh Offspring examination (1998–2001) and the first
Third Generation examination (2002–2005). All subjects provided written informed consent,
and the study has been approved by the Institutional Review Board at Boston University
Medical Center.

adiposity measurements
SAT and VAT were measured as previously described (19). Briefly, participants underwent
multidetector computed tomography scanning using an eight-slice scanner (LightSpeed
Ultra; General Electric, Milwaukee, WI). Twenty-five contiguous 5 mm thick slices (120
kV(p), 400 mA, gantry rotation time 500 ms, table feed 3:1) were acquired covering 125
mm above the S1 level. SAT and VAT were assessed by experienced technicians using a
dedicated offline workstation (Aquarius 3D Workstation; TeraRecon, San Mateo, CA). The
volume (cm3) of SAT and VAT was determined by manually tracing the abdominal wall
separating the SAT and VAT compartments. In addition to SAT and VAT volume, slice-
specific measures (L1/2, L2/3, L3/4, umbilicus, L4/5, iliac crest, and L5/S1) were available for
a subset of participants (n = 161) (20). The correlations between the slice-specific 1
measures and insulin measures were similar to the correlation for the total volume measures.
The correlations between the slice-specific measures and the insulin measures are presented
in Supplementary Table S1 online.

BMI was calculated by dividing weight in kilograms by the square of height in meters.
Waist circumference was measured at the level of the umbilicus and was recorded to the
nearest quarter inch.

Insulin resistance and covariate measurements
Participants underwent measurement of fasting blood glucose, insulin, and proinsulin.
Insulin and proinsulin were measured using radioimmunoassay in the Offspring cohort and
enzyme-linked immunosorbent assay in the Third Generation cohort. For the Offspring
cohort, the intra-assay coefficient of variation was 3.9% for insulin and 3.7% for proinsulin,
and the interassay coefficient of variation had a range of 4.7–6.1% for insulin and 7.8–
12.5% for proinsulin. For the Third Generation cohort, the intra-assay coefficient of
variation was 2.7% for insulin and 2.4% for proinsulin, and the interassay coefficient of
variation was 8.1% for insulin and 8.7% for proinsulin. Due to the differing methods used to
measure insulin and proinsulin in the two cohorts, all values for the Third Generation cohort
were standardized to those for the Offspring cohort. Diabetes was defined as a fasting blood
glucose of ≥126 mg/dl or treatment with insulin or a hypoglycemic agent. The homeostasis
model assessment of insulin resistance (HOMAIR) measurement was calculated for all
participants. A participant was considered to have insulin resistance if they had a HOMAIR
value in the top quartile (≥75th percentile) of the distribution in the study sample.

A participant was defined as a current cigarette smoker if they reported smoking ≥1
cigarette per day over the previous year. Regular alcohol consumption was defined as >14
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drinks/week for men or >7 drinks/week for women. A woman was considered
postmenopausal if they reported that their periods had stopped for ≥1 years.

statistical analysis
SAT and VAT were standardized (sex-specific) to a mean of zero and a standard deviation
of one in order to facilitate comparisons between the two fat depots. Insulin, proinsulin,
proinsulin\insulin ratio, and HOMAIR were log- (natural log, ln) transformed to improve
normality. Age- and sex-adjusted Pearson correlation coefficients were calculated between
adiposity measures and insulin measures. Odds ratios (ORs) and 95% confidence intervals
(CIs) were calculated using logistic regression to examine the association between standard
deviation increment in adipose tissue and insulin resistance (HOMAIR ≥75th percentile). β-
coefficients and standard errors were calculated IR using linear regression models to assess
the association between standard deviation change in SAT and VAT and continuous insulin
measures. Linear regression models were also constructed to examine the association
between tertiles of adipose tissue measurements and continuous insulin measures. All
models were adjusted for age (years), sex, current cigarette smoking (yes vs. no), regular
alcohol consumption (yes vs. no), menopausal status (yes vs. no), and hormone replacement
therapy use (yes vs. no). The models for VAT were further adjusted for BMI and for waist
circumference. Standardized values of SAT and VAT were included in a model together in
order to calculate a Wald P value comparing the strength of the β-coefficients for SAT and
VAT. Because the prior literature has shown that ectopic fat in the liver is more strongly
correlated with insulin resistance than visceral fat, we conducted a secondary analysis
adjusting our main VAT models for the liver enzymes alanine aminotransferase and
aspartate aminotransferase (21,22).

Proc GLM was used to calculate multivariable-adjusted mean levels of insulin variables by
tertiles of SAT and VAT. The interaction between tertiles of SAT and VAT on insulin
measures was assessed by examining the significance of the cross-product term of ordinal
variables for SAT and VAT. We additionally examined the interaction between standard
deviation increments of SAT and VAT and the following factors: sex and age (≥50 years vs.
<50 years). We additionally examined the interaction between VAT and BMI (<25 kg/m2,
25–29.9 kg/m2, ≥30 kg/ m2). The interaction was assessed by examining the significance of
the cross-product term of standard deviation increments of SAT, VAT, sex, age-group, and
BMI category (coded as an ordinal variable). Due to the multicollinearity between SAT and
BMI, we were unable to examine the interaction between these two factors. All analyses
were performed using SAS v.9.1 (SAS Institute, Cary, NC). A P value of <0.05 was
considered statistically significant.

RESULTS
Characteristics of the study sample are presented in Table 1. The mean volume of SAT was
2,607 cm3 among men and 3,135 cm3 among women. The mean volume of VAT was 2,189
cm3 among men and 1,326 cm3 among women.

Insulin was positively correlated with SAT (age- and sex-adjusted Pearson correlation
coefficient (r) = 0.41), VAT (r = 0.49), BMI (r = 0.48), and waist circumference (r = 0.48).
Results were similar for the correlation of proinsulin with SAT (r = 0.39), VAT (r = 0.47),
BMI (r = 0.47), and waist circumference (r = 0.46) and for the correlation of HOMAIR with
SAT (r = 0.43), VAT (r = 0.52), BMI (r = 0.51), and waist circumference (r = 0.51). The
magnitude of the correlation coefficients was lower for proinsulin/insulin ratio: SAT (r =
0.26), VAT (r = 0.30), BMI (r = 0.31), and waist circumference (r = 0.30). All correlation
coefficients were highly statistically significant (P < 0.0001). Overall, the correlations were
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stronger for VAT as compared to SAT. The magnitude of the correlation coefficients was
similar for VAT, BMI, and waist circumference.

The multivariable-adjusted OR of having insulin resistance for each standard deviation
increase in SAT was 2.48 (95% CI: 2.24–2.74; P < 0.0001). The multivariable-adjusted OR
of insulin resistance per standard deviation increase in VAT was 3.46 (95% CI: 3.08–3.90; P
< 0.0001). When the model for VAT was further adjusted for BMI, the OR was 2.18 (95%
CI: 1.88–2.52; P < 0.0001). When the model for VAT was adjusted for WC instead of BMI,
the OR was 2.21 (95% CI: 1.90–2.56; P < 0.0001). When SAT and VAT were added to the
multivariable model together, the OR for SAT was 1.53 (95% CI: 1.36–1.71; P < 0.0001)
and the OR for VAT was 2.70 (95% CI: 2.36–3.08; P < 0.0001). VAT was a significantly
stronger predictor of insulin resistance than SAT (P < 0.0001 for SAT vs. VAT
comparison). Because VAT and BMI are both highly correlated with insulin measures, we
also calculated the multivariable-adjusted OR for a one standard deviation increment (1 s.d.
= 5 kg/m2) of BMI (OR = 3.20 (95% CI: 2.86–3.59; P < 0.0001)).

Table 2 shows the results from the linear regression of insulin resistance variables on the
continuous fat measures (SAT and VAT). The β-coefficients in this model have the
interpretation of the effect size of insulin resistance measure per one standardized standard
deviation increase in SAT or VAT. Both SAT and VAT were statistically significant
correlates (P < 0.0001) of all insulin variables (insulin, proinsulin, proinsulin/insulin ratio,
and HOMAIR). However, the magnitudes of the effect estimates were greater for VAT as
compared to SAT for all insulin resistance variables. When models for VAT were
additionally adjusted for SAT, the β-coefficient for VAT was attenuated but remained
statistically significant for all insulin measures. In a secondary analysis, when we adjusted
the models for VAT for the liver enzymes alanine aminotransferase and aspartate
aminotransferase, the β-coefficient for VAT did not change appreciably (data not shown).

We additionally constructed linear regression models to examine the association between
standard deviation increment of BMI and WC and each of the four insulin measures. The β-
coefficient (s.e.) for a one standard deviation increment of BMI was 0.19 (s.e.: 0.01; P <
0.0001) for insulin, 0.23 (s.e.: 0.01; P < 0.0001) for proinsulin, 0.03 (s.e.: 0.002; P < 0.0001)
for proinsulin/insulin ratio, and 0.21 (s.e.: 0.01; P < 0.0001) for HOMAIR. The β-coefficient
(s.e.) for a one standard deviation increment of WC was 0.19 (s.e.: 0.01; P < 0.0001) for
insulin, 0.23 (s.e.: 0.01; P < 0.0001) for proinsulin, 0.03 (s.e.: 0.002; P < 0.0001) for
proinsulin/insulin ratio, and 0.22 (s.e.: 0.01; P < 0.0001) for HOMAIR.

Table 3 shows the linear regression of insulin resistance variables on tertiles of SAT and
VAT. Overall, the results were consistent with those shown in Table 2. For the SAT models,
the β-coefficients were attenuated after further adjustment for VAT, but still remained
statistically significant. For the VAT models, the β-coefficients were attenuated after further
adjustment for BMI or waist circumference, but still remained statistically significant.

Table 4 shows the results of the interaction between SAT, VAT, and sex, age, and BMI on
the insulin measures. There was no interaction between either SAT or VAT, and sex for any
outcome. There was a statistically significant interaction between SAT and age for insulin
(P = 0.002) and HOMAIR (P = 0.008), where there was a stronger association among
participants ≥50 years of age. There was a statistically significant interaction between VAT
and age for proinsulin (P = 0.01) and proinsulin/insulin ratio (P = 0.003), where there was a
stronger association among the younger participants (<50 years of age). We observed an
interaction between VAT and BMI for insulin (P = 0.0004), proinsulin (P = 0.003), and
HOMAIR (P = 0.003). The strongest effect sizes were seen among obese participants.
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Figure 1 shows the interaction between SAT and VAT tertiles on the insulin measures.
There was a significant interaction for insulin (P interaction = 0.002), proinsulin (P
interaction = 0.01), and HOMAIR (P interaction = 0.002). Overall, individuals in the top
tertile of both SAT and VAT had the highest levels of insulin, proinsulin, and HOMAIR.
VAT was most strongly associated with insulin, proinsulin, and HOMAIR among those in
the top tertile of SAT.

DISCUSSION
Principal findings

In this study, we examined the association between abdominal SAT and VAT and insulin
measures. Our findings are fivefold. First, both SAT and VAT were statistically significant
correlates of insulin, proinsulin, proinsulin/insulin ratio, and HOMAIR. Second, VAT was a
stronger correlate of insulin variables than SAT. Third, we observed an interaction between
adipose tissue depots and age-group. Among older individuals (≥50 years), there was a
stronger association between SAT and insulin and HOMAIR and a weaker association
between VAT and proinsulin and proinsulin/insulin ratio. Fourth, we observed an interaction
between VAT and BMI, where VAT had a greater effect on insulin, proinsulin, and
HOMAIR among obese participants as compared to normal-weight participants. Fifth, we
observed an interaction between SAT and VAT for insulin and proinsulin, where individuals
with high SAT and high VAT had greater insulin and proinsulin levels than those with
elevated levels of either depot alone.

In the context of the current literature
The association between abdominal obesity, as measured by SAT and VAT, and insulin
measures has been examined in several small cross-sectional studies (7–17). The majority of
these studies were performed in highly selective patient populations, such as obese
individuals, postmenopausal women, and specific ethnic/racial groups. Most have shown
that both SAT and VAT are correlates of insulin measures (7–13). However, some studies
have found that only VAT is a correlate of insulin resistance measures (14–17). Few studies
have formally tested the difference between SAT and VAT. Of those that did, most found
that VAT was a stronger correlate of insulin resistance than SAT (14,16,17). Interestingly,
the studies that demonstrated that VAT was a stronger correlate of insulin resistance than
SAT were all done in study samples of obese participants (14,16,17). This is consistent with
our observation that there was a stronger association between VAT and insulin, proinsulin,
and HOMAIR among obese participants as compared to normal-weight participants.
However, some studies did show that SAT was a stronger correlate or remained as a
significant predictor in multivariable models after adjusting for VAT (8,12), which we did
not observe in the present study. The major limitation of these studies is their small sample
size, which may account for the disparate results. Only one, the Insulin Resistance
Atherosclerosis Study Family Study (13), had a sample size >100, whereas our study had a
sample size of nearly 3,000 individuals. Prior work has demonstrated that volumetric
measurements of SAT and VAT are superior to single-slice measurements (23). However, it
has been suggested that a single-slice measurement is sufficient for SAT, but that the
location of the measurement for VAT affects the degree of association (24). However, we
did not observe any notable differences in the correlation of insulin measures and volumetric
fat measures as compared to single-slice measures. It is also possible the varying types of
study samples may account for the disparate results.

Overall, our results were consistent with the majority of prior studies in that it showed that
both SAT and VAT were correlates of insulin resistance measures and that the strength of
the association for VAT was greater than that of SAT. We also did observe an interaction
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between SAT and VAT that was demonstrated in prior studies (16,17). Our study extends
the current literature by examining the association between adipose tissue depots and insulin
measures in a large population-based study. We included four different insulin measures in
the analysis, which characterize both aspects of hyperglycemia: impairments in insulin
sensitivity and defects in pancreatic β-cell secretory function. High levels of insulin and
HOMAIR are measures of insulin resistance, whereas high proinsulin and proinsulin/insulin
ratio are measures of β-cell secretory function. Because it has been suggested that proinsulin
and proinsulin/insulin ratio are markers of insulin resistance, we included them in our study
to provide a more comprehensive analysis (25).

Biological mechanisms
Several mechanisms have been proposed to explain the link between excess adipose tissue
and insulin resistance. It is known that both SAT and VAT release free fatty acids into the
circulation, and elevated levels of free fatty acids have been associated with insulin
resistance (26,27). Elevated free fatty acid levels have several adverse effects including
inhibition of insulin-stimulated glucose uptake, glycogen synthesis, and glucose oxidation
(28). Additionally, visceral fat, in particular, has been correlated with endothelial
dysfunction and with C-reactive protein levels, which may indicate an inflammatory
component to the adverse effects of VAT (29,30).

It has been established that adipose tissue acts as an endocrine organ (31). SAT and VAT
have different endocrine functions, which may account for their varying associations with
risk of adverse outcomes. VAT is more inversely associated with adiponectin levels than
SAT (31,32). Additionally, VAT releases higher levels of IL-6 and PAI-1, relative to SAT,
which also may account for VAT’s stronger association with insulin resistance (31). It has
been suggested that there may be a causal link between both IL-6 and PAI-1 and obesity and
insulin resistance because levels of these inflammatory markers decrease after weight loss
(31). However, it is important to note that IL-6 and PAI-1 are secreted by SAT, albeit in
lower levels than VAT, which may explain the interaction we observed between SAT and
VAT on insulin resistance.

strengths and limitations
Our study extends the current literature by comparing the relative strength of SAT vs. VAT
on insulin resistance measures in a large population-based study. One of the limitations of
this study is that it is cross-sectional in design, so we cannot infer causality from the results.

Additionally, the study sample is predominantly white, thus these results may not be
generalizable to other racial or ethnic groups. Furthermore, we used HOMAIR instead of the
gold standard insulin clamp measure to assess insulin sensitivity. Finally, we were unable to
distinguish between superficial and deep SAT, which have been shown to have differing
associations with insulin resistance (9).

conclusions
Both SAT and VAT are correlates of insulin resistance. However, VAT is more strongly
associated with insulin resistance than SAT. VAT is associated with approximately a
twofold increased risk of insulin resistance after accounting for traditional adiposity
measures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Multivariable-adjusted mean insulin variables by tertiles of abdominal subcutaneous adipose
tissue (SAT) and visceral adipose tissue (VAT). HOMAIR, homeostasis model assessment
of insulin resistance. Note: Bars represent 95% confidence intervals. *Adjusted for age, sex,
current smoking, regular alcohol consumption, menopausal status, and hormone replacement
therapy use. †Median values of SAT: tertile 1 (men, 1,597 cm3; women, 1,722 cm3); tertile 2
(men, 2,401 cm3; women, 2,861 cm3); tertile 3 (men, 3,600 cm3; women, 4,656 cm3). ‡P
interaction refers to the interaction between SAT and VAT. §Median values of VAT: tertile
1 (men, 1,234 cm3; women, 543 cm3); tertile 2 (men, 2,092 cm3; women, 1,180 cm3); tertile
3 (men, 3,127 cm3; women, 2,104 cm3).
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Table 1

Study sample characteristics

Men
(N = 1,602)

Women
(N = 1,491)

Continuous characteristics, mean (s.d.)

 Age (years) 49.3 (10.5) 51.7 (9.6)

 BMI (kg/m2) 28.2 (4.3) 26.9 (5.6)

 Waist circumference (cm) 100.2 (11.3) 92.6 (15.0)

 Abdominal subcutaneous
adipose tissue (cm3)

2,607 (1,182) 3,135 (1,499)

 Visceral adipose tissue (cm3) 2,189 (988) 1,326 (789)

 Log insulin (pmol/l) 4.44 (0.38) 4.34 (0.37)

 Log proinsulin (pmol/l) 2.52 (0.50) 2.31 (0.46)

 Log proinsulin/insulin ratio 0.57 (0.09) 0.54 (0.09)

 Log HOMAIR 1.06 (0.41) 0.91 (0.41)

Categorical characteristics, n (%)

 Current smoker 209 (13.1) 188 (12.6)

 Regular alcohol consumptiona 218 (13.9) 192 (13.1)

 Postmenopausal — 740 (49.6)

 Hormone replacement
therapy use

— 301 (20.3)

 Subcutaneous adipose
 tissue ≥90th percentile

483 (30.2) 447 (30.0)

 Visceral adipose tissue
 ≥90th percentile

635 (39.6) 629 (42.2)

 HOMAIR ≥75th percentile 462 (30.6) 265 (19.0)

HOMAIR, homeostasis model assessment of insulin resistance.

a
Defined as >14 drinks/week for men, >7 drinks/week for women.
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