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OBJECTIVE

We aim to characterize the effects on total body fat and distribution of a 1-year
intensive lifestyle intervention (ILI) for weight loss in overweight and obese adults
with type 2 diabetes and to examine whether changes in adipose tissue (AT)
depots were associated with changes in metabolic biomarkers.

RESEARCH DESIGN AND METHODS

Participants were 54 females and 38males (age 57.86 6.7 years [mean6 SD]; BMI
31.76 3.5 kg/m2) enrolled in the Look AHEAD (Action for Health in Diabetes) trial
randomized to ILI or diabetes support and education (DSE) from whom baseline
and 1-year MRI measures of total AT (TAT) and regional (arm, trunk, leg) AT,
including subcutaneous AT (SAT), visceral AT (VAT), and intermuscular AT (IMAT),
were acquired. We tested whether mean changes in ILI and DSE were equal and,
within groups, whether changes were different from zero. Regression models
tested whether changes in AT compartments were associated with metabolic
variable changes.

RESULTS

Body weight changed20.526 3.62 kg (P = 0.31) in DSE and27.246 5.40 kg (P <

0.0001) in ILI. Mean ILI changes were different from DSE (P < 0.001 for TAT, SAT,
and IMAT and P < 0.01 for VAT in females). Within ILI, SAT and VAT decreased in
males and females (P < 0.0001), but IMAT was unchanged (0.00 6 0.54 kg; P =
0.99). In DSE, SAT and VAT did not change, but IMAT increased by 0.466 0.55 kg
(P < 0.001). Controlling for weight loss, reduction of specific AT depots was asso-
ciated with improvement in metabolic biomarkers.

CONCLUSIONS

Weight loss of 7–10% from an ILI over 1 year reduced SAT and VAT and prevented
an increase in IMAT. Reductions in AT depots were associated with improvements
in biomarkers.
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Most individuals with type 2 diabetes
are overweight or obese. Using cross-
sectional data, we have shown that
adipose tissue (AT) distribution is signif-
icantly altered in type 2 diabetes com-
pared with nondiabetic controls, with
larger amounts of visceral AT (VAT) and
intermuscular AT (IMAT) and with less
subcutaneous AT (SAT) than controls (1).
The changes in these depots have been
shown to be associatedwith exacerbation
of insulin resistance (IR) (2,3). The seem-
ing inability of SAT to absorb additional
excess energy in obese patients results
in accretions in other depots and a resul-
tant increase in metabolic risk (4).

While diet and exercise interventions
are the initial step in treating obesity,
the precise effects of such interventions
on specific AT depots are unknown. In-
sofar as AT may play a role in IR and
different depots may contribute differ-
ently to IR or cardiovascular disease
(CVD) risk, it is important to establish
how various AT depots respond to
weight-loss interventions. Most pub-
lished studies have included a single ab-
dominal slice as a surrogate measure of
total VAT or abdominal SAT, but whole-
body SAT and whole-body IMAT have
rarely been measured (e.g., [4,5]).
Only a small number of clinical trials

of the effect of lifestyle change (diet
and/or exercise interventions) in which
whole-body MRI measures of AT were
acquired have been published (6–8). In
nondiabetic postmenopausal women
who lost 10% body weight over 16
weeks on a moderate hypocaloric diet,
78% of weight lost was AT, of which 93%
was SAT and 7% was VAT (6). Relative to
baseline values, reductions in SAT and
VAT were 16.6 and 25%, respectively.
In another study of both lean and obese
men with and without type 2 diabetes
participating in 13 weeks of supervised
aerobic exercise, significant reductions
in TAT, abdominal SAT, and VAT were
observed in both groups (7). Although
the reductions in TAT and abdominal
SAT were not different between groups,
the reduction in VAT was greater in the
obese (216%) and type 2 diabetes
groups (222%) by comparison with the
lean group (213%). In abdominally
obese women and men with and with-
out type 2 diabetes randomized to exer-
cise or nonexercise control for 24weeks,
greater reductions of TAT and VAT (after
adjustment for baseline weight, age,

and sex) were observed in men than
women in the aerobic exercise group
only (8). Men and women within the
same treatment group (resistance exer-
cise, aerobic exercise, combined exercise,
nonexercise) did not differ significantly in
their response to exercise. It thus remains
uncertain how specific AT depots respond
toweight-loss interventions in adultswith
type 2 diabetes.

There is also the question of whether
reductions in the size of specific AT de-
pots are associated with improvements
in biological indicators of metabolic
health such as fasting glucose, insulin
sensitivity, and serum lipids. Evidence
of improvements in CVD risk factors af-
ter 1 year of intentional weight loss in
the Look AHEAD (Action for Health in
Diabetes) trial has been published (9),
but studies have not investigated
whether improvements are related to
an overall reduction of body weight or
to changes in specific body compart-
ments or to something else entirely. In
cross-sectional studies, larger amounts
of VAT and IMAT have been associated
with elevations in lipids, glucose, insulin,
and impaired glucose tolerance (10–12),
whereas larger amounts of subcutane-
ous lower-body AT deposits have been
associatedwith beneficial/protective ef-
fects (13,14). In the current study, the
detailed MRI in vivo quantification of AT
depots enabled us to investigate in a
longitudinal, noninvasive fashion associ-
ations ofmetabolicmarkerswith changes
in specific regional AT depots. To date,
there have been no systematic studies
of AT depot associationswith biomarkers.

The goals of this prospective study
were 1) to compare the effect of a 1-
year randomized intensive lifestyle in-
tervention (ILI) for weight loss versus
usual diabetes support and education
(DSE) on total AT (TAT) and its subde-
pots (SAT, VAT, and IMAT) and regional
segments (arm, trunk, and leg) of SAT
and IMAT and 2) to examine whether
changes in the size of specific AT depots
are associatedwith changes in biological
indicators of metabolic health in a co-
hort of overweight and obese adults
with type 2 diabetes.

RESEARCH DESIGN AND METHODS

Study Design and Participants
Participants with type 2 diabetes, BMI
$25 and #41, and enrolled in the
Look AHEAD trial at the New York and

Pittsburgh sites were invited to enroll
in this ancillary study after randomiza-
tion but before initiation of any in-
tervention. Participants who were
claustrophobic or who did not fit within
the field of view forMRI (BMI.41 kg/m2)
were excluded. Recruitment began in Jan-
uary 2002. The LookAHEADclinical trial of
the effect of weight loss on the preven-
tion of CVD in men and women, ages 45–
76years,with aBMI$25kg/m2and type2
diabetes, has been described elsewhere
(15). Participants in the ILI group received
weekly diet, exercise, and behavior mod-
ification counseling in groups or individ-
ually for the first 24 weeks, followed by
18 additional treatment sessions during
the next 6 months. The intervention in-
cluded a moderately intense physical ac-
tivity goal of $175 min a week, such as
brisk walking or similar unsupervised at-
home aerobic exercise. The DSE group re-
ceived usual medical care provided by
their own primary care physicians, plus
three group educational sessions per
year (16). Preintervention (baseline) and
1-year follow-up data were used in this
analysis. Selected 1-year results from
the Look AHEAD trial (17,18) and baseline
results of this MRI ancillary study have
been previously published (1).

Biological markers of metabolic
health (fasting serum glucose, glycosy-
lated hemoglobin [HbA1c], total choles-
terol, HDL cholesterol [HDL-C], LDL
cholesterol [LDL-C], triglycerides, and
systolic and diastolic blood pressure
[BP]) were collected by the parent
Look AHEAD trial and were obtained
for this analysis from the Look AHEAD
Data Coordinating Center.

This study was conducted in accor-
dance with Good Clinical Research Prac-
tice guidelines and the Declaration of
Helsinki. All studies were approved by
the Institutional Review Board of St.
Luke’s-Roosevelt Hospital or the Univer-
sity of Pittsburgh, and all subjects gave
written consent to participate.

Procedures

Body Composition Measures

Bodyweightwasmeasured to the nearest
0.1 kg (Avery Weigh-Tronix, New York,
NY; Scale-Tronix, Wheaton, IL) and
height to the nearest 0.5 cm using a sta-
diometer (Holtain, Crosswell,Wales, U.K.).

MRI

TAT, including SAT, VAT, and IMAT, was
measured using whole-body multislice
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MRI as previously described (1,19). Sub-
jects at both sites (New York and Pitts-
burgh) were placed on a 1.5T scanner
(General Electric, 63 Horizon, Milwau-
kee, WI) platform with arms extended
above head. The protocol involved the
acquisition of ;40 axial images, 10 mm
thickness, and at 40-mm intervals across
the whole body. SliceOmatic 4.2 image
analysis software (TomoVision, Mon-
treal, Canada) was used to analyze im-
ages on a PC workstation (Gateway,
Madison, WI). MRI-volume estimates
were converted to mass using an as-
sumed density of 0.92 kg/L for AT (20).
All scans were read by the same techni-
cian in the Image Analysis Laboratory of
the New York Obesity Nutrition Research
Center. The technical error for three re-
peated readings of the same scan by the
same observer for SAT, VAT, and IMAT
volumes in our laboratory are 0.96,
1.97, and 0.65%, respectively.

Statistical Analysis
Descriptive statistics (number, mean,
and SD) for continuous variables and
percentages for categorical variables
were calculated for subject baseline
characteristics and for changes from
baseline to 1 year. The t test was
used to test the null hypothesis that
the mean baseline characteristics of
the two groups, DSE and ILI, were equal
and to test the hypothesis that the
1-year changes for ILI and DSE were
equal. The paired t test was used to test
the hypothesis that the mean 1-year
change from baseline within each group
was equal to zero. Separate analyses
were performed for males and females.

Multiple linear regression was used
to model the relationship between
changes in AT depots and changes in
metabolic variables. First, models were
run to determine whether the associa-
tion of AT depot changes with metabolic
changes, if any, depended on sex and
treatment group. If results differed by
sex or group, they are reported only
for the sex or group where associations
were significant. If the model detected
no interactions, then all subjects were
pooled. Subsequent models adjusted
for baseline value of the metabolic vari-
able, change in body weight, and base-
line size and change in the AT depot.
Between 1 and 6 cases were excluded
from the model to reduce residual vari-
ability or for excessive leverage. Subjects

who started or stopped medication in-
tended to affect a metabolic variable dur-
ing the study period were excluded from
those analyses. Subjects taking insulin at
any time were excluded from analyses of
fasting glucose and HbA1c. Only subjects
who had both baseline and 1-year mea-
sures of all AT depots were included in
these analyses. N varied between 62
and 70 depending on how many cases
were excluded because of medications
or missing values. Tests for preferential
VAT loss were carried out using an allo-
metric model as described by Hallgreen
and Hall (21) and de Souza et al. (22). The
statistical calculations were performed
using SAS (version 9.4, SAS Institute Inc.,
Cary, NC) and STATA (version 11.0, Col-
lege Station, TX). The level of significance
for all statistical tests was two-tailed P#
0.05.

RESULTS

Demographic and Body Composition
Characteristics
Subject demographic characteristics
and mean values for AT compartments,
by sex, for ILI and DSE groups are shown
in Table 1. The ethnic distribution was
11 African Americans, 2 Asians, 26 Cau-
casians, and 3 Hispanics in the ILI group
and 14 African Americans, 2 Asian, 30
Caucasians, and 3 Hispanics in the DSE
group. Mean duration of diabetes in the
sample was 7.0 6 6.4 years. With the
exception of arm IMAT in women,
ILI and DSE groups did not differ

statistically at baseline for any of the
variables in Table 1.

Changes in Body Weight
The mean 6 SD of the weight changes
was 20.52 6 3.62 kg (P = 0.31) in the
DSE group and 27.24 6 5.40 kg (P ,
0.0001) in the ILI group. Weight loss in
the ILI group was ;7% in females and
;10% in males. For both men and
women, AT constituted 81% of the
weight lost.

Changes in AT Depots
Table 2 presents mean changes from
baseline to 1 year for both groups, by
sex. Within the ILI group, TAT, SAT, and
VAT decreased in males and females
(P , 0.0001), whereas IMAT was un-
changed. Within the DSE group, there
were no significant changes in TAT,
SAT, or VAT, but IMAT increased in
both sexes by similar amounts, ;0.46
kg (P , 0.002).

With respect to regional SAT changes,
all ILI regional SAT depots decreased in
both sexes, and all ILI changes were sig-
nificantly different (except arm SAT,
women; P = 0.07) from those in DSE
where there were no significant changes
from baseline for either sex.

With respect to changes in regional
IMAT depots, in the DSE group, women
increased in all regions while men
increased in trunk and leg but not arm.
In the ILI group, IMAT increased in arms
and legs for women but did not change
in men. Changes were significantly

Table 1—Subject characteristics and AT depots at baseline

Female ILI
n = 28

Female DSE
n = 26

Male ILI
n = 14

Male DSE
n = 24

Age (years) 57.8 6 6.7 56.8 6 6.3 57.7 6 7.7 58.8 6 6.3

Weight (kg) 82.13 6 12.33 84.57 6 12.19 93.16 6 7.61 99.48 6 12.33

Height (m) 1.62 6 0.06 1.61 6 0.07 1.75 6 0.06 1.76 6 0.08

BMI (kg/m2) 31.38 6 4.38 32.70 6 3.40 30.39 6 2.64 31.84 6 2.64

Duration of diabetes (years) 8.4 6 7.7 6.3 6 4.7 6.8 6 9.0 6.5 6 4.5

TAT (kg) 36.99 6 9.60 39.86 6 8.53 31.12 6 4.71 33.35 6 6.93
SAT (kg) 31.55 6 8.12 34.08 6 7.49 23.13 6 3.57 25.42 6 5.95
Arms (kg) 3.19 6 1.02 3.36 6 0.82 2.34 6 0.55 2.48 6 0.56
Trunk (kg) 18.82 6 5.04 20.09 6 4.82 14.84 6 2.52 16.49 6 4.29
Legs (kg) 9.54 6 3.55 10.63 6 3.10 5.94 6 1.18 6.44 6 1.59

VAT (kg) 3.83 6 1.71 3.85 6 1.82 5.92 6 1.60 6.01 6 1.78
IMAT (kg) 1.61 6 0.69 1.92 6 0.70 2.08 6 0.48 1.92 6 0.70
Arms (kg) 0.07 6 0.03 0.10 6 0.04* 0.13 6 0.05 0.12 6 0.05
Trunk (kg) 0.86 6 0.46 1.01 6 0.43 1.10 6 0.28 1.03 6 0.42
Legs (kg) 0.68 6 0.29 0.81 6 0.32 0.84 6 0.25 0.76 6 0.29

Values aremean6 SD. *Within sex, therewere no significant differences between the two study
groups at baseline using the t test except for female arm IMAT, whichwas larger in the DSE group
(P , 0.05).
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different between DSE and ILI groups in
the trunk region for women and in trunk
and leg for men, with the intervention
seeming to prevent or attenuate IMAT
increase.

Table 2 also showsmean changes at 1
year expressed as a percentage of the
baseline value. Males in ILI show near
twofold percentage losses for TAT, SAT,
and IMAT (VAT 1.6 times) compared with
females even though females had larger
initial TAT and SAT deposits.

Changes in Specific Depots as a
Percentage of Total Depot Change in
ILI
If TAT loss is partitioned into its compo-
nent parts, for females, 86% of the re-
duction was from SAT and 17% from
VAT, while IMAT increased 3%. For
males, the corresponding values were
70% from SAT, 27% from VAT, and 3%
from IMAT. Thus, as a proportion of TAT
loss, females have a greater reduction in
SAT than males and males have a
greater reduction in VAT than females
(both P , 0.001). The IMAT difference
is not statistically reliable.
Reductions in regional SAT as a pro-

portion of total SAT loss were similar for
females and males, respectively: arms
(7.5 vs. 7.2%), trunk (68.4 vs. 70.0%),
and legs (24.1 vs. 23.0%). Thus, for a given
reduction in SAT, males and females did
not differ in regional decreases.
Changes in regional IMAT as a propor-

tion of total IMAT change appeared to
be different for females and males. Fe-
males gained a small amount of IMAT
(0.14 kg) with the gain distributed as
arms 21.4%, trunk 7.1%, and legs

78.6%; males lost a small amount of
IMAT (20.28 kg), with the loss occurring
in trunk 64.3% and legs 35.7%. Statisti-
cal tests of sex differences in regional
IMAT changes adjusted for total IMAT
change did not reach significance be-
cause of large interindividual variability
in percentages.

Figure 1 shows the mean values and
95% CIs for changes in body weight and
AT compartments, including arm, trunk,
and leg regions, in the ILI and DSE
groups.

Associations of Changes inWeight and
AT Depots With Metabolic Variables
We first tested whether changes in body
weight were reliably associated with
changes in metabolic variables as re-
ported in the parent Look AHEAD trial
(9). This was found to be the case for
eight of the nine metabolic markers
available; for six of these eight, the as-
sociation was qualified by group or sex
(Table 3). No associations were found
with LDL-C, and it was not included in
the table.

A second set of models tested
whether changes in AT compartments
were related to changes in metabolic
variables without controlling for con-
comitant changes in body weight. Asso-
ciations were found for everymetabolic
variable except, as noted above, for
LDL-C (Table 3). Notably, TAT, VAT,
SAT, and trunk SAT were associated
with every variable except LDL-C, while
IMAT was associated with three of
the metabolic variables. Regression
coefficients were all positive, indicat-
ing that the values of variables (AT

compartment size and metabolic
marker) increased or decreased to-
gether, except for HDL-C, where negative
coefficients indicated that decreases
in AT depots were associated with in-
creases in HDL-C.

A third set of models examined
whether any association remained be-
tween changes in a specific AT depot
and a metabolic marker after taking
effects of total weight change into
account. The following associations
approached or exceeded statistical sig-
nificance: VAT with fasting glucose (ILI
group, regression coefficient b = 9.6;
P = 0.06), cholesterol/HDL ratio (b =
0.16; P = 0.058), triglycerides (b = 9.8;
P = 0.04), and diastolic BP (b = 1.7; P =
0.03); arm SAT with triglycerides (b =
21.2; P = 0.014), systolic BP (b = 1.7;
P = 0.03), and diastolic BP (b = 4.5; P =
0.02); trunk SATwith systolic BP (b = 2.1;
P = 0.04) and diastolic BP (b = 0.9; P =
0.07); and leg SAT with diastolic BP (b =
2.2; P = 0.02).

CONCLUSIONS

In overweight and obese adults with
type 2 diabetes, weight loss of ;7% in
females and ;10% in males from a 1-
year ILI resulted in significant reductions
in TAT, SAT, and VAT and all regional
depots of SAT. IMAT did not decrease;
however, the intervention prevented or
reduced the IMAT gain which otherwise
occurred in trunk and leg compart-
ments. Increased leg AT in the DSE
group was made up of a disproportion-
ate increase in IMAT (women 0.25 kg,
men 0.33 kg) relative to SAT (women
0.15 kg, men 20.25 kg). Also, the

Table 2—Mean changes in body weight and AT depots at 1 year

Female ILI
n = 28

Female DSE
n = 26

Male ILI
n = 14

Male DSE
n = 24

kg % kg % kg % kg %

Weight 25.95 6 5.56a,b 27.04 20.30 6 3.81 d 29.83 6 4.12a,b 210.5 20.76 6 3.48 d

TAT 24.80 6 5.57a,b 212.5 0.22 6 3.41 d 28.00 6 4.77a,b 225.6 0.09 6 3.26 d

SAT 24.11 6 4.56a,b 212.5 20.21 6 2.98 d 25.57 6 3.22a,b 223.6 20.07 6 2.59 d

Arms 20.31 6 0.63a 28.8 20.05 6 0.46 d 20.40 6 0.48a,b 214.7 20.04 6 0.53 d

Trunk 22.81 6 2.79a,b 214.7 20.16 6 2.04 d 23.90 6 2.44a,b 225.9 0.27 6 2.09 d
Legs 20.99 6 1.57a,b 29.0 0.09 6 1.40 d 21.28 6 0.83a,b 220.7 20.30 6 0.96 d

VAT 20.83 6 0.83a,b 222.9 20.03 6 0.62 d 22.15 6 1.48a,b 237.5 20.30 6 0.98 d

IMAT 0.14 6 0.38b d 0.46 6 0.66a 26.8 20.28 6 0.72b d 0.47 6 0.44a 28.1
Arms 0.03 6 0.04a 45.9 0.05 6 0.06a 58.5 0.00 6 0.08 d 0.01 6 0.07 d
Trunk 0.01 6 0.19b d 0.19 6 0.37a 19.7 20.18 6 0.39b d 0.14 6 0.27a 13.5
Legs 0.11 6 0.20a 20.8 0.23 6 0.37a 38.1 20.10 6 0.33b d 0.31 6 0.32a 49.7

Values are mean6 SD. Percent values are mean changes at 1 year as a percentage of baseline. Percentages are shown only for compartments where
changewas statistically different from zero (P, 0.05). aMean change frombaseline is significantly different from zero using a paired t test (P, 0.05).
bMean changes from baseline are significantly different for ILI vs. DSE groups using a t test (P , 0.05).
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magnitude of IMAT increase in the DSE
group is remarkable, with an increase
near 27% in the whole body and
near 50% in some regions in a single
year. This rate of increase in the DSE
group and the resistance of IMAT to
an ILI may be a clinically significant

observation, as IMAT is known to be in-
dependently associated with fasting
glucose and IR (23,24).

Sex Differences in AT Changes
Numerous studies have investigated
whether changes in fat depots differ

between sex when fat is lost, reach-
ing a variety of conclusions depending
on whether changes are expressed as
mass or as a percentage of baseline or
percentage of fat lost and whether ad-
justed for initial compartment size,
amount of TAT lost, and/or other covar-
iates. Of particular interest in this study
are the IMAT and VAT depots because of
their potential metabolic roles. While
IMAT increased similarly in males and
females in the DSE groups, in females
in the ILI group, it continued to increase
despite the intervention. Additional
follow-up is needed to confirm this sex
difference and to determine whether it
persists.

With respect to VAT, when expressed
as mass or percentage change or per-
centage of TAT lost, men appear to
lose more VAT than women, e.g., in
this study 27 vs. 17% of TAT or 36 vs.
22% of baseline VAT in men andwomen,
respectively (see also [25,26]). However,
when adjusted for initial compartment
size, sex differences often disappeared
(26,27). A systematic review of weight-
loss studies by Chaston et al. (28,29) in-
vestigating change in VAT compared
with abdominal SAT found no sex differ-
ences but noted a preferential loss of
VAT that was greatest with modest
weight loss and was attenuated or ab-
sent when large amounts of weight
were lost. Following up on these obser-
vations and those of Smith and Zachwieja
(30), Hallgreen and Hall (21) proposed
that changes in VAT are described by
an allometric relationship where the
change of VAT to the change of fat
mass (FM) is proportional to the initial
ratio of VAT to FM, i.e., dVAT/dFM =

Figure 1—Top panels: Changes in ILI and DSE groups for body weight, TAT, SAT, VAT, and IMAT.
Bottom panels: Changes in regional SAT and IMAT deposits. Bars show group mean and 95% CI.
All AT depots are by MRI. Baseline values are given in Table 1.

Table 3—Regression coefficients for changes in metabolic variables with changes in weight and AT depots

Glucose
(mg/dL)

HbA1c
% (mmol/mol)

Cholesterol
(mg/dL)

HDL-C
(mg/dL) Cholesterol/HDL

Triglycerides
(mg/dL)

Systolic BP
(mmHg)

Diastolic BP
(mmHg)

Weight (kg) ILI 2.1† ILI 0.04 (0.4)‡ M 1.7† 20.35* ILI 0.07‡ 2.2† ILI 0.65* ILI 0.60‡

TAT (kg) ILI 2.0† ILI 0.03 (0.3)* M 1.8† F 20.56† ILI 0.07‡ 2.1† 0.59* ILI 0.58‡
SAT ILI 2.5† ILI 0.04 (0.4)* M 2.7† F 20.75† ILI 0.09‡ 2.5* 0.85* ILI 0.82‡
Arm ILI 0.51* 26.6† ILI 6.1‡
Trunk ILI 4.2† ILI 0.06 (0.7)* ILI 3.1† F 21.18† ILI 0.12‡ 3.8* 1.5† ILI 1.2‡
Leg ILI 7.0* ILI 0.15 (1.6)* ILI 7.5† F 21.40* ILI 0.30‡ ILI 2.5‡

VAT ILI 8.8† ILI 0.13 (1.4)* ILI 5.6* 21.60* 0.26‡ 12.2‡ 2.9* 2.2‡
IMAT ILI 17.7* 0.27* M 25.3†
Arm M 3.8*
Trunk ILI 41.5* M 0.75* M 41.7*
Leg 17.2* F 7.1*

The regression coefficient estimates the change in the metabolic variable associated with a 1-kg change in the AT compartment. Changes in
compartments and metabolic variables were expressed as differences, year 1 minus baseline. When associations were different by group or sex, the
qualifier is shown. F, females; M, males. *P , 0.05. †P , 0.01. ‡P , 0.001.
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k 3VAT/FM, where k is a constant (21).
With a constant of 1.3, the model ap-
peared to fit a variety of weight-loss in-
terventions, including bariatric surgery,
caloric restriction with or without exer-
cise, and both sexes. In a recent report,
de Souza et al. (22) applied this allometric
model to data from the POUNDS LOST
trial and found the constant to be signif-
icantly different for men and women:
adjusted for baseline ratios of visceral
to total FM, women lost more visceral
fat than did men (k = 1.32 vs. 1.15, re-
spectively, at 6 months). Using the same
inclusion criteria as de Souza et al. (22)
(weight loss 5 kg or more and losses in
both VAT and FM compartments), we
found no sex difference in preferential
VAT loss (k = 1.37 6 0.13, n = 11 for
men; 1.38 6 0.14, n = 16 for women),
consistent with the original report of
Hallgreen and Hall (21). The reason for
these differences between studies re-
mains, at present, unknown and the issue
of preferential VAT loss unresolved.

Implications of Changes in Regional
Adipose Depots for Metabolic Risk
The interest in understanding how spe-
cific AT depots respond to a weight-loss
intervention derives from observations
in cross-sectional studies that different
AT depots are independently associated
with differentmetabolic risk (31). Excess
VAT is associated with risk factors for
coronary artery disease (32) and type 2
diabetes (2) and an impairment in the
response of the liver to insulin (33).
Whole-body IMAT is an important inde-
pendent correlate of IR (23). Femoral-
gluteal SAT and femoral-gluteal IMAT
have independent and opposing rela-
tionships with CVD risk factors (24).
Lower amounts of upper-leg SAT (i.e.,
femoral-gluteal AT) have been found
to play a role in IR (3), and greater
amounts of upper-leg SAT (possibly
through a triglyceride storage function)
may exert a degree of cardio-protection
having been found to relate favorably to
glucose and lipid levels (24,34).
In the current study, weight loss in

overweight and obese females and
males with type 2 diabetes at 1-year ILI
was strongly associated with reductions
in fasting plasma glucose and HbA1c,
confirming numerous prior observa-
tions of the positive effects of weight
loss to improve glycemic control. More-
over, in this study with its longitudinal

data, we confirmed some of the cross-
sectional associations between AT dis-
tribution and metabolic control. VAT
change was associated with changes in
glycemic control, dyslipidemia, and BP.
Taken together, the VAT change was sig-
nificantly associated with eight bio-
markers of metabolic control, and four
of these approached or exceeded signif-
icance after controlling for weight: fast-
ing glucose, cholesterol/HDL ratio,
triglycerides, and diastolic BP. This is
consistent with cross-sectional associa-
tions of VAT with serum glucose, lipids,
and BP (35,36). The associations seen in
this study of trunk SAT change with met-
abolic parameters followed a pattern
quite similar to that observed for VAT
and thus are consistent with reports of
greater metabolic risk with upper-body
obesity. We did not, however, observe
evidence of a protective effect of lower-
body fat, specifically leg SAT. Instead,
positive associations of change (de-
creases) in leg SAT with decreases in
glucose, improvements in dyslipidemia,
and reductions in BP were noted in our
within-subject data. These results per-
taining to change in leg SAT conformed
closely to the pattern of associations
found for change in VAT and in trunk
SAT. This close similarity of associations
might be a consequence of a pervasive
similarity rather than regional differences
of IR across AT depots in type 2 di-
abetes. While the data obtained on
regional volumes of AT do not enable a
corresponding assessment of potential
regional variations in AT IR, the congru-
ence of associations between metabolic
parameters with change in weight
(which was largely attributable to loss
of AT) and change in VAT, trunk SAT,
and leg SAT, respectively, would seem
consistent with a hypothesis of AT IR
that is more similar than diverse across
regional AT depots in type 2 diabetes
and argues against an AT depot that af-
fords protection against IR.

The moderating effects of sex on as-
sociations of AT change with lipid vari-
ables (e.g., in males, SAT associates with
total cholesterol, in females, with HDL-
C) may indicate genuine sex differences
in associations with AT depot change as,
for instance, reported by Therkelsen
et al. (37) for trunk IMAT and dyslipide-
mia in men in the Framingham study.

There is a current debate as to
whether VAT or other AT depots are

causal or merely correlated with CVD
risk, and attempts have been made to
investigate the link by surgical alteration
of depot size. In the case of VAT, inves-
tigators have surgically removal intraab-
dominal fat in animal models (38) and in
humans, either alone or as an adjunct to
bariatric surgery, with mixed results
(39,40). The influence of abdominal
SAT on metabolic markers has been in-
vestigated in studies before and after
liposuction, with negative results (41).
The evidence for a causal role of AT de-
pots from surgical studies, therefore, is
not conclusive.

The reason that many of the associ-
ations of AT change with metabolic
markers were observed only in the ILI
group may be that although there
was a range of weight changes in both
treatment groups, the DSE group in-
cludedmore persons who gainedweight
or lost relatively small amounts of
weight, hence there was less opportu-
nity for a clear relationship to emerge.

Study Limitations
The sample size for this study was re-
duced by the necessity of excluding a
large number of subjects who started
or stopped taking a medication related
to the metabolic markers being studied.
Also, the inclusion of medicated sub-
jects who remained on medication for
the duration of the study period may
have muted any effect of AT compart-
ment change on the metabolic marker.
The study of regional AT involves seg-
menting compartments into smaller
subcompartments, which increases
measurement error. Furthermore, our
measurements of SAT did not distin-
guish superficial from deep SAT, which
may bemetabolically different compart-
ments. Finally, the investigation of asso-
ciations of 10 AT compartments with 9
biomarkers with adjustment for weight
change necessarily involves a large num-
ber of statistical tests, hence the re-
ported significant findings need to be
confirmed in subsequent studies.

Conclusion
A 1-year ILI in overweight and obese
adults with type 2 diabetes resulted
in a weight loss of 7–10% and reduced
SAT and VAT, but not IMAT. The DSE
group did not lose weight and experi-
enced an increase in trunk and leg
IMAT. Within-person changes in TAT,
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SAT, and VATmass were associated with
changes in CVD risk factors in a fashion
similar to associations seen in cross-
sectional studies.
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