
Abstract

Aims/hypothesis. Insulin possesses vasodilatory ac-
tions that may be important in regulating its access 
to insulin-sensitive tissues. Our study aims to directly
measure changes in response to insulin in the human
skeletal muscle microcirculation. Measurement was
by an implanted laser Doppler probe.
Methods. We investigated changes in intramuscular and
skin microvascular perfusion in 12 healthy individuals
during a hyperinsulinaemic and a control clamp. We
determined leg blood flow with plethysmography, fin-
ger skin functional capillary recruitment with capil-
laroscopy, endothelium-(in)dependent vasodilation by
iontophoresis of acetylcholine and sodium nitroprus-
side, and leg intramuscular reactive hyperaemia and 
vasomotion with laser Doppler measurements.
Results. Compared to the control study, hyperin-
sulinaemia (416±82 pmol/l) caused: (i) an increase in
leg blood flow (1.0±1.0 vs 0.1±0.6 ml·min−1·100 ml,
p<0.05); (ii) an increase in finger skin capillary re-
cruitment (14.9±10.1 vs –5.6±11.0%, p<0.01); (iii) 
no change in baseline laser Doppler perfusion either 

in finger skin or leg muscle; (iv) a tendency to in-
crease acetylcholine-mediated vasodilation (475±534
vs 114±337%, p=0.07) with no change in sodium-
nitroprusside-mediated vasodilation (p=0.2) in finger
skin; (v) an increase in intramuscular reactive hyper-
aemia (423±507 vs 0±220%, p<0.01); and (vi) a de-
crease in time needed to reach peak intramuscular per-
fusion (−3.6±3.0 vs 1.1±3.1 s, p<0.01). In addition,
hyperinsulinaemia induced an increase in intramuscu-
lar vasomotion by increasing the contribution of fre-
quencies between 0.01 and 0.04 Hz (p<0.05 for all),
which probably represents increased endothelial and
neurogenic activity.
Conclusions/interpretation. Physiological hyperin-
sulinaemia not only stimulates total blood flow and
skin microvascular perfusion, but also augments 
human skeletal muscle microvascular recruitment 
and vasomotion as detected directly by laser Doppler
measurements.
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Introduction

Skeletal muscle is the main peripheral site of insulin-
mediated glucose uptake and vasodilation [1]. Defects
in this haemodynamic effect of insulin may contribute
to diminished insulin-mediated glucose uptake and
therefore play an important pathophysiological role in
insulin resistance in Type 2 diabetes, obesity and hy-
pertension [1].

In previous studies, insulin has been shown to mod-
ulate microvascular perfusion. In the rat hindlimb, in-
sulin recruited capillary perfusion as shown by an in-
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crease in the metabolism of 1-methylxanthine. This
capillary recruitment was related to changes in skele-
tal muscle glucose uptake independently of changes 
in total blood flow [2, 3]. Furthermore, it has been
shown that laser Doppler flow measurements in the
constant-flow, erythrocyte-perfused rat hindlimb cor-
relate with changes in muscle metabolism, indicating
the ability of this technology to measure erythrocyte
movement both proportional to nutritive flow and 
separate from total flow [4]. In rat muscle in vivo,
physiological hyperinsulinaemia induced an increase
in the laser Doppler signal that is consistent with nu-
tritive flow recruitment without a change in total flow
[5].

In humans, hyperinsulinaemia increased the distri-
bution volume of glucose [6] and specifically in-
creased capillary blood volume as measured with con-
trast-enhanced ultrasound [7]. In human skin, we have
recently shown that insulin is capable of inducing
functional recruitment of capillaries [8]. In addition,
insulin influenced rhythmic fluctuations of the skin
microvasculature (so-called vasomotion) by increas-
ing the relative contribution of endothelial activity.
This implies that insulin modulates microcirculatory
flow through a mechanism that is dependent on 
the endothelium [8]. Although the above-mentioned
studies are consistent with the concept of an insulin-
mediated effect on intramuscular microvascular perfu-
sion, such an effect has never been directly assessed 
in humans by means of intramuscular laser Doppler 
measurements.

In human skin, reactive hyperaemia after arterial
occlusion as measured with laser Doppler is common-
ly applied to assess microvascular vasodilatory capac-
ity [9, 10]. The same technique can also be applied to
the vasculature of human skeletal muscle. If the probe
position remains unchanged, the reproducibility of in-
tramuscular reactive hyperaemia measurements after
arterial occlusion has been shown to be excellent [11,
12].

The aim of the present study was to use an implant-
ed laser Doppler probe to examine directly in human

muscle the insulin-mediated effects (i) on microvascu-
lar reactive hyperaemia after arterial occlusion and 
(ii) on microvascular vasomotion, and to compare
these effects with insulin-mediated effects on total
blood flow and skin microvascular perfusion.

Subjects and methods

Subjects. Characteristics of the study population are shown 
in Table 1. Participants were healthy as judged by medical 
history. They were also non-diabetic [13], normotensive
(<140/<90 mm Hg) as determined by triplicate office blood
pressure measurement, non-smokers and not taking any medi-
cation except oral contraceptives. All participants gave in-
formed consent for participation in the study. The study was
undertaken with approval of the local ethics committee and
performed in accordance with the Declaration of Helsinki.

Study design. All individuals underwent the protocol as de-
scribed in Figure 1. All measurements were performed in a
quiet, temperature-controlled room (23.4±0.5°C) and after a
10-hour fast.

Throughout the study, laser Doppler measurements were
performed in the anterior tibial muscle. The laser Doppler sig-
nal is determined by the product of local speed and concentra-
tion of moving blood cells [14]. The exact volume measured
by laser Doppler cannot be determined, and consequently, the
laser Doppler signal is expressed in arbitrary units. Each time
the laser Doppler probe is applied to a new volume of tissue
the optical properties and microvascular structure of the tissue
being monitored will be different. However, so long as these
immeasurable variables remain constant, the laser Doppler 
signal is very useful because any changes that are seen are
strongly related to changes occurring in local perfusion [14].

Fig. 1. Design of the study protocol. O: leg blood flow and
blood pressure measurements; X: intramuscular peak reactive
hyperaemia; hatched rectangle: intramuscular vasomotion;
black rectangle: capillaroscopy and endothelium-(in)dependent
vasodilation in skin of the finger

Table 1. Characteristics of the study population

Characteristic Mean ± SD or
number

Number (men/women) 12 (6/6)
Age (years) 27±8
BMI (kg/m2) 22.6±1.0
WHR 0.81±0.05
M/I-value (mg·kg−1·min−1 per pmol/l) * 100 2.0±0.6
Total cholesterol (mmol/l) 4.2±1.0
LDL-cholesterol (mmol/l) 2.3±0.9
HDL-cholesterol (mmol/l) 1.4±0.3
Triglycerides (mmol/l) 0.9±0.5

M/I-value = glucose infusion rate during the hyperinsuli-
naemic clamp, expressed per kg body weight, corrected for in-
sulin concentrations in pmol per litre



Thus, only responses to provocational manoeuvres and not the
absolute laser Doppler signal can be compared between indi-
viduals [14].

Laser Doppler perfusion in the anterior tibial muscle was
measured with a needle probe (model 402, fibre separation 
= 0.15 mm; Perimed, Stockholm, Sweden) sterilised in ethyl-
ene oxide. A standard cannula (Venflon 0.9×25 mm; B–D) was
inserted into the anterior tibial muscle approximately 20 cm
proximal to the ankle joint of the non-dominant leg. The nee-
dle probe was introduced through the cannula, positioned to
protrude 0.5 cm from the tip of the cannula in order to make
proper contact with the muscle tissue, as indicated by a regular
and pulsatile laser Doppler signal, and fixated on the skin with
a special fixation device (PH 18 Fixation Device; Perimed).
During the studies subjects were in a supine position. In order
to minimise movement artefacts, the leg was fixated by resting
on a vacuum cushion moulded to hold the limb in a comfort-
able position.

Blood pressure. Blood pressure measurements were performed
as depicted in Figure 1 (Colin Press-Mate BP-8800; Colin, 
Komaki City, Japan). The average of three consecutive blood
pressure readings during each period was used for further anal-
yses.

Hyperinsulinaemic–euglycaemic clamp. Insulin sensitivity was
determined with the euglycaemic–hyperinsulinaemic clamp
method as described previously [15]. Insulin (Velosulin; Novo
Nordisk, Bagsvaerd, Denmark) was infused at a rate of
50 mU·kg−1·h−1.

To exclude non-specific changes in vascular measurements,
a time- and volume-control study was performed in an identi-
cal fashion. We used hypotonic saline (0.65%) as control infu-
sion, because glucose infusion will behave like a hypotonic
fluid and will increase both the intra- and extracellular fluid
volume.

Leg blood flow. Leg blood flow was measured by venous oc-
clusion plethysmography (EC6; Hokanson, Bellevue, Wash.,
USA) in a supine position with the foot elevated [8]. An occlu-
sive cuff was placed proximally around the dominant leg and
the strain gauge was placed around the calf at the largest cir-
cumference. Hokanson dedicated software was used (NIVP3;
Hokanson) to inflate the cuff to 50 mm Hg, capture the inflow
waveform and calculate blood flow. A paediatric cuff inflated
to suprasystolic pressure was placed around the ankle in order
to exclude the foot circulation. Leg blood flow measurements
represent the average of seven to nine recordings. The mean of
two consecutive measurements was used for further analyses.
The day-to-day coefficient of variation was 9.6±7.4%, as 
determined in ten healthy individuals on two separate days.

Capillaroscopy and endothelium-(in)dependent vasodilation in
skin of the finger. Nailfold capillary studies and iontophoresis
studies were performed as described previously [8]. Perfused
capillary density was defined as the number of erythrocyte-
perfused capillaries per square millimetre. Reactive hyper-
aemia after 4 minutes of arterial occlusion was used to assess
functional capillary recruitment. This was calculated by divid-
ing the increase in perfused capillary density during reactive
hyperaemia by the baseline perfused capillary density. The
day-to-day coefficient of variation of functional capillary 
recruitment was 15.9±8.0% as determined in ten healthy indi-
viduals on two separate days.

Microvascular endothelium-(in)dependent vasodilation was
determined as described previously [8]. Acetylcholine (1% 
Miochol, IOLAB, Bourneville Pharma, Braine l’Alleud, Bel-

gium) was delivered on the middle phalanx of the third finger
of the non-dominant hand using an anodal current. Delivery
consisted of seven doses (0.1 mA for 20 s) with a 60-s interval
between each dose. Sodium nitroprusside (0.01%, Nipride;
Roche, Almere, The Netherlands) was delivered on the same
spot of the fourth finger using a cathodal current, consisting of
nine doses (0.2 mA for 20 s) with a 90-s interval between each
dose. The day-to-day coefficient of variation of the relative in-
crease from baseline to the final two deliveries was 12.2±9.7%
for acetylcholine and 16.4±8.1% for sodium nitroprusside, as
determined in ten healthy individuals on two separate days.
Skin temperature was above 30 °C during all measurements.

Reactive hyperaemia in muscle of the lower leg. Intramuscular
reactive hyperaemia measurements were started at least 45
minutes after muscle puncture and after stable laser Doppler
recordings had been achieved. An occlusive cuff was placed
around the distal thigh of the non-dominant leg. After 5 min-
utes of resting laser Doppler recording, the cuff was rapidly 
inflated to 200 mm Hg. This pressure was maintained for 
3 minutes, which was shown by others [11] to give a maximal
hyperaemic response. After release of the cuff, intramuscular
reactive hyperaemia was recorded. Baseline perfusion was cal-
culated as the mean value of the 3-minute laser Doppler
recording immediately prior to inflation of the cuff. The peak
perfusion corresponded with the maximal laser Doppler signal
recorded after release of the cuff. The time to peak perfusion
was the time between the start of cuff deflation and the peak
perfusion. Reactive hyperaemia was measured twice with a 
20-minute interval. The mean of these two measurements was
used in further analyses. For two consecutive measurements 
in 12 healthy subjects, the coefficient of variation of the rela-
tive increase in perfusion and the time needed to reach peak
perfusion during reactive hyperaemia were 10.2±4.3% and
16.2±11.4% respectively.

Vasomotion in the muscle of the lower leg. The laser Doppler
signal was recorded for 30 minutes and vasomotion analyses
were performed on a continuous 15-minute sample relatively
free of movement artefacts. A bandpass filter, with cut-off fre-
quencies at 20 Hz and 20 kHz and a time-constant of 0.2 s, was
used. We used Fourier transformation to determine the contri-
bution of different frequency components to the variability of
the laser Doppler signal. The frequency band between 0.01 and
1.6 Hz was studied and divided into a set of intervals. Based
upon the work of Stefanovska et al. [16], we chose five fre-
quency intervals: (i) 0.01–0.02 Hz, which is thought to contain
local endothelial activity; (ii) 0.02–0.06 Hz, which is thought
to contain neurogenic activity; (iii) 0.06–0.15 Hz, which is as-
sociated with the myogenic response of the smooth muscle
cells in the vessel wall; (iv) 0.15–0.4 Hz, which is the frequen-
cy interval of respiratory function; and (v) 0.4–1.6 Hz, which
contains the heart beat frequency. Data were processed on a
personal computer using Perisoft dedicated software (PSW
version 3.11, Perimed). The day-to-day coefficients of varia-
tion of the energy density of the frequency intervals 0.01–0.02,
0.02–0.06, 0.06–0.15, 0.15–0.40 and 0.40–1.6 Hz were
23.1±19.0%, 26.8±25.4%, 25.5±22.7%, 27.9±22.5% and
27.5±17.5% respectively in 12 healthy subjects.

Analytical methods. Plasma insulin concentrations were mea-
sured by radioimmunoassay techniques (Medgenix Diagnos-
tics, Fleurus, Belgium). Blood glucose concentrations were de-
termined by the glucose oxidase method with a glucose ana-
lyser YSI2300 (Yellow Springs Instrument, Yellow Springs,
Ohio, USA). Fasting serum total cholesterol, HDL cholesterol
and triglyceride concentrations were measured by enzymatic
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techniques (Hitachi 747 model 100; Roche diagnostics,
Mannheim, Germany). Fasting LDL cholesterol was calculated
by the Friedewald formula.

Statistical analyses. All variables were tested for normality of
distribution. Data are expressed as means ± SD or median (in-
terquartile range) as appropriate. The paired Student’s t test
and the Wilcoxon signed rank test for paired data were used to
study effects of the hyperinsulinaemic clamp and the control
study, and to compare these effects. Pearson’s correlation anal-
ysis was used to study associations between insulin-mediated
effects on total blood flow and intramuscular and skin micro-
vascular perfusion. A two-tailed p value of less than 0.05 was
considered significant. All analyses were performed on a per-
sonal computer using the statistical software package SPSS
version 11.0.

Results

Metabolic and haemodynamic variables before and
during the hyperinsulinaemic clamp. The change in
glucose concentration during the hyperinsulinaemic–

euglycaemic clamp was significantly different from
that in the control study (0.6±0.3 vs −0.2±0.2 mmol/l,
p<0.01; Table 2), because the plasma glucose con-
centration was clamped at 5 mmol/l. During the
clamp, insulin levels increased from 65±42 pmol/l to
416±82 pmol/l. In comparison with the control study,
hyperinsulinaemia increased leg blood flow (1.0±1.0
vs 0.1±0.6 ml·min−1·100 ml, p<0.05).

Capillaroscopy and endothelium-(in)dependent vaso-
dilation in skin of the finger. As compared with 
the control study, hyperinsulinaemia did not influ-
ence baseline perfused capillary density, but did 
increase functional capillary recruitment during peak
reactive hyperaemia (14.9±10.1 vs −5.6±11.0%,
p<0.01; Table 3). Hyperinsulinaemia also tended 
to increase acetylcholine-mediated vasodilation in
comparison with the control study (475±534 vs
114±337%-points, p=0.07), but did not significantly
change vasodilation mediated by sodium-nitroprus-
side (p=0.2).

Table 2. Metabolic and haemodynamic variables before and during the hyperinsulinaemic clamp and time-volume control study

Variables Clamp Control

Before infusion During infusion Before infusion During infusion

Plasma insulin (pmol/l) 65±42 416±82b,d 45±12 35±9b

Blood glucose (mmol/l) 4.3±0.2 5.0±0.1b,d 4.3±0.4 4.1±0.3a

Systolic blood pressure (mm Hg) 122±13 124±14 119±8 123±13
Diastolic blood pressure (mm Hg) 66±10 65±10 64±9 67±9
Heart rate (beats per min) 63±10 67±10 61±9 65±10b

Leg blood flow (ml·min−1·100 ml) 2.6±1.2 3.6±0.8a,c 2.6±1.0 2.7±1.2

a p<0.05 and b p<0.01 during vs before infusion; c p<0.05 and d p<0.01 for change during insulin versus during control study

Table 3. Skin microcirculatory measurements before and during the hyperinsulinaemic clamp and time-volume control study

Clamp Control

Before infusion During infusion Before infusion During infusion

Capillary recruitment
Baseline capillary density (no./mm2) 33.8±5.5 33.8±5.8 34.6±5.6 36.6±6.6
Peak capillary density (no./mm2) 49.0±8.0 53.3±10.0a,d 50.5±9.2 50.9±8.0
Perfused capillary increase (no./mm2) 15.1±5.2 19.5±6.7b,e 15.9±6.4 14.9±6.4
Functional capillary recruitment (%) 46.6±17.5 59.7±21.9b,e 47.6±20.2 42.0±22.0

Ach-mediated vasodilation
Baseline laser Doppler perfusion (PU) 24.0±9.7 20.5±7.5 28.8±8.5 26.4±12.0
Plateau laser Doppler perfusion (PU) 148.7±79.3 204.8±78.0b 197.0±124.7 191.8±70.0
Ach-mediated vasodilation (%) 491±196 1000±499b,c 593±355 707±268

SNP-mediated vasodilation
Baseline laser Doppler perfusion (PU) 22.0±6.7 23.4±9.2 24.4±12.0 25.5±10.2
Plateau laser Doppler perfusion (PU) 166.6±78.0 159.1±81.2 160.1±66.0 193.4±98.8
SNP-mediated vasodilation (%) 719±433 623±352 632±278 745±446

Ach, acetylcholine; no, number of perfused capillaries; SNP, sodium nitroprusside; PU, arbitrary perfusion units. a p<0.05 and 
b p<0.01 during vs before infusion; c p=0.07, d p<0.05 and e p<0.01 for change during insulin versus during control study
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Similar results were obtained if the absolute in-
crease in perfused capillary density and in laser Dopp-
ler perfusion during iontophoresis of acetylcholine
and sodium nitroprusside was used instead of the per-
centage increase (data not shown).

Reactive hyperaemia in muscle of the lower leg. Com-
pared to the control study, insulin did not influence
basal laser Doppler perfusion (p=0.3). However, hy-
perinsulinaemia increased peak laser Doppler perfu-
sion (by 218.0±166.3 vs 5.3±97.1 PU, p<0.01; Ta-
ble 4) and also raised the absolute and relative increas-
es in laser Doppler perfusion after arterial occlusion
(by 210.8±155.9 vs 7.1±74.3 PU, and by 414±327 vs
0±220%-points respectively, p<0.01 for both; Table 4,
Fig. 2). In addition, hyperinsulinaemia decreased the
time needed to reach peak laser Doppler perfusion af-
ter arterial occlusion (−3.7±3.1 vs 1.1±3.1 s, p<0.01).
Pearson’s correlation analysis demonstrated that insu-
lin-mediated changes in absolute and relative increase
after arterial occlusion and time needed to reach peak
laser Doppler perfusion were not significantly associat-
ed with insulin-mediated effects on total leg blood
flow (Pearson’s correlation coefficient; r=0.19, p=0.5;
r=0.15, p=0.6 and r=−0.16, p=0.5, respectively).

Vasomotion in the muscle of the lower leg. Table 5
shows energy densities of the intramuscular laser

Table 4. Reactive hyperaemia measurements in the tibial muscle of the lower leg before and during the hyperinsulinaemic clamp
and time-volume control study

Clamp Control

Before infusion During infusion Before infusion During infusion

Baseline laser Doppler perfusion (PU) 35.7±19.2 42.9±18.1 30.0±14.9 29.2±14.1
Peak perfusion (PU) 193.7±100.0 411.6±203.0b,c 176.2±69.6 181.5±83.5
Absolute increase (PU) 158.0±97.8 368.8±202.4a,c 146.3±68.4 153.3±76.1
Relative increase (%) 565±358 987±605a,c 622±337 633±366
Time to peak (s) 12.0±5.7 8.4±4.1b,c 11.1±4.7 12.2±5.7

PU, arbitrary perfusion units; a p<0.05, b p<0.01 during vs before infusion; c p<0.01 for change during insulin versus during control study

Fig. 2. The relative increase in intramuscular perfusion after 
arterial occlusion (a) and time needed to reach peak intramus-
cular perfusion (b). Both were measured before and during the
hyperinsulinaemic clamp (hatched bars) and the control study
(white bars). *p<0.05 and **p<0.01 during vs before infusion;
***p<0.01 for change during insulin versus during control
study

Table 5. Energy densities of microvascular laser Doppler perfusion within each of the five frequency intervals and the total energy
density in muscle of the lower leg before and during the hyperinsulinaemic clamp and time-volume control study

Frequency domain Clamp Control

Before infusion During infusion Before infusion During infusion

0.01–0.02 Hz 2.33 (1.65–3.50) 5.78 (3.69–8.83)a,c 2.01 (1.10–2.80) 2.15 (1.09–4.43)
0.02–0.06 Hz 1.14 (0.92–1.86) 1.36 (0.83–2.83) 0.92 (0.58–1.43) 0.95 (0.66–3.01)
0.06–0.15 Hz 0.83 (0.68–0.97) 1.14 (0.79–1.43) 0.58 (0.44–1.04) 0.51 (0.34–1.81)
0.15–0.40 Hz 0.57 (0.37–0.70) 0.84 (0.54–1.48) 0.42 (0.31–0.78) 0.39 (0.27–0.95)
0.40–1.60 Hz 0.46 (0.36–0.77) 0.75 (0.45–1.10) 0.40 (0.21–0.59) 0.37 (0.22–0.64)

Total energy density 5.83 (4.19–8.13) 12.87 (7.54–16.64)a,b 4.69 (2.84–6.62) 4.24 (2.59–10.94)

Values are expressed as median (interquartile range); a p<0.01 during vs before infusion; b p<0.05 and c p<0.01 for change during
insulin study versus during control study
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Doppler signal within each frequency interval and the
calculated total energy density within the interval
from 0.01 to 1.6 Hz. Compared with the control study,
hyperinsulinaemia increased the intramuscular energy
density of the frequency intervals between 0.01 and
0.02 Hz by (median value and interquartile range):
3.37 (1.56–4.2) vs 0.44 (−1.02 to 2.28), p<0.01. 
It increased the calculated total energy density by:
5.88 (1.46–8.38) vs 0.46 (−1.59 to 5.32), p<0.05. To
illustrate the effect of hyperinsulinaemia at the lower
frequencies of the frequency interval between 0.01
and 1.6 Hz, its effect on the energy densities of each
of the registered frequencies between 0.01 and
0.15 Hz was measured (Fig. 3). Compared with the
control group, hyperinsulinaemia increased the contri-
bution of all frequencies registered between 0.01 and
0.04 Hz in the muscle, but not of the frequencies
above 0.04 Hz.

Discussion

The main finding of this study is that insulin affects 
intramuscular microvascular perfusion as estimated
with the laser Doppler technique. We show that hyper-
insulinaemia increases two different measures of 
intramuscular microvascular activity: reactive hyper-
aemia after arterial occlusion and vasomotion. Hyperin-
sulinaemia increases the maximal reactive response in
intramuscular laser Doppler perfusion following 3 min-
utes of arterial occlusion and reduces the time needed
to reach this maximal response. In addition, hyperin-
sulinaemia increases intramuscular microvascular vaso-
motion, in a way that indicates an increased contribu-
tion of endothelial and neurogenic activity. We also
confirmed previous findings of an insulin-induced in-
crease in total leg blood flow, in skin capillary recruit-
ment after arterial occlusion, and in endothelium-
dependent vasodilation [8, 17]. Taken together, these
data show that the vascular effects of insulin are not
limited to total blood flow and skin microvascular func-
tion during provocational manoeuvres, but extend to
microvascular perfusion in human muscle.

The present results are in agreement with previous
studies that have demonstrated insulin-mediated ef-
fects on microvascular perfusion in human muscle 
using positron emission tomography or contrast-
enhanced ultrasound [6, 7]. However, these methods
do not measure muscle perfusion in real time and are
therefore not able to measure vasomotion.

In connection with our finding that hyperin-
sulinaemia stimulated the response of intramuscular
microvascular perfusion during reactive hyperaemia,
it is possible that the stimulatory effect of hyperinsuli-
naemia is due to a decreased sensitivity to vasocon-
strictor or an increased sensitivity to vasodilatory
stimuli. The mechanisms responsible for the increase
in vascular perfusion after arterial occlusion are not
fully understood. The accumulation of metabolic va-
sodilators, myogenic and/or neurogenic mechanisms
may play a role [18]. It seems unlikely that hyperin-
sulinaemia decreases sensitivity to vasoconstrictive
effects, because, both in the isolated rat arteriole and
in the human forearm, hyperinsulinaemia has been
shown to increase vasoconstrictive effects by inducing
endothelin-1 activity [19, 20]. In humans, moreover,
insulin has been shown to stimulate vasodilatory 
effects by inducing endothelial nitric oxide (NO) pro-
duction [21]. The idea that NO plays a part in intra-
muscular reactive hyperaemia is supported by most
[22, 23, 24], but not all studies [25] using venous 
occlusion plethysmography. Therefore, in the present
study, enhanced endothelial NO production might
have contributed to insulin-mediated changes in intra-
muscular reactive hyperaemia. Evidently this and 
other possible mechanisms in intramuscular reactive
hyperaemia, as well as the insulin-mediated effects on
these mechanisms, need to be further investigated.

Fig. 3. The contribution of frequencies between 0 and 0.15 Hz
to the total energy density of microvascular intramuscular 
vasomotion before (white circles) and during (black circles)
the hyperinsulinaemic clamp (a) and the control study (b).
*p<0.05 and **p<0.01 for change during insulin versus during
control study



In our study, as in many previous studies, insulin in-
creased total leg blood flow [8, 17, 26]. This may have
contributed to insulin-mediated changes in intramuscu-
lar reactive hyperaemia. However, insulin-mediated
changes in intramuscular reactive hyperaemia were not
associated with insulin-mediated changes in total leg
blood flow. In addition, iontophorised insulin can di-
rectly increase skin microvascular perfusion, indicating
a direct local microvascular effect of insulin [8]. More-
over, animal and human studies suggest that insulin-in-
duced changes in basal microvascular perfusion occur
before changes in total blood flow demonstrating an
independency of both phenomena [5, 7, 27].

The present study demonstrated insulin-mediated
differences in capillary density and microvascular per-
fusion after provocational manoeuvres, i.e. arterial 
occlusion or acetylcholine administration, but not in
the basal state. This is in contrast with previous stud-
ies [5, 8] and may be explained by a lower sensitivity
of the methods presently used and by the small num-
ber of participants. It should be emphasised that our
study was not specifically designed, and thus was 
underpowered, to examine the effects of insulin on
baseline microvascular perfusion, and such effects
therefore cannot be excluded.

Intramuscular reactive hyperaemia measurements
with the laser Doppler have been used and validated
in previous studies [11, 12, 28]. Calculation of the rel-
ative increase in intramuscular perfusion allows cor-
rection for differences in baseline intramuscular perfu-
sion. This is important, because previous studies have
shown that intramuscular laser Doppler perfusion at
rest shows considerable spatial variation at different
measurement sites [11, 12]. Our experiments were
performed in conscious, healthy subjects and so slight
changes in the probe measurement angle and depth
could not be avoided. The laser Doppler signal con-
sists of the average perfusion in all arterioles, venules
and capillaries of a certain measured volume of mus-
cle tissue. Slight changes in this measured volume
may shift the baseline of the laser Doppler signal. This
limitation means that our findings for basal intramus-
cular perfusion should be interpreted cautiously, and it
may partly explain the contrast with findings in anaes-
thetised rats [5].

A major advantage of the laser Doppler technique
is the possibility to study vasomotion. The origin and
control of microvascular vasomotion is still a matter
of debate. A central neurogenic regulatory mechanism
is suggested by synchronicity on contralateral limbs
[29] and by the suppressive effect of central sympa-
thectomy [30]. However, local administration of vaso-
active substances such as acetylcholine and sodium
nitroprusside directly influences vasomotion [31].
Furthermore, vasomotion has been shown in isolated
small arteries, indicating a local regulatory mecha-
nism [32]. In view of these considerations, it can be
suggested that vasomotion is regulated by both local

vasoactive substances and influences of the central
nervous system. The contribution of different regula-
tory mechanisms can be investigated by analysing the
contribution of different frequency intervals to the
variability of the laser Doppler signal [16]. In the
present study hyperinsulinaemia increased the contri-
bution of the frequencies between 0.01 and 0.04 Hz in
muscle. Stefanovska and co-workers have demonstra-
ted that endothelium-dependent vasodilators specifi-
cally increase the contribution of frequencies around
0.01 Hz and concluded that the frequency interval be-
tween 0.01 and 0.02 Hz represents endothelial activity
[16, 31]. The insulin-induced increase in this frequen-
cy interval in muscle in the present study is in accor-
dance with a similar insulin-induced increase in hand
skin, found in a previous study [8]. It is also in agree-
ment with present and previous findings of an insulin-
mediated increase in endothelium-dependent vasodila-
tion in microvasculature [8] and, in general, with insu-
lin-mediated increases in endothelium-dependent va-
sodilation in resistance vessels [17, 33]. Stefanovska
and co-workers have also demonstrated a frequency
peak between 0.03 and 0.04 Hz, which is attributed to
neurogenic activity, because it has been shown to dis-
appear completely after ganglionic nerve blockade
and after sympathectomy [34]. Our results demon-
strate an insulin-mediated increase in the contribution
of the frequencies around 0.03 and 0.04 Hz. Part of
the insulin-mediated effects on microvascular vaso-
motion might thus be explained by insulin-mediated
effects on neurogenic activity. Other studies in larger
vessels have demonstrated that hyperinsulinaemia has
a stimulatory effect on sympathetic neural activation
[35, 36]. Taken together, our data suggest that an insu-
lin-mediated effect on microvascular vasomotion oc-
curs by increasing endothelial and neurogenic activity.

In the current study we demonstrate consistency in
insulin-mediated increases in microvascular reactive
hyperaemia in finger skin and leg muscle, and in insu-
lin-mediated increases in microvascular endothelial
activity in both finger skin and leg muscle. Although
different methods were used to measure microvascular
reactive hyperaemia and endothelial function in hand
skin and muscle, our results suggest that the effect of
insulin on skin and muscle microvasculature takes
place simultaneously.

Peak reactive hyperaemia in finger skin is used to
detect functional recruitment of initially non-perfused
capillaries. Capillaries, especially in the skin, are either
intermittently or continuously perfused in the resting
state [37, 38]. Only continuously perfused capillaries
were counted in the resting state (baseline capillary
density), because intermittently perfused capillaries are
an important functional reserve that can be recruited 
after arterial occlusion [37, 38]. Functional capillary re-
cruitment can serve as a mechanism to satisfy increased
metabolic demands such as during insulin infusion [8].
Our present and previous data suggest that functional
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capillary recruitment plays a role in insulin sensitivity
and blood pressure regulation by modifying both the
availability of insulin and glucose to muscle cells, and
total peripheral resistance [8, 39, 40].

In contrast with our previous study [8], but in
agreement with previous findings in resistance vessels
[41, 42], we did not in the present study find any insu-
lin-mediated effect on endothelium-independent vaso-
dilation in finger skin microvasculature. Apparently,
other factors not identified in these studies modulate
the effect of insulin on endothelium-independent 
vasodilation in healthy volunteers.

We did not use hand warming to arterialise venous
blood samples during the hyperinsulinaemic clamps,
because this has been shown to induce unwanted sys-
temic effects on vascular function [43]. Theoretically,
the lack of arterialisation of venous blood samples
may have led to slightly overestimated insulin sensi-
tivity values [15]. However, to our knowledge, mea-
surements of insulin sensitivity with and without arte-
rialisation have been similar in all previous studies
[43, 44, 45, 46]. In any case, this issue does not affect
our conclusions with regard to insulin’s microvascular
effects. Finally, we clamped at euglycaemia (i.e. at
5 mmol/l [18]) instead of at isoglycaemia, which re-
sulted in slightly higher glucose levels during insulin
than during saline infusion. It is not clear whether this
difference affected our results, but because hypergly-
caemia impairs microvascular function [47, 48], we
may, if anything, have somewhat underestimated insu-
lin-mediated effects on microvascular function.

In conclusion, we have used intramuscular laser
Doppler measurements to measure the effects of insu-
lin on microvascular perfusion in muscle and in skin.
Our data show that insulin augments the intramuscular
microvascular response to reactive hyperaemia after
arterial occlusion. In addition, insulin modulates mi-
crovascular blood flow oscillations in the muscle, in-
dicating an increased contribution of endothelial and
neurogenic activity. We demonstrate a concomitant 
effect of insulin on total blood flow and skin micro-
vascular measurements. Hence, this study demon-
strates that insulin stimulates not only total blood flow
and skin microvascular perfusion, but also microvas-
cular perfusion in human muscle.
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