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Abstract

Objective: Central (truncal) adiposity is associated strongly with insulin resistance and diabetes. There are very few reports
comparing methods of trunk fat measurement in their ability to predict glycaemia and insulin resistance. We report a
comparative analysis of different trunk fat measurements in predicting glycaemia and insulin resistance in middle aged
Indian men.

Materials and Methods: Trunk fat measurements were performed using anthropometry, magnetic resonance imaging
(MRI), dual-energy X-ray absorptiometry (DXA) and computed tomography (CT) on 128 men. Additional measurements
were taken to characterise insulin resistance (Matsuda index) and beta cell function (Insulinogenic Index), glycaemia (fasting
and 120 min glucose concentrations). Using residual approach we compared the ability of different trunk fat measurement
techniques to predict insulin resistance, beta cell function and glycaemia.

Results: There was a strong association between trunk fat measures from each technique with glycaemia and insulin
resistance indices but not with the Insulinogenic Index. Insulin resistance and glycaemia, were best predicted using
anthropometric measurements, notably by waist circumference and subscapular skinfold thickness. Neither MRl measures
of trunk or visceral fat nor DXA trunk fat added significantly. CT liver density contributed to some extent to predict insulin
resistance and 120 min glucose after anthropometric measurements.

Conclusions: Our results suggest that, in Indian men, anthropometric measurements are good predictors of glycaemia and
insulin resistance. Other complex measurements such as MRI, DXA and CT make only a small addition to the prediction. This
finding supports the application of anthropometry for determining trunk fat in clinical and epidemiological settings.
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Introduction fat plays an important role in insulin resistance [4]. To date,
various studies have explored the association between fat
distribution and insulin resistance/dysglycaemia using either
anthropometry [2], or CT scan measures of subcutaneous and
visceral fat, or [5], DXA [6,7], or steatohepatosis [8]. But because
these studies have used these techniques in isolation, these
relationships remain poorly understood.

The CRISIS study has, for the first time measured total body
fat, and truncal fat distribution by all 4 measures in the same 128
subjects, all men, of a limited range of age, and of single ethnicity.
We have also employed a novel way of avoiding issues of
collinearity of closely correlated variables. We measured body fat
and its distribution by anthropometric techniques (waist circum-
ference and skinfolds), as well as by MRI, DXA and CT, to assess
the ability of these measurement techniques to predict glycaemia,
insulin resistance and beta cell function. Our hypothesis was that

Obesity is a strong risk factor for type 2 diabetes because of its
associations with insulin resistance. Central (truncal) obesity has
been found to associate more strongly with insulin resistance and
with diabetes than generalized obesity [1-3]. Epidemiological
research generally uses anthropometric measures such as body
mass index (BMI) and waist circumference (perhaps as a waist-to-
hip ratio) and truncal skinfold thicknesses as measures of obesity as
they are cheap to perform and universally available. But these do
not accurately represent body fat and its distribution in specific
regions. In the past two decades the development of body
composition techniques such as dual-energy X-ray absorptiometry
(DXA) has allowed quantification of ‘truncal’ fat, while techniques
such as Magnetic Resonance Imaging (MRI) have made it possible
to distinguish between its subcutaneous and intra-abdominal
(visceral) compartments. It has also become clear that intra-hepatic
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the addition of precise measures of truncal fat by imaging
techniques to anthropometric measures of truncal fat will improve
the prediction of insulin resistance and glycaemia.

Methods

Ethics Statement

The study was approved by the Ethics Committee of the King
Edward Memorial Hospital Research Centre. Informed consent
was signed by all participants.

Details of the CRISIS study have been published previously.
[9,10] In short, the CRISIS study used multistage stratified
random sampling to recruit 441 men between 30 and 50 years of
age from in and around Pune (149 rural, 142 slum residents and
150 middle class residents). Anthropometry was performed on all
recruits to the study. Those known to have diabetes, hypertension,
or coronary heart disease during enrollment were excluded from
the study. A random selection of 50 men from each of the tertiles
of BMI distribution was chosen for study of body composition
using DXA, MRI and CT and the association of these, and
anthropometry, with metabolic risk factors. The study took place
between April 2000 and June 2001.

Participants reported at the Research Centre the evening before
the study and ate a standard dinner. After an overnight fast, an
antecubital vein was cannulated and three fasting blood samples
were drawn 5 min apart. Fasting values for glucose and insulin
were determined as the mean of three samples. A 75 g oral glucose
tolerance test (OGTT) was performed, with blood samples
collected at 30 and 120 min.

Trunk Fat Measurement

Trunk fat was measured by four techniques (Figure 1).

Anthropometry — waist circumference, subscapular and suprai-
liac skinfolds

MR Imaging — subcutaneous and visceral fat from the
xiphisternum to the pubic symphysis

DXA —trunk fat in dorsal and thoracic regions

CT- liver density (inverse relationship with liver fat content)

BMI and DXA total fat were also measured for the correlation
matrix.

Anthropometry

Trained researchers performed standardized anthropometric
measurements, which included weight, height, waist and hip
circumferences and skin fold thicknesses (subscapular and
suprailiac). Two measurements were performed for each and the
mean was used in the analysis. Inter-observer variation studies
were conducted every three months and CV between observers
was <2%.

MR Imaging

MR imaging was performed with a 1 Tesla imaging device
(Sigma Horizon LX, GE Medical Systems, San Francisco, CA).
T1 weighted spin echo images were obtained axially through the
abdomen from the xiphisternum to the pubic symphysis using the
following imaging parameters: 10 mm slice thickness, 1 mm gap,
300 ms repetition time, 15 ms echo time and one-half excitation
for all acquisitions. Images were acquired on a 256 x192 matrix
within a 48 cm x48 cm field of view and printed using automated
imaging equipment (DV8100, Kodak, USA), scanned at 600 DPI
resolution (Duotone 1200, Agfa, Germany) to convert into bitmap
files. Each pixel on the scanned image represented
0.27 mmx0.27 mm of arca of the abdomen (0.078 mm?. Each
slice was processed by one of two trained radiologists by mapping
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the compartments midway between the anterior and posterior
abdominal wall. Visceral and subcutaneous adipose tissue was
measured using standard anatomical points [11]. All associations
of abdominal fat were done employing volume data. Coefficient of
inter-observer variation was calculated for 5 subjects (total of 148
sections and 6 compartments in each section). There was no
statistically significant difference in the number of pixels counted
in the same compartment by the two observers (mean difference:
438 pixels, 95% CI: —733 to 1610; P=0.46). Inter-observer CV
was 0.85%.

Dual X-ray Absorptiometry (DXA)

Body composition was measured using a Lunar DPX-1Q) 240
pencil beam machine (Lunar Corporation, Madison, WI, USA).
Quality assurance tests were conducted every day following the
manufacturer’s guidelines. Whole body scans were performed and
were analysed using software version 4.7 [12] The trunk fat region
was defined using specific anatomic landmarks as advised in the
manual (Figure 1). The coefficient of variation (CV) between 3
observers for regional measurements was <2%.

Liver Density Measured by Computed Tomography (CT
Liver Density)

The liver parenchymal density in Hounsfield units was
measured on non-contrast CT (Siemens, ARC) scans using
regions-of-interest in both the right and left hepatic lobes, avoiding
the inclusion of portal or hepatic venous structures. Five
measurements were taken for each and the mean was used in
the analysis. CT liver density decreases in proportion to fat
deposition, [8] so when CT liver density is used in the models, the
relationships are in the reciprocal direction to those of liver fat.

Laboratory Methods

Plasma glucose concentration was measured on a Hitachi 911
analyser (Hitachi, Tokyo, Japan) using the glucose oxidase method
(intra- and inter-batch CV <4%). Insulin concentration was
measured using in-house DELFIA method. [13] The UK National
External Quality Assessment Service (UKNEQAS) (Guildford
Peptides, Guildford, UK) results showed that the CV was 12.5% at
<45 pmol/l, 9.6% at 45-90 pmol/] and 4.3% at >90 pmol/l.

Terms, Calculations and Classification

Subjects were classified as per WHO BMI criteria into
underweight (<18.5 kg/m?), normal (18.5 to 24.9 kg/m?), over-
weight (25.0 to 29.9 kg/m?) and obese (=30.0 kg/mQ). Glycaemic
classification is shown by WHO (75 ¢ OGTT) criteria [14].
Insulin resistance was calculated using the Matsuda index [15] and
beta cell function by the Insulinogenic Index. [15] The Matsuda
Index is derived from glucose and insulin concentrations during
the OGTT and is believed to represent muscle as well as liver
msulin sensitivity. The Insulinogenic Index, again derived from
glucose and insulin concentrations during an OG'TT, is a measure
of beta-cell responsiveness to the oral glucose challenge.

Statistical Methods

Data are presented as median (interquartile range, IQR) or as
percent. Variables with skewed distribution (fasting glucose, 120
minute glucose, Matsuda index and Insulinogenic Index) were log
transformed to satisfy normality. Primary analyses examined the
associations of different trunk fat measurements with glycaemia,
insulin resistance, and beta cell function. Pearson correlations
between exposures (anthropometry, MRI, DXA, CT liver density)
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Figure 1. Trunk fat measurements by Anthropometry, MRI, DXA and CT.

doi:10.1371/journal.pone.0075391.g001

and outcomes (fasting glucose, 120 min glucose, Matsuda Index,
and Insulinogenic Index) were calculated.

Secondary analyses used multiple regression to study the
association between outcomes of interest and exposures. Age
and place of residence were included in the model as potential
confounders. Because there was substantial collinearity between
different measures of trunk fat (r>0.5) these could not be used in a
single model, so a residual approach was taken instead. Residuals
were calculated by regression analysis of the two related exposures
(trunk fat measures), thus giving the portion of second exposure
independent of the first exposure. The residual thus calculated was
used as the second exposure variable and so on. At each
subsequent step only those exposures which were significant until
the last step were included. We used this approach to generate
exposure variables which were independently significant within
the cluster of anthropometric (waist circumference, subscapular
and suprailiac skinfold) and of MRI variables (visceral and
subcutaneous fat). In the combined models we also included the
anterior and posterior subcutaneous fat subdivisions of the MRI,
when total subcutaneous fat mass made a significant contribution.
For DXA trunk fat and CT liver density there is only one variable,
so this process was not necessary, and the measurements were used
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as such in the final model. Thus, the final model for each outcome
included relevant independent anthropometric and MRI variables
along with DXA trunk fat and CT liver density. This process was
repeated using different orders of independent variables to avoid
the bias created by the order. All statistical analysis was performed
using SPSS for Windows (version 16.0). The results of multiple
linear regression analysis are shown using Standardized beta
coefficients and change in r? for every model.

Results

The trunk fat measurements obtained by the different methods
(anthropometry, MRI, DXA and CT) were available on 128 men
(42 rural, 47 urban slum and 39 urban middle class residents).
Details of the characteristics are shown in Table 1 for all subjects,
and we have previously published detailed descriptions of the 3
separate groups [10]. The median height was 165.0 cm, weight
61.1 kg, and BMI 21.3 kg/m?. Of the 128 men studied, 23 (18%)
were overweight and 3 (2%) were obese. Median total body fat by
DXA, was 12.2 kg. Ten men (7.8%) had impaired fasting glucose,
17 (13.4%) had impaired glucose tolerance and 7 (6.2%) were
diabetic by WHO criteria.
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Table 1. Body composition and glycaemic measurements
(n=128).

Anthropometry Median (25,75 centile)
Age (y) 39.0 (34.0, 45.0)
Height (cm) 165.0 (161.8, 169.4)
Weight (kg) 61.1 (54.3, 69.3)
BMI (kg/m?) 21.3 (19.5, 24.5)
Waist (cm) 84.1 (76.8, 91.8)

16.2 (11.3, 24.9)
19.9 (11.8, 27.3)

Subscapular skinfold (mm)

Suprailiac skinfold (mm)
MRI

Total abdominal fat (kg) 4.84 (2.81,7.12)
2.48 (1.37, 3.65)

1.59 (1.00, 2.60)

Subcutaneous fat (kg)
Intraperitoneal fat (kg)
DXA
12.22 (7.34,17.79)
6.50 (4.03, 10.18)

Total fat mass (kg)
Trunk fat mass (kg)
cT
Liver density (Hounsfield Units) 66.0 (62.4, 68.4)

Plasma glucose (mmol/L)

Fasting 5.1 (4.8, 5.6)
30 min 8.5 (7.4, 9.8)
120 min 6.2 (53, 7.2)
Glucose tolerance
WHO (1999) (%)
Normal 81
Impaired Glucose Tolerant 13
Impaired Fasting Glucose 8
Diabetic 6

Plasma insulin (pmol/L)

Fasting 425 (27.1, 56.1)

30 min 361.1 (190.4, 596.7)

120 min 234.9(138.9, 504.0)
Insulin Sensitivity Index (Matsuda) 6.8 (4.5, 10.1)
Insulinogenic Index (B cell function) 5.8 (2.9, 9.1)

doi:10.1371/journal.pone.0075391.t001

Table 2 shows the univariate correlation matrix of the
anthropometric and metabolic variables. The different measures
of trunk fat showed strong correlation with each other and to a
weaker degree with liver density, adjusted for the known
confounders of age and place of residence. All trunk fat
measurements correlated inversely with Matsuda Index with
correlation coefficients between 0.45 and 0.70, and more weakly
with fasting (r=0.14-0.25) and 120 min glucose (r=0.24-0.44)
concentrations. There were much weaker, and generally insignif-
icant, correlations of trunk fat measurements with Insulinogenic
Index. When these relationships were explored without adjustment
for age and place of residence, the correlation coefficients were
somewhat smaller (generally by 0.03-0.06).

In order to explore the relationships of different measures of
truncal fat to these metabolic variables, we constructed a series of
multiple linear regression analysis (MLRA) models (Table 3 and 4).
As these measures were closely interrelated, we used the residual
approach as outlined in the statistical methods. First, we identified
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the dominant predictor of different outcomes for each method of
trunk fat measurement (Anthropometry, MRI, DXA, CT)
(Table 3). We then entered these predictors in a model for each
outcome to get the best predictors. The results are described in
detail for Matsuda Index and summarised for other outcomes.

Insulin Resistance (Matsuda Index)

As shown in table 3, we first entered age and place of residence
as exposures in MLRA, followed by the first anthropometric
measurement, waist circumference. Then we calculated the
residual for the next anthropometric measure (subscapular skinfold
thickness) using age, place of residence and waist circumference as
exposures, and used this residual (R-) for the next step in the
MLRA and so on. Using this approach we estimated the
independent contribution of interrelated exposures. As there were
multiple measures for anthropometry we tested all possible
sequences (Table 3). Of anthropometric measurements, only waist
circumference contributed to prediction of Matsuda Index
(r?=41.0%) with no additional contribution from subscapular
and suprailiac skinfolds (Sequences 1 and 2). Even when waist
circumference was added to the model after skinfold thicknesses
(Sequence 3 and 4), its contribution remained significant, implying
that it was the dominant anthropometric predictor of Matsuda
Index.

We used a similar approach to study independent associations
with other trunk fat measurements (MRI, DXA trunk fat and CT).
As seen in Table 3, visceral fat was the dominant MRI predictor of
Matsuda Index (r? = 26.1% ), and subcutaneous fat did not make a
further significant contribution. DXA trunk fat explained 35.5% of
the variance in Matsuda Index while CT liver density explained
19.1%, in both cases combined with age and place of residence.
We then constructed a model by combining dominant predictors
from each of the 4 measures of trunk fat (waist circumference;
MRI visceral fat; DXA trunk fat; and CT liver density) (Table 4).
After waist circumference, MRI-visceral fat and DXA trunk fat did
not add significantly to the prediction of Matsuda Index, while C'T
liver density contributed a further 2%.

In an additional model, total fat measured by DXA contributed
significantly (33.8% of partial r*, p<<0.001) after age and place of
residence (data not shown in table) but it did not contribute
significantly after waist circumference and CT liver density
measures to predict Matsuda Index.

Insulinogenic Index and Glycemia

A similar approach was used to explore the relationship of trunk
fat measures with Insulinogenic Index and glycemia (Table 5).
Waist circumference and DXA trunk fat were significant
predictors of Insulinogenic Index, with MRI or CT liver density
not making further contribution over age and place of residence.
Subscapular skinfold thickness was the dominant anthropometric
determinant of both fasting and 120 min plasma glucose
concentration. Of MRI, visceral fat was the dominant predictor,
while for the other trunk fat techniques; DXA trunk fat and CT
liver density were significant predictors of fasting and 120 min
plasma glucose concentration.

In the combined model (Table 6) that included dominant
predictors from each of the trunk fat measurements waist
circumference was the significant predictor for Insulinogenic
Index. For fasting glucose subscapular skinfold thickness alone,
while for 120 min glucose both subscapular skinfold thickness and
CT liver density were dominant predictors.

Finally, we investigated whether the relationship of trunk fat
measures with glycaemia is mediated by the effect of trunk fat on
insulin resistance and beta-cell function (Table S1). In this analysis,

October 2013 | Volume 8 | Issue 10 | e75391



Trunk Fat Depots and Insulin Resistance

T00¥ L6£5£00"3uod [euinol/LZgL°0L:10p
‘100> a4e pjoq ul pa1ybiybly suone310d a3 ||e 4oy sanjea d sy

"Xapul dluaboulnsu| xapul Nsu| ‘xapu| epnsiely YANSLYIN ‘snoaueindgns /s
‘Aydeibowol paindwo) :1) ‘Answondiosge Kes-x ABisua-jenp :yxq ‘buibewr adueuosal dnaubew Y ‘plojurys deljiesdns :nS ‘plojunis Jejndedsgns :Ss — Aoy

L Xapul nsu|
Lv'o— L Vansivw
LZ0— 6t'0— L 9s0on|b ulw oz
80'0— 8€°0— 89°0 L 9s0dn|6 bunseq
€00— 61°0 '0— 8L°0— L Ausuap oAl |D

8L°0 S9°0— LEO sT0 Ly0— L 184 yunil yxad
oz'0 r9°'0— 9T'0 Lzo o 66°0 L 184 |R10) YXA
800 9S°0— S€0 sT0 8€°0— 9L°0 L8°0 L 1.4 OSIA [4N
600 €5°0— 9T'0 8L'0 LEO— 98'0 £L8°0 6.0 L e} o/s 1s0d YN
700 ot'0— vTo 10 6€°0— €8°0 80 vi0 €6°0 L 184 O/s Jue |YW
900 1LS'0— ST0 10 6€°0— 98'0 £L8°0 8.0 66°0 86°0 L 184 3/ 4N
LL°0 99°0— €0 LEO Lv'0— €8°0 €80 ¥9°0 9.0 Lo 9,0 L ns
L0 8S°0— 6€°0 €0 EV'o— 8L°0 9L'0 09°0 S9°0 09°0 ¥9°0 L0 L SS
Lzo 0L0— €€°0 0€°0 90— €6°0 T6°0 €L°0 Z8'0 LLO 180 €8°0 LLO L Islem
8L°0 £9°0— [4 4] LT°0 Ly0— 68°0 06°0 0’0 80 8L°0 180 LL0  9L0 €6°0 L Ing
X3pu| nsuj vansLvn asodn|6 3asodn|b Ajisusp L7 e} e} e} /s e} /s je} /s ns Ss Isie e a>uapisad jo adeld
ulw oziL El J9A1| 1D Juni} ¥XA [e303 ¥XA ISIA YN Isod [N jue W pue abe 10} parsnipy

‘uoiduny [|93-g pue ANAIISUSS ulnsul ‘elwaedA|b ‘sainsodxa 1B} unil US3IMISQ pue UIYHIM SIUSIDIS0D UOIIB[S1I0D Uosiedd *Z djqel

October 2013 | Volume 8 | Issue 10 | e75391

PLOS ONE | www.plosone.org



Table 3. Modeling of trunk fat measurements to predict
Matsuda Index (Individual Models).

Exposures Stdp % r* p

Age 0.086 0.1 0.31
Place of residence —0.394 150 <0.0005
Sequence 1

Waist —0.667 410 <0.0005

—0.060 0.5 0.32
—0.097 0.1 0.108

R-subscapular
R-suprailiac

Anthropometry Sequence 2

Waist —0.667 41.0 <0.0005
R-suprailiac —-0.110 0.8 0.068
Trunk fat R-subscapular —-0.030 —-0.2 0.621
measures

Sequence 3

Subscapular —0.561 287 <0.0005

R-suprailiac —0.295 85 <0.0005

R-waist —0.215 44 <0.0005

Sequence 4

Suprailiac —-0.631 359 <0.0005

R-subscapular —-0.128 1.3 0.044

R-waist —0.288 4.4 <0.0005

Sequence 1

Visceral —0.541 26.1 <0.0005
MRI R-subcutaneous —0.108 0.7 0.121

Sequence 2

Subcutaneous —0.515 216 <0.0005

R-visceral —0236 5.2 <0.0005
DXA DXA Trunk fat —0.652 355 <0.0005
cT CT liver density 0.481 19.1  <0.0005

R- Residual of the respective exposure.
doi:10.1371/journal.pone.0075391.t003

after age and place of residence, we added Matsuda Index
followed by the residual of insulinogenic index, and finally the
residuals of the dominant trunk fat measures. In the model that
included Mastuda Index, trunk fat measurements did not make a
significant contribution to the variance of glycaemia. Overall for
insulin resistance, beta cell function measures and glycaemia,
anthropometric measurements were the dominant predictors.

Discussion

The association of central obesity with insulin resistance is well
recognized. In our study we have been able to explore the relative
contributions of different central fat depots, measured using a
range of standard imaging techniques, with population measures
of insulin resistance and of beta cell function. To the best of our
knowledge, this is the first report on the association of simple to
complex trunk fat measurements with glycaemia and its determi-
nants in a group of adult Asian-Indian men. The present study
suggests that anthropometric measurements are good predictors of
glycaemia and one of its determinants — insulin resistance. Other
complex measurements such as MRI, DXA and C'T make only a
small addition to the prediction after anthropometric measures.
We adjusted the results for age and place of residence as possible
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Table 4. Combined Models for Matsuda Index.
Exposures Std p %r’ p
Age 0.086 0.1 0.31
Place of residence —0.394 15.0 <0.0005
Model-1 Waist —0.667 41.0 <0.0005
R-Visceral —0.073 0.2 0.22
R-DXA trunk fat —0.027 -03 0.65
R-CT liver density 0.150 2.0 0.012
Model-2 Visceral —0.541 26.1 <0.0005
R-Waist —0.387 15.1 <0.0005
R-DXA trunk fat —0.027 -03 0.65
R-CT liver density 0.150 2.0 0.012
Model-3 Waist —0.667 41.0 <0.0005
R-DXA trunk fat —0.002 —-04 0.978
R-Visceral —0.078 0.3 0.195
R-CT liver density 0.150 2.0 0.012
Model-4 DXA trunk fat —0.652 355 <0.0005
R- Waist —0.231 5.1 <0.0005
R-Visceral —0.078 0.3 0.195
R-CT liver density 0.150 2.0 0.012
Model-5 Waist —0.667 41.1 <0.0005
R-CT liver density 0.152 1.9 0.011
Model-6 CT liver density 0.481 19.6 <0.0005
R-Waist —0.481 234 <0.0005
R- Residual of the respective exposure.
doi:10.1371/journal.pone.0075391.t004

confounders though the results were similar even without
adjustment.

Central obesity is usually assessed by the easily measured waist
circumference or waist-to-hip ratio, while use of sophisticated
imaging techniques, such as DXA, MRI and CT allow accurate
assessment of different fat depots. Similar to other studies our
results show that anthropometric measurements, mainly waist
circumference [16,17] and DXA trunk fat [6,18] can be used as a
measure of central adiposity and for prediction of glycaemic risk
and insulin resistance.

Our finding that visceral fat has stronger associations than
subcutaneous fat with glycaemia and insulin resistance are
compatible with findings from some [19,20], but not all, prior
research [5,21,22]. In these associations the dominant paradigm,
the ‘Portal Hypothesis,” implicates the higher rates of lipolysis of
visceral fat, as well as the delivery of products of lipolysis, or pro-
inflammatory cytokines, directly into the portal vein and the liver.
Over the last decade, a series of observations from clinical
physiology or animal models has led to challenges to this
mechanism. Thus Misra [5] and Abate [21] have shown stronger
correlations of truncal subcutaneous fat mass, particularly
posterior, to insulin resistance than of visceral fat mass. The same
group has also reported that the insulin resistance of south Asian
subjects is unrelated to differences in intraperitoneal fat mass [23].

Lee and colleagues have presented a series of alternative
hypotheses outlining ways in which central fat distribution might
be related to insulin resistance, glucose intolerance and vascular
disease [4], and have reviewed studies that challenge the tenets of
the portal hypothesis. This series of clinical, animal and genetic
studies raise questions about the link between visceral obesity, non-
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esterified fatty acids (NEFA) and hepatic insulin resistance and
show that adipose signaling of insulin resistance is not mediated
solely through NEFA. There is a growing recognition both that
other products of adipose tissue, generated by both adipocytes and
inflammatory cells, may play an important role in determining
msulin resistance, and that the relative importance of NEFA and
adipokines may differ between liver and skeletal muscle.

Table 5. Modeling of trunk fat measurements to predict Insulinogenic Index and glycemia (Individual Models).
Insulinogenic index Fasting glucose 120 min glucose
Exposures std p %r: p std p %rX p std p %r: p
Age —0.163 1.8 0.07 0.084 0.1 0.348 0.072 -0.3 0.409
Place of residence 0.132 1.0 0.143 0.248 53 0.005 0.323 9.5 <0.0005
Anthropometry Sequence 1
Waist 0.230 4.0 0.024 0.301 7.6 0.001 0.324 9.4 <0.0005
R-subscapular —0.094 0.2 0.282 0.168 22 0.043 0.200 35 0.013
R-suprailiac 0.004 —0.8 0.96 0.064 =03 0.438 0.064 =03 0.419
Sequence 2
Waist 0.230 4.0 0.024 0.301 7.6 <0.0005 0.324 9.4 <0.0005
R-suprailiac —0.027 -0.7 0.757 0.110 0.5 0.187 0.114 0.7 0.160
R-subscapular —0.091 0.1 0.304 0.142 —0.6 0.087 0.177 2.5 0.027
Sequence 3
Subscapular 0.115 0.4 0.22 0.343 10.2 <0.0005 0.385 134 <0.0005
R-suprailiac 0.132 1.0 0.14 0.083 0.0 0.314 0.073 —0.1 0.354
R-waist 0.165 20 0.063 0.03 =07/ 0.973 —0.011 —0.7 0.886
Sequence 4
Suprailiac 0.179 2.1 0.058 0313 8.4 <0.0005 0.337 10.2 <0.0005
R-subscapular —0.031 —-0.7 0.732 0.157 1.8 0.058 0.190 3.1 0.017
R-waist 0.165 2.0 0.063 0.003 —0.7 0.973 —0.011 —0.7 0.886
MRI Sequence 1
Visceral 0.082 —0.2 0.388 0.259 54 0.004 0.348 12.7 <0.0005
R-subcutaneous —0.004 —-0.8 0.967 —0.053 -0.3 0.547 —0.025 0.0 0.753
Sequence 2
Subcutaneous 0.065 —0.5 0.515 0.177 1.8 0.065 0.266 56 0.004
R-visceral 0.051 0.7 0.57 0.199 33 0.024 0.227 4.5 0.006
DXA DXA Trunk fat 0.193 23 0.05 0.268 53 0.005 0.324 85 <0.0005
cT CT liver density —0.031 —0.8 0.746 —0.187 23 0.043 —0.439 16.7 <0.0005
R- Residual of the respective exposure.
doi:10.1371/journal.pone.0075391.t005

There is also a growing recognition that adipose tissue
accumulation per se may not be sufficient to produce the low-
grade inflammatory state of insulin resistance, and the hypothesis
has emerged that ectopic fat may develop only when physiological
storage capacity is exceeded [24,25]. The tendency of Indian
subjects to central obesity, insulin resistance and diabetes [2,26]
may be a consequence of a lower storage capacity. This possibility

Table 6. Combined Models for Insulinogenic Index and Glycaemia.

Insulinogenic Index

Fasting glucose

120 min glucose

Exposures std % r? P std % r? p std % r? p

Age, —0.163 1.8 0.07 0.084 0.1 0.348 0.072 —03 0.409
Place of residence 0.132 1.0 0.143 0.248 53 <0.005 0.323 9.5 <0.0005
Waist 0.230 4.0 <0.024 - - - - - -
Subscapular - - - 0.343 10.2 <0.0005 385 13.4 <0.0005
R-CT liver density - - - —0.037 —0.6 0.654 —0.277 7.3 <0.0005

R- Residual of the respective exposure.
doi:10.1371/journal.pone.0075391.t006
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may mean that our observations are specific to Indian men and
need repeating in women and in other ethnic groups.

There are very few studies that have reported associations of
liver density using CT scanning with insulin resistance and
glycaemia. In our study, C'T' liver density was strongly correlated
with other measures of trunk fat and was a weak independent
predictor of insulin resistance and 120 min glucose concentration.
Dwyer studied changes in C'T liver density with respect to increase
in liver glycogen content [8], Banerji [20] has shown that liver fat
content measured by CT is associated with visceral fat mass and
serum triglyceride levels and inversely with glucose disposal,
indicating that hepatosteatosis may contribute to insulin resistance
and be a link between visceral adipose tissue mass and serum
triglyceride levels.

Another important finding of our study is that associations
between trunk fat measurements and glycaemia appear to be
mediated in full by insulin resistance expressed as Matsuda.
Matsudas both hepatic and peripheral insulin resistance [27] and
its relationships to measures of posterior truncal fat and liver
density parallel those of measures of glycaemia.

Various studies have compared trunk fat measured by different
methods and have shown that all these methods are highly
correlated. [7,28-30] Studies comparing different methods of
measurement of abdominal fat to predict insulin resistance [31] or
glycaemia [32] have employed multivariate regression analyses to
find the best predictors, but have never taken into account the
strong co-linearity between the various fat compartments. We
have employed an innovative residual approach to take account of
this. We have also avoided first variable selection bias by analysing
different permutations and sequences of the measures of trunk fat.

Ours is the largest study of trunk fat measurements by multiple
methods, it is community based and we studied an ethnically
homogenous population of the same gender within a narrow age
band. Thus our study has larger power than previous studies to
define abdominal fat distribution and its associations with
metabolic variables. Measurement of both insulin resistance and
beta cell function allowed us to construct a more complete picture
of the pathogenesis of hyperglycaemia. The limitations of our
study include the fact that we did not study women or subjects of
other ethnicities, and we estimated insulin resistance by Matsuda

References

1. Racette SB, Evans EM, Weiss EP, Hagberg JM, Holloszy JO (2006) Abdominal
adiposity is a stronger predictor of insulin resistance than fitness among 50—
95 year olds. Diabetes Care 29: 673-678.

2. Shelgikar KM, Hockaday TD, Yajnik CS (1991) Central rather than generalized
obesity is related to hyperglycaemia in Asian Indian subjects. Diabet Med 8:
712-717.

3. Wang Y, Rimm EB, Stampfer MJ, Willett WC, Hu FB (2005) Comparison of
abdominal adiposity and overall obesity in predicting risk of type 2 diabetes
among men. Am J Clin Nutr 81: 555-563.

4. Lee DE, Kehlenbrink S, Lee H, Hawkins M, Yudkin JS (2009) Getting the
message across: mechanisms of physiological cross talk by adipose tissue.
Am ] Physiol Endocrinol Metab 296: E1210-E1229.

. Misra A, Garg A, Abate N, Peshock RM, Stray-Gundersen J, et al. (1997)
Relationship of anterior and posterior subcutaneous abdominal fat to insulin
sensitivity in nondiabetic men. Obes Res 5: 93-99.

6. Santos LC, Cintra IP, Fisberg M, Martini LA (2008) Body trunk fat and insulin

resistance in post-pubertal obese adolescents. Sao Paulo Med J 126: 82-86.

7. Snijder MB, Visser M, Dekker JM, Seidell JC, Fuerst T, et al. (2002) The
prediction of visceral fat by dual-energy X-ray absorptiometry in the elderly: a
comparison with computed tomography and anthropometry. Int J Obes Relat
Metab Disord 26: 984-993.

8. Dwyer A, Doppman JL, Adams AJ, Girton ME, Chernick SS, et al. (1983)
Influence of glycogen on liver density: computed tomography from a metabolic
perspective. ] Comput Assist Tomogr 7: 70-73.

9. Bhat DS, Yajnik CS, Sayyad MG, Raut KN, Lubree HG, et al. (2005) Body fat
measurement in Indian men: comparison of three methods based on a two-
compartment model. Int J Obes (Lond) 29: 842-848.

wr

PLOS ONE | www.plosone.org

Trunk Fat Depots and Insulin Resistance

Index, widely-accepted approaches to studying insulin resistance
in large numbers, where clamp methods are inapplicable. The
participants were relatively young men and 80% were of normal
weight and 80% had normal glucose tolerance. The study may
have shown different results in individuals with greater degrees of
glucose intolerance and insulin resistance. Finally, ours is a cross-
sectional study and therefore we cannot assert causality.

In conclusion, our results confirm importance of the anthropo-
metric measurements as a surrogate marker of the abdominal fat
in normal subjects. We also report that of the more sophisticated
measures, only CT liver density adds to the prediction of insulin
resistance after anthropometric measures, making a very small
contribution to explained variance. While these observations are of
limited application to clinical scenarios, it suggests that sophisti-
cated research on fat distribution can be undertaken with low
technology methods.

Supporting Information

Table S1 Combined Models for Insulinogenic Index and
Glycaemia.

(DOCX)

Acknowledgments

We are grateful to all the subjects who participated in the CRISIS study.
We would like to thank social workers, Mr. Yenge, Mr. K.N. Raut, Mr.
T.M. Deokar, Mr. A]J. Bhalerao, Mr. V.A. Solat and Mr. A.B. Gaikwad
for their hard work. We thank Dr. Shalini Umranikar and Dr. Archana
Tambe, KEM Hospital, Pune for their help in analyzing MRI scans. We
also thank Mr Pranav Yajnik for very helpful suggestions on data analysis.
We thank Ms Sarah Finer for her contribution to improve the readability
of the manuscript. Prof Chittaranjan Yajnik is the guarantor of this work
and has full access to all the data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analysis.

Author Contributions

Conceived and designed the experiments: CY JY. Performed the
experiments: DP MC HL SR. Analyzed the data: CJ. Contributed
reagents/materials/analysis tools: DB BU. Wrote the paper: AG CY JY.

10. Yajnik CS, Joglekar CV, Lubree HG, Rege SS, Naik SS, et al. (2008) Adiposity,
inflammation and hyperglycaemia in rural and urban Indian men: Coronary
Risk of Insulin Sensitivity in Indian Subjects (CRISIS) Study. Diabetologia 51:
39-46.

11. Abate N, Garg A, Coleman R, Grundy SM, Peshock RM, et al. (1997)
Prediction of total subcutaneous abdominal, intraperitoneal, and retroperitoneal
adipose tissue masses in men by a single axial magnetic resonance imaging slice.
Am J Clin Nutr 65: 403-408.

12. DPX-IQ operator’s manual Madison, WI: Lunar Corp. (1999).

13. Alpha B, Cox L, Crowther N, Clark PM, Hales CN (1992) Sensitive amplified
immunoenzymometric assays (IEMA) for human insulin and intact proinsulin.
Eur J Clin Chem Clin Biochem 30: 27-32.

14. Alberti KG, Zimmet PZ (1998) Definition, diagnosis and classification of
diabetes mellitus and its complications. Part 1: diagnosis and classification of
diabetes mellitus provisional report of a WHO consultation. Diabet Med 15:

glucose tolerance testing: comparison with the euglycemic insulin clamp.

Diabetes Care 22: 1462—-1470.

16. Gradmark AM, Rydh A, Renstrom F, De Lucia-Rolfe E, Sleigh A, et al. (2010)
Computed tomography-based validation of abdominal adiposity measurements
from ultrasonography, dual-energy X-ray absorptiometry and anthropometry.
Br J Nutr 104: 582-588.

17. Onat A, Avci GS, Barlan MM, Uyarel H, Uzunlar B, et al. (2004) Measures of
abdominal obesity assessed for visceral adiposity and relation to coronary risk.

Int J Obes Relat Metab Disord 28: 1018-1025.

October 2013 | Volume 8 | Issue 10 | e75391



21.

22.

23.

24.

Snijder MB, Zimmet PZ, Visser M, Dekker JM, Seidell JC, et al. (2004)
Independent association of hip circumference with metabolic profile in different
ethnic groups. Obes Res 12: 1370-1374.

. Anjana M, Sandeep S, Deepa R, Vimaleswaran KS, Farooq S, et al. (2004)

Visceral and central abdominal fat and anthropometry in relation to diabetes in
Asian Indians. Diabetes Care 27: 2948-2953.

. Banerji MA, Lebowitz J, Chaiken RL, Gordon D, Kral JG, et al. (1997)

Relationship of visceral adipose tissue and glucose disposal is independent of sex
in black NIDDM subjects. Am J Physiol 273: E425-E432.

Abate N, Garg A, Peshock RM, Stray-Gundersen J, Grundy SM (1995)
Relationships of generalized and regional adiposity to insulin sensitivity in men.
J Clin Invest 96: 88-98.

Garg A (2004) Regional adiposity and insulin resistance. J Clin Endocrinol
Metab 89: 4206-4210.

Chandalia M, Abate N, Garg A, Stray-Gundersen J, Grundy SM (1999)
Relationship between generalized and upper body obesity to insulin resistance in
Asian Indian men. J Clin Endocrinol Metab 84: 2329-2335.

Unger RH, Clark GO, Scherer PE, Orci L (2010) Lipid homeostasis, lipotoxicity
and the metabolic syndrome. Biochim Biophys Acta 1801: 209-214.

. Virtue S, Vidal-Puig A (2010) Adipose tissue expandability, lipotoxicity and the

Metabolic Syndrome-an allostatic perspective. Biochim Biophys Acta 1801:
338-349.

PLOS ONE | www.plosone.org

26.
. Henderson M, Rabasa-Lhoret R, Bastard JP, Chiasson JL, Baillargeon JP, et al.

28.

29.

30.

31

32.

Trunk Fat Depots and Insulin Resistance

Yajnik CS, Yudkin JS (2004) The Y-Y paradox. Lancet 363: 163.

(2011) Measuring insulin sensitivity in youth: How do the different indices
compare with the gold-standard method? Diabetes Metab 37: 72-78.

Abd El Dayem SM, Battah AA (2012) Hypertension in type 1 diabetic patients-
the influence of body composition and body mass index: an observational study.
Anadolu Kardiyol Derg 12: 60-64.

Borkan GA, Hults DE, Cardarelli J, Burrows BA (1982) Comparison of
ultrasound and skinfold measurements in assessment of subcutaneous and total
fatness. Am J Phys Anthropol 58: 307-313.

Stewart KJ, DeRegis JR, Turner KL, Bacher AC, Sung J, et al. (2003)
Usefulness of anthropometrics and dual-energy x-ray absorptiometry for
estimating abdominal obesity measured by magnetic resonance imaging in
older men and women. J Cardiopulm Rehabil 23: 109-114.

Lee CC, Glickman SG, Dengel DR, Brown MD, Supiano MA (2005)
Abdominal adiposity assessed by dual energy X-ray absorptiometry provides a
sex-independent predictor of insulin sensitivity in older adults. J Gerontol A Biol
Sci Med Sci 60: 872-877.

Sun Q, van Dam RM, Spiegelman D, Heymsfield SB, Willett WC, et al. (2010)
Comparison of dual-energy x-ray absorptiometric and anthropometric measures
of adiposity in relation to adiposity-related biologic factors. Am J Epidemiol 172:
1442-1454.

October 2013 | Volume 8 | Issue 10 | e75391



