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Adipose tissue morphology predicts improved insulin
sensitivity following moderate or pronounced weight loss
D Eriksson-Hogling1, DP Andersson1, J Bäckdahl1, J Hoffstedt1, S Rössner1, A Thorell2, E Arner1, P Arner1 and M Rydén1

BACKGROUND: Cross-sectional studies show that white adipose tissue hypertrophy (few, large adipocytes), in contrast to
hyperplasia (many, small adipocytes), associates with insulin resistance and increased risk of developing type 2 diabetes.
We investigated if baseline adipose cellularity could predict improvements in insulin sensitivity following weight loss.
METHODS: Plasma samples and subcutaneous abdominal adipose biopsies were examined in 100 overweight or obese individuals
before and 10 weeks after a hypocaloric diet (7 ± 3% weight loss) and in 61 obese subjects before and 2 years after gastric by-pass
surgery (33 ± 9% weight loss). The degree of adipose tissue hypertrophy or hyperplasia (termed the morphology value) in each
individual was calculated on the basis of the relationship between fat cell volume and total fat mass. Insulin sensitivity was
determined by homeostasis model assessment-estimated insulin resistance (HOMAIR).
RESULTS: In both cohorts at baseline, subjects with hypertrophy displayed significantly higher fasting plasma insulin and HOMAIR

values than subjects with hyperplasia (Po0.0001), despite similar total fat mass. Plasma insulin and HOMAIR were normalized in
both cohorts following weight loss. The improvement (delta insulin or delta HOMAIR) was more pronounced in individuals with
hypertrophy, irrespective of whether adipose morphology was used as a continuous (P= 0.0002–0.027) or nominal variable
(P= 0.002–0.047). Absolute adipocyte size associated (although weaker than morphology) with HOMAIR improvement only in the
surgery cohort. Anthropometric measures at baseline (fat mass, body mass index, waist-to-hip ratio or waist circumference) showed
no significant association with delta insulin or delta HOMAIR.
CONCLUSIONS: In contrast to anthropometric variables or fat cell size, subcutaneous adipose morphology predicts improvement in
insulin sensitivity following both moderate and pronounced weight loss in overweight/obese subjects.
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INTRODUCTION
White adipose tissue (WAT) expands by increasing the number
and/or size of the fat cells.1 This leads to the development of
basically two forms of cellularity phenotypes in WAT, hyperplasia
characterized by many small cells or hypertrophy characterized
by few but large cells. It is well-established that adipocyte
hypertrophy is associated with insulin resistance.2–4 Recent
studies, comparing different adipose regions, have shown that
this relationship is particularly evident for subcutaneous adipose
tissue, which is by far the largest adipose depot in humans.5–7

Conversely, hypertrophy in visceral adipose tissue is more closely
linked to dyslipidemia.6,7 Determination of adipose cellularity may
be of clinical value. Thus, long-term prospective studies have
shown that subjects with subcutaneous adipose hypertrophy,
irrespective of body weight status, have increased the risk of
developing type 2 diabetes.8,9 Furthermore, improvement in
insulin sensitivity following pronounced weight loss by bariatric
surgery is more strongly correlated to the decrease in subcuta-
neous fat cell size than to the reduction in fat mass per se.10

As described previously,11 it is possible to categorize and
quantitatively determine the degree of hyperplasia/hypertrophy
(termed the morphology value) by investigating the curve-linear
relationship between adipose mass and fat cell size. Subjects with
an adipocyte volume above the correlation curve have hyper-
trophy, whereas those below have hyperplasia. Importantly, the

two forms of morphology are only marginally influenced by
gender and, unlike fat cell size per se, independent of body weight
status.11

As far as we know there are no reports on the predictive value
of adipose morphology measures for improvements in insulin
sensitivity following weight loss. This notion was presently
examined in two separate cohorts. Cohort 1 included 100
overweight or obese subjects before and after a 10-week low-
calorie diet, resulting in moderate weight loss. Cohort 2 included
61 morbidly obese subjects before and 2 years after marked
weight reduction induced by bariatric surgery. Subjects were
categorized according to subcutaneous adipose morphology at
baseline, which was compared with the improvement in insulin
sensitivity after weight loss.

SUBJECTS AND METHODS
Subjects
Cohort 1 consisted of 100 overweight or obese subjects (79 women and 21
men) who were otherwise healthy and free of any continuous medication.
Body mass index (BMI) ranged from 29 to 49 kgm−2 (36.5±4.5, mean±s.d.).
They participated in a large pan-European randomized study (Nutrient-
gene interactions in human obesity: implications for dietary guidelines)
assessing the effect on metabolic parameters and weight loss following a
10-week treatment with either of two hypocaloric diets.12 The study
showed that the diets, composed of equal total amounts of calories but
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different fat content, resulted in similar improvements in insulin, glucose
and body weight parameters, that is, the measures used in the present
study. We confirmed that there was no difference between the two diets in
weight loss or metabolic improvement in our Swedish subcohort (values
not shown). We have therefore combined baseline and outcome data
obtained from the two diet arms. Cohort 2, consisted of 61 morbidly obese
women (BMI 35–55 kgm−2) investigated before and 2 years after Roux-en-
Y gastric by-pass surgery when body weight had been stabilized at a new
level for at least 3 months. Some of the clinical data in cohort 2, not
included here, have recently been presented.10 Five subjects had type 2
diabetes and were treated with either lifestyle intervention alone (n=1) or
with the addition of metformin (n= 4). Twenty-one subjects were treated
with antihypertensive agents. Further clinical details are given in the
published paper.10 Cohort 3, only used for calculations of adipose tissue
morphology (see below), consisted of 52 obese or non-obese women
described in detail previously.10 All subjects in Cohort 3 were otherwise
healthy and free of continuous medication and none had undergone any
important weight reduction before measurements of total fat mass and fat
cell volume. The study was approved by the regional committee of ethics
in Stockholm, Sweden and conducted in full accordance with the
principles of the Declaration of Helsinki. It was explained in detail to each
subject and informed written consent was obtained.

Examinations
The subjects in cohort 1 and 2 came to the laboratory between 07.30 and
08.00 in the morning after an overnight fast. Height and weight were
determined and a venous blood sample was obtained for measurements
of insulin and glucose as described.13 These values were used to calculate
homeostasis model assessment-estimated insulin resistance (HOMAIR)
index using the formula (fasting plasma insulin (mU l− 1) x fasting plasma
glucose (mmol l− 1) divided by 22.5).14 This index shows a satisfactory
correlation with values for insulin sensitivity measured using the 'gold
standard' method (hyperinsulinemic euglycemic clamp) in both cross-
sectional and longitudinal studies.14,15 In cohort 1, body fat mass was
determined by bio-impedance (Body Stat, QuadScan 4000, Isle of Man,
British Isles). In cohort 2, lean body mass and total body fat were measured
by dual-energy X-ray absorptiometry using a GE Lunar iDXA with the
software EnCore (Version 14.10.022). Automatic calibration checks of the
dual-energy X-ray absorptiometry were performed daily throughout the
study, and calibrations were performed three times weekly using a spine
phantom (for bone mineral density, provided by the manufacturer). The
coefficient of variation for the spine phantom testing was 1.5 %. No
hardware or software changes were made during the course of the trial.
The subjects were scanned using standard imaging and positioning
protocols and the same scan mode (set for obese subjects) was used
throughout the study. Subcutaneous abdominal fat biopsies (1–5 g) were
obtained by needle aspiration using a knee puncture needle (2.1-mm
diameter) under local anesthesia. Fat cell size was determined using a
common and validated method as described.16,17 This provides similar
measures of fat cell diameters as direct assessments in histological
sections.18 In brief, fat cells were isolated and the diameter of 100 cells was
measured by light microscopy. The diameters were distributed in a
unimodal way, and it has been shown in several independent studies that

counting 100 or 300 cells by microscopy gives a reliable estimate of fat cell
size, which is comparable with results obtained using either manual or
automated image analysis software.19 Fat cell volume (expressed in pl) was
calculated as ((π× d3)/6) where d is the cell diameter in μm. As previously
discussed,17,20 the diameter (d) is a normally distributed variable but its
cube (d3) is skewed, and the arithmetic mean of d3 can therefore not be
used to calculate mean fat cell volume. The average fat cell volume is
instead better approximated by using the formula π
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(where d is the mean diameter and σ is the s.d. of the diameter). The curve-
linear relationship between mean fat cell volume and total fat mass was
determined as described and discussed in detail elsewhere.6,11 The
adipose morphology value (expressed in pl) was obtained by plotting
the subject’s body fat mass and measured fat cell volume and subtracting
the latter with the expected cell volume on the curve-linear fit. A positive
value indicates hypertrophy and a negative hyperplasia. All subjects in
cohort 1 had been included in a previous study to establish their
morphology value.11 In cohort 2, the curve-linear relationship between
total adipose mass and fat cell volume was determined by combining the
data with that from Cohort 3 as described in detail previously.10 The
addition of Cohort 3 was necessary because calculations of adipose
cellularity require the inclusion of subjects within a broad range of fat mass
to obtain a valid curve-linear relationship.11 This relationship was
estimated through least squares non-linear fitting to be V= (31.6 ×m)/
(1+0.0161×m), where V is mean fat cell volume in picoliter and m is the
amount of fat in kilogram as measured by dual-energy X-ray absorptio-
metry. The data are presented in Supplementary Figure S1.

Statistics
Values are presented as mean± s.d or box plots. Absolute values were
compared by paired or unpaired t-test. Values representing net changes
(before minus after weight reduction= delta values) for fasting plasma
insulin and HOMAIR were not normally distributed and were therefore
analyzed using non-parametric tests; that is, Mann–Whitney U-test and
Spearman correlation. For the latter test, power calculations showed that in
cohort 1, a sample size of 100 with Rho= 0.23 would yield 80% power at
Po0.05, whereas in cohort 2, a sample size of 61 and Rho= 0.50 would
yield 99.5% power at Po0.05.

RESULTS
At baseline, subjects with hypertrophy or hyperplasia in cohort 1
displayed similar BMI, plasma glucose and body fat levels
although there was a trend toward larger waist circumference in
WAT hypertrophy (P= 0.08, Table 1). As expected, fat cell size was
smaller in the hyperplastic group. Individuals with hypertrophy
displayed significantly higher waist-to-hip (WHR) ratio, plasma
insulin and HOMAIR. Although there was a small difference in age
between the groups, age did not correlate with any of the
measured parameters (values not shown). Results in cohort 2
(Table 2) were similar as in cohort 1. Thus, whereas BMI and fat
mass were similar between the groups, hypertrophic patients had

Table 1. Clinical data for cohort 1

Measure Before weight loss After weight loss

Hyperplasia (n= 43) Hypertrophy (n= 57) P-value Hyperplasia Hypertrophy P-value

Age, years 40± 7 37± 7 0.01 − − −
BMI, kgm−2 36± 4 37± 5 0.46 34± 4 34± 5 0.47
Body fat, % 51± 11 52± 13 0.82 46± 10 47± 13 0.68
Waist circumference, cm 110± 9 114± 12 0.08 104± 8 108± 12 0.04
Waist-to-hip ratio 0.94± 0.05 0.97± 0.07 0.013 0.92± 0.05 0.96± 0.07 0.0058
Insulin, mU l− 1 10± 4 17± 9 o0.0001 9± 7 12± 6 0.052
Glucose, mmol l− 1 5.8± 2.4 5.6± 1.0 0.67 5.5± 1.7 5.3± 1.1 0.60
HOMAIR 2.7± 1.7 4.4± 3.1 0.003 2.3± 1.8 2.9± 2.1 0.14
Fat cell volume, pl 697± 106 895± 105 o0.0001 − − −
Morphology value, pl − 89± 74 115± 82 o0.0001 − − −

Abbreviations: BMI, body mass index; HOMAIR, homeostasis model assessment-estimated insulin resistance. Values are mean± s.d. They were compared by
unpaired t-test.
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larger fat cells and higher WHR, plasma levels of insulin, glucose
and HOMAIR. There was no difference in age or waist circum-
ference between the two groups in cohort 2.
At follow-up, subjects in cohort 1 and 2 displayed significant

weight loss (7 ± 3 % and 33 ± 9 %, respectively). As expected, BMI,
waist circumference, WHR, fat mass, plasma insulin, glucose and
HOMAIR decreased significantly (Po0.001 by paired t-test) in all
subgroups in cohort 1 and 2 (Tables 1 and 2). In the weight-
reduced state, there were no major differences in the measured
variables between subjects with hyperplasia and those with
hypertrophy except for fasting plasma insulin which was slightly,
but significantly, higher in hypertrophic compared with hyper-
plastic patients in cohort 2. A similar trend (P= 0.052) was
observed in cohort 1. Moreover, in cohort 1, waist circumference
and WHR were higher in the hypertrophic subjects.
Although adipose morphology had no impact on weight loss in

either cohort (values not shown), the improvements (delta) in
insulin (Figures 1a and b for cohort 1 and Figures 2a and b for
cohort 2, respectively) and HOMAIR (Figures 1c and d for cohort 1
and Figures 2c and d for cohort 2, respectively) were significantly
more prominent in the hypertrophic compared with the
hyperplastic group. The degree of adipose tissue morphology
correlated significantly with the decrease in insulin and HOMAIR,
that is, those with more pronounced hypertrophy had a larger
improvement in circulating insulin levels and insulin sensitivity. In
cohort 1, three subjects displayed outlying delta HOMAIR values
(two 48 and one o − 4). Similarly, in cohort 2, two subjects
displayed pronounced improvements in HOMAIR (48). However,
the results of the statistical analyses were not different when these
individuals were omitted.
Because adipose morphology is a measure adjusted for total fat

mass, we also investigated if absolute fat cell size at baseline was
associated with the reduction in HOMAIR following weight loss
(graphs not shown). In cohort 1, there was no significant
relationship (Rho = 0.17; P= 0.10), whereas in cohort 2 initial fat
cell size and HOMAIR reduction correlated significantly (Rho= 0.38;
P= 0.005).
The relationship between insulin and HOMAIR improvement and

different anthropometric variables at baseline was also deter-
mined. However, neither BMI, total fat mass, WHR nor waist
circumference showed any significant association with delta
insulin or delta HOMAIR in either cohort (Supplementary Table S1).
Finally, we assessed whether baseline adipose morphology was

associated with improvements in other cardiometabolic risk
factors including circulating levels of total or HDL-cholesterol,
triglycerides as well as systolic and diastolic blood pressure.
Although plasma lipids and blood pressure were improved in both

cohorts following weight reduction (all Po0.001 by paired t-test,
data not shown), the only statistically significant difference
between subjects discordant in adipose morphology was a more
pronounced improvement in diastolic blood pressure among the
hypertrophic individuals in Cohort 2 (P= 0.04, graph not shown).

DISCUSSION
From both an individual and societal point of view, it is important
to identify predictors of improved metabolic outcome following
different forms of weight-reduction therapies. Markers of insulin
resistance may be of particular importance given the impact this
parameter has on the development of type 2 diabetes. As
reviewed,21 several factors have been suggested to aid in the
selection of patients who might benefit the most from therapies
resulting in substantial weight loss (that is, by bariatric surgery).
For remission of type 2 diabetes after weight loss, markers of
insulin production/sensitivity, glucose control, BMI, diabetes
duration and hypertension have been reported to be useful.22–24

However, bariatric surgery can only be used in selected cases with
the most pronounced forms of obesity and metabolic complica-
tions. In this study we report for the first time on the predictive
value of subcutaneous adipose tissue morphology for improve-
ments in insulin sensitivity following short-term/moderate or long-
term/pronounced weight loss in obese patients. We could confirm
that individuals with WAT hypertrophy, compared with subjects
with hyperplasia, had higher fasting plasma insulin levels and
HOMAIR, despite similar BMI and fat mass.11 More importantly,
although WAT morphology did not associate with weight loss
per se, it correlated with improvements in circulating fasting
insulin levels and insulin sensitivity. Thus, in both cohorts, subjects
with hypertrophy had more to gain in terms of insulin sensitivity
improvements than those with hyperplasia. These results extend
recently published data, demonstrating that subjects displaying
the largest reduction in fat cell size following bariatric surgery are
the ones with the most marked improvement in insulin
sensitivity.10

As mentioned above, several investigators have shown that
large fat cells are linked to increased risk of developing type 2
diabetes.8,9 However, the prognostic value of fat cell size following
weight loss is less clear. Although older studies have demon-
strated that small fat cells at baseline associate with increased risk
of weight regain following diet-induced weight loss,25 changes in
insulin sensitivity were not determined in that work. A recent
study in morbidly obese women scheduled for bariatric surgery
suggested that there is a threshold for baseline adipocyte volume
(~800–1000 pl) above which insulin resistance/type 2 diabetes is

Table 2. Clinical data for cohort 2

Measure Before weight loss After weight loss

Hyperplasia (n= 28) Hypertrophy (n= 33) P-value Hyperplasia Hypertrophy P-value

Age, years 41± 7 44± 10 0.16 − − −
BMI, kgm−2 43± 5 43± 4 0.97 29± 4 29± 5 0.89
Body fat, % 53± 4 53± 3 0.33 37± 8 38± 8 0.90
Waist circumference, cm 129± 11 130± 9 0.57 97± 10 96± 13 0.85
Waist-to-hip ratio 0.98± 0.06 1.02± 0.07 0.0066 0.91± 0.06 0.93± 0.07 0.19
Insulin, mU l− 1 12± 6 19± 9 0.004 4.3± 1.8 5.1 ± 2.0 0.017
Glucose, mmol l− 1 5.1± 0.5 6.0± 1.6 0.008 4.7± 0.6 4.9± 0.7 0.15
HOMAIR 2.7± 1.4 4.9± 2.9 0.0006 0.9± 0.4 1.1± 0.4 0.07
Fat cell volume, pl 840± 119 1088± 137 o0.0001 − −
Morphology value, pl − 143± 95 148± 105 o0.0001 − − −

Abbreviations: BMI, body mass index; HOMAIR, homeostasis model assessment-estimated insulin resistance. Values are mean± s.d. They were compared by
unpaired t-test.
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significantly more prevalent.26 Moreover, 6 months after surgery,
subjects with larger fat cells at baseline displayed a significantly
lower resolution of diabetes or risk of diabetes (defined by
HOMAIR4 the 75th percentile). In our present study, fat cell size

associated with improvements in insulin sensitivity only in cohort 2.
However, in contrast with the data from Cotillard et al.,26 we
observed a positive relationship between baseline fat cell size and
HOMAIR reduction. These differences may depend on several
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Figure 1. The relationship between adipose morphology and changes in fasting plasma insulin and HOMAIR following short-term/moderate
weight reduction. Delta values from Cohort 1 for (a–b) fasting plasma insulin and (c–d) HOMAIR in relation to adipose morphology shown as
box plots or graphs for individual values, respectively. Mann–Whitney U-test and Spearman correlation were used as statistical tests.
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Figure 2. The relationship between adipose morphology and changes in fasting plasma insulin and HOMAIR following long-term/pronounced
weight reduction. Delta values from Cohort 2 for (a–b) fasting plasma insulin and (c–d) HOMAIR in relation to adipose morphology shown as
box plots or graphs for individual values, respectively. Mann–Whitney U-test and Spearman correlation were used as statistical tests.
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factors, for example, that cohort 2 was re-investigated significantly
later after surgery, when body weight had attained a new steady
state. It is well-established that most individuals are still in a
catabolic weight-losing state 6 months after bariatric surgery.
Furthermore, almost one third of the subjects in the study by
Cotillard et al.26 had established type 2 diabetes. In any case, the
present observation that adipocyte size corrected for total fat
mass (that is, morphology value) had a prognostic value in both
cohort 1 and 2 suggests that this estimate provides more
information than fat cell size per se. In fact, the influence of fat
cell size alone is difficult to determine because of its strong
dependency on body fat mass and by itself, adipocyte size can
therefore not distinguish between different WAT morphologies.
The results reported from cohort 1 were obtained within

Nutrient-gene interactions in human obesity: implications for
dietary guidelines, a pan-European diet intervention study where
the primary aim was to determine the effects on metabolic
parameters and weight loss following two hypocaloric diets. The
prognostic values on weight loss of other parameters have been
published previously.27–29 These have shown that early weight
reduction28 and to a lesser extent global gene expression27 can
predict final weight loss, whereas allelic variants in the melano-
cortin 3 receptor gene do not.29 However, only one report has
evaluated factors possibly related to changes in insulin sensitivity,
demonstrating that plasma adiponectin levels (irrespective of
isoform) showed no association with improved HOMAIR.

30 Our
present data can therefore for the first time identify an adipose-
related parameter, predicting improved insulin sensitivity. Admit-
tedly, in both the present and previous studies, the r- and Rho-
values suggest that although significant, the prognostic value of
the different markers is modest. Nevertheless, by combining
adipose morphology with other clinical variables it may be
possible to develop algorithms that are stronger predictors for
beneficial outcomes of weight-reducing therapies.
Excess body fat status is usually classified on the basis of BMI

and sometimes according to the fat distribution (that is, waist
and/or WHR). Waist circumference correlates with insulin resistance13

and the degree of reduction in this measure associates with
improvement in insulin sensitivity following weight loss by gastric
by-pass surgery.31 The hypertrophic subjects displayed signifi-
cantly higher WHR in both cohorts at baseline. Despite this,
neither WHR nor other anthropometric variables predicted
improvements in insulin sensitivity. This observation supports
recent suggestions that better classification tools are needed to
identify overweight/obese subjects where therapeutic interven-
tions should be prioritized.32–34 The present study suggests that
subcutaneous adipose morphology may add a further dimension
to obesity phenotypes and that determination of this parameter
could be useful in selecting patients for weight reduction therapy.
In a clinical setting, fat cell size can be measured histologically in
small pieces of adipose tissue obtained by needle aspiration,17 a
method which yields similar results as the more tedious protocol
for fat cell isolation (by collagenase treatment) used in the present
study.18 Total body fat can easily be estimated using a formula
based on age, sex and BMI.35 For the purpose of measuring
adipose morphology, this indirect method gives essentially the
same results as direct assessments using bio-impedance.11

What are the mechanisms behind the predictive role of adipose
morphology for improvements in insulin sensitivity? Although this
study was not designed to answer this question, some specula-
tions can be offered. Adipose tissue cellularity is related to the
inflammatory and metabolic status of adipose tissue (reviewed
in36). Subjects with adipose tissue hypertrophy have increased
secretion of inflammatory proteins, enhanced lipolytic activity and
decreased insulin-induced glucose metabolism in fat cells,37

factors that are well-established to favor the development insulin
resistance. Furthermore, it has been suggested that the capacity to
store lipids in adipose hypertrophy is less efficient than in

hyperplasia.38 This may result in increased ectopic lipid deposition,
which in turn promotes insulin resistance. The well-recognized
observation, that these disturbances are normalized even upon
modest weight loss, could explain why individuals with adipose
hypertrophy display larger improvements in insulin sensitivity
than weight-matched subjects with hyperplasia.
Although subcutaneous adipose morphology may predict

improvements in insulin sensitivity, it appears to be of less value
as a marker for beneficial effects on plasma lipid or blood
pressure. Thus, whereas all these variables were normalized upon
weight loss, adipose morphology had only a modest impact on
change in diastolic blood pressure in Cohort 2. These results are in
line with the previously mentioned observation that subcutaneous
adipocyte size associates more closely with insulin sensitivity,
whereas visceral fat cell volume is linked to dyslipidemia.6

There are some limitations with the present study. Results are
solely based on analyses of abdominal subcutaneous adipose
tissue. Whether other depots display similar associations
remains to be defined. Also, because the majority of the
subjects were women, we cannot exclude that there may be
gender differences. However, similar correlations between
morphology and delta HOMAIR were observed when analyzing
the 21 men in cohort 1 separately (data not shown). All our
subjects were white Caucasians. Adipose morphology may
possibly have a different predictive value in individuals of
other ethnicities. Finally, insulin sensitivity was determined by
HOMAIR. Nevertheless, this indirect estimate shows a strong
relationship with direct measures of insulin sensitivity as
discussed in detail previously.14

In conclusion, subcutaneous adipose tissue morphology pre-
dicts improvements in insulin sensitivity after both short-term/
moderate and long-term/pronounced weight reduction in obese
subjects. Adipose morphology could therefore serve as a useful
tool when selecting obese subjects for various weight loss
interventions. Although adipose tissue morphology is a signifi-
cantly better prognostic marker than fat cell size or commonly
used anthropometric variables, its clinical value needs to be
validated in larger cohorts including a higher proportion of men as
well as subjects of different ethnicities.
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