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Obligatory role of hyperaemia and shear stress in
microvascular adaptation to repeated heating in humans
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The endothelium, a single layer of cells lining the entire circulatory system, plays a key
role in maintaining vascular health. Endothelial dysfunction independently predicts cardiovascular events and improvement in endothelial function is associated with decreased vascular
risk. Previous studies have suggested that exercise training improves endothelial function in
macrovessels, a benefit mediated via repeated episodic increases in shear stress. However, less
is known of the effects of shear stress modulation in microvessels. In the present study we
examined the hypothesis that repeated skin heating improves cutaneous microvascular vasodilator function via a shear stress-dependent mechanism. We recruited 10 recreationally active
males who underwent bilateral forearm immersion in warm water (42◦ C), 3 times per week for
30 min. During these immersion sessions, shear stress was manipulated in one arm by inflating
a pneumatic cuff to 100 mmHg, whilst the other arm remained uncuffed. Vasodilatation to
local heating, a NO-dependent response assessed using laser Doppler, improved across the
8 week intervention period in the uncuffed arm (cutaneous vascular conductance week 0 vs.
week 4 at 41◦ C: 1.37 ± 0.45 vs. 2.0 ± 0.91 units, P = 0.04; 42◦ C: 2.06 ± 0.45 vs. 2.68 ± 0.83 units;
P = 0.04), whereas no significant changes were evident in the cuffed arm. We conclude that
increased blood flow, and the likely attendant increase in shear stress, is a key physiological
stimulus for enhancing microvascular vasodilator function in humans.
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Introduction
Located at the interface between the blood and vessel
wall, the endothelium is essential for maintenance of
vessel health and for the local regulation of vascular tone
(Furchgott & Zawadzki, 1980). Endothelial dysfunction
is associated with increased cardiovascular mortality and
morbidity (Rossi et al. 2008; Shechter et al. 2009; Yeboah
et al. 2009) and improvement in endothelial function
decreases cardiovascular risk (Modena et al. 2002; Kitta
et al. 2009). In conduit and resistance arteries, exercise
training is associated with improvement in endothelial
function (Green et al. 2004). One likely physiological
mechanism involves the episodic increase in arterial
shear stress associated with repeated bouts of exercise
(Hambrecht et al. 2003; Tinken et al. 2010).
Less is known about the stimuli responsible for
modulation of microvascular function in humans. We
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recently utilised a gradual local heating stimulus, which
elicits cutaneous vasodilatation which is highly nitric
oxide (NO) dependent, to assess the effects of fitness
and exercise training on skin blood flow responses in
humans (Black et al. 2008). Training was associated with
enhanced vasodilator responses to local heating, with
the magnitude of improvement largely attributable to
enhanced NO-mediated vasodilatation (Black et al. 2008).
However, it is not known whether this improvement in
microvascular vasodilator function with exercise training
is dependent upon increased microvascular shear stress,
or some exercise-mediated effect independent of the
increased blood flow and shear stress which is associated
with exercise.
We therefore designed the present study to examine the
effects of repeated increases in blood flow and shear stress,
independent of exercise, on microvascular function. Skin
blood flow responses to a NO-dependent gradual heating
DOI: 10.1113/jphysiol.2010.186965
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Table 1. Baseline characteristics of study participants
Age (years)
Height (m)
Weight (kg)
BMI (kg m−2 )
SBP (mmHg)
DBP (mmHg)
MAP (mmHg)
HR (beats min−1 )

21.9
1.82
79.1
23.8
126
58
83
61

±
±
±
±
±
±
±
±

1.7
0.07
7.8
1.6
8
6
6
5

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; MAP, mean arterial pressure; HR, heart rate.

protocol were assessed before, during (week 4) and after
an 8 week intervention period involving bilateral forearm
immersion in warm water (42◦ C) for 30 min, 3 times per
week. The placement of a pneumatic cuff around one
forearm during each of these heating bouts minimised
the increase in shear stress observed in the uncuffed limb.
Using this within-subjects, simultaneous stimulus model,
we examined the hypothesis that repetitive increases in
blood flow and shear stress as a result of episodic heating
would enhance microvascular function and that repeated
heating, in the absence of increases in blood flow and shear
stress, would not modify microvascular function.
Methods
Ethical approval

All study procedures were approved by the Human
Research and Ethics Committee of the University
of Western Australia. Written, informed consent was
obtained from all subjects, and studies conformed to the
Declaration of Helsinki.
Subject characteristics

Ten young recreationally active males (21.9 ± 1.7 years,
Table 1) were recruited to undertake an 8 week
experimental protocol. A pre-participation questionnaire
was administered to exclude subjects with unsuitable lifestyle traits or medical issues such as cardiovascular disease,
smoking, hypertension and hypercholesterolaemia. Due
to possible anti-atherogenic effects of oestrogen, women
were excluded from this study along with individuals
taking medications or drugs of any kind.
Study design

Once enrolled in the study, all subjects underwent baseline assessments and were then required to attend the
laboratory 3 times per week, for 8 weeks. Each visit
involving bilateral forearm water bath exposure (42◦ C).
Training began within 1 week of the baseline assessments.
The experimental protocols were repeated during week 4
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and again at the end of the training period (week 8). All
studies were conducted at the same time of day to eliminate
the possible effects of the circadian rhythm on vascular
function.
Experimental procedures

Subjects arrived for testing having fasted for 8 h. In
addition, they were advised to abstain from alcohol and/or
caffeine and exercise for 24 h prior to testing. The laser
Doppler probe sites on each forearm were shaved and
cleaned 24 h prior to testing to avoid any inflammatory
response that would otherwise affect skin blood flow.
Similar placement sites were selected on each forearm and
the location of these sites was recorded so that repeated
measures at 4 and 8 weeks were undertaken at similar
locations.
Upon arrival, subjects were seated and instrumented for
∼10 min and then began the ∼120 min heating protocol
(see Black et al. 2008). Local heater discs (Perimed 455,
Stockholm, Sweden) were attached to the forearms using
double-sided adhesive rings. The laser Doppler probes,
each with a 7-laser array (Model 413, Periflux 5001 System,
Perimed AB), were then fitted into the middle of these
localised heating discs to record change in red cell flux (in
perfusion units, PU) (Cracowski et al. 2006).
Thermistors were placed and secured on five different
sites (the calf, thigh, sternum and both forearms proximal
to the heater discs) to continually record skin temperature
throughout the protocol. This was to ascertain whether
there were any increases in skin temperature at sites other
than the forearms, which would imply a systemic thermoregulatory reflex in response to the forearm heating. Room
temperature was also recorded throughout all assessments.
Once instrumented, recording commenced and the
heater disc temperatures were increased to 33◦ C and
maintained at this temperature for a 20 min ‘baseline’
period. Upon the completion of this baseline period,
increments in heater disc temperature were gradual, so
as to minimise any impact of axon reflexes, which are less
NO dependent than the incremental heating response.
Hence, after the 20 min at 33◦ C, the heaters increased
in increments of 0.5◦ C every 5 min until 42◦ C was
reached. Once the probes reached 42◦ C (∼90 min), they
remained at this temperature for a period of 30 min. Blood
pressure was recorded every 5 min at the ankle using a
Dinamap automated monitor. Blood pressure measures
were later corrected for the hydrostatic column (Groothuis
et al. 2008) and used to calculate cutaneous vascular
conductance (CVC), which accounts for skin blood flow
changes which occur as a result of changes in blood
pressure (Cracowski et al. 2006). This heating protocol
is identical to that used in a recent study which established
that skin blood flow responses to gradual incremental
heating are highly dependent upon NO (Black et al. 2008).
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All laser Doppler, skin thermistor, room and core
temperature measurements were relayed and graphed
in real time onto a laptop using the software program
LabChart 6 (ADInstruments, Sydney, Australia).
Water bath ‘training’ protocol

Following the initial laser Doppler protocol described
above, subjects were required to attend the laboratory
3 times per week for a period of 8 weeks. During each of
the 30 min bilateral water bath exposures, a pneumatic cuff
was placed on one forearm, below the elbow, and inflated
to 100 mmHg using a rapid inflation/deflation pneumatic
device (AG101 Hokanson, Bellevue, WA, USA). This cuff
pressure was chosen following pilot trails to determine the
optimal pressure required to maintain skin perfusion at
near-baseline values during forearm heating. The contralateral arm remained uncuffed. The decision regarding left
or right forearm cuff placement was randomised, but kept
consistent for a given individual across the 24 water bath
sessions.
Following cuff placement, both arms were immersed in
warm water (42◦ C) up to or above the level of the elbow
for 30 min. The water was maintained at a constant 42◦ C
in a storage reservoir using a thermostatically controlled
heating unit. This reservoir was connected via tubing
to both forearm immersion tanks and a submersible
pump ensured that water of identical temperature was
continuously circulated to both forearm tanks.
Efficacy of independent variable manipulation

To determine whether differences in forearm and skin
blood flow occurred between the cuffed and uncuffed arms
during each water heating session, laser Dopplers were
used to record changes in skin blood flow to each forearm
during the submersion period in five subjects. Assessments
of laser Doppler flux were made continuously in the
cuffed and uncuffed arm immediately prior to warm water
immersion and then throughout the 30 min immersion
period. Finally, at the end of the 30 min immersion, we
deflated the cuff whilst the arms remained immersed
to determine whether any differences between the limbs
were indeed due to cuff inflation. Skin temperatures
(skin thermistors; calf, thigh, sternum and both forearms,
MLT409, ADInstruments) and core temperature (RET-1,
Physitemp Instruments, NJ, USA) were also measured
throughout the 30 min warm water bath session in a subgroup of five subjects.
Data analysis
Laser Doppler protocol. Laser Doppler flux (LDF) from

the cuffed and uncuffed arms was averaged over a

C 2010 The Authors. Journal compilation 
C 2010 The Physiological Society

1573

stable 30 s period at the end of every 5 min interval
to assess skin blood flow. Calibration of the probes
was undertaken before and after the experiments using
two generic points, 0 and 250 PU, in accordance with
calibration guidelines using a zeroing disk and motility
standard (Periflux System, Perimed AB). Measurements in
perfusion units (PU) were converted to cutaneous vascular
conductance (CVC) which was calculated as PU/Dinamap
mean arterial pressure (MAP). All data from the gradual
heating protocol were then normalised via expression as
%CVCmax , using the maximum value recorded for each
individual at the end of the prolonged heating phase of
the protocol (Cracowski et al. 2006). All skin thermistor,
core and room temperature readings were averaged at the
end of each 5 min interval (in ◦ C).
Statistics

Skin blood flow LDF and CVC outcome data were
compared within subjects, across the three study time
points (0, 4 and 8 weeks) using 2-factor ANOVA with
planned comparisons performed on three temperature
points: baseline (33◦ C), 41◦ C and peak (42◦ C). Post hoc
Student’s t tests were performed where significance was
detected at the 0.05 level.
Results
Impact of cuff placement during bilateral forearm
heating: efficacy of independent variable
manipulation
Laser Doppler flux (LDF) and cutaneous vascular
conductance (CVC). No significant differences were

evident in LDF or CVC between the cuffed and uncuffed
arms in the baseline period before the cuff was inflated
(LDF 16.81 ± 2.02 vs. 22.26 ± 6.55, P = 0.36). In the
absence of heating, inflation of the cuff around one arm
caused a non-significant decrease in LDF and CVC in the
cuffed arm (8.08 ± 0.55 cuffed vs. 26.14 ± 10.60 uncuffed,
P = 0.16). However, once both arms where immersed in
the warm water (42◦ C) there was a significant increase
in the LDF (ANOVA, main effect for cuff placement,
P = 0.001, Fig. 1) and CVC (ANOVA, main effect for cuff
placement, P = 0.001) in the uncuffed arm, relative to
the cuffed arm, across the entire immersion period. Cuff
deflation at the end of the immersion period resulted
in a rapid increase in cuffed arm LDF (76.7 ± 12.6 at
30 min vs. 136.3 ± 14.3 post-deflation, P = 0.004) and
CVC (0.96 ± 0.15 at 30 min vs. 1.71 ± 0.19 post-deflation,
P = 0.005) to values approximating those in the uncuffed
arm (Fig. 1).
Core and skin temperatures during forearm immersion.

Repeated measures ANOVA revealed that core body
temperature increased modestly, but significantly, with
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heating (37.7 ± 1.3◦ C to 37.9 ± 0.1◦ C). Post hoc t tests
revealed that there were differences between baseline core
temperature and core temperatures at 20, 25 and 30 min of
heating. Mean skin temperature, calculated from the thigh,
leg and sternum placement sites, decreased significantly
from baseline (32.2 ± 0.6◦ C) during immersion of the
arms in warm water (30 min value: 30.6 ± 0.6◦ C).
Impact of repetitive heating on skin blood flow
responses
Comparison of perfusion unit data at baseline, and
weeks 4 and 8. Mean PU values at 33◦ C were similar

Figure 1. LDF differences between cuffed and uncuffed arms
before and throughout water bath immersion
Both limbs exhibited similar laser Doppler responses prior to cuff
placement. Cuff placement in the absence of heating slightly
decreased responses in the cuffed arm. Immersion in warm water
exaggerated the difference between the limbs (P < 0.001). These
differences resolved on cuff deflation.

in the cuffed limb between weeks 0, 4 and 8 (27.6 ± 14.8
versus 27.0 ± 18.8 versus 28.1 ± 18.9; ANOVA P = 0.99,
Fig. 2A). Similarly, 2-way ANOVA on temperature (33◦ C,
41◦ C and peak (42◦ C)) revealed no significant difference
in the cuffed arm between weeks 0, 4 and 8 (P = 0.44)
and no differences between any of the time-points at
any given temperature by paired t test (Fig. 2A). No
differences were evident between peak PU values at 0,
4 and 8 weeks (172.0 ± 26.1 versus 178.9 ± 35.9 versus
164.5 ± 37, ANOVA P = 0.57, Fig. 2A).

Figure 2. Averaged LDF and CVC data
Averaged laser Doppler flux (LDF) data between weeks 0, 4 and 8 at all temperature points in the cuffed (A) and
uncuffed (B) limbs. AU, arbitrary units; NS, no significance. Averaged cutaneous vascular conductance (CVC) data
between weeks 0, 4 and 8 at all temperature points is shown in the cuffed (C) and uncuffed (D) limbs.
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ANOVA on temperature points at 33◦ C, 41◦ C and peak
(42◦ C) revealed a significance value of P = 0.05 between
uncuffed arm PU data at weeks 0, 4 and 8 (Fig. 2B). A t test
performed on the area under the curve between weeks 0
and 4, for temperature data from the onset of the heating
response (36◦ C) to peak heating (42◦ C) was significant
(P = 0.02; Fig. 3A). Individual heating point comparisons
between weeks 0 and 4 at 41◦ C (119.5 ± 42.8 versus
161.4 ± 59.9; P = 0.06) and peak heating approached
significance (42◦ C; 174.4 ± 50.9 versus 218.1 ± 61.7 PU;
P = 0.06) (Fig. 2B).
Comparisons of cutaneous vascular conductance (CVC)
at baseline, week 4 and week 8 of repeated bilateral
heating. Raw PU skin blood flow data can be affected by

changes in arterial blood pressure, so it is conventionally
converted to cutaneous vascular conductance (PU/MAP)
(Cracowski et al. 2006). Values for CVC at baseline (33◦ C)
in the cuffed limb were similar between weeks 0, 4
and 8 (0.35 ± 0.22 versus 0.34 ± 0.25 versus 0.35 ± 0.26;
ANOVA P = 0.99, Fig. 2C). Furthermore, a 2-way ANOVA
on temperature data points at 33◦ C, 41◦ C and peak
(42◦ C) revealed no significant difference in the cuffed
arm between weeks 0, 4 and 8 (P = 0.48) and, similar
to cuffed PU data, there were no differences between any
of the weeks at any given temperature by paired t test
(Fig. 2C). No difference was evident between peak CVC
values at weeks 0, 4 or 8 (2.06 ± 0.27 versus 2.18 ± 0.4
versus 2.0 ± 0.48; ANOVA P = 0.60).
Repeated water bath exposure significantly enhanced
the uncuffed arm CVC between temperature data
points at 33◦ C, 41◦ C and peak (42◦ C) between
weeks 0, 4 and 8 (2-way ANOVA; P = 0.03, Fig. 2D).
Specifically, significant differences between weeks 0
and 4 at temperature points 41◦ C (1.37 ± 0.45
versus 2.0 ± 0.91; P = 0.04), 41.5◦ C (1.58 ± 0.47 versus
2.15 ± 0.81; P = 0.05) and peak 42◦ C (2.06 ± 0.45 versus
2.68 ± 0.83; P = 0.04) were evident. In addition, a t test
performed on the area under the curve for weeks 0 and 4
data from the onset of the heating response (36◦ C) to peak
heating (42◦ C) proved significant (P = 0.04, Fig. 2D).
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associated with a significant increase in skin blood flow,
that cuff inflation significantly attenuated this increase
in skin blood flow during forearm heating, that repeated
exposure to forearm heating significantly enhanced skin
blood flow responses to a NO-dependent incremental
local heating protocol and that no such improvement was
evident when the blood flow and therefore the shear stress
response to heating were significantly attenuated by cuff
placement. We submit that increased blood flow, and the
likely attendant increase in shear stress, is a key physiological stimulus for enhancing cutaneous microvascular
vasodilator function in humans in response to heating.
The results of this study are consistent with the few
previous studies that have assessed exercise training
effects on endothelial function in microvessels (Boegli
et al. 2003; Lenasi & Strucl, 2004; Black et al. 2008).
However, our results suggest that increases in blood
flow which are independent of an exercise stimulus
also induce improvements in microvascular function in
the skin. Given that the gradual heating protocol we
employed to measure skin blood flow elicits a largely
NO-dependent vasodilator response (Black et al. 2008),
our findings therefore suggest that localised improvements
in microvascular function in the uncuffed arm result from
enhanced NO-dependent vasodilatation.

Discussion
We recently demonstrated that exercise training enhances
the largely NO-dependent skin blood flow response to
incremental heating in humans (Black et al. 2008). The aim
of the present study was to determine whether repeated
episodic skin vasodilatation, independent of exercise,
improves NO-mediated microvascular function. We also
assessed the contribution of shear stress to this adaptation
using cuff inflation on one arm during each heating bout
to bilaterally manipulate skin blood flow and shear stress.
Our results indicate that warm water immersion was
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Figure 3. Skin vascular responses in cuffed and uncuffed arms
Averaged (± S.E.M.) area under the curve for: A, uncuffed forearm
laser Doppler flux (perfusion units) at entry, 4 and 8 weeks and B,
uncuffed forearm cutaneous vascular conductance (CVC) at entry, 4
and 8 weeks. ∗ P < 0.05.
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Studies investigating the effects of exercise in larger
arteries in humans have concluded that exercise induces
improvement in NO-mediated endothelial function which
is shear stress mediated (Green et al. 2004; Tinken
et al. 2010). For example, Hambrecht demonstrated an
increase in internal mammary artery endothelial NO
synthase mRNA and protein content, phosphorlyation of
shear-sensitive endothelial nitric oxide synthase (eNOS)
moieties and enhanced in vitro and in vivo NO vasodilator
function as a result of exercise training (Hambrecht et al.
2003). More recently, Tinken et al. (2010) demonstrated
that increased shear stress is a necessary precondition for
enhanced skeletal muscle conduit and resistance vessel
adaptation in healthy young subjects. In keeping with these
larger artery studies, we previously observed increases in
NO-mediated vasodilator responses in skin microvessels
as a consequence of exercise training (Black et al. 2008).
However, links between shear stress and change in microvascular function have not previously been made, possibly
due to perceived differences in the magnitude of exposure
of smaller vessels to shear stress. In addition, microvessels may possess less eNOS content than larger arteries
(Laughlin et al. 2003). Our results are therefore the first,
to our knowledge, to indicate that manipulation of blood
flow and shear stress induces differential adaptation in
cutaneous microvascular function in humans.
To our knowledge, no study has previously assessed
the impact of repeated localised skin heating, with
manipulation of the attendant hyperaemia, on cutaneous
microvascular function in humans. No improvements
were observed across the 8 weeks of repeated heating
exposure in the cuffed arm in this experiment, indicating
that heating alone, in the absence of changes in blood
flow and shear stress, has negligible impact on cutaneous
vascular function. This finding suggests that hyperaemia
and increased shear stress, rather than heat per se, are
obligatory for microvascular adaptation in response to
repeated heating of the skin in humans. This finding
requires further investigation and verification.
We could not find any previous studies investigating
the effect of repeated localised skin heating on microvascular adaptation in humans. However, Fox et al.
(1963b) reported increased forearm skin blood flow after
a period of 10–12 daily sessions of heat acclimation using
a more systemic stimulus of warm water immersion to
the xiphoid process (with arms not submerged). A more
recent study using sauna exposure in chronic heart failure
patients also revealed that a systemic heating stimulus
improved macrovascular endothelial function, although
microvascular function was not directly measured (Kihara
et al. 2002). These studies suggest that the classical signs
of heat acclimation (e.g. increased skin blood flow) can
be achieved by passive increases in core temperature (Fox
et al. 1963a) that stimulate the central thermoregulatory
reflexes to modify cutaneous microvascular vasomotor
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control. In the present study, although core temperature
increased modestly, the usual acclimation response of
increased skin blood flow was not seen in the cuffed limb.
This suggests that cutaneous adaptive responses cannot be
achieved without an obligatory increase in flow and shear
stress. In order to examine this hypothesis, further studies
should be undertaken using models which manipulate and
uncouple the relationship between central thermal drive
and peripheral adaptations.
Although we have previously demonstrated that the
protocol used in this study induces a largely NO-mediated
vasodilator response (Black et al. 2008), we did not
employ microdialysis or iontophoresis methodologies
to block NO-dependent vasodilatation in the present study. Indeed, we measured a general vasodilator
response of microvessels which probably incorporates
numerous vasodilator systems and we cannot exclude
the possible contribution of other vasodilator pathways
to the enhanced heating-induced microvascular function
we observed. Future studies, involving specific blockers,
will be necessary to tease out the precise mechanisms
responsible for our findings. Nonetheless, this is the
first study to describe a solely hyperaemia- and shear
stress-dependent increase in microvascular vasodilator
function in humans and our previous work suggests a
large role for NO in the adaptations we observed (Black
et al. 2008).
Another limitation of our experiment was that we
recruited males only. This was intentional, as we wished
to avoid the cyclical effects of the menstrual cycle on
skin blood flow responses. To date, the effects of shear
modulation on microvascular endothelial function in
women across the menstrual cycle remains unknown and it
is feasible that shear stress may have supplementary effects
in combination with those associated with oestrogen. In
addition, studies in populations known to possess endothelial dysfunction, such as those with heart disease and
diabetes, may also reveal important findings and the
possibility of using repeated heating, in the absence of
exercise, to enhance microvascular function has not been
comprehensively addressed to date.
Finally, we cannot rule out a contribution of the
veno-arteriolar reflex to adaptations we observed in the
present study (Johnson, 2002). However, the response to
our local heating protocol did not decrease in the cuffed
arm between weeks 0, 4 and 8, as may have been expected
if repeated elicitation of the veno-arteriolar reflex vasoconstriction induced chronic microvascular adaptation.
There is also the recent suggestion that heating diminishes
the vasoconstriction evoked by the veno-arteriolar reflex
(Brothers et al. 2009), suggesting that repeated heating
may have a smaller impact on reflex veno-arteriolar
vasoconstriction than expected. Future studies might
investigate the role of this reflex in our bilateral heating
model using brachial artery compression in preference to
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cuff occlusion, as the former affects arterial inflow without
modifying venous congestion. Similarly, other approaches
to the manipulation of shear stress, such as acute and
chronic changes in viscosity, may extend our understanding of the role of shear in microvascular adaptation.
In summary, we found that repeated heating of the
skin can induce improvement in microvascular function
if it is associated with hyperaemia and increased shear
stress. We have also demonstrated that hyperaemia or
shear-mediated improvement in microvascular function
can occur in the absence of exercise as a stimulus. Finally,
when the skin was exposed to heating in the absence of
hyperaemia and increased shear, then no adaptation in
NO-mediated function was apparent. Given that NO is
an important molecule in preventing the development
of atherosclerosis, this study has important implications
in terms of strategies aimed at preventing microvascular
disease in humans.
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