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Abstract
Aims/hypothesis Different ectopic fat depots, such as
visceral or hepatic fat, are known to affect whole body
insulin sensitivity. It has recently been hypothesised that
differences in perivascular adipose tissue (PVAT) mass
around resistance vessels may also contribute to insulin
resistance, possibly via direct vascular effects leading to
reduced capillary cross-sectional area in the muscle, which
in turn affects muscular blood flow and glucose uptake.
Based on this, the aim of the present study was to test
whether PVAT around conduit arteries (i.e. the brachial
artery) influences NO bioavailability, expressed as flow-
mediated dilation (FMD), or insulin sensitivity in humans
in vivo.
Methods Insulin sensitivity was measured by OGTT in all
95 participants (59 women, 36 men; median age 47 years,
range 19–66 years) and by the gold standard, a euglycae-
mic–hyperinsulinaemic clamp, in a randomly selected
subgroup of 33 participants. Quantification of the different
fat compartments, including PVAT around the brachial
artery, was achieved by high-resolution magnetic resonance
imaging (1.5 T). Blood flow and FMD were measured at

the brachial artery using high-resolution (13 MHz) ultra-
sound, after 5 min of forearm occlusion.
Results PVAT was negatively correlated with insulin sen-
sitivity and the post-ischaemic increase in blood flow.
The association between PVAT and insulin sensitivity (r=
−0.54, β=−0.37, p=0.009) was independent of age, sex,
visceral adipose tissue, liver fat, BMI and further cardiovas-
cular risk factors. No correlation could be detected between
PVAT and local endothelial function. However, we ob-
served an independent association between PVAT and
post-ischaemic increase in blood flow (r=−0.241; β=−1.69;
p=0.02).
Conclusions/interpretation PVAT seems to play an inde-
pendent role in the pathogenesis of insulin resistance. This
may be due to direct vascular effects influencing muscular
blood flow.
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Abbreviations
FMD flow-mediated dilation
GTN glyceryl trinitrate
hsCRP highly sensitive C-reactive protein
ISI insulin sensitivity index
LF liver fat
PI3-kinase phosphatidylinositol 3-kinase
PVAT perivascular adipose tissue
VAT visceral adipose tissue

Introduction

Insulin resistance, a key component of the metabolic
syndrome, is strongly associated with obesity. It is well

Diabetologia (2008) 51:2093–2099
DOI 10.1007/s00125-008-1128-3

K. Rittig :K. Staib :A. Peter :N. Stefan :A. Fritsche :
H.-U. Häring :B. Balletshofer (*)
Department of Endocrinology, Diabetes, Vascular Medicine,
Nephrology and Clinical Chemistry, University of Tübingen,
Otfried-Müller Straße 10,
72076 Tübingen, Germany
e-mail: bernd.balletshofer@med.uni-tuebingen.de

J. Machann :M. Böttcher : F. Schick : C. Claussen
Section of Experimental Radiology,
Department of Diagnostic and Interventional Radiology,
University of Tübingen,
Tübingen, Germany



established that this association is dependent on the local-
isation and endocrine activity of the different fat stores of
the body. In particular, ectopic fat stores such as liver fat
(LF) and visceral adipose tissue (VAT) show a significant
association with whole body insulin sensitivity [1].

Fatty tissue is believed to influence insulin sensitivity
through the secretion of certain cyto- and chemokines
(‘adipokines’) that interact directly or indirectly with the
insulin signalling pathway [2–4].

Another mechanism by which insulin sensitivity is
thought to be negatively influenced is reduced blood flow
in the muscle, one of the main target organs for glucose
uptake. According to the so-called ‘capillary recruitment
theory’ [5], reduced capillary cross-sectional area in the
muscle leads to impaired glucose supply to muscle cells
and, subsequently, to reduced insulin-mediated glucose
uptake. This proposed mechanism partly explains the link
between insulin resistance and circulation.

Based on growing evidence that it is not obesity per se that
is important for the development of insulin resistance, but,
rather, where the fat is localised [6], it has been hypothesised
that [7] perivascular fat (PVAT) around resistance vessels
constitutes an ectopic fat compartment that may be relevant
to the pathogenesis of insulin resistance. According to this
hypothesis, PVAT around arterioles secretes adipocytokines
that inhibit the insulin-mediated signalling cascade via
phosphatidylinositol 3-kinase (PI3-K) in the endothelial cell
[8], resulting in insulin resistance. Simultaneously, the Akt
pathway is inhibited, leading to reduced endothelial nitric
oxide synthase activity [9, 10], which attenuates NO
bioavailability.

Based on these observations, the aim of the present study
was to determine whether PVAT around conduit arteries (i.e.
the brachial artery) influences NO bioavailability, expressed
as flow-mediated dilation (FMD), or insulin sensitivity in
humans in vivo. We therefore measured PVAT around the
brachial artery and tested its associations with insulin
resistance and with local endothelial dysfunction.

Methods

Study population

We studied a total of 95 participants (59 women, 36 men;
median age 47 years, range 19–66 years). The examinations
were performed in individuals participating in the ongoing
Tuebingen Lifestyle Intervention Program (TULIP;
EudraCT registration no. 2008-000442-31) study, in which
individuals at increased risk of developing type 2 diabetes
are metabolically screened and several vascular variables
are determined [11]. The individuals have one or more of
the following diabetes risk factors: being overweight (BMI

>27 kg/m2) (n=53), being a first-degree relative of a patient
with type 2 diabetes (n=78) or having impaired glucose
tolerance (n=20).

All 95 individuals underwent an OGTT, and a randomly
selected subgroup of 33 individuals (21 women, 12 men;
median age 50 years, range 22–63 years) also underwent a
euglycaemic–hyperinsulinaemic clamp. Informed written
consent was given by each participant. The study was
approved by the ethics committee of the University of
Tübingen, Germany.

OGTT

A standardised OGTT was performed using a solution
containing 75 g glucose at 08:00 hours, after an overnight
fast of 12 h. An insulin sensitivity index (ISI) was cal-
culated according to the criteria described by Matsuda and
DeFronzo [12], referred to throughout the remainder of this
article as ISI-OGTT.

Euglycaemic–hyperinsulinaemic clamp

After participants had undergone a 12 h overnight fast, an
antecubital vein was cannulated for infusion of insulin and
glucose. A dorsal hand vein of the contralateral arm was
cannulated and placed under a heating device to permit
sampling of arterialised blood. After a basal blood sample
had been drawn, participants received a primed insulin in-
fusion at a rate of 1.0 mU kg–1 min–1 for 2 h. A blood sample
was drawn every 5 min for determination of blood glucose,
and the glucose infusion was adjusted to maintain the fasting
glucose level. An insulin sensitivity index (in μmol kg–1

min–1 [pmol/l]–1) for systemic glucose uptake was calcu-
lated as the mean infusion rate of glucose (in μmol kg–1

min–1) necessary to maintain euglycaemia during the last
60 min of the euglycaemic–hyperinsulinaemic clamp,
divided by the steady-state serum insulin concentration (in
pmol/l). This is referred to throughout the remainder of this
article as ISI-clamp.

Vascular variables

We used a non-invasive method to evaluate blood flow
volume and FMD, described in 1992 by Celermajer et al.
[13]. This method uses post-ischaemic (forearm) vasodila-
tion, causing enhanced flow in the proximal (brachial)
artery, which is regarded to result in the shear stress-
induced release of NO, and subsequent vasodilation of the
brachial artery. FMD at the radial artery has been proved to
be endothelium-dependent, since it can be blocked by N-
monomethyl-L-arginine, an inhibitor of endothelial nitric
oxide synthase [14]. We examined endothelium-dependent
vasodilation using high-resolution (13 MHz) ultrasound
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(AU5 Idea; Esaote Biomedica, Genoa, Italy) with an
integrated ECG package. Participants fasted and refrained
from smoking for at least 10 h prior to examination. The
diameter of the brachial artery was measured from two-
dimensional ultrasound images created using a 13 MHz
linear-array transducer. The brachial artery was scanned in
longitudinal sections, 2–10 cm proximal to the elbow.
Lumen diameter was assessed according to the sono-
morphological definition of Wendelhag et al. [15]. Par-
ticipants rested for at least 10 min before the first
baseline scans were recorded. Before compression, the
mean blood flow velocity and the arterial diameter were
measured. The blood flow velocity was measured contin-
uously and the mean blood flow velocity was used to
estimate blood flow volume. The formula used to calculate
blood flow volume was π×(artery diameter)2×blood flow
velocity in cm/s.

Increased flow was induced by deflating a pneumatic
tourniquet after a 5 min suprasystolic (230 mmHg) forearm
compression. The post-ischaemic blood flow volume was
assessed immediately after cuff deflation and is reported as
fold increase from baseline. Post-ischaemic diameter was
measured 45–60 s after cuff deflation. The CV in blood
flow measurement was 8.76%. To exclude possible sub-
endothelial alterations that might mimic endothelial dys-
function, vascular relaxation was also tested 4 min after
sublingual administration of 0.4 µg glyceryl trinitrate
(GTN), an endothelial-independent vasodilator. The time
span between the post-ischaemic and the pre-GTN scans
had to be at least 15 min, to allow vessel recovery. Vessel
diameter was analysed using electronic calipers on frozen
images over a length of the artery of at least 1 cm. Three
measurements were taken at each scan for three cardiac
cycles at the end of the diastole (incident with the R wave
on the ECG), and the mean was then calculated.

MR examinations

All MR examinations were performed in the early morning,
after an overnight fast, on a 1.5 T whole body imager
(Magnetom Sonata; Siemens Healthcare, Erlangen Germany).

MRI quantification of PVAT in the upper arm The amount
of PVAT in the upper arm was determined by applying a
T1-weighted gradient-echo sequence with following mea-
surement variables: echo time, 4.8 ms; repetition time,
91 ms; slice thickness, 10 mm; in-plane resolution, 0.8 mm;
seven slices; acquisition time, 1:18 min. The body coil was
used as a receiver. Volunteers lay in a prone position with
extended arms. The central slice was positioned 15 cm
distal to the head of the humerus. The amount of PVAT in
cm2 was quantified using the scanner software by manually
drawing the contours of the fatty region between subcuta-

neous fat and the brachial artery in all seven images, as
shown in Fig. 1 for a single slice. After all seven slices had
been measured, the mean (in cm2) was calculated. Testing
of the reliability of the method by repeated measurements
in five volunteers after repositioning in the scanner revealed
intra-individual variations of below 10%. Additionally, five
datasets were evaluated by two observers (J. Machann and
M. Böttcher), and these showed inter-observer differences
of below 8%.

MRI quantification of VAT Visceral adipose tissue was
measured with an axial T1-weighted fast spin echo
technique with a 1.5 T whole body imager (Magnetom
Sonata) as described previously [16].

Magnetic resonance spectroscopy of the liver The amount
of lipids in the liver was measured by localised 1H mag-
netic resonance spectroscopy from a voxel within the
posterior part of segment seven of the liver as described
previously [17].

Measurement of highly sensitive C-reactive protein

Plasma highly-sensitive C-reactive protein (hsCRP) was
measured using a latex-enhanced immunoturbidimetric
method (Wide Range C-Reactive Protein kit) with the
ADVIA 1650 Clinical Chemistry Analyzer (Siemens
Medical Solutions Diagnostics, Fernwald, Germany)

Fig. 1 T1-weighted MR images of the upper arm of two volunteers
with high (a) and low (c) amounts of PVAT. Segmented PVAT is
highlighted in (b) and (d)
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Statistical analyses

Data are provided as means±SD when values are distrib-
uted normally, and as median (range) when not normally
distributed. Statistical comparison of phenotypes was
performed using ANOVA for normally distributed varia-
bles. Non-normally distributed variables were log trans-
formed to achieve normal distribution. If log transformation
did not result in normal distribution, original data were used
in a non-parametric test. The χ2 test was used when
analysing differences between categorical variables such as
sex or smoking. Multivariate linear regression analyses
were performed to adjust for the effects of relevant
covariates. A p value of less than 0.05 was considered to
be statistically significant. The analyses were conducted
using the JMP statistical software package 4.0.4 (SAS
Institute, Cary, NC, USA).

Results

Anthropometrical and laboratory findings

The clinical characteristics of the study population are
shown in Table 1. The middle-aged study group was
normotensive and slightly overweight. The glucose levels
at baseline and at 2 h during the OGTTwere 5.25±0.53 and
6.99±2.05 mmol, respectively. As one part of the insulin
resistance syndrome and cardiovascular risk profile, lipo-
protein status, including total, HDL- and LDL-cholesterol
and triacylglycerol, was normal, with exception of a
moderately increased total cholesterol level of 5.27±
1.08 mmol/l.

Vascular variables

Mean basal brachial artery diameter, measured by high-
resolution ultrasound, was 3.67±0.76 mm (Table 2). As
expected, there was a significant difference between sexes
(women vs men: 3.2±0.4 vs 4.39±0.6 mm, p<0.0001).
FMD was 6.37% (0.73–26.24%) in the whole study group.

Vasodilation 4 min after sublingual application of 0.4 µg
GTN was 16.41% (1.57–37.48%). All participants showed
vasodilation after GTN to a different extent; therefore,
subendothelial alterations mimicking endothelial dysfunc-
tion can be ruled out in our study population.

Adipose tissue measurement

The median amount of PVAT was 1.02 (0.38–3.46) cm2. We
observed positive correlations between PVAT and VAT (r=
0.49, β=0.96, p<0.0001), PVAT and LF (r=0.46, β=1.15,
p<0.0001) and VAT and LF (r=0.47, β=0.61, p<0.0001).

The subgroup of participants who underwent a glucose
clamp examination (n=33) did not differ significantly from
those who underwent the OGTT alone (n=62) in terms of
the above-mentioned variables, with the exception of a slightly
lower FMD in the clamp subgroup (4.27% [1.88–18.15%]
vs 7.55% [1.88–26.24%], p=0.02).

Fat distribution and insulin sensitivity

Although the different fat compartments were related to
each other, we found distinct differences concerning their
influence on insulin sensitivity. PVAT showed a strong
negative correlation to the ISI-OGTT in univariate analysis
(r=−0.42, β=−0.543, p<0.0001). After adjustment for age
and sex, the correlation did not change considerably
(r=−0.41, β=-0.550, p<0.0001). As expected, there was
also a negative correlation between VAT and the ISI-OGTTTable 1 Demographics, anthropometrics and laboratory findings of

the study population

Variable All participants (n=95)

Age (years) 47 (19–66)
Sex (women/men) 59/36
Systolic BP (mmHg) 125 (90–180)
Diastolic BP (mmHg) 80 (60–100)
BMI (kg/m2) 27.7±4.9
Body fat (%) 30.3±7.7
ISI-OGTT 11.1 (3.5–43.9)
ISI-clampa (µmol kg-1 min-1) 0.06 (0.02–0.13)
Triacylglycerol (mmol/l) 1.33 (0.42–18.3)
Total cholesterol (mmol/l) 5.27±1.08
HDL-cholesterol (mmol/l) 1.35 (0.25–2.65)
LDL-cholesterol (mmol/l) 3.09 (0.53–5.51)

Data are mean±SD when values are distributed normally, and median
(range) when not normally distributed
a n=33

Table 2 Vascular variables and fat compartments of the study
population

Variable All participants (n=95)

Basal brachial artery diameter (mm) 3.67±0.76
Arterial blood flow at baseline (ml/s) 1.80 (0.42–7.46)
Post-ischaemic blood flow volume
(fold increase from baseline)

4.56 (2.35–13.19)

Flow-mediated dilation (%) 6.37 (0.73–26.24)
GTN-induced dilation (%) 16.41 (1.57–37.48)
Visceral adipose tissue
(% body weight)

2.07 (0.18–6.44)

Liver fat (%) 1.98 (0.1–22.6)
Perivascular fat (cm2) 1.02 (0.38–3.46)

Data are mean±SD when values are distributed normally, and median
(range) when not normally distributed

2096 Diabetologia (2008) 51:2093–2099



(r=−0.40, β=−0.263, p<0.0001). However, when age, sex,
VAT, LF and other cardiovascular risk factors (systolic and
diastolic blood pressure, total and LDL-cholesterol, BMI)
were included in one multivariate model, the relationship
between PVAT and the ISI-OGTTwas no longer significant.

In the subgroup that underwent a euglycaemic–hyper-
insulinaemic clamp (n=33), the univariate effect of PVAT
on insulin sensitivity was even stronger (r=−0.65, β=
−0.724, p<0.0001). Adjustment for age and sex did not
change this association considerably (r=−0.621, β=−0.684,
p=0.0002). VAT again showed a negative association with
the ISI-clamp in univariate analysis (r=-0.54, β=−0.306,
p=0.001). Adjustment for age, sex, PVAT, VAT, LF and
other cardiovascular risk factors (systolic and diastolic blood

pressure, total and LDL-cholesterol, BMI) in one statistical
model resulted in a persistent, strong negative association
between PVAT and the ISI-clamp (Table 3, Fig. 2).

Fat distribution and vascular variables

The fat compartments studied did not significantly influence
local FMD at the brachial artery either in univariate analysis or
in the multivariate model adjusted for age, sex, basal artery
diameter and post-ischaemic mean blood flow velocity.

GTN-induced vasodilation was not affected by PVAT,
ruling out subendothelial alterations as an explanation for
the above-mentioned observation. However, PVAT was
negatively correlated with post-ischaemic blood flow

Table 3 Factors influencing
clamp-derived ISI Model Variable Estimate (β) SE p value

Model 1 Sex 0.005 0.004 0.19
Age 0.0004 0.0003 0.29
Systolic BP −0.0002 0.0002 0.33
Diastolic BP 0.0001 0.0005 0.76
Total cholesterol 0.00002 0.004 0.99
LDL-cholesterol −0.008 0.0056 0.14
CRP −0.002 0.003 0.39
PVAT −0.045 0.01 0.0002

Model 2 Sex 0.004 0.004 0.32
Age 0.0003 0.0003 0.42
Systolic BP −0.0002 0.0002 0.53
Diastolic BP 0.0002 0.0005 0.68
Total cholesterol −0.0009 0.004 0.81
LDL-cholesterol −0.005 0.006 0.36
CRP 0.0002 0.003 0.94
BMI −0.001 0.001 0.13
PVAT −0.035 0.011 0.007

Model 3 Sex 0.01 0.006 0.1
Age 0.00005 0.0004 0.89
Systolic BP −0.00013 0.0003 0.65
Diastolic BP 0.00005 0.0004 0.92
Total cholesterol −0.002 0.004 0.61
LDL-cholesterol −0.006 0.006 0.33
CRP −0.0003 0.003 0.92
BMI −0.002 0.001 0.052
VAT 0.007 0.005 0.18
PVAT −0.038 0.12 0.004

Model 4 Sex 0.01 0.006 0.07
Age 0.00006 0.0004 0.89
Systolic BP −0.0002 0.0003 0.50
Diastolic BP 0.0002 0.0005 0.75
Total cholesterol −0.0003 0.004 0.95
LDL-cholesterol −0.007 0.006 0.28
CRP −0.002 0.004 0.64
BMI −0.002 0.001 0.19
VAT 0.008 0.005 0.13
LF −0.006 0.005 0.27
PVAT −0.04 0.01 0.009
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volume at the brachial artery (r=−0.37, β=−2.25, p=
0.0003). In multivariate analysis, this association was
independent of potentially confounding variables such as
age, sex and VAT (r=−0.24, β=−1.69, p=0.02). On the
other hand, when adjusted for age and sex, VAT and LF
were not associated with post-ischaemic blood flow
volume.

Fat distribution and hsCRP levels

In our population, median serum levels of hsCRP were 1.1
(0.1–27.2) mg/l. We observed a weak, but significant
positive correlation between hsCRP serum levels and
PVAT, independently of age, sex, VAT and even LF
(r=0.28, β=0.92, p=0.009).

Discussion

We observed a close relationship between PVAT deter-
mined at the brachial artery and insulin sensitivity in
humans in vivo. Although there were correlations between
the amounts of fat in each compartment, PVAT is not
merely an epiphenomenon of adiposity. As expected, VAT
and LF were also associated with insulin sensitivity in
univariate analysis (data not shown). However, in multi-
variate models that took into account age, sex, VAT, LF,
several cardiovascular risk factors and PVAT, PVAT was
shown to be independently associated with insulin sensi-
tivity. In our study population, this association could be
detected in the subgroup randomly selected to undergo a
euglycaemic–hyperinsulinaemic clamp (ISI-clamp), the
gold standard for insulin-sensitivity measurements. There
was no independent association between PVAT and the
ISI-OGTT. This finding may be explained by the fact that
the ISI clamp is considered to reflect muscular insulin

resistance to a greater extent, and PVAT around the brachial
artery is more likely to influence insulin resistance in this
area, whereas the ISI-OGTT represents whole body insulin
resistance, and is influenced by several other variables,
such as liver fat. Thus, our results suggest a relevant effect
of PVAT in the regulation of insulin sensitivity. According
to a currently discussed hypothesis, PVAT may influence
insulin sensitivity via inhibition of the insulin signal
cascade, via paracrine and ‘vasocrine’ signalling [7].
Secretion of IL-6 or TNF leads to inhibition of PI3-kinase,
resulting in insulin resistance [8]. This inhibitory effect has
been demonstrated in vitro as well as in vivo [2, 3, 18].
That PVAT releases proinflammatory cytokines has recently
been shown in vitro by Henrichot et al. [19].

It should be emphasised that the hypothesis put forward
by Yudkin et al. [7] explicitly concerns peri-arteriolar fat in
muscle. Our study investigated perivascular fat around
conduit arteries. Therefore, the mechanism by which PVAT
around the brachial artery influences insulin sensitivity on a
molecular level needs to be clarified in further studies.

Another consequence of PI3-kinase inhibition and
subsequent downstream inhibition of Akt is an inhibitory
effect on the endothelial NO synthase pathway [9, 10].
Reduced NO bioavailability could therefore cause endothe-
lial dysfunction. To test whether this effect can be observed
in conduit arteries in vivo, we measured local NO
bioavailability at the brachial artery, expressed as FMD.
Interestingly, we could not detect an influence of PVAT on
FMD at the brachial artery, excluding a direct effect of
PVAT on local NO bioavailability in this vascular segment.
Thus, the hypothesis that PVAT also influences vascular
function is not applicable to conduit arteries. We observed a
weak, but independently significant negative association
between PVAT and the post-ischaemic increase in flow
volume at the brachial artery. The experimental post-ischaemic
increase in blood flow volume, as induced in this study, is
mediated by forearm vasodilation and therefore by the
distal vascular cross-sectional area, probably reflecting
microvascular capacity. According to the capillary recruit-
ment theory [5], reduced blood flow as a result of a reduced
capillary cross-sectional area may be one mechanism that
contributes to insulin resistance [5, 20]. In previous studies,
muscle perfusion has been shown to modulate insulin-
mediated glucose uptake [20–22], which is reduced in the
insulin-resistant state [23, 24].

Subclinical inflammation is known to be associated with
insulin resistance, as well as endothelial dysfunction. Since
serum levels of IL-6 and TNF do not represent tissue levels,
we used hsCRP as a surrogate variable for subclinical
inflammation. In our population we detected a positive
association between PVAT and serum hsCRP levels,
indicating that individuals with higher amounts of PVAT
suffer from a potentially higher inflammatory burden,
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Fig. 2 Correlation between PVAT and insulin sensitivity, adjusted for
age, sex, VAT, liver fat, BMI, CRP, systolic and diastolic BP and total
and LDL-cholesterol (r=−0.54, β=−0.04, p=0.009). The graph shows
the regression line (solid line) and the 95% CI (dotted lines)
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which is known to be a risk factor for diabetes as well as a
cardiovascular risk factor [25].

A potential limitation of our study is the heterogeneity of
the study group. Metabolically, a lean first-degree relative
with a genetic background of diabetes cannot simply be
compared with an overweight insulin-resistant individual. It
is evident that our conclusions, which are based on
heterogeneous phenotypes, may not be applicable to all
phenotypes.

In conclusion, PVAT seems to represent a novel and
important adipose tissue compartment for the regulation of
insulin sensitivity, independent of other fat compartments.
The underlying mechanisms by which PVAT regulates
insulin sensitivity may in part be due to differences in
muscular blood flow. However, local endothelial function
of conduit arteries is not affected by PVAT.
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