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ABSTRACT

ARTICLE HISTORY

Objective: The aim of our study was to compare the effects of a vegetarian and a conventional diet on
thigh adipose tissue distribution in subjects with type 2 diabetes (T2D).
Methods: Seventy-four subjects with T2D were randomly assigned to either follow a vegetarian diet
(V, n D 37) or a control group who followed an isocaloric conventional anti-diabetic diet (C, n D 37). Both
diets were calorie restricted (¡500 kcal/day). To measure insulin sensitivity, the hyperinsulinemic (1 mU.
kg¡1.min¡1) isoglycemic clamp was conducted. b-Cell function was assessed using a mathematical model
after a test meal. Magnetic resonance imaging of the thigh was performed. All subjects were examined at
0, 3, and 6 months. Statistical analyses were performed using repeated measures analysis of variance and
a multivariate regression model.
Results: Greater reduction was observed in total leg area in V (¡13.6 cm2 [95% conﬁdence interval
[CI], ¡14.2 to ¡12.9] in V vs ¡9.9 cm2 [95% CI, ¡10.6 to ¡9.2] in C; Gxt p < 0.001). The reduction in
subcutaneous fat was comparable in response to both diets (Gxt, p D 0.64). Subfascial fat was reduced
only in response to a vegetarian diet (¡0.82 [95% CI, ¡1.13 to ¡0.55] cm2 in V vs ¡0.44 [95% CI, ¡0.78 to
C0.02] cm2 in C; Gxt, p D 0.04). The reduction in intramuscular fat tended to be greater in response to a
vegetarian diet (¡1.78 [95% CI, ¡2.26 to ¡1.27] cm2 in V vs ¡0.57 [95% CI, ¡1.06 to ¡0.09] cm2 in C; Gxt,
p D 0.12). Changes in subcutaneous and subfascial fat correlated with changes in glycated hemoglobin
(HbA1c), fasting plasma glucose, and b-cell insulin sensitivity. After adjustment for changes in body mass
index (BMI), correlations remained signiﬁcant for changes in fasting plasma glucose and b-cell insulin
sensitivity and with changes in triglycerides.
Conclusions: Our data indicate the importance of both subcutaneous and subfascial fat in relationship to
glucose and lipid metabolism.
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Introduction
Dietary intervention is one of the key components in type 2 diabetes (T2D) management [1]. A vegetarian diet is a promising
way to reduce the energy intake by consuming foods with a low
energy density, with a fair degree of patient adherence [2,3].
The beneﬁcial effects of a vegetarian diet on body weight, glycemic control, blood lipids, insulin sensitivity, and oxidative stress
markers compared to a conventional diet have been demonstrated
by us and others previously [2–4]. A vegetarian diet was also
reported to reduce the content of intramuscular lipids [5].
It has been demonstrated that thigh adipose tissue distribution (especially subfascial and intramuscular fat) is associated
with insulin sensitivity [6]. In this secondary analysis of our
6-month randomized trial we studied thigh adipose tissue

distribution in response to a vegetarian diet and a conventional
diet, and we tested the association with glucose and lipid
metabolism in patients with type 2 diabetes.

Materials and methods
The characteristics of the sample and the methods are
described in detail elsewhere [3]. Brieﬂy, 74 subjects with T2D
treated by oral hypoglycaemic agents, both men (47%) and
women (53%) were recruited. A 6-month randomized, open
parallel design was used. The subjects were randomly assigned
either into the vegetarian group (V, n D 37) or the control
group (C, n D 37), who received a conventional diet. Both diets
were designed to be calorie-restricted (¡500 kcal/d) based on
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the indirect calorimetry measurement [7]. The second 12 weeks
of the diet were combined with aerobic exercise. All meals
during the study were provided. Participants were examined at
baseline and at 3 and 6 months. The study protocol was
approved by the Institutional Ethics Committee.
Diet
The vegetarian diet (»60% of energy from carbohydrates,
15% protein, and 25% fat) consisted of vegetables, grains,
legumes, fruits, and nuts. Animal products were limited to
a maximum of one portion of low-fat yogurt a day. The
conventional diabetic diet was administered according to
the dietary guidelines of the Diabetes and Nutrition Study
Group of the European Association for the Study of Diabetes [8]. It contained 50% of energy from carbohydrates,
20% protein, less than 30% fat (7% saturated fat, less than
200 mg/d of cholesterol/day).
High adherence to the prescribed diet was deﬁned as the
average daily energy intake being no more than 100 kcal in
excess of the prescribed; medium adherence was less than
200 kcal in excess. Additional criteria for high adherence to the
vegetarian diet were average daily cholesterol intake  50 mg
and for medium adherence less than 100 mg. In the control
group, the average daily cholesterol limit was 200 mg for high
adherence and less than 300 mg for medium adherence.
Exercise
Participants were asked not to alter their exercise habits during
the ﬁrst 12 weeks. Then (weeks 13–24) they were prescribed an
individualized exercise program based on the history of physical activity and initial spiroergometric examination, which
measured maximal oxygen consumption and maximal performance. Participants exercised at 60% of maximal heart rate
twice a week for 1 hour under professional supervision plus
once a week at home or at the sports center with the same
intensity; they were given a heart rate monitor and a pedometer
for individual physical activities and were repeatedly instructed
on how to use them. Adherence to the exercise program was
deﬁned as more than 75% of prescribed visits at the sports
center (18/24).
Medication
Participants were asked to continue their preexisting medication regimens, except when hypoglycemia occurred repeatedly
(plasma glucose determined at the laboratory < 4.4 mmol.l¡1
or capillary glucose reading < 3.4 mmol.l¡1 accompanied by
hypoglycemic symptoms). In such cases, medications were
reduced by a study physician following a standard protocol. All
participants were given an Accu-Chek Go glucometer (Roche,
Basel, Switzerland) and were instructed on how to use it.
Procedures
All measurements were performed at 0, 3, and 6 months on an
outpatient basis, after 10- to 12-hour overnight fasting with
only tap water allowed ad libitum.

Hyperinsulinemic isoglycemic clamp
To measure insulin sensitivity, the hyperinsulinemic (1 mU.
kg¡1.min¡1) isoglycemic clamp, lasting 3 hours, was conducted as previously described [9,10]. Insulin sensitivity was
estimated as the metabolic clearance rate of glucose (MCR)
calculated during the last 20 minutes of the clamp after correction for changes in glucose pool size [9,10]. The steady
state was reached when the coefﬁcient of variability was less
than 5%.
b-Cell function
Modeling analysis of beta cell function was performed during
standard meal tests. Insulin secretory rates were calculated
from plasma C-peptide levels by deconvolution [11] and
expressed per square meter of estimated body surface area. The
dependence of insulin secretory rates on glucose levels was
modeled separately for each patient and each study day. The
beta cell model used in the present study, describing the relationship between insulin secretion and glucose concentration,
has been described in detail previously [12–14].
Brieﬂy, insulin secretion consists of 2 components. The ﬁrst
component represents the dependence of insulin secretion on
absolute glucose concentration at any time point and is characterized by a dose–response function. Characteristic parameters
of the dose response are insulin secretion at a ﬁxed glucose concentration and the mean slope in the observed glucose range.
The dose response was modulated by a potentiation factor,
which accounts for several agents (prolonged exposure to
hyperglycemia, nonglucose substrates, gastrointestinal hormones, and neurotransmitters). The potentiation factor was set
to be a positive function of time and to an average of one during the experiment. It thus expresses a relative potentiation of
the secretory response to glucose.
The second insulin secretion component represents a
dynamic dependence of insulin secretion on the rate of change
of glucose concentration. Termed the derivative component, it
is described by a single parameter, rate sensitivity. This secretion component is related to early insulin release [12,13].
The model parameters (the parameters of the dose response,
the rate sensitivity, and the potentiation factor) were estimated
from glucose and C-peptide concentration by regularized least
squares, as described previously [12,13]. Estimation of the individual model parameters was performed blinded for the randomization of patients for treatment.
Magnetic resonance imaging
Magnetic resonance images were obtained using an Avanto
1.5T MRI scanner (Siemens, Etlingen, Germany) at start (0)
and after 3 and 6 months. Subjects were measured in the supine
position. Fat compartments in the thigh muscles were determined from transversal images obtained using a T1-weighted
turbospin echo sequence from the right leg. Sequence parameters included turbofactor 2, repetition time TR D 450 ms, echotime TE D 11 ms, numbers of slices 23, slice thickness 6 mm,
matrix 256 £ 232, and the ﬁeld of view varied between 200 £
181 mm2 to 300 £ 272 mm2 depending on the thigh size.
The center of the image stack was placed 169 mm above the
knee joint cavity to ensure a reproducible position of the
images.
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The 3 middle slices from each measurement of each subject
were evaluated. Although the selection could not ensure placement of the selected slices exactly in the middle of the thigh
due to different body heights of the subjects, this uniform procedure ensured the same position of the selected slices during
repetitive measurements in each subject.
Fat compartments were measured using a dedicated inhouse software Seghak written in MATLAB (MathWorks,
Natick, MA). The software automatically segmented the leg
area against the background. Then the operator manually outlined the inner border of the subcutaneous fat tissue. The bone
was also outlined manually and masked. Subfascial fat was segmented automatically after manual thresholding. After masking
of the previous compartments, semiautomatic segmentation of
the intramuscular fat was performed: the intramuscular fat
compartment was automatically selected based on a threshold
set manually according to a histogram. All steps were visually
controlled by the rater; the software enabled interactive correction throughout the evaluation when necessary. The images
were evaluated by 3 independent raters blind to the subject
diagnosis and diet used. T1-weighted images together with
color-coded masks are shown in Fig. 1.
Statistical analyses
The intention-to-treat analysis included all participants.
Repeated measures analysis of variance models with between-
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subject and within-subject factors and interactions were used
for evaluation of the relationships between continuous variables
and factors. The factors treatment group, subject, and time
were included in the model. Interactions between group and
time (Gxt) were calculated for each variable. Within each
group, paired comparison t tests were calculated to test whether
the changes from baseline to 3 months, from baseline to
6 months, and from 3 to 6 months were statistically signiﬁcant.
To eliminate skewed data distribution and heteroscedasticity, the original data were transformed to a Gaussian distribution before further processing by a power transformation using
the statistical software Statgraphics Centurion, Version XV,
from Statpoint Inc. (Herndon, VA). The transformed data
underwent multivariate regression using the method of orthogonal projections to latent structure (OPLS) [15]. This method
is effective in coping with the problem of severe multicollinearity within the matrix of independent variables. In our model,
the metabolic variables (fasting plasma glucose, blood lipids,
glycated hemoglobin [HbA1c], metabolic clearance rate of glucose, parameters of beta-cell function, resting energy expenditure) were chosen as the dependent variables and the thigh
compartments represented the independent variables. The
matrix was made up before and then after adjustment for
changes in body mass index (BMI) and volume of visceral fat.
The variability was separated into 2 independent components.
The ﬁrst component contained the variability in the thigh compartments, which was shared with metabolic variables

Figure 1. MR images of the thigh. An example of 2 subjects with similar total fat content but different distribution. T1-weighted magnetic resonance images together
with color-coded masks (yellow D subcutaneous fat, green D subfascial fat/beneath the fascia, red D intramuscular fat) are presented. Subject A (total fat area 153 cm2)
had considerable intramuscular fat inﬁltration (39% of total fat content) and a moderate portion of subcutaneous fat (43%); subject B (total fat area 149 cm2) had low
intramuscular fat content (15%) and a dominant subcutaneous fat layer (64%). The content of subfascial fat was similar (18% in subject A and 21% in subject B).
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(the predictive component), and the second component contained the variability shared within the thigh compartments
(the orthogonal component). The OPLS enabled us to ﬁnd the
best predictors as well as the best combination of predictors for
estimation of metabolic variables from thigh compartments.
After standardization of the variables, the OPLS model can be
expressed as follows:
XD
YD

Tp Ptp
Tp Ptp

C

T0 Pt0

CE

C F;

where X is the matrix with l independent variables and i subjects and Y is the matrix of m dependent variables and i subjects. In our data, Tp represents the vector of component scores
from the predictive components and i subjects extracted from
Y, T0 is the vector of component scores from the orthogonal
components and i subjects extracted from X, Pp represents the
vector of component loadings for the predictive component
extracted from Y, P0 represents the vector of component loadings for the orthogonal component extracted from X and l
independent variables, and E and F are the error terms.
The statistical software SIMCA-P Version 11.5 (Umetrics

AB, Umea, Sweden) used for data analysis allowed ﬁnding the
number of the relevant components using the prediction error

sum of squares and also allowed the detection of multivariate
nonhomogeneities and testing the multivariate normal distribution and homoscedasticity (constant variance).

Results
Data are presented as means with 95% conﬁdence intervals. The
vegetarian diet was almost twice as effective in reducing body
weight compared to the conventional hypocaloric diet (¡6.2 kg
[95% conﬁdence interval (CI), ¡6.6 to ¡5.3] in V vs ¡3.2 kg
[95% CI, ¡3.7 to ¡2.5] in C; Gxt p < 0.001) [3]. Greater reduction was also observed in total leg area in V (¡13.6 cm2 [95% CI,
¡14.2 to ¡12.9] in V vs ¡9.9 cm2 [95% CI, ¡10.6 to ¡9.2] in C;
Gxt p < 0.001; Fig. 2A). The greater weight loss in V was accompanied by greater muscle loss in V (¡5.0 cm2 [95% CI, ¡5.7 to
¡4.3] in V vs ¡1.7 cm2 [95% CI, ¡2.4 to ¡1.0] in C; Gxt p <
0.0001; Fig. 2B), which was reversed partially in V after the addition of exercise (C1.3 cm2 [95% CI, 0.7 to ¡2.0]; p < 0.05;
Fig. 2B). The reduction in subcutaneous fat was comparable in
response to both diets (¡6.0 cm2 [95% CI, ¡6.4 to ¡5.6] in V vs
¡5.9 cm2 [95% CI, ¡6.3 to ¡5.6] in C; Gxt, p D 0.64; Fig. 2C).
Subfascial fat was reduced only in response to a vegetarian diet
(¡0.82 cm2 [95% CI, ¡1.13 to ¡0.55] in V vs ¡0.44 cm2 [95%
CI, ¡0.78 to C0.02] in C; Gxt, p D 0.04; Fig. 2D). The reduction

Figure 2. Changes in thigh composition in response to a vegetarian diet (V, full line and circles) and conventional diet (C, dotted line and triangles). Data are means §
95% conﬁdence intervals. Signiﬁcant changes from baseline to 3 months and from 3 to 6 months for within-group changes assessed by paired comparison t tests are indicated by  for p < 0.05,  for p < 0.01, and  for p < 0.001. Gxt: p value for the interaction between factors group (vegetarian and control group) and time (0, 3, and
6 months) assessed by repeated measures analysis of variance. (A) total leg area, (B) muscle area, (C) subcutaneous fat area, (D) subfascial fat area, and (E) intramuscular
fat area.
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in intramuscular fat tended to be greater in response to a vegetarian diet (¡1.78 cm2 [95% CI, ¡2.26 to ¡1.27] in V vs
¡0.57 cm2 [95% CI, ¡1.06 to ¡0.09] in C; however, the interaction between group and time was not statistically signiﬁcant (p D
0.12; Fig. 2F).
Metabolic data
HbA1c decreased and MCR increased in both groups in
response to the dietary interventions. Parameters of b-cell function improved comparably in response to both diets. For more
details we refer to our previously published articles [3,14].
Adherence
The diet adherence was high among 55% of participants in V
and 32% in C, medium among 22.5% in V and 39% in C, and
low among 22.5% in V and 29% in C. Adherence to the exercise
program was 90.3% in V and 80.6 in C.
Correlations
Correlations between changes in the thigh compartments
and metabolic data are shown in Table 1. Changes in total
leg area and subcutaneous and subfascial fat correlated with
changes in HbA1c (r D 0.34; p < 0.05), fasting plasma glucose (r D 0.44; p < 0.01), metabolic clearance rate of glucose (r D ¡0.24; p < 0.05), resting energy expenditure (r D
0.30; p < 0.05), and b-cell insulin sensitivity (r D ¡0.38;
p < 0.05). After adjustment for changes in BMI, correlations of changes in total leg area and subcutaneous and
subfascial fat remained signiﬁcant with changes in fasting
plasma glucose (r D 0.30; p < 0.05) and b-cell insulin
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sensitivity (r D ¡0.34; p < 0.05) and with changes in triglycerides (r D 0.41; p < 0.05).

Discussion
We showed that a vegetarian diet reduced subfascial fat more
and tended to also reduce intramuscular fat more than a conventional hypocaloric diabetic diet. These results are in accordance with previous research by Goodpaster et al.
demonstrating that subfascial and intramuscular fat are
markers of insulin resistance in obesity and T2D [6], suggesting
that a decrease in subfascial and intramuscular fat is associated
with improvements in insulin resistance.
It appears that there is a regional pattern of thigh adipose tissue distribution, speciﬁcally an increased subfascial fat in patients with T2D, that is associated with
insulin resistance [6,16]. It seems that reduction in fat
content in this speciﬁc metabolically adverse depot may
have a beneﬁcial effect on glucose metabolism. In addition, Marcus et al. observed that intramuscular fat
increased with age and inactivity, and this was associated
with a decrease in muscular strength and mobility, particularly in older people with diabetes [17]. The trend
toward greater reduction in intramuscular fat in response
to a vegetarian diet observed in our study is therefore a
very positive ﬁnding.
Our data stress the importance of exercise in weight loss
programs to preserve lean mass. Thigh muscle mass has been
shown to be protective against the risk of diabetes and coronary
heart disease in previous research conducted by Eastwood et al.
[18]. Exercise might help to prevent muscle loss during a dietary intervention [19], which may play an important role in
decreasing cardiometabolic risk.

Table 1. Relationships between Changes in Thigh Compartments and (a) Unadjusted Metabolic Data and (b) after Adjustment for Changes in BMI Evaluated by the O2PLS
Modela.
Predictive Component
Variable
Table 1a
Relevant predictors (matrix X)
Explained variables (matrix Y)

Component Loading

Explained variables (matrix Y)

Explained variability

Rc

D leg area
D subcutaneuous fat
D subfascial fat
D HbA1c
D FPG
D MCR
D REEm
D b-cell glucose sensitivity

0.366
0.300
0.344
0.247
0.324
¡0.286
0.224
¡0.309

5.51
2.98
7.67
2.85
3.60
¡2.90
2.26
¡2.60
49.1% (38.5% after cross-validation)

0.803
0.660
0.757
0.341
0.437
¡0.239
0.296
¡0.384

D leg area
D subcutaneuous fat
D subfascial fat
D BMI
D FPG
D b-cell glucose sensitivity
D TG

0.356
0.424
0.448
0.453
0.572
¡0.575
0.412

5.13
6.08
5.52
9.78
2.37
¡2.19
2.68
10.5% (6.3% after cross-validation)

0.683
0.813
0.859
0.879
0.303
¡0.338
0.413

Explained variability
Table 1b
Relevant predictors (matrix X)

t Statisticsb

O2PLS D , HbA1c D glycated hemoglobin, FPG D fasting plasma glucose, MCR D metabolic clearance rate of glucose, REE D resting energy expenditure, BMI D body
mass index, FPG D fasting plasma glucose, TG D triglycerides.
aMultivariate regression with reduction of dimensionality (O2PLS) shows how much each variable correlates with the common predictive component.
b
Component loading of the predictive component divided by the standard error of the component loading.
c
Component loadings expressed as correlation coefﬁcients with predictive component.

p < 0.05. p < 0.01.
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We found an association between changes in total leg area
and subcutaneous fat and subfascial fat on the one hand and
markers of glucose and lipid metabolism on the other hand,
even after adjustments for changes in BMI. Interestingly, no
association was found for changes in intramuscular fat. Thigh
intramuscular fat has been shown to increase with aging [20].
The association between thigh intramuscular fat and insulin
resistance and T2D demonstrated by Goodpaster et al. [6] has
not been conﬁrmed in our study.

Conclusion
In conclusion, our data indicate that a vegetarian diet is more
effective in reducing subfascial fat and tends to also reduce
intramuscular fat more than a conventional hypocaloric diabetic diet. Our data suggest the importance of both subcutaneous and subfascial fat in relationship to glucose and lipid
metabolism. Further research is needed to determine how dietary interventions with different diet composition can inﬂuence
thigh fat distribution in relationship to glucose and lipid
metabolism.
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