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Thesis Overview 

Regular exercise reduces cardiovascular risk. Understanding the mechanisms that 

contribute to changes in vascular function following an exercise bout is essential to 

understand the basis for vascular adaptation that occurs when exercise is episodically 

repeated.  Such studies provide a basis for optimisation of exercise strategies aimed at 

inducing health benefits in humans. 

 

Improvements in traditional risk factors such as hypercholesterolemia, hypertension and 

obesity account for approximately 50 % of the benefit of exercise in terms of 

cardiovascular risk reduction. The remaining proportion of benefit may, at least partly, 

be attributed to direct effects of exercise on the vasculature. Recent studies suggest that 

initial and rapid improvements in arterial function in response to exercise training are 

superseded by adaptations in vascular structure, and that these changes are largely 

dependent upon repeated exposure to increases in arterial shear stress and blood flow. 

Nevertheless, exercise is a complex stimulus which activates myriad vasoactive 

pathways. For example, exercise is associated with central (systemic) activation of the 

sympathetic nervous system (SNS), alongside the generation of skeletal muscle 

metabolites that induce localised changes in arterial tone. Haemodynamic responses to 

exercise also vary depending upon the modality, duration and intensity of the exercise. 

Large muscle group systemic exercise alters the haemodynamic milieu, by promoting 

large increases in shear rate and blood flow, blood pressure and neural output. In 

contrast, smaller muscle group exercise modifies arterial shear rate and local metabolic 

changes, whilst minimising changes in central haemodynamics.   

 

In contrast with the large number of studies illustrating that exercise improves the health 

and function of conduit arteries, few studies have specifically investigated the impact of 

training on the microvasculature. It is believed that, as is the case in larger arteries, 

shear stress and blood flow may be important stimuli at microvascular level. However, 

smaller vessels are not exposed to the same magnitude of shear and it is plausible that 

other mechanisms may contribute to microvascular adaptation to exercise training. 

 

The studies included in this thesis utilised a variety of methodological and physiological 

techniques to address the global aim of investigating local and systemic stimuli that 

affect the function, and ultimately health, of conduit and microvessels in humans. 
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Study 1: Cutaneous microvascular adaptation to cycle exercise training 
Part 1 
Whilst singular bouts of cycle exercise have been associated with a transient reduction 

in conduit artery function (assessed as flow mediated dilation FMD), repeated episodic 

exposure to exercise induces conduit artery functional and structural improvements that 

are dependent upon increases in arterial shear stress. Less is known about the 

contribution of repeated increases in shear in terms of the cutaneous microvascular 

adaptation to cycle training. We examined the hypothesis that cycle exercise training, by 

inducing repeated increases in cutaneous blood flow, shear stress and temperature, 

would increase forearm skin intrinsic vasodilator capacity in response to a localised 

heating stimulus. To address this hypothesis, we examined bilateral forearm skin 

microvascular responses before and after 8 weeks of cycle exercise training in healthy 

humans. To address the role of shear rate, we unilaterally inflated a cuff around one 

forearm during each exercise bout in order to attenuate cutaneous blood flow responses 

in this limb. Our results indicate that 8 weeks of lower limb cycle exercise decreased 

cutaneous microvascular responses to local heating in resting humans. This change in 

microvascular response to local heating was at least partly a result of exercise-induced 

shear rate, since attenuating blood flow in one limb during each bout of exercise 

negated the response. We propose that structural remodeling of the microvasculature 

may occur following training, explaining the prolongation in cutaneous red cell transit 

time we observed. Such an adaptation would, theoretically, enhance thermoregulatory 

heat loss in humans. 

Part 2 
Our interpretation of the data above was speculative, as no extant methodology existed 

to directly visualise changes in small arteriole size in humans.  We therefore applied a 

novel imaging technique to directly visualise microvessels and undertook a cross-

sectional comparison of highly trained athletes and matched untrained individuals. Our 

findings provide support for the conclusions documented in the training study above, in 

that we observed increased microvascular density and arteriolar diameter in the trained 

individuals, compared with untrained controls. This is a unique observation and novel 

technical approach in humans, which will have important future applications. 
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Study 2: Impact of handgrip exercise intensity on brachial artery flow-mediated 
dilation. 

Previous studies that have examined the impact of exercise intensity on conduit artery 

endothelial function have involved large muscle group exercise, which induces both 

local and systemic effects. The aim of this study was to examine flow mediated dilation 

(FMD) before and after incremental intensities of handgrip exercise (HE), to assess the 

role of local factors such as blood flow and shear rate on post-exercise brachial artery 

function. We hypothesised that an intensity-dependent decrease in FMD would occur 

immediately after exercise, followed by a return of function to baseline levels after 60-

minutes of recovery. Eleven healthy men completed 30 minutes handgrip exercise at 5, 

10 and 15 % MVC with brachial artery shear rate profiles assessed continuously 

throughout. Brachial artery FMD was examined before, immediately after, and 60 

minutes post exercise. Our results indicate that handgrip exercise leads to intensity-and 

time-dependent changes in conduit artery function, possibly mediated by local increases 

in shear, with an improvement in function evident at 1 hour post-exercise when 

performed at a higher intensity. Whilst suggestive of an important role for shear rate in 

vascular function change, we did not address the influence of other systemic factors 

such as elevations in blood pressure and/or sympathetic activity. This led us to study 3. 

 

Study 3: Conduit artery diameter responses to handgrip exercise: Evidence for a 
myogenic constriction in humans. 
Whilst a role for changes in shear rate and blood flow in vascular adaptation have been 

established in both human and animal experiments, the impact of changes in transmural 

pressure have been more difficult to isolate. This study aimed to examine the direct role 

of increases in arterial pressure, independent of changes in both shear rate and 

sympathetic nervous system activity, on conduit artery diameter responses in humans. 

We hypothesised that step-wise increases in transmural pressure would induce arterial 

vasoconstriction, in keeping with previous animal and in vitro findings relating to 

myogenic responses. Individuals completed 30 minutes of unilateral handgrip exercise 

at 5, 10 and 15 % MVC, as described above. Brachial artery shear rate and blood flow 

profiles were measured simultaneously during exercise in the active and contralateral 

resting, arms.  Bilateral brachial artery diameter was simultaneously assessed prior to- 

and immediately post-exercise. In a second experiment, 6 additional subjects repeated 

the 15 % MVC condition whilst continuous vascular measurements were collected 

during muscle sympathetic nerve activity (MSNA) assessment utilising peroneal 
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microneurography. Our results indicate that unilateral handgrip exercise induces an 

intensity-dependent increase in blood pressure, which occurs independently of changes 

in MSNA. In the active limb, pressure increases are accompanied by elevations in shear 

rate and, at the highest intensity, this combination of stimuli resulted in an increased 

arterial diameter. In contrast, elevations in pressure alone, independent of local changes 

in shear rate, caused a reduction in arterial diameter at the highest exercise intensity. 

Our results are the first in humans to suggest that a pressure-induced myogenic 

constriction may occur in inactive limbs during local exercise. This chapter highlights 

the importance of exercise-induced increases in arterial shear rate and blood flow in the 

amelioration of the myogenic response, since concomitant increases in shear rate and 

pressure in the active limb resulted in an increase in brachial artery diameter. 

 

Study 4: Sympathetic nervous system activation, arterial shear rate and FMD 
The focus of this chapter was to investigate the contribution of arterial shear rate to 

changes in conduit artery dilation (FMD) that occur in response to increases in 

sympathetic activity in resting healthy humans. Ten healthy men completed 4 testing 

sessions. Bilateral FMD, shear rate (SR) and catecholamines were examined 

before/after 10 minutes (Day 1 and 2) or 30 minutes (Day 3 and 4) of -35 mm Hg 

lower body negative pressure (LBNP). On days 1 and 3, localised forearm heating was 

applied in one limb to abolish the increase in retrograde SR associated with LBNP. 

On days 2 and 4, we unilaterally inflated a cuff to 75 mm Hg around one arm to 

exaggerate the LBNP-induced increase retrograde SR. We hypothesised that a decrease 

in FMD would occur following both 10 and 30 minutes of LBNP, with exaggerated 

responses following prolonged SNS stimulation. In addition, we hypothesised that 

heating would abolish, and cuffing would enhance, this FMD response. Our results 

indicate that acute activation of the sympathetic nervous system (SNS) using LBNP for 

10 minutes reduces arterial function, confirming the existing literature that SNS 

activation negatively impacts upon FMD. However, this reduction in FMD appears to 

be mediated by increases in retrograde shear rate, since amelioration of retrograde shear 

with heating negated the reduction. Similarly, when retrograde shear rate was enhanced, 

by local cuff inflation, the FMD reduction was exaggerated. Prolongation of SNS 

activation for 30 minutes normalised retrograde shear rate and FMD responses were 

consequently unchanged. In summary, amelioration (via localised unilateral heating) of 

LBNP-mediated increases in retrograde SR resulted in an enhanced FMD, whereas 

increases in retrograde SR (via unilateral cuff inflation) diminished FMD. These 
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findings are consistent with the literature pertaining to the negative impacts of 

retrograde SR on FMD and the negative impacts of SNS activity on FMD, and indeed, 

suggest that the two are inter-related. We conclude that SNS activation in resting 

healthy humans evokes a reduction in arterial function that is at least partly induced by 

changes in arterial shear rate. Whether these conclusions can be extrapolated to an 

exercise setting, formed the basis for Study 5. 

 
Study 5: Sympathetic nervous system effect on post-exercise FMD 
The aims of this study were to extend the findings described in study 4 to an exercise 

setting and to examine whether the transient reductions in brachial artery function that 

have typically been observed following large muscle group lower limb exercise are 

related to sympathetic nervous system (SNS) effects on the vasculature. We 

hypothesised that SNS activation, induced by cycle ergometer exercise, would 

contribute to post-exercise reductions in flow-mediated dilation (FMD).  Ten healthy 

male subjects undertook two 30 minute sessions of cycle exercise at 75 % HRmax. Prior 

to exercise, individuals ingested either a placebo or an α1-adrenoreceptor blocker 

(Prazosin). We examined FMD before, immediately after, and 60-minutes following 

exercise. We continually assessed shear rate throughout cycle ergometer exercise and in 

response to each FMD test. Our results indicate that ingestion of Prazosin prior to cycle 

ergometer exercise reverses the transient reduction in FMD otherwise observed 

following cycle exercise. This effect was not influenced by modification in exercise-

induced shear rate. The results of this study suggest that the effects of SNS activity on 

arterial function are more complex under exercise conditions than at rest (study 4 

above). Indeed, they suggest that SNS-mediated vasoconstriction may directly compete 

with endothelium-dependent dilator activity to determine post-exercise arterial function. 

 
Summary and Significance 
The aims of this thesis were to investigate the effects of local and systemic stimuli that 

impact upon vascular control in humans. In study 1, we contribute to the existing 

knowledge base regarding the impact of exercise-induced arterial shear stress on 

vascular adaptation by extending observations to the microvasculature. Our findings 

suggest that exercise training induces microvascular structural remodelling in healthy 

humans. We provided some supportive evidence for this in a cross-sectional comparison 

of athletes and matched untrained subjects.  While previous studies have observed 

structural changes following training in skeletal muscle microvessels, including the 
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growth of new capillaries and increased size of small vessels, we believe our evidence is 

the first of its kind in the skin microvessels.  If confirmed by other groups using 

alternative techniques such as skin biopsies, our findings have implications for systemic 

cardiovascular control as well as the mechanisms and capacity for heat loss through the 

skin of humans, since transit time is linked to convective and evaporative heat loss.  In 

studies 2 and 3 we utilised small muscle group localised exercise approaches to isolate 

the effects of shear rate and pressure as vasoactive stimuli. In study 2, a dose-response 

paradigm was adopted to illustrate that conduit artery function improves following 

higher intensity handgrip exercise, an effect that may be dependent upon increases in 

shear that occur during the exercise bout. Study 3 used novel methodology to isolate the 

impacts of pressure as a stimulus during exercise. It revealed that pressure alone evokes 

a myogenic constriction in the inactive arm during handgrip exercise. This is the first 

direct demonstration in humans of myogenic effects on the vasculature during exercise. 

It implies that myogenic and shear mediated influences are in competition and have 

distinct roles in active and inactive regions in vivo.  The implications for systemic 

cardiovascular regulatory control during exercise are intriguing and remain to be fully 

described. Finally, studies 3 and 4 investigated the relative impact of shear-mediated 

versus SNS-induced effects on arterial function. Our findings suggest that the relative 

impact of these factors differs under resting and exercising conditions. In the resting 

state, shear rate modulated the vascular response following large changes in sympathetic 

activity induced by LBNP. In contrast, during exercise, sympathetic vasoconstriction 

and endothelium-dependent dilator activity appear to directly compete to influence post-

exercise vascular function, an effect which is independent of changes in shear rate. 

The studies completed in this thesis highlight important differences in the way that 

microvessels behave in response to exercise and exercise training, compared to the 

behaviour of larger conduit arteries.  They also reinforce the notion that resting 

physiology is fundamentally different from the situation during exercise, when 

redundancy and competing mechanisms play a role in the exquisite levels of 

cardiovascular control that are necessary.  Our studies have raised important new 

questions regarding the impact of acute bouts of exercise, of different intensities, on the 

potential for chronic vascular adaptation and by association vascular health.  The new 

approaches introduced in this thesis, both from an experimental design perspective and 

also in terms of technical and methodological advances, will lead to new insights into 

the physiology of vascular adaptations in humans in future. 
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List of Figures 
 
Figure 1.1  
Illustration of the first documentation of the myogenic response by William Bayliss in 

1902. Panel A demonstrates the rabbit hindlimb volume responses (bottom curve) to a 

reduction in arterial pressure (upper curve) evoked by stimulation of the central end of 

the depressor nerve. A brief reduction in volume is met with a potent vasodilation. Panel 

B represents the prolonged vasoconstriction and subsequent reduction in the enervated 

hindlimb volume of a dog (upper curve) following an increase in arterial pressure 

(bottom curve) evoked by splanchnic nerve excitation. Panel C describes abdominal 

aortic compression responses and subsequent pressure changes (bottom curve) on the 

hindlimb volume of a dog (upper curve). A reduction in pressure induced via the aortic 

compression evokes a dilator response and removal of the compression. Release of the 

obstruction induces a constriction due to the sudden inflow of blood at a high pressure. 

Figure adapted from (Bayliss, 1902). 

 
Figure 1.2 
Original figure depicting the findings of Bjorn Folkow in 1949. Panel A. Hindlimb 

blood flow responses to abdominal aortic compression and subsequent arterial blood 

pressure reduction in anaesthetised cats with an intact vasomotor supply. Note, blood 

pressure reduction evokes an increased hindlimb blood flow and vasodilation, 

principally of the hindlimb arterioles. The dilation is more pronounced with a 

prolongation in the time of the pressure reduction. Panel B. As above, but following 

extirpation of the abdominal sympathetic chains. Figure adapted from (Folkow, 1949). 
 
Figure 1.3 
Original figure depicting the findings of Bjorn Folkow in 1949. This figure shows the 

hindlimb blood flow of a cat in response to an increase in inflow intravascular pressure 

induced by the removal of a bilateral common carotid artery occlusion period. The 

sudden inflow of blood at a high pressure causes a marked vasoconstriction of the 

hindlimb vessels indicated by the ↓ on the figure in Panel A. Following the removal of 

the adrenal glands (ADRINALECTOMI), the dilator response to a reduction in inflow 

tension was observed (Panel B) before reproducing the observations of Panel A, with 

the constrictor response characterised by ↓ on the figure. This panel demonstrates the 

innate myogenic nature of the vessel responses to pressure change, since both responses 

occurred without the adrenal release of epinephrine. Figure adapted from (Folkow, 

1949). 
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Figure 1.4 
Proposed cellular pathway involved in the myogenic response following increases in 

transmural pressure. Black boxes and arrows indicate an established factor and dotted 

boxes and arrows indicate a proposed factor. Abbreviations: VSM SAC, vascular 

smooth muscle stretch activated channel; KCa, calcium activated potassium channel; 

Cl, chloride; IP3, Inositol trisphosphate; VOCC, voltage operated calcium channel; 

MLCK, myosin light chain kinase; PKC, phosphokinase C. Adapted from (Meininger & 

Davis, 1992) and (Schubert & Mulvany, 1999). 

 
Figure 1.5 
Endothelial production of local vasoactive substances prostacyclin, nitric oxide, EDHF 

and endothelin-1 and the pathways responsible for stimulating relaxation or contraction 

of the smooth muscle. eNOS: endothelial nitric oxide synthase, ATP: adenosine 

triphosphate, cAMP: cyclic adenosine-monophosphate, GTP: guanosine triphosphate, 

cGMP: cyclic guanosine monophosphate, EDHF: endothelium derived hyperpolarizing 

factor, ET-1: endothelin-1, ECE: endothelin-converting enzyme, PlP C: phospholipase 

C, IP3: inositol triphosphate. Figure adapted from (Levick, 2010). 

 
Figure 1.6  

Neural pathways regulating vascular tone. A. Parasympathetic nervous control via 

cholinergic receptors. B. Sympathetic nervous control via the adrenal medulla and 

adrenergic receptors. Figure adapted from (Stanfield & Germann, 2008). 

 
Figure 1.7 

Sympathetic neural innervation pathways of blood vessels via α1, α2 and ß2 receptors. 

Abbreviations: NE, norepinephrine; E, epinephrine; PlP C, phospholipase C; (PIP2, 

phosphatidyl inositol bisphosphate; IP3, inositol trisphosphate; DAG, diacylglycerol; 

PKC, protein kinase C; MLC, myosin light chain; AC, adenylyl cyclase; ATP: 

adenosine triphosphate; cAMP: cyclic adenosine-monophosphate; GTP: PKA; protein 

kinase A. Figure adapted from (Levick, 2010). 

 
Figure 1.8 
Proposed pathways of sympathetic neural innervation of the cutaneous 

microvasculature. Abbreviations: NE, norepinephrine; NPY, neuropeptide Y; ACh, 

acetylcholine; VIP, vasoactive intestinal peptide. Figure adapted from (Kellogg, 2006). 
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Figure 1.9 

First clinical episodes of coronary heart disease between 1949-52 in A. drivers and 

conductors, ages 35-64 of central London buses and B. male telephonists and postmen, 

aged 35-59. Figure adapted from (Morris et al., 1953). 

 
Figure 1.10 

Percentage reductions in cardiovascular disease (CVD) and coronary heart disease 

(CHD) events associated with physical activity that can be explained by modification of 

traditional risk factors. Cumulatively, the differences in risk factors explain ~40% of the 

relative coronary heart disease risk reduction associated with exercise. Figure adapted 

from (Mora et al., 2007). 

 
Figure 1.11 
Impacts of exercise training on FMD in cardiovascular disease groups. Panel A 
demonstrates the FMD improvement in type 2 diabetics following 8 weeks lower limb 

training Panel adapted from (Maiorana et al., 2001a). Panel B shows that in patients 

with coronary heart disease, exercise training elicits a significant increase in FMD 

responses following 8 weeks of combined aerobic and resistance training. Panel adapted 

from (Walsh et al., 2003). Panel C compares the FMD responses of lean control 

subjects (striped bar) to both untrained obese subjects (white bar) and obese subjects 

following 8 weeks of exercise training (black bar). Panel adapted from (Watts et al., 

2004). 

 
Figure 1.12 
Change in A. popliteal and B. brachial artery diameter from baseline (as a percentage) in 

response to 5 minutes ischaemia (FMD)            or in response to ischaemic exercise 

(conduit artery structure)              across an 8-week cycle and treadmill exercise training 

intervention. These data support the idea that functional adaptations (FMD) occur 

rapidly to training and are superseded by a structural remodelling of the vessel. The 

results also support previous literature pertaining to the systemic benefits of exercise on 

inactive limbs. Figure adapted from Tinken et al., 2008. 

 
Figure 1.13 
Time course of A. brachial artery FMD response to a period of 5 minute ischaemia and 

B. brachial artery response to ischaemic handgrip exercise during and following 8 

weeks of handgrip exercise training. This study provides further evidence of a time 
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course response of arteries following localised exercise training. When the shear stress 

response during each bout of exercise was attenuated by unilateral cuff inflation  

 (  ) these adaptations were no longer apparent. This study formed the basis for 

future studies of exercise induced shear stress. Figure adapted from (Tinken et al., 

2010). 

 
Figure 1.14 

A. Laser Doppler experimental protocol indicating the time lines associated with Ringer 

solution and NO blockade (L-NAME infusion) at the microdialysis membrane sites and 

periods of incremental local heating and prolonged local heating at 42°C. The 

simultaneously derived data from one individual at the heating sites perfused with 

Ringer solution (upper red trace) and L-NAME (lower blue trace).  This panel 

demonstrates that skin blood flow responses to a local incremental heating protocol are 

largely mediated by the release of NO. Panel B shows the impact of 12 (     dashed 

lines) and 24 weeks (     continuous line) of exercise training in older sedentary subjects, 

compared to baseline (     continuous line), on the NO contribution to %CVC responses 

to the protocol in panel A, calculated for each subject at each data point by subtracting 

L-NAME %CVC data from Ringer solution %CVC data. Figure adapted from (Black et 

al., 2008b). 

 
Figure 1.15  

Effect of 8 weeks of repeated lower limb heating (42°C, 3 x weekly) on forearm skin 

microvascular responses to an incremental local heating protocol. This figure depicts the 

local heating temperatures (X axis) and the corresponding skin microvascular responses 

expressed as a change from baseline to week 8 of the repeated lower limb heating 

intervention. In study 1, where both skin blood flow and temperature were allowed to 

increase during the 8-week lower limb heating, cutaneous vascular conductance (CVC) 

increased (black bars). In contrast, when skin temperatures were clamped (30°C), thus 

only allowing for increases in skin blood flow during the heating intervention, CVC 

responses to localised heated decreased (white bars). Figure adapted from (Carter et al., 

2014). 

 
Figure 1.16 

Exercise effects on the vascular endothelium are mediated by increases in laminar shear 

stress. On the luminal side of the endothelial cells, direct signalling can occur through 

deformation of the glycocalyx. This shear-induced signal can activate calcium ion 
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channels, phopholipase activity leading to calcium signalling, prostaglandin I2 (PGI2) 

release, and CMP-mediated smooth muscle cell relaxation. VEGF receptor 2 (VEGFR2) 

located at the luminal surface can associate with vascular endothelial cadherin, [beta]-

catenin, and PI3K to phosphorylate Akt and induce AKT-mediated eNOS 

phosphorylation, which leads to a higher NO production. Mechanical forces are also 

transmitted by the cytoskeleton to adhesion sites, where transmembrane integrin's bound 

to the extracellular matrix serve as a focus for deformation. This integrin-mediated 

pathway leads to the activation of Ras-mitogen-activated protein kinase activity. In turn, 

Ras releases nuclear factor-ĸB (NFĸB) from its cytosolic inhibitor and thus enables its 

translocation to the nucleus where it binds to the promotors of multiple target genes, 

including the eNOS gene. Increased NO synthesis in response to shear stress induces 

extracellular SOD in a feed-forward fashion to inhibit the degradation of NO by ROS, 

with consecutive formation of the toxic peroxynitrite. Akt indicates protein kinase B; 

PECAM-1, platelet endothelial cell adhesion molecule-1; Ras, small GTPase; ONOO
-

peroxynitrite; and AA, Arachidonic acid. Figure adapted from (Gielen et al., 2010). 

 
Figure 1.17 
Mean (A), antegrade (B) and retrograde (C) blood flows during handgrip exercise at 3 

different workloads (left 3 panels) and cycle exercise at 3 different workloads (right 3 

panels) under saline (light bars) and monomethyl-L-arginine (L-NMMA) (dark bars) 

infusion. Mean blood flow responses (A) were higher during localised handgrip 

exercise, as a result of lower retrograde flows (C). Despite a similar magnitude of 

antegrade shear under both conditions, larger increases in retrograde flows during cycle 

exercise (C) reduced the mean flow responses in the upper limbs. Adapted from (Green 

et al., 2005). 

 
Figure 1.18 
Mean shear rate (A) and antegrade and retrograde shear rate (B) at baseline (black bar) 

and at three incremental intensities (dark grey, light grey and white bars) during cycling 

(60, 80 and 120 W), walking (3, 4 and 5 km-h
-1

) and kicking (5, 7.5 and 10 kg) in 12 

healthy young subjects. Incremental increases in mean and antegrade blood flow were 

observed in all exercise modalities, but retrograde shear rate was only substantially 

elevated during the cycling and walking conditions. These findings suggest that distinct 

brachial artery blood flow and shear stress patterns are apparent in response to different 
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modalities of exercise and that these may influence the exercise-training induced 

vascular adaptation. Figure adapted from (Thijssen et al., 2009b). 

 
Figure 1.19 
Brachial artery blood velocity tracings (A) and calculated brachial artery 

antegrade/retrograde blood flow (B), during a 30-min exposure to forearm heating 

(forearm submersion in 40°C water), handgrip exercise, cycling exercise, and cuff 

inflation on a resting forearm. Panel C represents the change in brachial artery 

endothelial function after a 30-min exposure to these stimuli, examined using the flow-

mediated dilation (FMD) approach. This figure demonstrates the importance of 

antegrade flow as a stimulus for acute improvements in FMD and the detrimental 

effects of large increases in retrograde shear rate on FMD. Figure adapted (Newcomer 

et al., 2011). 

 
Figure 1.20 
A. Effect of sympathetic activation induced by lower body negative pressure (LBNP) on 

flow-mediated dilation (FMD). Bold line represents average reduction in FMD. B. 
Effect of alpha receptor blockade using phentolamine on the FMD responses to LBNP. 

Solid squares represent the FMD response to phentolamine infusion and the solid circles 

represent the unopposed FMD response to LBNP. This study revealed that SNS 

activation by LBNP directly attenuates FMD responses, since this reduction was not 

observed under adrenergic blockade (solid squares). Figure adapted from (Hijmering et 

al., 2002). 

 
Figure 2.1 
Heart rate (A, in beats per minute), and forearm skin temperature (B, in °C) and flux (C, 

in perfusion units (PU)) in the uncuffed (solid squares) and cuffed arm (open squares) 

before and during cycle exercise (at 2.5 minute intervals) in healthy, young volunteers 

(n=6). Post-hoc significantly different at P<0.05 from baseline (*) or between the cuffed 

and uncuffed arm (#). Error bars represent SE. 

 
Figure 2.2 
Forearm skin cutaneous vascular conductance (CVC) at baseline (33°C) and during 

gradual heating.  Submaximal heating (40°C), 42°C (Plateau)  and 44 °C (Max) are 

presented in the uncuffed (panel A) and cuffed arms (panel B) at 0 and following 8 

weeks of exercise training (black and white bars, respectively) in healthy, young 
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volunteers (n=14). Post-hoc significantly different at P<0.05 from baseline (*). Error 

bars represent SE. 

 
Figure 2.3 

Change in forearm skin cutaneous vascular conductance (Week8- Week0) at baseline 

(33°C), during heating (40°C), 42°C (Plateau) and 44°C (Max) in healthy, young 

volunteers (n-14). Error bars represent SE.  A linear mixed model for changes in CVC 

(expressed as CVC week 8 minus CVC week 0) between uncuffed vs. cuffed revealed a 

significant effect for cuff placement (P<0.01). 

 
Figure. 2.4 
Maximum intensity projection images of optical coherence tomography speckle 

decorrelation showing microvascular structure in 6 untrained (left panel) and 6-age 

matched highly trained (right panel) participants, with corresponding microvessel 

density and average diameters. The straight horizontal lines represent residual motion 

artefact. The circular field of view is 5mm in diameter. 

 
Figure. 3.1  
a. Brachial artery antegrade shear rate before and during 30 minutes of handgrip 

exercise at 5 % (black bars), 10 % (light grey bars) and 15 % (dark grey bars) MVC. b. 
Brachial artery retrograde shear rate before and during 30 minutes of handgrip exercise 

at 5 % (black bars), 10 % (light grey bars) and 15 % (dark grey bars) MVC. Error bars 

represent SE 

 
Figure. 3.2  

a. Change in FMD expressed as the immediate post-exercise FMD% minus baseline 

FMD% at 5 % (black bars), 10 % (light grey bars) and 15 % (dark grey bars) MVC. b. 
Change in FMD expressed as the 60 minutes post-exercise FMD% minus baseline 

FMD% at 5 % (black bars), 10 % (light grey bars) and 15 % (dark grey bars) MVC. 

Error bars represent SE. Significance value P<0.05. * indicates statistical significance 

between highest (15 % MVC) and lowest (5 % MVC) intensity. †indicates statistical 

significance between moderate (10 % MVC) and highest (15 % MVC) intensities 

 
Figure. 3.3  

Brachial artery mean (average of the last 15mins) antegrade shear rate (black bars) 

during a. 30 minutes of handgrip exercise at 5, 10 and 15 % MVC, compared to b. 30 



Page | 17  
 

minutes of cycle exercise at 50, 70 and 85 % VȮ2 max. Brachial artery mean (average 

of the last 15mins) retrograde shear (grey bars) during c. 30 minutes of handgrip 

exercise at 5, 10 and 15 % MVC, compared to d. 30 minutes of cycle exercise at 50, 70 

and 85 % VȮ2 max. Error bars represent SE 

 
Figure 4.1  
Mean arterial pressure (MAP), systolic blood pressure (SBP), diastolic blood pressure 

(DBP) and heart rate (HR) across 30 minutes of unilateral HG exercise at 5 % (open 

squares), 10 % (grey squares) and 15 % (black squares). N=10 (study 1). Error bars 

represent SE. 

 
Figure 4.2  

Brachial artery mean shear rate in the exercising (top left panel) and non-exercising (top 

right panel) at prior to- and during 30 minutes of unilateral HG exercise at 5 % (open 

squares), 10 % (grey squares) and 15 % (black squares) maximal voluntary contraction 

(MVC). Brachial artery diameter prior-to and immediately following 30 minutes of 

unilateral HG exercise at 0 % (control condition: squares), 5 % (circles), 10 % 

(triangles) and 15 % (diamond) in the exercising (bottom left panel) and non-exercising 

(bottom right panel) arms. N=10 (study 1) except ‘0 %’ (n=6). Error bars represent SE. 

* denotes statistical significance from ‘Pre-exercise’ value. 

 
Figure 4.3 
Change in forearm vascular resistance from baseline across the 30 minutes duration of 

HG exercise at 15 % in the exercising (black bars) and non-exercising (grey bars) arms. 

N=10 (study 1). Error bars represent SE. 
 
Figure 4.4 
Brachial artery mean arterial pressure (MAP) and brachial artery mean shear rate at 

baseline, during- and immediately post- 30 minutes of unilateral HG exercise at 15 % in 

the exercising arm (top left panel) and non-exercising arm (top right panel). Brachial 

artery diameter prior to- and immediately following 30 minutes of unilateral HG 

exercise at 15 % in the exercising (bottom left panel, black bars) and non-exercising 

(bottom right panel, grey bars) arms. N=6 (study 2). Error bars represent SE. * denotes 

statistical significance from ‘Pre-exercise’ value. 
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Figure 4.5 
Brachial artery diameter change, expressed as a % change from baseline, across and 

immediately following 30 minutes of unilateral handgrip exercise at 15 % MVC in the 

exercising (black bars) and non-exercising (grey bars) arms. B. Average muscle 

sympathetic nerve activity (MSNA) burst incidence at baseline, during- and 

immediately following 30 minutes of unilateral HG exercise at 15 % MVC. n=6 (study 

2). Error bars represent SE.  

 
Figure 5.1 
Brachial artery mean (black) and antegrade/retrograde shear rate (white) before (0) and 

following 10 minute LBNP (10) in healthy volunteers (n=9). Results are shown for 

LBNP alone (A: LBNP) and LBNP combined with forearm heating (C: 

LBNP+heat) which was simultaneously measured in the contralateral limb. Brachial 

artery flow-mediated dilation (FMD) is presented before (black) and after (white) the 

10-minute interventions in the LBNP- (B) and LBNP+heat intervention (D). Error bars 

represent SE. *Post hoc significantly different from baseline at P<0.05. 

 
Figure 5.2 
Brachial artery mean (black) and antegrade/retrograde shear rate (white) before (0) and 

following 10 minute LBNP (10) in healthy volunteers (n=9). Results are shown for 

LBNP alone (A: LBNP) and LBNP combined with forearm cuff inflation to 75 mm 

Hg (C: LBNP+Cuff) which was simultaneously measured in the contralateral limb. 

Brachial artery flow-mediated dilation (FMD) is presented before (black) and after 

(white) the 10 minute interventions in the LBNP- (B) and LBNP+Cuff intervention 

(D). Error bars represent SE. *Post hoc significantly different from baseline at P<0.05. 

 
Figure 5.3 
Brachial artery mean (black) and antegrade/retrograde shear rate (white) before (0) and 

following 30 minute LBNP (30) in healthy volunteers (n=8). Results are shown for 

LBNP alone (A: LBNP) and LBNP combined with forearm heating (C: 

LBNP+heat) which was simultaneously measured in the contralateral limb. Brachial 

artery flow-mediated dilation (FMD) is presented before (black) and after (white) the 

30 minute intervention in the LBNP- (B) and LBNP+heat intervention (D). Error bars 

represent SE. *Post hoc significantly different from baseline at P<0.05. 
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Figure 5.4 
Brachial artery mean (black) and antegrade/retrograde shear rate (white) before (0) and 

following 30 minutes LBNP (30) in healthy volunteers (n=8). Results are shown for 

LBNP alone (A: LBNP) and LBNP combined with forearm cuff inflation to 75 mm 

Hg (C: LBNP+Cuff) which was simultaneously measured in the contralateral limb. 

Brachial artery flow-mediated dilation (FMD) is presented before (black) and after 

(white) the 30 minute intervention in the LBNP- (B) and LBNP+Cuff intervention (D). 

Error bars represent SE. *Post hoc significantly different from baseline at P<0.05. 

 
Figure 6.1 
Mean arterial pressure (MAP), heart rate (HR), stroke volume (SV), cardiac output 

(CO) and total peripheral resistance index (TPRi) across 30 minutes of cycle exercise at 

75 % HRmax. Grey squares denote ‘Placebo’ condition and black squares denote 

‘Prazosin’ condition. Error bars represent SE. Statistical significance assumed at P≤0.05 

and # representing statistical significance between conditions. 

 
Figure 6.2 
Mean, antegrade and retrograde shear rate (SR) comparisons across 30 minutes of cycle 

exercise at 75 % HRmax under ‘Placebo’ (grey squares) and ‘Prazosin’ (black squares). 

Error bars represent SE. Statistical significance assumed at P≤0.05 and # represents 

statistical significance between conditions. 

 
Figure 6.3 
Blood flow, conductance, brachial artery velocity and arterial diameter across 30 

minutes of cycle exercise at 75 % HRmax under ‘Placebo’ (grey squares) and ‘Prazosin’ 

(black squares). Error bars represent SE. Statistical significance assumed at P≤0.05 and 
# represents statistical significance between conditions. 

 
Figure 6.4 

Brachial artery flow-mediated dilation (FMD) prior to, immediately post and 60 

minutes following 30 minutes cycle exercise at 75 % HRmax in the (A) Placebo 

condition (grey bars) and (0) Prazosin condition (black bars). Error bars represent SE. 

Statistical significance assumed at P≤0.05 and * represents statistical significance from 

‘Pre’ value. 
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Chapter 1 
Literature Review 

1.1 Overview  

The peripheral circulation is responsible for the distribution of blood flow to tissues and 

organs in order to meet their metabolic or functional demand, whilst maintaining tight 

control over blood pressure. With pressure controlled within narrow limits, blood flow 

distribution is largely determined by regional changes in vascular resistance (Laughlin 

et al., 2010) as a consequence of changes in arterial calibre. Such changes in blood 

vessel calibre, vascular resistance and blood flow depend upon the contractility of the 

vascular smooth muscle, sometimes referred to as “vascular tone” (Laughlin et al., 

2010). The regulation of vascular tone can be mediated by local mechanisms intrinsic to 

the organ or tissue as well as systemic factors such as neural or humoral influences. 

 

1.2 Intrinsic control of the vasculature 

1.2.1. Myogenic control of vascular tone 

The inherent ability of vascular smooth muscle to contract or relax in response to 

changes in transmural pressure has been termed “myogenic tone”. This response occurs 

independently of changes in neural, metabolic and humoral stimuli (Davis & Hill, 

1999). Myogenic control of the vasculature was first identified by Sir William Bayliss 

in 1902 (Bayliss, 1902). In his early experiments Bayliss measured changes in rabbit 

hindlimb volume following a reduction in arterial pressure, induced by stimulating the 

central end of the depressor nerve. He documented an initial reduction in volume, 

followed by a potent dilation and concluded that, since the nerves had been cut, the 

arterial wall must respond directly to changes in arterial pressure (Figure 1.1A). In a 

subsequent experiment, Bayliss examined volume changes in the dog hindlimb in 

response to an increase in arterial pressure elicited by exciting the splanchnic nerve. 

This experiment revealed that increases in arterial pressure evoked a sustained 

constriction following brief passive distention (Figure 1.1B) (Bayliss, 1902). Finally, 
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Bayliss combined both of his previous experimental findings and documented both a 

myogenic dilation and a myogenic constriction together in one in vitro experiment in 

dogs and cats. Following the removal of neural influences from the abdominal 

sympathetics, Bayliss used abdominal aortic compression to induce a diminution of 

arterial pressure, resulting in a dilator effect similar to that previously observed. He 

noticed that upon removal of the aortic obstruction, the sudden inflow of blood at a high 

pressure evoked a myogenic constriction (Figure 1.1C).  

 

 

  

Figure 1.1. Illustration of the first documentation of the myogenic response 
by William Bayliss in 1902. Panel A demonstrates the rabbit hindlimb 
volume responses (bottom curve) to a reduction in arterial pressure (upper 
curve) evoked by stimulation of the central end of the depressor nerve. A 
brief reduction in volume is met with a potent vasodilation. Panel B 
represents the prolonged vasoconstriction and subsequent reduction in the 
enervated hindlimb volume of a dog (upper curve) following an increase in 
arterial pressure (bottom curve) evoked by splanchnic nerve excitation. 
Panel C describes abdominal aortic compression responses and subsequent 
pressure changes (bottom curve) on the hindlimb volume of a dog (upper 
curve). A reduction in pressure induced via the aortic compression evokes a 
dilator response and removal of the compression. Release of the obstruction 
induces a constriction due to the sudden inflow of blood at a high pressure. 
Figure adapted from (Bayliss, 1902). 
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The work conducted by Bayliss was criticised by Gleb von Anrep in 1912 who insisted 

that Bayliss’s observations were likely due to the release of vasoactive metabolites and 

that blood vessel contraction in response to increases in pressure occurred as a result of 

the adrenal release of epinephrine (von Anrep, 1912). The presence of a myogenic 

response was not confirmed until the studies by Bjorn Folkow were conducted in 1949 

(Folkow, 1949). His first experiments were designed to rule out the influence of local 

nervous mechanisms by examining, in a similar manner to Bayliss, the responses to 

aortic compression in the hindlimbs of anesthetised cats.  In this and subsequent studies 

Folkow demonstrated that in animals with intact vasomotor innervation, blood pressure 

reduction resulted in an increase in hindlimb blood volume via a dilator response, that 

due to the rapid nature of the response, was thought to be predominantly arteriolar. This 

vasodilation was enhanced with prolongation of the period of blood pressure reduction 

and it was still evident following sympathectomy, total denervation of the legs and 

removal of the sympathetic chains (Figure 1.2) (Folkow, 1949). Indeed, total 

denervation resulted in double the blood flow in response to aortic compression and 

consequent blood pressure reduction. Folkow also examined cat hindlimb responses to 

increased arterial pressure, evoked using bilateral common carotid artery occlusion and 

upper body reflex vasoconstriction. Upon removal of the occlusion, the sudden inflow 

of blood at a high pressure caused a marked vasoconstriction of the hindlimb vessels 

(Figure 1.3) (Folkow, 1949). This response persisted following denervation of the 

hindlimbs and following the removal of the adrenal glands, ruling out the earlier mis-

interpretation of Bayliss’s findings by Von Anrep.  

 

The majority of subsequent studies examining the myogenic response have been 

performed in animals and humans using in vitro preparations (Edwards, 1983; Sun et 

al., 1992; Sun et al., 1994; Miller et al., 1997; Thorin-Trescases et al., 1997; Coats et 

al., 2001). This is largely due to the difficulty in isolating transmural pressure effects 

from the effects on blood flow, shear stress and other variables, in an in vivo 

physiological setting. The strength of myogenic contractility has been correlated with 

vessel size and the vessel type being studied (Uchida & Bohr, 1969; Davis, 1993; 

Thorin-Trescases et al., 1997; Schubert & Mulvany, 1999) with large and very small 

vessels reportedly demonstrating relatively weak myogenic contractility. In contrast, 

recent studies using more sophisticated technologies have demonstrated that the 

myogenic response is evident in the human cerebral circulation (Tan et al., 2013) and 

even at rest in human brachial, popliteal and ulnar arteries (Fairfax et al., 2015). The 
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study by Tan et al. (2013) examined transcranial Doppler derived cerebral blood flow in 

response to pressure fluctuations induced by moderate oscillatory lower body negative 

pressure (LBNP). They used a regression analysis technique to explore the arterial 

pressure-cerebral blood flow relationship in 16 healthy humans with and without 

calcium channel blockade using nicardipine (Tan et al., 2013). For the same rate of 

change in pressure, calcium channel blockade elicited a change in flow more than 

double what was observed without the blockade. It was concluded that myogenic 

mechanisms play an important role in cerebrovascular autoregulation but future studies 

should consolidate sympathetic, cholinergic and myogenic effectors of cerebral blood 

flow (Tan et al., 2013). Fairfax and colleagues performed correlational assessments of 

the relationship between arterial blood flow and blood pressure in healthy males, 

inferring that a myogenic mechanism occurs with beat-to-beat fluctuations in pressure 

in resting humans. The authors concluded that future studies should focus upon the 

myogenic response mechanism to sustained blood pressure elevations or reductions in 

humans (Fairfax et al., 2015).  

Figure 1.2. Original figure depicting the findings of Bjorn Folkow in 
1949. Panel A. Hindlimb blood flow responses to abdominal aortic 
compression and subsequent arterial blood pressure reduction in 
anaesthetised cats with an intact vasomotor supply. Note, blood pressure 
reduction evokes an increased hindlimb blood flow and vasodilation, 
principally of the hindlimb arterioles. The dilation is more pronounced 
with a prolongation in the time of the pressure reduction. Panel B. As 
above, but following extirpation of the abdominal sympathetic chains. 
Figure adapted from Folkow (Folkow, 1949). 
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Figure 1.3. Original figure depicting the findings of Bjorn Folkow in 
1949. This figure shows the hindlimb blood flow of a cat in response to an 
increase in inflow intravascular pressure induced by the removal of a 
bilateral common carotid artery occlusion period. The sudden inflow of 
blood at a high pressure causes a marked vasoconstriction of the hindlimb 
vessels indicated by the ↓ on the figure in Panel A. Following the removal 
of the adrenal glands (ADRINALECTOMI), the dilator response to a 
reduction in inflow tension was observed (Panel B) before reproducing the 
observations of Panel A, with the constrictor response characterised by ↓ 
on the figure. This panel demonstrates the innate myogenic nature of the 
vessel responses to pressure change, since both responses occurred without 
the adrenal release of epinephrine. Figure adapted from Folkow (Folkow, 
1949). 
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Studies have proposed a number of cellular pathways responsible for the elicitation of 

the myogenic response and these pathways are summarised in Figure 1.4. Activation of 

the myogenic response has been ascribed to alterations in vessel wall tension (Davis & 

Hill, 1999; Schubert & Mulvany, 1999; Hill et al., 2001). Pressure increases are 

associated with increased wall tension and a consequential depolarization of the smooth 

muscle cells (SMC) (Harder et al., 1987; Wesselman et al., 1997; Schubert & Mulvany, 

1999). Activation of voltage-gated calcium channels produces an influx of Ca2+ 

(McCarron et al., 1997) and the resultant rise in intracellular Ca2+ concentration (Zou et 

al., 1995; Yip & Marsh, 1996; Knot & Nelson, 1998; Schubert & Mulvany, 1999; Hill 

et al., 2006) causes myosin light-chain kinase (MLCK) activation and augments vessel 

contraction (Schubert & Brayden, 2005). In addition to Ca2+ influx, activation of protein 

kinase C and/or Rho kinase activation augments contractile myofilament sensitivity 

(Coats et al., 2001; Lagaud et al., 2002; Schubert & Brayden, 2005; Baek & Kim, 

2011). 

Despite the collective in vitro animal evidence summarised above that supports the 

presence of a myogenic response to alterations in arterial blood pressure, there is a 

substantial gap in the literature pertaining to the relevance of a vascular myogenic 

response in in vivo human physiological settings, especially during exercise.  
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Figure 1.4. Proposed cellular pathways involved in the myogenic response 
following increases in transmural pressure. Black boxes and arrows indicate 
an established factor and dotted boxes and arrows indicate a proposed factor. 
Abbreviations: VSM, vascular smooth muscle; SAC, stretch activated 
channel; KCa, calcium activated potassium channel; Cl, chloride;  IP3, 
Inositol trisphosphate; VOCC, voltage operated calcium channel; MLCK, 
myosin light chain kinase; PKC, phosphokinase C. Adapted from (Meininger 
& Davis, 1992) and (Schubert & Mulvany, 1999). 
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1.2.2 Regulation by the vascular endothelium 

Vascular tone can be regulated by the synthesis and release of vasoactive autacoids 

from the vascular endothelium. A monolayer of cells that lines the interface between the 

blood and artery wall, the vascular endothelium is often considered an ‘organ’ due to 

the role it plays in maintaining the integrity and patency of blood vessels (Gryglewski et 

al., 1988; Davies & Hagen, 1993). The vascular endothelium possesses the ability 

detect chemical, humoral and mechanical changes and responds with the production and 

release of substances which either promote vasodilator or vasoconstrictor effects on the 

vessel wall. 

 

Characterisation of endothelium-derived vasodilator compounds began with the 

discovery of the prostaglandins (PGX) by Moncada and Vane in 1976 (Moncada et al., 

1976). One substance, now known as prostacyclin (PGI2), is a paracrine hormone 

produced by the release of arachidonic acid (AA) from its membrane bound 

phospholipid, breakdown into prostaglandin H2 and subsequent conversion to 

prostacyclin by prostacyclin synthase (Figure 1.5) (Gryglewski et al., 1988; Vane et al., 

1990; Gryglewski, 2008). Prostacyclin acts as an anti-aggregator and produces subtle 

SMC relaxation by increasing cyclic adenosine-monophosphate (cAMP) levels and 

activating protein kinase A (Davies & Hagen, 1993; Parkington et al., 2004). 

Prostacyclin release has been demonstrated in a large number of vascular beds (Bunting 

et al., 1976; Dusting et al., 1977; Higgs et al., 1979; Goehlert et al., 1981).  

 

A second vasodilator compound was discovered by Furgchott and Zawadzki in 1980 in 

an elegant study that examined the response of isolated, pre-constricted rabbit aortic or 

arterial strips or rings to acetylcholine (ACh) administration (Furchgott & Zawadzki, 

1980). These authors demonstrated that ACh-mediated relaxation of these preparations 

was dependent upon intact and functioning endothelial cells, and that the action of ACh 

on the muscarinic receptors of these cells stimulates the release of a second messenger 

substance responsible for the relaxation of underlying smooth muscle cells. They 

termed this substance ‘endothelium-derived relaxing factor’ (EDRF). Further studies 

provided evidence that EDRF was a potent paracrine hormone, since “sandwich” 

preparations demonstrated that it directly diffuses into neighbouring SMC (Furchgott et 

al., 1984). Furthermore, EDRF was not likely to be a prostaglandin, since 

cyclooxygenase blockade did not alter relaxation responses to ACh (Furchgott & 
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Zawadzki, 1980; Cherry et al., 1982). Similarities between the action of EDRF and 

nitric oxide (NO) led to confirmatory studies by both Ignarro and Palmer et al. in 1987 

that demonstrated that the vascular effects of EDRF were similar to superfused NO 

across an arterial strip denuded of their endothelium (Ignarro et al., 1987; Palmer et al., 

1987). Palmer and colleagues continued their observations and found that endothelial 

NO is produced from the amino acid L-arginine by action of an enzyme endothelial 

nitric oxide synthase (eNOS) (Palmer et al., 1988). NO stimulates the relaxation of 

SMCs by acting on the enzyme guanylyl cyclase, causing conversion of guanosine 

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) and the subsequent 

activation of protein kinase G (Figure 1.5). NO production, and hence vessel dilation, 

can be upregulated by increased calcium concentration induced by mechanical shear 

stress (see section 1.7.1.1), receptor stimulation by neuro-transmitters or circulating 

hormones (Levick, 2010). In addition, circulating red blood cells (RBCs) have been 

shown to synthesise, store and transport NO metabolic products. Whilst RBCs can 

enhance systemic NO availability and hence vessel dilation via the secretion of NO 

metabolites and ATP, they also possess the ability to limit NO availability by the local 

reaction of NO with oxyhemoglobin (Cortese-Krott & Kelm, 2014). 

 

Additional endothelium-dependent vasodilator substances, aside from prostacyclin and 

NO, mediate artery dilation by hyperpolarising vascular smooth muscle. This response 

is dependent upon an intact endothelium and occurs even when inhibitors of NO 

synthase and cyclooxygenase are used (Ozkor & Quyyumi, 2011). These substances 

have been termed endothelium-derived hyperpolarising factors (EDHF’s) (Ozkor & 

Quyyumi, 2011). Whilst the action of NO prevails in larger conduit arteries, the action 

of EDHF appears to increase with decreasing vessel size, with a prominent role for 

EDHF observed in resistance vessels (Urakami-Harasawa et al., 1997). Endothelium-

derived hyperpolarisation of vascular smooth muscle cells is thought to occur as a result 

of the opening of calcium-activated potassium channels (KCa) in the smooth muscle 

plasmalemma (Campbell & Harder, 1999; Ozkor & Quyyumi, 2011). This triggers the 

transmission of endothelial cell hyperpolarisation to vascular smooth muscle by either 

transmission through the myo-endothelial gap junctions (hyperpolarising and relaxing 

the vascular myocytes (Levick, 2010) or by K+ release and activation of KCa and the 

sodium potassium pump (Na+,K+-ATPase) on vascular SMCs (Ozkor & Quyyumi, 

2011). 
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Endothelial cells not only produce vasodilator substances, but are also responsible for 

the production and release of the vasoconstrictor peptide endothelin 1 (ET-1), 

discovered by Yanagisawa in 1988, which has been shown to evoke potent 

vasoconstriction in a large number of vessels (Yanagisawa et al., 1988; Kemp et al., 

1997). ET-1 is formed from pre-pro ET-1 to big ET-1 via furin convertase (Böhm & 

Pernow, 2007) (Figure 1.5). Big ET-1 is then processed into ET-1 by endothelin-

converting enzymes (ECEs), which then stimulates the activation of two ET-1 receptor 

subtypes ETA and ETB (Böhm & Pernow, 2007). These receptors are coupled via G 

protein activation to the production of inositol triphosphate (IP3) by phospholipase C. 

Finally, the binding of IP3 to its receptors induces a rise in the cytosolic Ca2+ 

concentration, triggering vasoconstriction (Levick, 2010). 

 

  

Figure 1.5. Endothelial production of local vasoactive substances 
prostacyclin, nitric oxide, EDHF and endothelin-1 and the pathways 
responsible for stimulating relaxation or contraction of the smooth muscle. 
Abbreviations: eNOS: endothelial nitric oxide synthase; ATP: adenosine 
triphosphate; cAMP: cyclic adenosine-monophosphate; GTP: guanosine 
triphosphate; cGMP: cyclic guanosine monophosphate; EDHF: endothelium 
derived hyperpolarizing factor; ET-1: endothelin-1; ECE: endothelin-
converting enzyme; PlP C: phospholipase C; IP3: inositol triphosphate. Figure 
adapted from (Levick, 2010). 
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1.2.3 Regulation via local vasoactive autacoid release. 

Vasoactive autacoids, such as those produced and released by the endothelium (see 

section 1.2.2), are locally acting paracrine hormones. The discovery of histamine and its 

vasodilator effect by Sir Henry Dale in 1910 led to continued research of its biological 

actions (Dale & Laidlaw, 1910; Dale & Richards, 1918). In 1927, it was shown to be a 

natural constituent of the body (Best et al., 1927) with an abundance of histamine stored 

in the skin due the role it plays in the ‘triple response’ to injury (Lewis & Grant, 1924). 

It is now understood that histamine is produced from 1-histidine by action of the 

enzyme histidine decarboxylase (Parsons & Ganellin, 2006), with histamine being 

stored in both mast cells and granules in basophilic leukocytes (Levick, 2010). 

Histamine acts on two receptors; H1 receptors located on the post capillary venules, 

which activate the Gq-PLC pathway to increase constriction and venular permeability 

(Levick, 2010) and H2 receptors on arteriolar monocytes, which are coupled to the 

adenylyl cyclase/cAMP dilator pathway (Hill et al., 1997; Parsons & Ganellin, 2006). 

Bradykinin can also induce both vasodilation and venular hyperpermeability. It is 

released by the cleavage of kininogen by the enzyme kallikrein (Kaplan et al., 2002). 

Bradykinin acts upon B2 receptors on the endothelium and induces relaxation of SMC 

by activating the release of NO, prostacyclin and possibly EDHF (Cherry et al., 1982; 

Levick, 2010).  

 

Some local autacoids that evoke vasoconstriction are serotonin, F-series prostaglandins 

(PGF) and thromboxane. Serotonin, synthesised from the amino acid tryptophan, evokes 

its contraction via the S2-serotonergic receptors on vascular smooth muscle (Van 

Nueten, 1985; Vanhoutte & Luscher, 1986). In some vessels, dilation results from 

serotonin activated S1-serotonergic receptors on endothelial cells (Van Nueten, 1985; 

Vanhoutte & Luscher, 1986). PGFs and thromboxane, both vasoconstrictor agents, are 

produced from AA and cyclooxygenase in the same manner as PGI2 (see above) and can 

be formed in the vascular endothelium, fibroblasts, macrophages and leukocytes 

(Levick, 2010).  

1.2.4. Generation of vasoactive metabolites by active tissues 

Increased metabolic demand of working tissues prompts a proportionate increase in 

blood flow, driven by the local release of vasoactive metabolites, in a process termed 

functional hyperemia (Levick, 2010). 
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One of the most abundant vasoactive metabolites is potassium (K+). For the endothelial 

control of the vasculature described above, vessel relaxation is augmented by an 

increase in intracellular calcium which activates potassium channels, resulting in the 

hyperpolarization associated with the EDHF pathway (see section 1.2.2) (Haddy et al., 

2006). In the present context, increased metabolic drive raises the K+ concentration in 

interstitial fluid surrounding the vasculature (Clifford & Hellsten, 2004; Haddy et al., 

2006). This increased K+ concentration induces vascular smooth muscle cell 

hyperpolarization and subsequent dilation by two processes: activation of the sodium 

potassium pump (Na+,K+-ATPase) and activation of inwardly rectifying K+ (Kir) 

channels (Eckman & Nelson, 2001; Clifford & Hellsten, 2004; Haddy et al., 2006). 

 

The continual demand for oxygen from metabolically active tissues is related to 

oxidative phosphorylation and production of ATP, the main energy source for cellular 

function. In the hydrolysis of ATP, adenosine diphosphate (ADP) breaks down into 

adenosine monophosphate (AMP). AMP is released into the extracellular fluid, 

dephosphorylates into adenosine by action of AMP-5 nucleotidase and binds to the 

vascular myocyte A2A receptors. This evokes vasodilation via the cAMP–protein kinase 

pathway (Levick, 2010; Pittman, 2011). ATP production via glycolysis produces lactic 

acid, which dissociates into hydrogen ions and lactate, both of which evoke dilator 

responses (Pittman, 2011). Finally, the production of CO2 as a consequence of increased 

oxidative metabolism induces vasodilation following its reaction with water to produce 

carbonic acid and hydrogen. CO2 production reduces the pH level of the blood 

(acidosis), a process that is met with potent vasodilation via hyperpolarization (Ishizaka 

& Kuo, 1996) and NO release (Gurevicius et al., 1995).  

 

1.2.5 Summary 

The sections above describe the localised pathways intrinsic to the vasculature that 

induce changes in vessel calibre and ultimately vascular resistance and blood flow. 

These include both the endothelial and metabolic release of vasoactive autacoids in 

response to an increase in the mechanical force of blood directly exerted on the inner 

vessel wall (shear stress) and the changes in vessel calibre brought about by 

modifications in arterial pressure. Collectively, the studies incorporated within this 

thesis will examine the impacts of shear stress and/or patterns of shear (see section 

1.7.1.1), in response to both exercise-dependent and exercise-independent stimuli on 
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arterial responses in humans. To date, the majority of studies examining the myogenic 

response have been in in vitro animal preparations and the current understanding of the 

myogenic mechanism during in vivo physiological settings e.g. exercise, are yet to be 

determined due to the difficulty associated with evoking changes in pressure without 

eliciting alterations in shear stress. Characterisation of the myogenic response to 

increases in blood pressure, independent of changes in arterial shear stress forms the 

primary aims laid out in Chapter 4. 

 

1.3 Extrinsic control of the vasculature 

1.3.1 Neural control of blood vessels 

Autonomic regulation of the peripheral circulation is modulated centrally by a 

collection of neurons residing in the rostral ventrolateral medulla (RVLM), the spinal 

cord, the hypothalamus and the nucleus of the solitary tract (NTS) (Guyenet, 2006). 

Sensory receptors, principally baro-, chemo-, thermo-, gluco- and noci-ceptive (skin) 

receptors relay afferent nerve impulses to these control sites (Guyenet, 2006; Ashton, 

2007). Efferent communication between these central nervous system (CNS) sites and 

effector organs, for example the heart and blood vessels, is mediated through the 

autonomic nervous system (ANS). Parasympathetic innervation of the heart and 

sympathetic innervation of the heart, blood vessels and adrenal medulla is achieved by 

elicitation of vasodilator and vasoconstrictor nerve fibres (Guyenet, 2006; Thomas, 

2011).  

 

All pre-ganglionic neurons are cholinergic, since they release the neurotransmitter ACh 

(Rhodes & Bell, 2012). ACh released from pre-ganglionic neurons binds to nicotinic 

receptors on post-ganglionic fibres, initiating an action potential and ion release in the 

post-ganglionic fibres (Rhodes & Bell, 2012). This process occurs in autonomic ganglia 

where the pre-ganglionic fibre synapses with the cell body or dendrite of the post-

ganglionic nerve (Thomas, 2011) (Figure 1.6). 

 

Post-ganglionic neurons differ in their neurotransmitter release. Post-ganglionic 

parasympathetic neurons are cholinergic but they differ from pre-ganglionic neurons in 

that the ACh binds to a different type of receptor at the effector organ. These receptors 

are termed muscarinic (M) receptors. M2 type receptors in the heart mediate a reduction 
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in heart contractility and rate by hyperpolarising the myocyte membrane (Bruning et al., 

1994; Ashton, 2007). Although they play a relatively minor role in blood vessel control, 

some vessels possess M3 receptors on their endothelial cells that, when activated by 

ACh, mediate vessel relaxation via the NO pathway (Eglen & Whiting, 1990; Bruning 

et al., 1994; Thomas, 2011). Cholinergic innervation to effector organs is restricted to 

the parasympathetic division of the ANS, with the only exception being sympathetic 

cholinergic innervation of the sweat glands (Roosterman et al., 2006; Levick, 2010). 

Pre-ganglionic sympathetic fibres are shorter, and from the CNS they synapse with 

sympathetic chain ganglia (Fig 1.6) (Thomas, 2011). The sympathetic chain sits 

bilaterally ventral and lateral to the spinal cord, and extends from the upper neck to the 

coccyx. The distribution of many ganglia within the chain allows sympathetic pre-

ganglionic fibres to travel both up and down the sympathetic chain, synapse with 

multiple post-ganglionic fibres and trigger a mass sympathetic response to multiple 

effector tissues (Fig 1.6) (Thomas, 2011). The adrenal medulla is directly innervated by 

the pre-ganglionic sympathetic fibres. Instead of synapsing with a post-ganglionic 

neuron, acetylcholine at the nicotinic receptor stimulates the release of catecholamines 

into the circulation, principally epinephrine (E) with a small amount of both 

norepinephrine and dopamine (Ashton, 2007; Levick, 2010).  
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  A 

B 

Figure 1.6. Neural pathways regulating vascular tone. A. Parasympathetic 
nervous control via cholinergic receptors. B. Sympathetic nervous control via 
the adrenal medulla and adrenergic receptors. Figure adapted from (Stanfield 
& Germann, 2008). 
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All post-ganglionic sympathetic fibres, except sweat glands, are adrenergic since they 

principally release norepinephrine (NE) (Levick, 2010). Both circulating epinephrine 

from the adrenal medulla and NE from the post-ganglionic fibre stimulate adrenergic 

receptors on the effector organs (ß1 receptors on the cardiac tissue and α1, α2 and ß2 

receptors on the vascular smooth muscle) at the neuroeffector junction. ß1 receptor 

activation by NE increases both the contractility and rate of the heart via G protein (Gs) 

stimulation of cAMP. ß2 receptors on the smooth muscle are activated by epinephrine 

and induce dilation, primarily in the skeletal muscles (Kirkman & Sawdon, 2004). The 

primary role of α1 and α2 receptor activation is a constriction of the blood vessels. The 

α1 receptors are expressed postsynaptically, where they trigger a G-protein mediated 

increase in the production of inositol triphosphate (IP3) by phospholipase C (PlP C) with 

a resultant rise in Ca2+ levels and vessel constriction (see Figure 1.7), (Levick, 2010). 

The α2 receptors mediate vessel constriction by a G-protein activated reduction of the 

cAMP pathway (Figure 1.7). In addition, α2 receptors are expressed both pre- and post-

synaptically, with the presynaptic receptor responsible for inhibition of NE release from 

the nerve terminal (Exton, 1985). Sympathetic activation of α receptors is most 

prominent at the arteriolar level, with small changes in diameter inducing large changes 

in total resistance and flow (Thomas, 2011). This is particularly prevalent in the skin 

circulation, with the arteriovenous anastomoses being solely innervated by sympathetic 

nerves (Levick, 2010). 

 
1.3.2 Neural control of cutaneous blood vessels 

Acral or glabrous regions of skin (e.g. palms of the handt) exhibit specialised 

connections between the dermal arterioles and venules, which are termed arteriovenous 

anastomoses (AVA’s) and are solely innervated by sympathetic noradrenergic 

vasoconstrictor nerves (Kellogg, 2006). All thermoregulatory changes in blood flow in 

these regions are mediated by an increase in’ or ‘withdrawal of’ noradrenergic 

vasoconstrictor outflow. Thermoregulatory reflex control of non-glabrous skin blood 

flow is achieved by dual innervation from the sympathetic nervous system (SNS) via 

adrenergic vasoconstrictor and cholinergic vasodilator nerves (Kellogg, 2006; Holowatz 

& Kenney, 2010). The identification of two distinct pathways of sympathetic 

innervation to the skin was documented in a study by Kellogg and colleagues in 1989, 

who utilised bretylium tosylate (a pre-junctional noradrenergic neural blocker) and 

observed that this abolished the cutaneous vasoconstriction response to cold stress, but 

not the vasodilator responses to heat stress (Kellogg et al., 2008).  
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Cutaneous vasoconstriction during both normothermic and hypothermic conditions 

occurs via the sympathetic adrenergic pathway, characterised by the release of 

norepinephrine at the post-ganglionic nerve terminal and its activation through α or β 

adrenoreceptors on target blood vessels (Figure 1.7 & 1.8). However, it is now believed 

that neuropeptide Y (NPY) acts as a co-transmitter along with norepinephrine (NE) to 

induce reduction in skin blood flow observed during cold stress (Figure 1.8) (Stephens 

Figure 1.7. Sympathetic neural innervation pathways of blood vessels via α1, α2 
and ß2 receptors. Abbreviations: NE, norepinephrine; E, epinephrine; PlP C, 
phospholipase C; (PIP2, phosphatidyl inositol bisphosphate; IP3, inositol 
trisphosphate; DAG, diacylglycerol; PKC, protein kinase C; MLC, myosin light 
chain; AC, adenylyl cyclase; ATP: adenosine triphosphate; cAMP: cyclic 
adenosine-monophosphate; GTP: PKA; protein kinase A. Figure adapted from 
(Levick, 2010). 
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et al., 2004). In addition, some evidence supports a role for ATP as an additional co-

transmitter participating in noradrenergic vasoconstriction (Racchi et al., 1999; Bradley 

et al., 2003). These recent studies indicate that the mechanisms of action involved in 

vasoconstrictor pathways require further elucidation. 

 

Reflex cutaneous vasodilation to heat stress occurs through an initial withdrawal of 

sympathetic vasoconstrictor tone, followed by a sympathetic cholinergic-mediated 

vasodilation (Kellogg, 2006). It is believed that sympathetic cholinergic vasodilator 

nerves induce cutaneous vasodilation through the release of ACh, which subsequently 

binds to muscarinic (M3) receptors on the target blood vessel. This activation triggers 

the Gq-PLC-pathway, raising Ca2+ concentration and, in turn, enhancing eNOS activity 

and up-regulation of the NO pathway. However, cutaneous sympathetic nerve 

transmission is not completely blocked by agents that inhibit the responses to 

norepinephrine and ACh, indicating the involvement of additional neurotransmitters 

(Wallengren, 1997; Stephens et al., 2001). These additional substances have been 

termed non-adrenergic, non-cholinergic (NANC) neurotransmitters and current 

literature suggests that cholinergic vasodilation involves co-transmission with ACh and 

an as yet unknown substance. A number of substances have been postulated, including 

vasoactive intestinal peptide (VIP) (Figure 1.8) (Bennett et al., 2003), H1 histamine 

receptors (Wong et al., 2004), neurokinin-1 receptors (Wong & Minson, 2006), NO 

(Kellogg et al., 1998; Shastry et al., 1998) and, more recently, ATP (Fujii et al., 2015). 
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1.3.2. Humoral control of vasomotor tone 

There are numerous circulatory hormones that induce vasodilator or vasoconstrictor 

effects, mostly via their influence on local vasoactive substances. Insulin has known 

vasodilator effects that are instigated by an upregulation in NO production and release 

(Scherrer et al., 1994; Petrie et al., 1996). Similarly, the anti-atherogenic effects of 

oestrogen and its effects on the vasculature are well-documented (Green et al., 2015). 

Oestrogen induces increased production and release of endothelial-derived relaxing 

substances, including NO, by upregulating the enzymatic action of both eNOS and 

prostacyclin synthase (Mendelsohn & Karas, 1999; White, 2002). Endothelial cell 

Figure 1.8. Proposed pathways of sympathetic neural innervation of the 
cutaneous microvasculature. Abbreviations: NE, norepinephrine; NPY, 
neuropeptide Y; ACh, acetylcholine; VIP, vasoactive intestinal peptide. Figure 
adapted from (Kellogg, 2006). 
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natriuretic peptide (CNP) causes dilation via the cGMP pathway, through its activation 

of NP receptors (Levick, 2010). 

 

In addition to these dilator hormones, there is evidence for circulating hormones that 

increase vascular resistance by inducing blood vessel constriction. Two major 

circulatory hormones that exhibit profound effects on the vasculature are epinephrine 

and norepinephrine, the actions of which have previously been described (see 1.3.1). 

Briefly, the release of these catecholamines is under SNS control. Both SNS activity 

and the release of E and NE increase during exercise, inducing widespread 

vasoconstriction in non-working tissues.  

 

The neural release of vasopressin, a hormone produced in the hypothalamus, also 

induces potent constriction of blood vessels. Transported to, and released from, the 

posterior pituitary gland into the circulation following the detection of either an 

increased plasma osmolality or a decrease in blood pressure, vasopressin binds to V1 

receptors on vascular smooth muscle cells (Henderson & Byron, 2007; Levick, 2010). 

These receptors are linked to a coupled G-protein that gives rise to the PlPc-mediated 

production of IP3 and subsequent constriction to an increased Ca2+ influx (Goldsmith, 

2006; Henderson & Byron, 2007). Finally, cleavage of angiotensinogen to angiotensin I 

and the further cleavage of angiotensin I by action of the enzyme angiotensin converting 

enzyme (ACE) produces the potent vasoconstrictor hormone, angiotensin II (Mehta & 

Griendling, 2007). In a similar manner to vasopressin, angiotensin binds to AT1 

receptors (G protein-coupled receptors), activating PlPc and the production of IP3 

(Mehta & Griendling, 2007). This subsequently initiates calcium activated myosin light 

chain kinase (MLCK), phosphorylation of myosin light chains (MLC) and induces 

constriction of the vessel.  

 

1.3.3 Integrated control of vascular function during exercise 

During near maximal exercise, blood flow to active skeletal muscle can account for 

approximately 85% of cardiac output (Rowell, 1993). Increases in exercise intensity and 

skeletal muscle oxygen consumption are met with a proportionate increase in blood 

flow, a process termed “functional hyperaemia”. Functional hyperaemia can, in part, be 

explained by the action of locally released skeletal muscle metabolites on nearby 

arterioles, first identified as the “metabolic theory” of vasodilation (section 1.2.3) 
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(Segal, 1992; Green et al., 1996b). However, it is now understood that larger increases 

in blood flow are dependent upon the co-ordinated dilation of upstream ‘feed’ arteries, a 

process known as “ascending vasodilation” (Segal, 1992; Bagher & Segal, 2011). This 

co-ordinated vessel dilation across the arterial network is facilitated by chemical and 

mechanical signalling between and along the endothelial and smooth muscle cells 

(Bagher & Segal, 2011). This signalling has been proposed to include pressure sensitive 

myogenic responses (section 1.2.1) along with flow-dependent dilation of ‘feed’ arteries 

through the endothelium-dependent release of vasoactive paracrine hormones such as 

NO (section 1.2.2) (Green et al., 1996b). In addition to these locally acting mechanisms, 

exercise-induced sympathetic outflow results in a generalised vasoconstriction and a 

relative redistribution of cardiac output away from inactive tissues (Segal, 1992). In the 

active tissues, local metabolic production appears to predominate over sympathetic 

vasoconstriction by interfering with the sympathetic adrenergic pathways (section 

1.3.1), a phenomenon known as functional sympatholysis (Saltin & Mortensen, 2012). 

As exercise intensity and blood flow demand increase, the ‘feed arteries’ become a key 

location for understanding the competition between ascending vasodilatory stimuli and 

the descending vasoconstrictor stimuli along sympathetic nerves (Segal, 1992).  

 

1.3.4. Summary  

The ability of human blood vessels to alter their inner radius results from a combination 

of local and systemic pathways, described above. The pathways involved in the intrinsic 

control of the vasculature appear to be dependent upon changes in the internal milieu of 

the body, for example; changes in blood pressure, changes in the direct mechanical 

force of blood flow (shear) on the vessel wall and/or the production of localised 

metabolites by working tissues. The control and contribution of these pathways in 

response to physiological stressors, both exercise-dependent and exercise-independent, 

will provide the basis for the hypotheses examined in Chapters 2-4. The pathways of 

extrinsic control of the vasculature are modulated by multiple neuronal pathways and or 

the release of hormones into the systemic bloodstream. The control and contribution of 

these pathways in response to physiological stressors, principally exercise, remains an 

area of active research and provides a foundation for the hypotheses examined in 

Chapters 5 and 6. 
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1.4. Why is vascular function important in humans? 

1.4.1 Atherosclerosis 

The term ‘atherosclerosis’ was first used to describe the lipid-laden plaque formation 

that causes a widening and hardening of the arterial wall by Felix Marchand in 1904 

(Marchand, 1904). Understanding of the risk factors associated with the development of 

atheroslerosis began with pioneering work by Alexander Ignatowski, who established 

cholesterol as a key contributer to the development of atherosclerosis through 

demonstration of plaque formation in the aorta of cholesterol fed rabbits (Ignatowski, 

1909; Konstantinov & Jankovic, 2013). However, it wasn’t until the demonstration of 

the key role played by the inner lining of the artery wall, the endothelium, in the 1970s 

and 1980s that the earliest stages of the process of atherosclerosis began to be 

understood. 

 

Traditional risk factors for atherosclerosis, i.e. hyperlipidaemia, hypertension, obesity 

and diabetes, have all been characterised as capable of producing endothelial 

dysfunction (Celermajer et al., 1994; Kawashima & Yokoyama, 2004). Endothelial 

dysfunction is now recognised as the earliest detectable manifestation of the 

development of atherosclerosis (Davignon & Ganz, 2004; Green et al., 2008), and it 

independently predicts future cardiovascular events (Davignon & Ganz, 2004). In 

addition to primary endothelial dysfunction, disordered vascular control mechanisms 

favour a constricted state through an imbalance of the ANS and elevated sympathetic 

control (Curtis & O'Keefe Jr, 2002) and increased production of both angiotensin II 

(Grote et al., 2004) and endothelin 1 (Böhm & Pernow, 2007). Together, these factors 

contribute to vascular disease and have effects throughout the vascular tree, including 

macro- and micro-vascular manifestations (Green et al., 2011). Once thought of as a 

unidirectional process, the development of atherosclerosis and its associated 

complications may not only be slowed, but under some limited circumstances, reversed 

(Badimon et al., 1990). It is now well established that exercise training promotes a 

healthy vascular phenotype and is an important intervention for the stabilisation, 

prevention and  possibly even the reversal of the atherosclerotic process (Ramachandran 

et al., 2005). 
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Figure 1.9.  First clinical episodes of coronary heart disease between 
1949-52 in A. drivers and conductors, ages 35-64 of central London buses 
and B. male telephonists and postmen, aged 35-59. Figure adapted from 
(Morris et al., 1953). 

1.5 Exercise training, artery function, structure and cardiovascular disease 
(CVD) in humans 

1.5.1 Exercise and cardiovascular risk reduction: Role of endothelium 

As early as the 1950s, large scale epidemiological studies were providing evidence that 

physical inactivity could lead to higher rates of cardiovascular disease (CVD). Key 

examples include the comparative data collected by Morris and colleagues who 

identified lower coronary heart disease mortality rates in physically active London bus 

conductors and postmen compared to their less physically active counterparts (bus 

drivers and government office staff i.e. telephonists) (Morris et al., 1953) (Figure 1.9). 
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Subsequent epidemiological studies included Ralph Paffenbarger’s 16 year mortality 

follow-up of 3263 San Francisco longshoremen (Paffenbarger et al., 1970). In men aged 

35-64, coronary heart disease death rates were one third higher in those with sedentary 

jobs compared to those who worked as cargo handlers (Paffenbarger et al., 1970). He 

continued his observations by relating the physical activity statistics of Harvard Alumni 

graduates to their subsequent health outcomes (Paffenbarger et al., 1978; Paffenbarger 

et al., 1986). In these studies, he observed that men who climbed more than 50 steps per 

day and participated in vigorous sports were at a lower risk of heart attack compared to 

their sedentary peers (Paffenbarger et al., 1978; Paffenbarger et al., 1986). Along with 

accumulated evidence from other large epidemiology studies such as The Honolulu 

Heart Program and the US railroad worker study (Taylor et al., 1970; Hakim et al., 

1999) it became plausible to suggest that exercise is an important mediator of reduction 

of cardiovascular events. Physical inactivity is now well-established as an important 

risk factor for the development of cardiovascular diseases (CVD) (Morris et al., 1953; 

Morris et al., 1980; Thijssen et al., 2010).  

 

In an attempt to explain “how” exercise mediates its cardioprotective effect, Mora and 

colleagues reported that approximately 40 % of the benefit of exercise in terms of 

coronary heart disease reduction could be accounted for by reductions in conventional 

risk factors (Figure 1.10), leaving a large proportion unaccounted for (Mora et al., 

2007). This study was supported by others examining the risk factor contribution to 

exercise-induced risk reduction (Taylor et al., 2006; Hamer & Stamatakis, 2009; 

Chomistek et al., 2011; Hamer et al., 2012). For example, one study documented a 28 

% reduced relative risk of cardiac mortality by exercise training, of which, 

approximately half could be explained by the effect on established risk factors, such as 

smoking (Taylor et al., 2006). Hamer and colleagues documented that between 39.4 % 

and 22.6 % of the cardioprotective effects of moderate and vigorous physical activity, 

respectively, could be explained by changes in biological risk factors (Hamer & 

Stamatakis, 2009). These authors suggested in a separate study that metabolic and 

inflammatory markers accounted for 25.6 % of the moderate to vigorous physical 

activity and cardiovascular disease association (Hamer et al., 2012). Exercise-mediated 

improvements in endothelial function, independent of changes in traditional risk factors 

(Green et al., 2003; Maiorana et al., 2003) are thought to account for a sizeable 

proportion of this unexplained benefit, whilst it has also been proposed that training-

induced changes in the ANS may contribute (Joyner & Green, 2009). 
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Figure 1.10. Percentage reductions in cardiovascular disease (CVD) and 
coronary heart disease (CHD) events associated with physical activity that 
can be explained by modification of traditional risk factors. Cumulatively, 
the differences in risk factors explain ~40 % of the relative coronary heart 
disease risk reduction associated with exercise. Figure adapted from (Mora 
et al., 2007). 

 

 

 

 

 

1.5.2 Exercise training and vascular function in diseased populations 

Exercise training and conduit and resistance vessel function in diseased populations 

Conduit artery NO-mediated endothelial function is commonly assessed using the flow-

mediated dilation, or FMD, technique (Celermajer et al., 1992). This technique involves 

the ultrasonographic assessment of arterial functional responses, typically in the 

brachial or femoral artery, to a brief period of cuff-induced ischaemia (Thijssen et al., 

2011a). Exercise training typically improves FMD in diseased individuals and those 

with pre-existing risk factors for disease (for reviews see (Maiorana et al., 2003; Green 

et al., 2004; Thijssen et al., 2010). For example, patients with coronary artery disease 

(CAD) exhibit lower FMD responses compared to healthy, matched controls (Figure 
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1.11B) (Walsh et al., 2003). Following 8 weeks of combined aerobic and resistance 

exercise training, FMD responses significantly improved in the brachial artery of the 

CAD patients (Walsh et al., 2003). Similar responses were observed in type 2 diabetic 

subjects; with 8 weeks’ lower limb exercise training eliciting improvements in brachial 

FMD and forearm blood flow responses to ACh, indicative of beneficial adaptations in 

both conduit and resistance vessels (Figure 1.11A) (Maiorana et al., 2001a). Following 

a similar intervention to that of Maiorana and colleagues, obese adolescents 

demonstrated improvements in brachial artery FMD (Figure 1.11C) (Watts et al., 2004). 

The studies above and others e.g. (Linke et al., 2001) indicate that exercise training 

interventions using lower limb exercise demonstrate improvement in FMD in the upper 

limbs, providing evidence for the systemic effects of large muscle mass exercise 

training. A study by McGowan and colleagues in medicated hypertensive participants 

revealed that whilst bilateral isometric handgrip training improved brachial artery FMD 

in boths arms, unilateral training improved FMD in the trained arm only (McGowan et 

al., 2007). This study indicates that small muscle mass exercise may induce local 

improvements in endothelial function, in contrast to the more systemic impact of larger 

muscle group activity.  
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Figure 1.11. Impacts of exercise training on FMD in cardiovascular disease 
groups. Panel A demonstrates the FMD improvement in type 2 diabetics 
following 8 weeks lower limb training. Panel adapted from (Maiorana et 
al., 2001a). Panel B shows that in patients with coronary heart disease, 
exercise training elicits a significant increase in FMD responses following 8 
weeks of combined aerobic and resistance training. Panel adapted from 
(Walsh et al., 2003). Panel C compares the FMD responses of lean control 
subjects (striped bar) to both untrained obese subjects (white bar) and obese 
subjects following 8 weeks of exercise training (black bar). Panel adapted 
from (Watts et al., 2004). 
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Exercise training and microvessel function in diseased populations 

A common approach to the assesment of microvascular function involves the use of 

laser Doppler flowmetry of the skin in combination with local heating and/or the 

infusion of agonists or antagonists of the NO pathway using microdialysis (Cracowski 

et al., 2006). However, exercise training studies of the microvasculature are scant. 

Recent studies have documented improvements in cutaneous microvascular function 

following a 16-week progressive exercise program in patients with non-alcoholic fatty 

liver disease (Pugh et al., 2013) and in patients with polycysctic ovarian syndrome 

(Sprung et al., 2013), both of which have been strongly linked to CVD risk factors and 

endothelial dysfunction. A recent electron microscopy study of skeletal microvessels in 

10 hypertensive participant and 11 normotensive controls revealed that 8 weeks aerobic 

exercise training significantly increased the capillary-to-fibre ratio and lumen area in 

hypertensive patients (Gliemann et al., 2015).  

 

1.5.3 Exercise training and vascular function in healthy humans  

Exercise training and conduit and resistance vessel function in healthy humans 

In 1994, Green and colleagues examined the effects 4 weeks handgrip exercise training 

and observed an improvement in peak vasodilator capactiy, without inducing changes in 

the NO dilator system (Green et al., 1994). In a subseqent experiment, similar responses 

were observed in the dominant versus non-dominant arm of elite tennis players (Green 

et al., 1996a). In contrast, 4 weeks of cycle ergometer training in healthy males was 

shown to enhance upper limb NO production (Kingwell et al., 1997). Using the brachial 

artery FMD technique, Clarkson and colleagues examined the effect of exercise training 

in healthy male military recruits. They reported improvements in FMD following a 10 

week aerobic and anaerobic training program (Clarkson et al., 1999), results that were 

not subsequently confirmed in studies of middle-aged and young men following circuit 

training and whole body resistance training respectively (Maiorana et al., 2001b; 

Rakobowchuk et al., 2005). Finally, FMD responses following eight weeks of cycle 

exercise training in older men were improved in the common femoral, but not the 

brachial artery (Thijssen et al., 2007). These disparate findings led to the conclusion 

that exercise might not consistently enhance arterial function in healthy subjects and 

that an already fully functional endothelium may be difficult to “supra-normalise” 

(Green et al., 2004; Green et al., 2011).  
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An alternative explanation emerged following a study conducted in 2008 by Tinken and 

colleagues who conducted an 8 week cycle and treadmill exercise training programme 

and examined brachial artery FMD responses and responses to an ischaemic handgrip 

exercise stimulus (vasodilator capacity and an index of vessel structure) at baseline and 

every two weeks throughout training (Figure 1.12) (Tinken et al., 2008). This study 

demonstrated the existence of a time-course in the response to arterial adaptation. Both 

popliteal (Figure 1.12A) and brachial (Figure 1.12B) artery function (FMD) increased at 

2 and 4 weeks of training before returning to baseline values, whilst dilator capacity (an 

index of arterial structural change) increased linearly in both vessels after 4 weeks of 

training. These responses indicated that functional changes in FMD occur rapidly in 

response to training and are superseded by structural adaptations (Tinken et al., 2008) 

(Figure 1.12 & 1.13). The fact that this temporal response occurred in both the active 

and inactive vessel beds further supports previous studies that have demonstrated 

systemic effects of exercise training. Subsequent studies also confirmed the presence of 

a time course of change in function and structure following handgrip exercise (Tinken et 

al., 2010; Thijssen et al., 2011b; Hunt et al., 2013).  

 

The subsequent study by Tinken et al. (2010) provided novel insight into the 

mechanisms responsible for the time-course of response in arterial adaptation. The use 

of unilateral cuff inflation to limit shear stress in one arm during bilateral handgrip 

exercise training revealed improvements in brachial artery FMD and ischaemic exercise 

in the ‘uncuffed’ limb only (Fig 1.13) (Tinken et al., 2010). In a cuffed limb, which 

received the identical handgrip exercise stimulus, without increases in arterial shear 

stress during exercise, no functional or structural adaptations to training were apparent. 

Further support for the role of shear stress during exercise training followed from a 

study conducted by Birk and colleagues in 2012 (Birk et al., 2012). These authors 

examined bilateral brachial artery FMD responses to 8 weeks of lower limb cycle 

exercise, where one arm received attenuated blood flow and shear rate via inflation of a 

pneumatic cuff during each training bout An improvement in FMD was evident 

following the eight week training intervention in the uncuffed arm only. These human 

based studies provide evidence to support the proposal that haemodynamic signals, such 

as blood flow, shear stress and possibly changes in arterial pressure and transmural wall 

stress, contribute to exercise-induced adaptations in conduit arterial function and 

structure in vivo. The results reinforce those from previous animal experiments which 

demonstrated that changes in arterial function in vivo, in response to exercise and 
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increases in flow, are dependent upon the endothelial release of NO and other autacoids 

(Pohl et al., 1986; Laughlin et al., 2008). 

  

Figure 1.12 Change in A. popliteal and B. brachial artery diameter from 
baseline (as a percentage) in response to 5 minutes ischaemia 
 (FMD)            or in response to ischaemic exercise (conduit artery 
structure)              across an 8-week cycle and treadmill exercise training 
intervention. These data support the idea that functional adaptations 
(FMD) occur rapidly to training and are superseded by a structural 
remodelling of the vessel. The results also support previous literature 
pertaining to the systemic benefits of exercise on inactive limbs. Figure 
adapted from Tinken et al., 2008. 

A 

B 
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Figure 1.13. Time course of A. brachial artery FMD response to a period of 5 
minute ischaemia and B. brachial artery response to ischaemic handgrip 
exercise during and following 8 weeks of handgrip exercise training. This 
study provides further evidence of a time course response of arteries following 
localised exercise training. When the shear stress response during each bout of 
exercise was attenuated by unilateral cuff inflation (        ) these adaptations 
were no longer apparent. This study formed the basis for future studies of 
exercise induced shear stress. Figure adapted from (Tinken et al., 2010). 
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Exercise training and microvessel function in healthy humans 

Studies examining the effects of exercise training on the microvasculature are scarce in 

healthy humans. Most studies that have examined cutaneous NO-mediated dilation have 

not directly conducted an exercise training intervention, but rather compared trained 

versus untrained individuals. These cross-sectional comparisons have primarily 

demonstrated enhancement in NO-mediated dilator capacity following the 

administration of pharmacological agents in the trained individuals, compared to 

sedentary controls (Kvernmo et al., 1998; Boegli et al., 2003; Vassalle et al., 2003). 

One longitudinal study of sedentary but otherwise healthy men, revealed that cycling at 

50 % VȮ2max for 30 minutes, 5 times a week for 8 weeks, enhanced both the plasma 

NO metabolite concentration and the iontophorically applied ACh induced perfusion in 

human skin (Wang, 2005). Subsequent work by Black and colleagues in 2008, 

compared cutaneous microvascular responses to local heating and administration of 

ACh via microdialysis in the absence or prescence of L-NAME (a NO inhibitor) in 

young, older sedentary and older fit individuals at baseline and in the older groups 

following 24 weeks of exercise training (Black et al., 2008b). The results of this study 

demonstrated diminished NO-mediated dilation in the older sedentary, compared to the 

young and older fit subjects, an effect which was ameliorated by the exercise training 

intervention (Figure 1.14) (Black et al., 2008b). 

 
The majority of studies have demonstrated beneficial effects of exercise training at both 

the conduit and microvascular levels in humans. It is believed that increases in blood 

flow and shear stress are involved in adaptations at the resistance and conduit artery 

level, but less is known regarding the stimuli responsible for training-induced skin 

microvascular adaptations. This is partly due to the belief that downstream microvessels 

are not exposed to the same magnitude of haemodynamic force (shear stress and pulse 

pressure). In this context, Carter and colleagues recently conducted a series of 

experiments with the aim of investigating the independent roles of skin blood flow and 

skin temperature on forearm skin microvascular function (Carter et al., 2014). The 

authors used lower limb heating to 42°C for 8 weeks, 3 x weekly, to induce repeated 

elevations in core temperature and therefore forearm skin blood flow. Importantly, in 

one experiment skin temperatures were allowed to increase with elevations in skin 

blood flow. Eight weeks of repeated lower limb heating induced increases in the 

forearm skin blood flow to a gradual local heating protocol following the intervention 

(Figure 1.15) (Carter et al., 2014). In contrast, a separate study where skin temperature 
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was clamped at 30°C in the presence of increases in blood flow in response to repeated 

lower limb heating, skin blood flow responsiveness to the same gradual local heating 

protocol was significantly reduced (Figure 1.15). This study concluded that repeated 

exposure to increases in skin blood flow may induce a structural remodelling of the 

microvasculature, with increases in the number and/or density of microvessels. This 

would allow for an increased transit time through the capillaries, enhancing heat 

exchange and explaining the findings of a reduction in skin blood flow responses to the 

local heating protocol. It was also suggested that when skin blood flow increases are 

accompanied by substantial elevations in skin temperature, structural adaptations may 

occur in concert with improvements in function. This study was, however, conducted in 

an exercise-independent setting and can therefore not be extrapolated to the impacts of 

exercise training. This formed the primary aim of the study conducted in Chapter 2 of 

this thesis.  

 

1.6.3 Summary  

In healthy humans, studies of conduit arteries have provided evidence for a time-course 

of adaptation, with rapid functional changes superseded by structural remodelling of the 

vessel. It is now known that shear is a key mediator involved in exercise-induced 

conduit and resistance artery, and potentially microvascular, adaptation. However, there 

are many vasoactive mechanisms at play during exercise. For example, the effects of 

changes in myogenic activity during acute exercise on vascular function are largely 

unknown, along with changes in autonomic activity. This represents a large gap in the 

exercise literature, more acute studies, in both exercise-dependent and exercise-

independent settings, are warranted in order to define the role of independent and 

integrative mechanisms controlling vascular adaptation. The following section and the 

remainder of this literature review focuses upon the current understanding of acute 

exercise-mediated vascular responses and the extant gaps in the research.  
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Figure 1.14. A. Laser Doppler experimental protocol indicating the time lines 
associated with Ringer solution and L-NAME infusion at the microdialysis 
membrane sites and periods of incremental local heating and prolonged local 
heating at 42°C. The simultaneously derived data from one individual at the 
heating sites perfused with Ringer solution (upper red trace) and NO blockade 
(L-NAME infusion) (lower blue trace).  This panel demonstrates that skin blood 
flow responses to a local incremental heating protocol are largely mediated by 
the release of NO. Panel B shows the impact of 12 (     dashed lines) and 24 
weeks (     continuous line) of exercise training in older sedentary subjects, 
compared to baseline (     continuous line), on the NO contribution to %CVC 
responses to the protocol in panel A, calculated for each subject at each data 
point by subtracting L-NAME %CVC data from Ringer solution %CVC data. 
Figure adapted from (Black et al., 2008b). 
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1.7 Mechanisms underlying the acute exercise response  

1.7.1 Local mechanisms underlying the acute exercise response 

1.7.1.1. Shear rate and blood flow profiles 

Shear stress, described as the frictional force exerted on the vascular endothelial layer, 

is a well-established stimulus for the release of endothelium-derived vasoactive 

substances such as nitric oxide (Niebauer & Cooke, 1996) (see section 2.2.2 and Figure 

1.16). This has been supported by studies that have examined FMD responses following 

ischaemia-induced shear stress and observed reductions in FMD with the administration 

of pharmacological agents that block NO (Duffy et al., 1999; Doshi et al., 2001).  

 

Figure 1.15. Effect of 8 weeks of repeated lower limb heating (42°C, 3 x 
weekly) on forearm skin microvascular responses to an incremental local 
heating protocol. This figure depicts the local heating temperatures (X axis) 
and the corresponding skin microvascular responses expressed as a change 
from baseline to week 8 of the repeated lower limb heating intervention. In 
study 1, in which both skin blood flow and temperature were allowed to 
increase during the 8-week lower limb heating, cutaneous vascular 
conductance (CVC) increased (black bars). In contrast, when skin 
temperatures were clamped (30°C), thus only allowing for increases in skin 
blood flow during the heating intervention, CVC responses to localised heated 
decreased (white bars). Figure adapted from (Carter et al., 2014). 
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Figure 1.16. Exercise effects on the vascular endothelium are mediated by 
increases in laminar shear stress. On the luminal side of the endothelial cells, 
direct signalling can occur through deformation of the glycocalyx. This 
shear-induced signal can activate calcium ion channels, phopholipase activity 
leading to calcium signalling, prostaglandin I2 (PGI2) release, and CMP-
mediated smooth muscle cell relaxation. VEGF receptor 2 (VEGFR2) located 
at the luminal surface can associate with vascular endothelial cadherin, 
[beta]-catenin, and PI3K to phosphorylate Akt and induce AKT-mediated 
eNOS phosphorylation, which leads to a higher NO production. Mechanical 
forces are also transmitted by the cytoskeleton to adhesion sites, where 
transmembrane integrins bound to the extracellular matrix serve as a focus 
for deformation. This integrin-mediated pathway leads to the activation of 
Ras-mitogen-activated protein kinase activity. In turn, Ras releases nuclear 
factor-ĸB (NFĸB) from its cytosolic inhibitor and thus enables its 
translocation to the nucleus where it binds to the promotors of multiple target 
genes, including the eNOS gene. Increased NO synthesis in response to shear 
stress induces extracellular SOD in a feed-forward fashion to inhibit the 
degradation of NO by ROS, with consecutive formation of the toxic 
peroxynitrite. Akt indicates protein kinase B; PECAM-1, platelet endothelial 
cell adhesion molecule-1; Ras, small GTPase; ONOO

-
peroxynitrite; and AA, 

Arachidonic acid. Figure adapted from (Gielen et al., 2010). 
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Previously discussed training studies including those conducted by Tinken (Tinken et 

al., 2008), Thijssen (Thijssen et al., 2007), Birk (Birk et al., 2012) and Hambrecht et al. 

(Linke et al., 2001) suggest that improvements in FMD can occur in both active and 

inactive limbs following lower limb exercise training. With shear stress documented as 

a key stimulus for such training-induced adaptations (Tinken et al., 2010), studies began 

to focus on examining the shear rate profiles that occur during distinct bouts of exercise, 

in order to quantify the mechanistic substrate for vascular adaptation. These studies 

began with comparisons of shear profiles between exercise modalities that were either 

local (i.e. handgrip) or systemic (i.e. cycle) in nature. An early study by Green and 

colleagues documented that both brachial artery antegrade and retrograde blood flow 

increased incrementally during cycle ergometer exercise (Green et al., 2002). The 

increases in retrograde flow during moderate workloads impacted more on mean flow, 

given that antegrade flows at this workload were modest (Green et al., 2002). In a 

follow-up study, brachial artery responses to incremental workloads of both handgrip 

and cycle ergometer exercise were compared in 14 healthy individuals. Exercise was 

conducted under infusion of both saline conditions and monomethyl-L- arginine (L-

NMMA), a NO blocker (Green et al., 2005). The results of this study, depicted in 

Figure 1.17, indicated that mean blood flow responses were higher during localised 

handgrip exercise, as a result of lower retrograde flows. Despite a similar magnitude of 

antegrade shear under both conditions, larger increases in retrograde flows during cycle 

exercise reduced the mean flow responses in the upper limbs. Prior to this study, a series 

of experiments utilising plethysmography (Bishop et al., 1957) revealed similar 

quantitative differences between mean flows during handgrip and cycle ergometer 

exercise, but these experiments did not measure flows at high temporal resolution and 

across the cardiac cycle. Finally, the NO contribution to blood flow in the upper limbs 

was actually higher during cycle exercise than it was during handgripping. Green and 

colleagues concluded that an acute bout of cycle exercise may be a potent stimulus for 

training induced improvements in systemic NO production and hence arterial 

adaptations in humans, since the changes in antegrade and retrograde flows, and 

consequently shear stress, were considerable (Green et al., 2005).  

 

In a subsequent study by Thijssen and colleagues in 2009, brachial artery shear profiles 

were assessed in response to an acute bout of leg cycling, walking and leg kicking 

(Thijssen et al., 2009b). Incremental increases in mean and antegrade blood flow were 

observed in all exercise modalities, but retrograde shear rate was only substantially 
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elevated during the cycling and walking conditions (Figure 1.18). These findings 

support those previously observed by Green et al. (Green et al., 2005) and suggest that 

distinct brachial artery blood flow and shear stress patterns are apparent in response to 

different modalities of exercise and that these may influence the exercise-training 

induced vascular adaptation (Thijssen et al., 2009b; Newcomer et al., 2011). 

  

Figure 1.17. Mean (A), antegrade (B) and retrograde (C) blood flows 
during handgrip exercise at 3 different workloads (left 3 panels) and 
cycle exercise at 3 different workloads (right 3 panels) under saline (light 
bars) and monomethyl-L-arginine (L-NMMA) (dark bars) infusion. 
Mean blood flow responses (A) were higher during localised handgrip 
exercise, as a result of lower retrograde flows (C). Despite a similar 
magnitude of antegrade shear under both conditions, larger increases in 
retrograde flows during cycle exercise (C) reduced the mean flow 
responses in the upper limbs. Adapted from (Green et al., 2005). 

Handgrip Exercise Cycle Exercise 
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A 

B 

Figure 1.18. Mean shear rate (A) and antegrade and retrograde shear rate 
(B) at baseline (black bar) and at three incremental intensities (dark grey, 
light grey and white bars) during cycling (60, 80 and 120 W), walking (3, 
4 and 5 km-h

-1
) and kicking (5, 7.5 and 10 kg) in 12 healthy young 

subjects. Incremental increases in mean and antegrade blood flow were 
observed in all exercise modalities, but retrograde shear rate was only 
substantially elevated during the cycling and walking conditions. These 
findings suggest that distinct brachial artery blood flow and shear stress 
patterns are apparent in response to different modalities of exercise and 
that these may influence the exercise-training induced vascular 
adaptation. Figure adapted from (Thijssen et al., 2009b). 
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1.7.1.2. Shear rate patterns and acute vascular responses  

Studies dedicated to characterising the impact of modifying shear stress during acute 

bouts of exercise have been undertaken in the past decade. Tinken and colleagues 

examined bilateral brachial artery FMD responses following 30 minute interventions 

that were both exercise-dependent (leg cycling & bilateral handgrip exercise) and 

exercise independent (bilateral forearm heating) (Tinken et al., 2009). Exercise 

workloads were adjusted to match the mean shear rate (SR) observed during local 

forearm heating to 40°C. In order to assess the contribution of distinct shear rate 

patterns to each FMD response, a unilateral cuff was inflated on one forearm to 

attenuate shear responses in that limb during each intervention. Despite an elevation in 

FMD following all intervention types, retrograde shear rate responses during cycle 

exercise were higher than those typically observed during forearm heating. Inflation of a 

cuff during each intervention attenuated antegrade responses and, as a consequence, 

blunted the immediate post-intervention FMD responses. This reduction was significant 

following cycle exercise. The results of these studies were summarised in a review by 

Newcomer et al. and are depicted in Figure 1.19. 

 

A more recent study conducted by Carter and colleagues compared bilateral brachial 

artery shear rate responses to leg cycling and bilateral forearm heating whilst a cuff was 

unilaterally placed on the forearm (Carter et al., 2013). Results were similar to those 

observed in the study by Tinken and colleagues following localised handgrip exercise. 

Cuff inflation during cycle exercise increased retrograde SR and this was associated 

with blunted arterial dilation compared to the dilation elicited in the uncuffed limb. 

Bilateral forearm heating increased mean SR and abolished the influence of retrograde 

SR on diameter responses, an effect which was not observed with cuff inflation on one 

forearm (Carter et al., 2013). Combined with the observation of a dose response 

relationship between increases in retrograde shear rate and decreases in FMD (Thijssen 

et al., 2009c), these studies collectively demonstrate the potential cardioprotective role 

of antegrade shear rate and the pro-atherogenic nature of retrograde shear rate as a 

stimulus (Figure 1.19). 

 

A recent review by Dawson and colleagues summarised the acute exercise literature and 

suggested that the time-course of post-exercise FMD typically reveals a ‘biphasic’ 

response pattern that can be characterised by an immediate reduction in FMD, 
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superseded by a return towards baseline levels approximately 60-minutes following the 

cessation of exercise (Dawson et al., 2013). This response pattern reinforces the concept 

of “hormesis”, the proposal that acute exposure to brief challenging stimuli (e.g. 

exercise) may ultimately induce an up-regulation and an adaptive response (i.e. training-

induced improvements in function and structure). However, relatively few studies have 

examined multiple post-exercise FMD responses in order to appropriately characterise 

the response patterns and the few studies that are available typically utilised large 

muscle group or aerobic exercise (Goel et al., 2007; Johnson et al., 2012b; Birk et al., 

2013; Katayama et al., 2013). A recent study by Birk and colleagues demonstrated that 

the immediate post-exercise FMD reduction increased in a dose-dependent manner with 

increasing exercise intensity, although all FMD values had returned to baseline by 60 

minutes after the exercise bout (Birk et al., 2013). Furthermore, the highest exercise 

intensity elicited the largest increase in retrograde shear rate, an effect that supports the 

collective findings described above regarding impacts of different shear rate profiles on 

conduit artery function.  

 

The studies summarised in this section collectively suggest that large muscle group 

exercise involves shear patterns, including increases in retrograde shear, that 

temporarily impair conduit artery function, but may ultimately lead to an adaptive 

response. The response pattern of FMD and the associated shear responses during 

exercise that is localised in nature have not yet been described, despite the fact that they 

may inform questions relating to whether acute exercise effects on artery function are 

systemic or purely localised in nature. This concept forms the basis of the study 

conducted in Chapter 3.  
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Figure 1.19. Brachial artery blood velocity tracings (A) and calculated brachial 

artery antegrade/retrograde blood flow (B), during a 30 min exposure to forearm 

heating (forearm submersion in 40°C water), handgrip exercise, cycling 

exercise, and cuff inflation on a resting forearm. Panel C represents the change 

in brachial artery endothelial function after a 30 min exposure to these stimuli, 

examined using the flow-mediated dilation (FMD) approach. This figure 

demonstrates the importance of antegrade flow as a stimulus for acute 

improvements in FMD and the detrimental effects of large increases in 

retrograde shear rate on FMD. Figure adapted (Newcomer et al., 2011). 
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1.7.2 Acute activation of the myogenic response 

As described in section 1.2.1, the “myogenic” response of arteries is defined as the 

inherent ability of  vascular smooth muscle to contract or relax in response to changes in 

transmural pressure. Such responses have almost exclusively been studied in in vitro or 

in situ animal models, due to the difficulty of directly characterising changes in arterial 

calibre in humans at high temporal resolution. For example, a study conducted by Sun 

and colleagues examined the response to changes in intravascular pressure of isolated 

1st, 2nd, 3rd and 4th generation mesenteric rat arterioles under no-flow conditions (Sun et 

al., 1992). Isolated arterioles were connected to a pressure-servo syringe and an outflow 

micropipette. Following an equilibrium period at an infusion rate of 40 mL/min and a 

pressure between 80-100 mm Hg, depending on the vessel size, the intravascular 

pressure was reduced to 20 mm Hg and then gradually increased by 20 mm Hg 

increments at 5-10 minute intervals. The increases in intravascular pressure, above 40-

60 mm Hg in this isolated preparation, induced vasoconstriction in all vessels apart 

from the first generation vessels. This constriction response occurred independently of 

the vascular endothelium but did appear to be influenced by extracellular Ca2+ levels 

(Sun et al., 1992). In a subsequent experiment these authors documented a similar 

inverse relationship between arteriolar diameter and increased intravascular pressure in 

isolated rat gracilis muscle (Sun et al., 1994). This study also documented that the 

maximum constriction (around 60 % of passive diameter) was reached at much lower 

pressures in the smaller arterioles, indicating that an increase in the gain of myogenic 

constriction occurs as the vessels get smaller, findings supported by studies of the 

hamster cheek pouch (Davis, 1993). In addition, an experiment conducted on isolated 

interlobular and superficial afferent arteries supplying the rabbit kidney also examined 

the lumen diameter response to increased intraluminal pressures (Edwards, 1983). This 

study documented a constrictor response to stepwise increases in pressure between the 

range of 70-180 mm Hg (Edwards, 1983).  

 

Experiments that have been conducted in humans in vitro have revealed substantial 

vasoconstrictor responses to increases in intraluminal pressure (Miller et al., 1997; 

Thorin-Trescases et al., 1997; Coats et al., 2001). For example, Coats et al., excised 

subcutaneous gluteal fat biopsies for the acquisition of resistance-sized arteries and used 

video imaging to assess the diameter responses of these arteries to increases in pressure 

induced through a cannula into the artery (Coats et al., 2001). Following an 
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equilibration period whereby intraluminal pressure was set at 40 mm Hg in a no-flow 

state, pressure was raised incrementally by 40 mm Hg every 15 minutes to a value of 

120 mm Hg. This study demonstrated that human arteries possess the intrinsic ability to 

myogenically contract in response to increases in intraluminal pressure, and suggested 

that the mechanisms responsible are related to an influx of extracellular Ca2+ via 

voltage-operated calcium channels (VOCCs), activation of phospholipase C (PlP C), 

diacylglycerol and subsequent activation of protein kinase C (Coats et al., 2001). These 

studies collectively suggest an innate ability of both animal and human arteries to 

respond rapidly to changes in transmural pressure. However, these studies have been 

limited to in situ or in vitro isolated preparations and questions remain regarding the 

presence, relevance and magnitude of myogenic responses in intact systemic models in 

vivo. 

 

To date, the effects of blood pressure on arterial vasomotor activity in intact humans 

have been difficult to assess, since manipulation of blood pressure is typically 

accompanied by elevations in blood flow and shear rate (Carter et al., 2013; Thijssen et 

al., 2014) and these distinct stimuli have countervailing impacts on artery function. One 

recent study has investigated the myogenic response in humans in vivo (Fairfax et al., 

2015) by performing correlational assessment of the relationships between arterial 

blood flow and beat-to-beat blood pressure in healthy young men. The results of this 

study suggest that a myogenic mechanism occurs on a beat-to-beat basis with resting 

fluctuations in pressure and that the time in which this response occurs is rapid (~2s) 

(Fairfax et al., 2015). Recent technological advances allow for direct imaging of human 

arteries in vivo at high temporal resolution (Woodman et al., 2001; Thijssen et al., 

2011a). In theory, this provides tools to characterise the arterial responses to alterations 

in haemodynamic stimuli, including changes in arterial and transmural pressure. Whilst 

brachial artery responses to alterations in shear stress have been well-established (see 

above), less is known on the acute effects of changes in transmural pressure on arterial 

responses in humans in vivo. Arterial vasomotor responses following sustained blood 

pressure elevation have also not been previously assessed in humans, given that 

methods used to elicit blood pressure changes also alter shear responses. Therefore, 

Chapter 4 of this thesis primarily focused on isolating the independent effects of 

changes in arterial blood pressure and shear stress on arterial vasomotor activity in 

humans. 
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1.7.3 Extrinsic mechanisms underlying the acute exercise response 

As previously described in section 1.7.1, acute bouts of leg exercise typically result in a 

post-exercise FMD response that is related, to some extent, to changes in the pattern of 

shear stress (Dawson et al., 2013). Large muscle group exercise also evokes marked 

elevation in sympathetic nervous system (SNS) activity (Rowell, 1993) via the pathway 

described in section 1.3.1. Studies that have explored the role of SNS activity on 

endothelial function have demonstrated impairments in vasodilator responses (Ghiadoni 

et al., 2000; Hijmering et al., 2002; Lind et al., 2002; Spieker et al., 2002), although this 

impairment may depend upon the stimulus used to activate the SNS (Dyson et al., 

2006). Hijmering and colleagues examined both endothelium-dependent (FMD) and -

independent glyceryl trinitrate (GTN) responses in 16 healthy participants with and 

without eliciting sympathetic activation using a lower-body negative pressure (LBNP) 

protocol (Hijmering et al., 2002). In a subset of 8 participants, the protocol was repeated 

under non-specific adrenergic blockade, using phentolamine. This study revealed that 

SNS activation by LBNP directly attenuates FMD responses, since this reduction was 

not observed under adrenergic blockade (Figure 1.20). In addition, the SNS must 

directly affect the endothelial pathway, since GTN responses were not different between 

the conditions. 
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Figure 1.20. A. Effect of sympathetic activation induced by lower body 
negative pressure (LBNP) on flow-mediated dilation (FMD). Bold line 
represents average reduction in FMD. B. Effect of alpha receptor blockade 
using phentolamine on the FMD responses to LBNP. Solid squares represent 
the FMD response to phentolamine infusion and the solid circles represent 
the unopposed FMD response to LBNP. This study revealed that SNS 
activation by LBNP directly attenuates FMD responses, since this reduction 
was not observed under adrenergic blockade (solid squares). Figure adapted 
from (Hijmering et al., 2002). 

A 

B 
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In similar studies to that conducted by Hijmering et al., researchers have utilised other 

methodological stimuli to elicit activation of the SNS: usually mental stress and/or the 

cold pressor test. Lind and colleagues (Lind et al., 2002) observed reductions in FMD 

following the administration of a cold pressor test, but not following mental stress, 

findings that contradict other studies which have revealed reduced FMD following 

mental stress (Ghiadoni et al., 2000; Spieker et al., 2002). In a comprehensive study, 

FMD responses were measured following different methods of SNS activation; LBNP, 

the cold pressor test and mental stress (Dyson et al., 2006). Dyson and colleagues used 

slightly different methodology to the other studies described above, by matching the 

peak shear stress stimulus of each model and then altering the duration of ischaemia for 

FMD. Despite an increase in plasma norepinephrine levels during each condition, a 

reduction in FMD was only observed following the administration of a cold pressor test 

(Dyson et al., 2006). This study concluded that the models used to increase SNS activity 

differ in their impact on baseline brachial artery diameter and that a blunted FMD 

response is not a generalised response to increases in SNS activity. 

 

Collectively, the studies above reflect a relationship between SNS activity and FMD, 

although this relationship appears to be influenced by the methodology and perhaps the 

population used. It should be noted that activation of the SNS has also been linked to 

elevations in retrograde shear rate. Padilla et al. studied the responses of healthy males 

to increased muscle sympathetic nerve activity (MSNA), induced by LBNP, cold 

pressor test and HG exercise with post-exercise ischaemia (Padilla et al., 2010). Both 

MSNA (peroneal nerve) and brachial artery shear rate were continuously assessed. All 

conditions increased MSNA, but retrograde shear rate was only significantly increased 

during LBNP. In the cold pressor test and HG exercise conditions, MSNA was 

accompanied by large increases in blood pressure, and no change in retrograde shear 

rate, suggesting that changes in retrograde shear rate during SNS activation may be 

influenced by concomittant increases in pressure (Padilla et al., 2010). The authors 

concluded that future studies should examine the complex interaction between MSNA, 

arterial pressure and shear rate patterns (Padilla et al., 2010). Chapters 5 and 6 in this 

thesis focus directly upon disentangling the SNS effects on arterial shear rate and FMD, 

both at rest and during exercise, particularly as the impact of exercise-induced increases 

in SNS on arterial function has not been directly addressed in previous human 

experiments.  
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1.8. Summary of the review of the literature: relationship to current thesis 

In section 1.5, evidence suggesting that exercise training induces beneficial impacts at 

both the conduit and microvascular levels was reviewed. At the conduit level, a time-

course for arterial adaptation exists following exercise training, characterised by rapid 

functional adjustment followed by structural remodelling of the vessel. This adaptation 

appears to be dependent, at least in part, on repeated episodic exposure to increased 

shear stress as a result of each exercise bout. However, at the level of the cutaneous 

microcirculation, far less is known regarding the stimuli reponsible for exercise 

training-induced microvascular adaptation, despite recent suggestions that skin 

temperature and blood flow may be important regulators of such adaptation (Carter et 

al., 2014). Chapter 2 of this thesis examines the role of exercise-induced shear stress on 

training adaptations in the skin microcirculation of the upper limbs following 8-weeks 

of cycling exercise training. It was hypothesised that cycle exercise training, by 

inducing repeated episodic increases in cutaneous blood flow, shear stress and 

temperature, would increase the forearm vasodilator function in response to a localised 

heating stimulus in healthy humans.  

 

In section 1.7.1, literature was reviewed that suggests that large muscle group exercise 

induces a shear pattern that invokes an increase in retrograde shear rate. Arterial shear 

responses have been linked to a temporary reduction in conduit artery function. Conduit 

artery responses, and associated shear patterns, during localised exercise have not yet 

been examined and this will form the basis for the study conducted in Chapter 3. More 

specifically, the aim was to examine FMD responses before and after incremental 

intensities of handgrip exercise, to assess the role of local factors such as blood flow 

and shear rate on post-exercise brachial artery function. It was hypothesised that an 

intensity-dependent decrease in FMD would occur after exercise.  

 

Whilst shear rate is a well-established local stimulus for the modulation of vascular 

responses, local myogenic responses to changes in arterial pressure may also have 

effects on the vasculature. Section 1.7.2 summarises in vitro observations characterising 

the myogenic response to alterations in transmural pressure. In intact humans, the 

effects of changes in blood pressure and transmural wall pressure have been difficult to 

isolate, since changes in pressure are also typically accompanied by elevations in blood 

flow and shear rate, stimuli which can have countervailing impacts on artery function. 
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To date, no study has elucidated the vasomotor responses to sustained blood pressure 

elevation, in the absence of changes in arterial shear rate, in humans. Chapter 4 of this 

thesis aimed to utilise novel experimental techniques to examine the effect of 30-

minutes of elevated blood pressure, in the absence of changes in shear stress or 

sympathetic nervous system (SNS) activation, on conduit artery diameter in humans. 

We hypothesised that step-wise increases in transmural pressure would induce arterial 

vasoconstriction, in keeping with previous animal and in vitro findings relating to 

myogenic responses. 

 

Finally, section 1.7.3 summarises the current understanding of the extrinsic mechanisms 

that may underlie acute exercise responses in humans and documents evidence 

pertaining to relationships between SNS activity and conduit artery (i.e. FMD) function. 

Artery function may be influenced by the methodology applied to elevate SNS activity, 

and potentially by the shear rate pattern elicited by activation of the SNS. The studies 

conducted in Chapters 5 and 6 of this thesis focused on examining SNS effects on 

arterial shear and FMD. More specifically, Chapter 5 aimed to examine the role of 

shear patterns in the acute effect of the SNS on FMD at rest in humans, whilst Chapter 

6 aimed to extend the findings of Chapter 5 to an exercise setting by examining whether 

the transient reduction in FMD that has typically been observed following large muscle 

group lower limb exercise is related to SNS effects on the vasculature. We hypothesised 

that a decrease in FMD would occur following LBNP, with a prolongation in LBNP 

accounting for a larger FMD reduction. We additionally hypothesised that application 

of a heating stimulus would abolish, and cuffing would enhance, this FMD response. 

Finally, we suggested that SNS activation, induced by cycle ergometer exercise, would 

contribute to post-exercise reduction in FMD.  
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Chapter 2 
Study 1A 

               Cutaneous microvascular adaptation to 
exercise training in humans 

 
 

2.0 Abstract 

Exercise training induces adaptation in conduit and resistance arteries in humans, partly 

as a consequence of repeated elevation in blood flow and shear stress.  The stimuli 

associated with cutaneous microvascular adaptation to exercise training have been less 

comprehensively studied. We studied 14 subjects who completed 8-weeks cycle 

ergometer training, with cuff inflation on one forearm to unilaterally attenuate 

cutaneous blood flow responses during each exercise-training bout. Before and after 

training, bilateral forearm skin microvascular dilation was determined using cutaneous 

vascular conductance (CVC: skin flux/blood pressure) responses to gradual localised 

heat disk stimulation at rest (33, 40, 42 and 44°C).  Cycle bouts induced significant 

increases in forearm cutaneous flux and temperature, which were attenuated in the 

cuffed arm (2-way ANOVA interaction-effect; P<0.01). We found that forearm CVC at 

42°C and 44°C was significantly lower in the uncuffed arm following 8 weeks of cycle 

training (P<0.01), whereas no changes were apparent in the contralateral cuffed arm 

(P=0.77, interaction-effect P=0.01). To provide insight into whether the lower CVC-

responses to local heating after training relate to structural microvascular adaptations, 

optical coherence tomography was used to visualise skin microvessels in 6 highly 

trained (VȮ2max: 60.9 mL.kg-1.min-1) and 6-age and sex-matched untrained subjects 

(41.2 mL.kg-1.min-1). Microvessel density was 21 % higher in the trained individuals 

(P<0.05) and mean microvascular diameter was significantly higher in the trained group 

(P=0.005). These findings suggest that structural cutaneous microvascular adaptation 

occurs after exercise training in humans. These adaptations have implications for the 

role of exercise in amelioration of microvascular diseases. 



Page | 77  
 

2.1 Introduction  

Exercise training has strong and independent cardioprotective effects (Blair & Morris, 

2009) that may be partly mediated through the direct impact of exercise on the 

vasculature (Green et al., 2008; Joyner & Green, 2009). In conduit and resistance 

arteries, dynamic exercise training using large muscle groups leads to generalised 

effects on the vasculature (Snell et al., 1987; Silber et al., 1991; Green et al., 2011; 

Thijssen et al., 2012). For example, cycle ergometer exercise training, which 

specifically avoided hand-gripping or use of the upper limb musculature, induced 

brachial artery adaptation (Tinken et al., 2008; Birk et al., 2012). Interestingly, when 

exercise-mediated increases in brachial artery blood flow were attenuated during 

exercise bouts, these adaptations were no longer apparent (Tinken et al., 2010; Birk et 

al., 2012), implying a role for haemodynamic forces, such as shear stress, to act as 

important stimuli to conduit artery adaptation in response to exercise training in humans 

(Tinken et al., 2010; Birk et al., 2012). 

 

Whilst conduit and larger resistance arteries adapt to exercise training by enhancing 

function and then remodelling to increase in diameter (Laughlin, 1995; Green et al., 

2004; Tinken et al., 2008), studies of microvascular adaptation in skeletal muscle have 

proposed that increases in capillarity and volume in response to training may counteract 

reductions in red cell transit time, enabling increased oxygen extraction (Krustrup et al., 

2004).  In this context, it is well established that the mode of adaptation to training 

differs according to rank order along the arterial tree; larger arteries respond to shear 

stress and other haemodynamic stimuli via cross sectional enlargement (Newcomer et 

al., 2011; Rowley et al., 2011), whereas microvessels respond to these stimuli (and 

hypoxia) by sprouting in growth and number (Brown, 2003). 

 

The role of repeated exercise and shear stress in adaptation of cutaneous microvessels is 

less well understood, despite the obvious relevance of changes in the structure and 

function of these vessels to microvascular disease (Holowatz et al., 2008; Simmons et 

al., 2011b).  Some evidence suggests that exercise training induces intrinsic adaptation 

in the cutaneous microvasculature (Black et al., 2008b; Simmons et al., 2011b), whilst 

we recently completed a series of studies, involving repeated localised and systemic 

heating, which suggested that cutaneous microvascular adaptation may depend upon 

local skin temperature changes in addition to changes in blood flow and shear stress that 
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occur as a consequence of elevation in core temperature (Green et al., 2010; Carter et 

al., 2014). The contribution of these important physiological stimuli to cutaneous 

adaptation in response to leg exercise training is currently unknown. 

 

The primary aim of this study was to examine the role played by shear stress in training 

adaptations in the skin microcirculation of the upper limbs following 8-weeks of cycling 

exercise. To address this aim, we placed a pneumatic cuff around one forearm during 

each exercise bout, to unilaterally attenuate exercise-induced increases in hyperaemic 

shear (Tinken et al., 2009; Tinken et al., 2010). We hypothesised that cycle exercise 

training, by inducing repeated episodic increases in cutaneous blood flow, shear stress 

and temperature would increase forearm skin vasodilator capacity in response to a 

localised heating stimulus.  

 

2.2  Methods 

Ethical Approval 

All study procedures complied with the Declaration of Helsinki and were approved by 

the Human Research Ethics Committee at Liverpool John Moores University. All 

subjects provided written, informed consent before participating in the study. 

 

Subject Characteristics 

Fourteen healthy men (25 ± 2 years) were recruited to participate in an exercise training 

experiment (Table 3.1). A further 6 male subjects (27 ± 6 years) undertook an acute 

cycle exercise experiment to characterise the acute impact of cycle exercise on forearm 

skin blood flow. No subject had cardiovascular disease, diabetes, insulin resistance or 

possessed cardiovascular risk factors such as hypercholestolaemia or hypertension. 

Subjects who smoked or were on medication of any type were excluded.  
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Table 2.1. Subject Characteristics 

Age (years) 25 ± 2 

Height (m) 1.80 ± 0.05 

Weight (kg) 76 ± 13 

BMI (kg.m-2) 23 ± 3 

Systolic Blood Pressure (SBP) (mmHg) 130 ± 10 

Diastolic Blood Pressure (DBP) (mmHg) 69 ± 7 

Heart rate (BPM) 64 ± 7 

Values are mean ± SD 

Experimental Design 

Acute effect of leg cycle exercise on skin microvascular responses ± forearm cuff 

inflation 

Subjects undertook 30 minutes of cycle exercise (Monark 874E, Sweden) at 80 % 

HRmax (age-predicted).  Throughout the exercise bout a pneumatic cuff was placed 

around one forearm immediately below the cubital crease and inflated to 60 mm Hg.  

Previous studies have demonstrated that placement and inflation of a forearm cuff in 

this manner attenuates brachial artery blood flow (Thijssen et al., 2009c; Tinken et al., 

2009; Tinken et al., 2010; Birk et al., 2012). The contralateral arm remained uncuffed 

during the exercise bout.  Subjects rested for 10 minutes on the ergometer in a quiet, 

temperature controlled room. Baseline bilateral forearm skin blood flows using laser-

Doppler flowmetry (Model 413, Periflux 5001 System, Perimed AB) were then 

recorded for 2.5 minutes, followed by unilateral cuff inflation to 60 mm Hg for 2.5 

minutes.  Forearm skin perfusion data were recorded in both arms during the exercise 

bout and averaged in 2.5 min bins along with skin temperature using thermistors 

(Squirrel 1000 series, Grant Instruments, Cambridge, United Kingdom). Placement of 

skin thermistors and laser Doppler probes was the same on both arms and always distal 

to the cuff site. In order to avoid any instances of handgripping, participants were 

instructed to rest both arms on the handle bars of either side of the bike. 
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Chronic effect of leg cycle exercise on skin microvascular responses ± forearm cuff 

inflation 

Exercise training was performed over an 8-week period with subjects visiting the 

laboratory 3 times per week. Each laboratory session was supervised and consisted of 

30 minutes of cycle exercise (80 % age-predicted HRmax, cadence 60 rpm), performed 

at the same time of day. In keeping with the acute experiment described above, a 

pneumatic blood pressure cuff was placed below the cubital crease on one forearm of 

each subject and inflated to 60 mm Hg throughout each 30 minute exercise training 

bout.    The arm selected for cuff placement was randomised, but once selected, it 

remained consistent across the 8-week training period.  

Experimental Measures 

Forearm skin microvascular responses  

Assessments were performed before and after the 8-week cycling exercise training 

program at rest.  All studies were conducted in a quiet, temperature controlled 

environment and each visit for a given subject was performed at the same time of day.  

Subjects were asked to fast for 8 hours, abstain from alcohol and caffeine for 16 hours, 

and not to perform any exercise for 24 hours. Similar probe placement sites were 

selected on each forearm and the location of these sites was recorded using distances 

from anatomical landmarks, so that repeated measures were collected at the same skin 

site. In a group of 9 healthy volunteers, we examined the day-day reproducibility of 

forearm skin responses to our local heating protocol. Coefficients of variation of 16.6 

and 13.1 % were obtained when skin responses were presented as absolute cutaneous 

vascular conductance (CVC; at 42 and 44oC, respectively) and 8.5 % when CVC (at 

42oC) was normalised for the maximum CVC-response at 44oC. 

 

Upon arrival, subjects were seated and instrumented for ~20 minutes before beginning 

the ~90 minute heating protocol. Local heater disks (Perimed 455, Stockholm, Sweden) 

were placed on 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 disks to record change in red blood 

cell flux (in perfusion units, PU) (Cracowski et al., 2006). Once instrumented, recording 

commenced and the heater disk temperatures were increased to 33°C and maintained at 

this temperature for a 10 min baseline period. Upon completion of this baseline period, 
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increments in heater disk temperature were gradual, so as to minimise any impact of 

axon reflexes (Minson et al., 2001). The heaters increased in increments of 0.5°C every 

2.5 mins until 42°C was reached.  Once the probes reached 42°C, they remained at this 

temperature for a period of 30 min. Finally, heater disk temperatures were increased to 

44°C for another 20 mins to induce a maximal skin blood flow response. Previous 

studies have suggested that heating to the levels used in the present study results in 

similar CVC increases to those observed in response to infusion of SNP (Kellogg et al., 

1999; Cracowski et al., 2011), indicating that maximal responses are obtained and that 

these reflect structural capacity of the microvasculature.  Resting blood pressure was 

recorded every 15 min using an automated sphygmomanometer placed around the ankle 

(Dinamap; GE Pro 300V2, Tampa, FL).  Blood pressure measures were later corrected 

for the hydrostatic column (Groothuis et al., 2008) and used to calculate CVC, which 

accounts for skin blood flow changes occurring as a result of changes in blood pressure 

(Cracowski et al., 2006). All laser Doppler measurements were relayed and graphed in 

real time onto a laptop using LabChart 7 (AD Instruments, Sydney, Australia).  

 

Statistics 

Skin flux (PU) from the cuffed and uncuffed arms was averaged across 1-minute 

intervals. Calibration of the laser Doppler 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). 

We measured and analysed the 2.5 minute increment at 40oC, as well 5-min averages of 

data from the plateau- phases at 42°C and 44°C. Measurements in PU were converted to 

CVC which was calculated as PU/Dinamap mean arterial pressure (MAP). Statistical 

analyses were performed using SPSS 21.0 (SPSS, Chicago, Illinois) software.  All data 

are reported as mean (SD) unless stated otherwise, while statistical significance was 

assumed at P≤0.05. Initially, a linear mixed model was conducted (with time and cuff 

placement as factors) for both skin temperature and skin flux during the acute blood 

flow study. A second linear mixed model was utilised with local heating (33, 40, 42 and 

44oC) and time (Week 0 & 8) as factors in order to assess change in CVC responses to 

the 8-week intervention in the uncuffed and cuffed arm. Finally, a linear mixed model 

was performed on delta change CVC scores (Week 8 minus Week 0) with cuff and 

heating as factors. Post-hoc analysis was performed using the least significant difference 
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(LSD) method for pair-wise multiple comparisons when a significant main effect was 

observed (Perneger, 1998). 

 

2.3  Results 

Acute effect of leg cycle exercise on skin microvascular responses ± forearm cuff 

inflation 
Skin temperature. Results of a linear mixed model revealed that heart rate increased 

significantly during the leg cycling exercise bout (Figure 2.1A). Skin temperature in the 

uncuffed forearm increased modestly, but significantly, during exercise (by 1.8°C, 

Figure 2.1B). However, no change in skin temperature was observed during leg cycling 

exercise in the cuffed arm (Figure 2.1B).  

 

Doppler flux. No significant differences were evident in skin flux between the cuffed 

and uncuffed arms in the baseline period before the cuff was inflated (13.1 ± 3.5 vs. 

15.5 ± 9.1 PU, respectively, P=0.41). After the onset of leg cycling exercise, there was a 

significant increase in the skin flux in the uncuffed arm, whilst the increase in flux was 

significantly attenuated in the cuffed arm (linear mixed model; interaction effect 

between exercise and cuff placement of P<0.01, Figure 2.1C). 
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Figure 2.1. Heart rate (A, in beats per minute), and forearm skin 
temperature (B, in °C) and flux (C, in perfusion units (PU)) in the uncuffed 
(solid squares) and cuffed arm (open squares) before and during cycle 
exercise (at 2.5 min intervals) in healthy, young volunteers (n=6). Post-hoc 
significantly different at P<0.05 from baseline (*) or between the cuffed 
and uncuffed arm (#). Error bars represent SE. 
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Chronic effect of leg cycle exercise on skin microvascular responses ± forearm cuff 

inflation 

Across the 8-week exercise training period, there was 97 % adherence to the training 

sessions in the 14 subjects.  The efficacy of our training intervention is indicated by a 

decrease in the average resting heart rate after 8 weeks of cycle exercise training (67 ± 

11bpm vs. 58 ± 9; t-test: P=0.01). In addition, to maintain exercise HR at 80 % HRmax, 

the work load performed in the exercise sessions increased significantly over the 8 

weeks of training, from 129 ± 19W to 154 ± 21W at week 8 (P<0.01). Resting MAP did 

not change after training (88.58 ± 7.78 vs 87.50 ± 6.41 mm Hg, P=0.57). 

 

Cutaneous Vascular Conductance (CVC) 

Values for CVC at baseline (33oC), heating (40oC) and during the plateau at 42°C and 

44°C, in the cuffed and uncuffed limbs were similar prior to training (P-values 0.32, 

0.74, 0.51 and 0.76, respectively). A linear mixed model revealed a significantly lower 

CVC following training at 42°C and 44°C (Figure 2.2A) in the uncuffed arm 

(interaction effect P=0.01, time effect 42oC P≤0.01, time effect 44oC P≤0.01). 

However, in the contra-lateral cuffed arm, CVC did not change (Figure 2.2B) 

(interaction effect P=0.69). A linear mixed model for changes in CVC (expressed as 

CVC Week 8 minus CVC Week 0) between uncuffed vs. cuffed revealed a significant 

effect for cuff placement (P<0.01, Figure 2.3). 
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Figure 2.2. Forearm skin cutaneous vascular conductance (CVC) at 
baseline (33°C) and during gradual heating.  Submaximal heating 
(40°C), 42°C (Plateau)  and 44°C (Max) are presented in the 
uncuffed (panel A) and cuffed arms (panel B) at 0 and following 8 
weeks of exercise training (black and white bars, respectively) in 
healthy, young volunteers (n=14). Post-hoc significantly different at 
P<0.05 from baseline (*). Error bars represent SE. 
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2.4 Discussion 

The aims of the present study were to describe the impact of cycle exercise training on 

forearm skin perfusion responses to local heating and to determine whether adaptations 

were dependent upon repeated exposure to increases in skin blood flow and/or 

temperature. Our experimental manipulation, involving partial cuff inflation on one 

arm, was successful in unilaterally manipulating forearm skin blood flow and 

temperature during leg exercise. Our principal finding is that cycle exercise training 

significantly decreased forearm CVC-responses to local heating in the uncuffed 

forearm, whereas no change was apparent in the forearm in which blood 

flow/temperature were attenuated during the training sessions.  These findings support a 

role for increased skin blood flow and/or temperature in mediating adaptation in the 

skin microcirculation during leg cycling exercise training in healthy subjects.  

 

Figure 2.3. Change in forearm skin cutaneous vascular conductance (Week 
8- Week 0) at baseline (33°C), during heating (40°C), 42°C (Plateau) and 
44°C (Max) in healthy, young volunteers (n-14). Error bars represent SE.  A 
linear mixed model for changes in CVC (expressed as CVC week 8 minus 
CVC week 0) between uncuffed vs. cuffed revealed a significant effect for 
cuff placement (P<0.01). 



Page | 87  
 

One explanation for our finding of a training-induced decrease in skin blood flow 

responses might relate to decreased release of vasodilator stimuli post-training. 

However, this explanation would contrast with several previous findings of post-

training increases in vasodilator function and vasodilator stimuli in skin (Boegli et al., 

2003; Black et al., 2008b) and also in resistance and conduit arteries (Thijssen et al., 

2010; Green et al., 2011). An alternate explanation for our findings relates to structural 

adaptation in the skin microcirculation.  In resistance and conduit arteries, stimuli that 

cause peak blood flow responses are accepted indices of arterial remodelling, based on 

the assumption that peak responses reflect structural enlargement (Haskell et al., 1993; 

Naylor et al., 2005).  Exercise training typically leads to increases in such measures in 

human conduit arteries and resistance vessels (Haskell et al., 1993; Green et al., 1994; 

Tinken et al., 2008; Rowley et al., 2011), findings supported by animal literature 

(Langille & O'Donnell, 1986). Heating to 42°C and 44°C, near maximal stimuli, 

diminishes the relevance of functional responses and provide an index of cutaneous 

structural vascular adaptation (Cracowski et al., 2011).  In the current study, the 

decrease in CVC we observed in the uncuffed arm is not likely to be as a result of a 

decrease in resting brachial artery blood flow, since resting flow data in 9 of the subjects 

in the present study (published in (Birk et al., 2012) remained unchanged after 8 weeks 

cycle exercise training (43.3 ± 20.2 vs 57.0 ± 28.5 mL/min, P=0.14). We therefore 

speculate that the decrease in skin flux that we observed following training in response 

to local heating at rest may reflect enlargement of microvessels and/or an increase in the 

number of capillaries, in that larger microvascular beds should be associated with 

prolonged red cell transit time. Whilst this is a novel suggestion in terms of cutaneous 

vasculature, supportive evidence for microvascular adaptations after exercise training is 

provided by studies of skeletal muscle capillary density (Fernandes et al., 2012a; 

Fernandes et al., 2012b). In humans, one study speculated that increased 

microcirculatory volume in skeletal muscle following exercise training would 

counteract a reduction in transit time as a result of the higher muscle blood flow, 

allowing sufficient time for extraction of oxygen (Krustrup et al., 2004). More recently, 

Glieman et al. observed a training-induced increase in skeletal muscle capillary to fibre 

ratio as well as increases in capillary lumen area (Gliemann et al., 2015). Future studies 

should examine whether similar changes occur in human skin microvessels. 

 

Some insight into the stimuli responsible for the training effects we observed is 

provided by our recent studies of forearm skin blood flow responses following 8 weeks 
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of repeated passive lower limb heating (Carter et al., 2014).  In these studies, repetitive 

episodic leg heating in resting subjects increased forearm skin blood flow, shear and 

temperature. When forearm skin temperatures were allowed to rise substantially during 

the heating bouts across 8 weeks, we observed adaptive increases in skin perfusion 

responses to our local heating disk heating test. In contrast, when we prevented forearm 

skin temperature from rising during leg heating (Carter et al., 2014), so that just skin 

blood flow and shear increased, we observed decreased skin perfusion responses to the 

same local heating test, in keeping with those observed in the current study. Taken 

together, we propose that our studies suggest that microvascular structural adaptation 

occurs following repeated increases in blood flow and shear stress (Carter et al., 2014). 

When such increases in blood flow/shear are accompanied by large increases in skin 

temperature, functional vasodilator changes become apparent, possibly resulting from 

stimulation of heat shock proteins (Shastry & Joyner, 2002). 

 

Limitations. One limitation of this study is that we did not examine skin responses 

during acute cycle exercise before and after exercise training. We cannot, therefore, 

relate our findings to changes in thermoregulatory capacity, but this was not our aim.  

The purpose of our study was related to intrinsic adaptations in cutaneous responses 

following exercise training, and the role of blood flow, shear stress and temperature in 

such localised adaptations, which may be relevant to microvascular health and disease. 

Cuff inflation to 60 mm Hg was used to primarily attenuate blood flow and shear stress 

in one limb during the exercise bouts. It is conceivable that cuff inflation may have 

induced unilateral venous distension which, in turn, elicited a veno-arteriolar reflex 

(VAR) (Cui et al., 2012). However, our skin heating outcome experiments were 

performed in the absence of cuff inflation.  Moreover, Cui et al. elicited systemic 

sympathoexcitation by cuff inflation that occluded arterial inflow (220 mm Hg) (Cui et 

al., 2012), whereas our cuff inflation to 60 mm Hg (Figure 1C) did not occlude arterial 

inflow during exercise or induce ischaemia. It has also been reported that arm cuff 

inflation to <60 mm Hg does not elicit decreases in forearm blood flow (Groothuis et 

al., 2003), negating the possibility of a VAR. Finally, if a central reflex VAR effect was 

evident, then our experimental design, utilising both arms with unilateral shear 

manipulation, effectively eliminates the impact of systemic reflexes (as they are 

equivalent in both limbs). If a unilateral VAR reflex was evident in just the cuffed limb, 

then the microvascular adaptation to repeated episodic vasoconstriction should have 

been greater in the cuffed arm, yet this was not the case. We observed no changes in 
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skin microvascular responses to local heating at rest in the arm that had undergone 

cuffing during the training intervention (Figure 2.2B and 2.3).  We therefore suggest 

that elicitation of the VAR cannot explain our findings. 

 

In conclusion, we found that cycle exercise training decreased forearm cutaneous blood 

velocity responses to localised heating.  An increase in cutaneous red cell transit time 

may result from structural enlargement in the skin microcirculation, allowing red blood 

cell velocity to decline, with correspondingly lower maximal CVC responses.  This 

adaptation appears to be dependent upon repeated increases in blood flow during 

exercise bouts, as adaptation in the skin microcirculation was not apparent in the 

contralateral limb in which flow responses and skin temperature were attenuated via 

cuff placement.  
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Chapter 2 
Study 1B 

               Cutaneous microvascular adaptation to 
exercise training in humans 

 
Based on: Atkinson et al. (2015). Cutaneous microvascular adaptation 

to exercise training in humans.  
 

2.5 Introduction 

The results of the study described in Study 1A suggest that the decreased skin flux that 

we observed in response to local heating at rest following 8 weeks cycle exercise 

training may reflect an enlargement of microvessels and/or an increase in the number of 

capillaries, in that larger microvascular beds should be associated with prolonged red 

cell transit time. This suggestion is a speculative one, despite support for such an 

observation in the skeletal muscle of humans. We therefore decided to complete a 

further investigation. The aim of the present study was to utilise a novel high resolution 

imaging technique, optical coherence tomography (OCT) to directly visualise and 

compare the microvessel beds in a cross-sectional of highly trained subjects and age-

matched untrained controls. 

 

2.6 Methods 

Ethical Approval 

All study procedures complied with the Declaration of Helsinki and were approved by 

the Human Research Ethics Committee at The University of Western Australia. All 

subjects provided written, informed consent before participating in the study. 
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Subject Characteristics  

Six highly trained healthy males (30 ± 8 yrs, 1.83 ± 0.03 m, 77 ± 7 kg, 60.9 ± 5.1 

mL.kg-1.min-1) and 6 age- and sex- matched controls (30 ± 8 yrs, 1.78 ± 0.08 m, 86 ± 6 

kg, 41.2 ± 4.2 mL.kg-1.min-1) took part in this sub-study. 

Experimental Design and Measures 

Participants arrived at the laboratory under the same experimental conditions as those in 

Study 3A and with instrumentation beginning after a 20 minute seated rest. An optical 

coherence tomography (OCT) site was prepared on the ventral side of one forearm and 

an optimal image was acquired, specific details for which can be found elsewhere 

(Gong et al., 2015). Briefly, a small metal fiducial marker was adhered securely to hair-

free skin using double-sided adhesive tape. The marker, used to correct motion artefact, 

is a 1 cm square brass shim with a 5 mm diameter hole in its centre through which the 

skin was scanned.  Ultrasound gel was then applied to the skin to improve coupling of 

OCT light into the tissue. Scans were acquired with a spectral-domain OCT scanner 

(Telesto II, ThorLabs, Newton, NJ, USA), with a centre wavelength of 1300 nm and 

axial and lateral resolutions of 5.5 μm (in air) and 13 μm, respectively. Scanning was 

performed over a 6 × 4.5 mm field of view so as to include the metal fiducial, with the 

focus set to lie in the upper dermis for optimal image quality. Upon optimal 

instrumentation, participants remained as still as possible whilst an image was captured 

of the resting microvessel bed.  

Data analysis and statistics  

Skin microvessels were delineated on the OCT scans using speckle decorrelation, as 

detailed in (Liew et al., 2012). The speckle decorrelation data was segmented using an 

empirically selected threshold, standardized across all OCT scans, resulting in two-

dimensional (2D) projection images showing the cutaneous vasculature to a depth of 

500 μm. These 2D vascular images allowed calculation of the vascular density (ratio of 

vascular area to total tissue scan area) for each scan; and the vessel diameter (minimum 

distance across the vessel) at multiple locations along vessels within each scan. Image 

analysis for microvessel density and diameter were blindly analysed. Specifically, for 

the analysis of vessel size, 10 of the larger microvessels in each image were selected 

and a diameter measure in μm was obtained for each vessel. An average of these 10 

vessels was used as an indicator of vessel size. In order to determine the reliability of 

this analysis technique, we repeated the analysis for a second time, blindly recording a 

second set of 10 vessel sizes. The coefficient of variation (CV) between the two sets of 
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tests was 2.4 %. An average of the two data sets was calculated and an overall average 

vessel size was reported. 

 

2.7 Results 

In the trained group, microvessel density was 21 % higher (35.2 ± 0.1%) compared with 

the untrained group (28.5 ± 0.1 %, P=0.04, Figure 2.4). In addition to an increased 

microvessel density, the trained individuals demonstrated higher average microvascular 

diameters than those observed in the untrained group (107 ± 13 μm vs. 137 ± 16μm, 

P=0.005). 

 

2.8 Discussion 

The results of Study A, documented above, led us to speculate that exercise training in 

healthy humans leads to a shear-stress dependent structural remodelling of the 

microvessels that can be characterised by increases in the size and number of the 

vessels. There is some foundation of support for our speculation from studies of skeletal 

muscle capillary density (Krustrup et al., 2004; Fernandes et al., 2012a; Fernandes et 

al., 2012b; Gliemann et al., 2015). Krustrup and colleagues concluded that increased 

microcirculatory volume in skeletal muscle following exercise training would 

counteract a reduction in transit time as a result of the higher muscle blood flow, 

allowing sufficient time for extraction of oxygen (Krustrup et al., 2004). More recently, 

Glieman et al. observed a training-induced increase in skeletal muscle capillary to fibre 

ratio as well as increases in capillary lumen area (Gliemann et al., 2015). To confirm 

that similar changes in microvessels may indeed be evident in human skin, we utilised 

OCT and compared resting microvascular structure in 6 highly trained and 6 age-

matched untrained individuals.  Our results are consistent with those of both Krustrup et 

al. and Gliemann et al. and suggest that both microvascular density and individual 

arteriolar diameter increase in exercise trained individuals.  These structural adaptations 

at rest were apparent despite similar mean arterial pressure data in both groups.  This 

preliminary finding is novel in humans and we hope that it will lead to further 

investigation of our suggestion that exercise training modifies cutaneous microvascular 

morphology in humans. Our study is the first to directly visualise differences between 

trained and untrained subjects in terms of microvascular remodelling using OCT in 

humans and future studies should address longitudinal training effects utilising this 

novel and powerful technology. 
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Figure 2.4. Maximum intensity projection images of optical coherence 
tomography speckle decorrelation showing microvascular structure in 6 
untrained (left panel) and 6-age matched highly trained (right panel) 
participants, with corresponding microvessel density and average diameters. 
The straight horizontal lines represent residual motion artefact. The circular 
field of view is 5mm in diameter. 
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Chapter 3 
Study 2 

Impact of handgrip exercise intensity on  

brachial artery flow-mediated dilation 
 

Based on: Atkinson et al. (2015). Impact of handgrip exercise intensity 
on brachial artery flow-mediated dilation. European Journal of Applied 

Physiology, 1-9. DOI: 10.1007/s00421-015-3157-1 
 

3.0 Abstract 

Previous studies that have examined the impact of exercise intensity on conduit artery 

endothelial function have involved large muscle group exercise which induces local and 

systemic effects. The aim of this study was to examine flow mediated dilation (FMD) 

before and after incremental intensities of handgrip exercise (HE), to assess the role of 

local factors such as blood flow and shear rate on post-exercise brachial artery function.  

Eleven healthy men attended the laboratory on 3 occasions. Subjects undertook 30 

minutes of handgrip exercise at 3 intensities (5, 10 or 15 % MVC). Brachial artery 

FMD, shear and blood flow patterns were examined before, immediately after, and 60 

minutes post exercise. Handgrip exercise increased mean and antegrade shear rate (SR) 

and blood flow (BF), and reduced retrograde SR and BF (all P<0.01). Exercise intensity 

was associated with a dose-dependent increase in both mean and antegrade BF and SR 

(interaction, P<0.01). Post-hoc tests revealed that, whilst handgrip exercise did not 

immediately induce post-exercise changes, FMD was significantly higher 60 minutes 

post-exercise following the highest exercise intensity (5.9 ± 2.8 to 10.4 ± 5.8 %, 

P=0.01). HE leads to intensity-and time-dependent changes in conduit artery function, 

possibly mediated by local increases in shear, with improvement in function evident at 1 

hour post-exercise when performed at a higher intensity.  
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3.1 Introduction  

It is well established that exercise training reduces cardiovascular risk (Green et al., 

2008), in part due to the direct effects of exercise on the function and health of the 

vessel wall (Laughlin & McAllister, 1992; Green, 2009; Joyner & Green, 2009). 

Episodic exercise-induced increases in blood flow, shear stress and perhaps transmural 

pressure are now recognized as important physiological stimuli for training-based 

improvements in vascular health (Laughlin et al., 2008; Tinken et al., 2009). Despite 

the chronic effect of exercise training on the vascular endothelium being well studied, 

the acute impacts of distinct forms and intensities of exercise are less well described.  

 
Vascular function is commonly assessed using the flow-mediated dilation (FMD) 

technique, a partially nitric oxide- and endothelium-dependent (Green et al., 2014) 

conduit artery response to a brief ischemic stimulus (Corretti et al., 2002; Thijssen et 

al., 2011a) which predicts cardiovascular events (Takase et al., 1998; Gocke et al., 

2003). Studies of the FMD response to acute exercise have reported increases (Tinken et 

al., 2009; Tyldum et al., 2009; Zhu et al., 2010; Johnson et al., 2012b), decreases (Goel 

et al., 2007; Dawson et al., 2008; Rognmo et al., 2008; Jones et al., 2010; Llewellyn et 

al., 2012), or no change (Harvey et al., 2005; Dawson et al., 2008; Jones et al., 2010). 

These inconsistencies have been linked to methodological differences between studies, 

the timing of post-exercise FMD measures and the possibility of intensity and modality-

specific exercise effects (Dawson et al., 2013).  A recent study conducted by Birk and 

colleagues (Birk et al., 2013) addressed some of these issues by assessing FMD at 

multiple time-points following 30 minutes of lower limb cycle exercise of differing 

intensities. A ‘biphasic’ response pattern, characterized by an initial post-exercise FMD 

reduction, followed by a normalization 60 minutes post-exercise, was observed. 

Furthermore, the reduced FMD following cycle exercise was intensity dependent, with 

larger reductions observed following higher exercise intensity (Birk et al., 2013). These 

changes in FMD may be related to the pattern of blood flow and shear stress through the 

brachial artery during cycling, but endocrine and reflex effects cannot be excluded, 

given the systemic nature of exercise stimulus. 

 

The primary aim of the present study was to describe the time-dependent effects of 

handgrip exercise, performed at different exercise intensities, on FMD immediately 

post-exercise and 60 minutes following exercise cessation.  Our rationale for adopting 
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handgrip exercise, which utilizes a small muscle mass, was that it may provide insight 

into whether localized mechanisms (particularly those related to changes in blood flow 

and shear stress) contribute to the acute effects of exercise on arterial function. We 

hypothesized that an intensity-dependent decrease in FMD would occur immediately 

after exercise, with higher intensities of handgrip exercise leading to a larger post-

exercise reduction in FMD, followed by a return of function to baseline levels after 60 

minutes of recovery. 

 

3.2  Methods 

Ethical Approval 

Study procedures were approved by the University of Western Australia’s institutional 

ethics committee (RA/4/1/6127) and adhered to the Declaration of Helsinki. All 

subjects provided written, informed consent prior to participation in the study. 

 

Subject Characteristics   

Eleven healthy male subjects (age: 27 ± 3 years, height: 1.78 ± 0.08 m weight: 75.2 ± 

11.5 kg) volunteered for the study. Women were excluded due to the cyclical effects of 

oestrogen on vascular function (Williams et al., 2001). Based on detailed medical 

questionnaires, we excluded subjects with pre-existing medical conditions (including 

cardiovascular diseases) and cardiovascular risk factors such as hypertension, 

hypercholesterolemia and type 1 or 2 diabetes, as well as those taking any medications. 

 

Experimental Design 

Participants attended all testing sessions in a fasted state (>6 hrs), having avoided 

strenuous exercise, alcohol and caffeine for 18 hours prior to arrival (Thijssen et al., 

2011a). Participants undertook 3 separate experimental sessions over two weeks, with a 

minimum of 48 hours between sessions. Upon arrival at the laboratory, participants 

were required to complete an assessment of maximal voluntary contractile (MVC) 

handgrip strength. This involved three maximal contractions, separated by 5 minute rest 

intervals, using a grip strength dynamometer. An average of the three contractions was 

used to calculate MVC which was used in subsequent sessions to set exercise 

intensities. After a 20 minute supine rest period on a bed, subjects performed 30 

minutes of unilateral handgrip exercise (HE) at either 5, 10 or 15 % of maximal 
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voluntary handgrip contraction strength (MVC) at a rate of 30 isotonic contractions a 

minute, based on similar protocols adopted by our research team (Tinken et al., 2009). 

The order of testing was randomised between subjects. The arm selected to undertake 

the 30 minute exercise stimulus (preferred vs non-preferred) was also randomised 

between subjects, although we maintained the same arm within subjects across all three 

sessions. Brachial arterial endothelial function was assessed prior to, immediately after, 

and 60 minutes following cessation of handgrip exercise using the flow mediated 

dilation (FMD) technique (Thijssen et al., 2011a).  We also continuously recorded 

brachial artery diameter, blood flow and shear rate throughout each HE session. Finally, 

blood pressure was continuously monitored throughout the exercise duration (Finapres 

Medical Systems, Netherlands). 

 

Experimental Measures 

Assessment of brachial artery endothelial function 

After a 20 minute rest period, brachial artery endothelial function was assessed using 

the flow-mediated dilation (FMD) technique in accordance with recently published 

guidelines (Thijssen et al., 2011a).  Briefly, the arm was extended to an ~80o angle from 

the torso. A rapid inflation/deflation pneumatic cuff (D.E. Hokanson, Bellevue, WA) 

was placed around the forearm, distal to the olecranon process.  Using a 10-MHz multi-

frequency linear array probe, attached to a high-resolution ultrasound machine (T3000; 

Terason, Burlington, MA), an optimal B-mode image of the brachial artery was 

acquired. When an optimal image was obtained, the probe was held stable and the 

ultrasound parameters were set to optimize the longitudinal, B-mode image of the 

lumen-arterial wall interface. Settings were identical between all assessments of FMD. 

Settings were optimized, recorded and used for subsequent repeat sessions. Continuous 

Doppler velocity assessments were also obtained using the ultrasound and were 

collected using the lowest possible insonation angle (always <60°). We first performed 

a 1-minute baseline assessment of brachial artery diameter and velocity. We then 

inflated the forearm cuff to 220 mm Hg for 5 minutes. Thirty seconds prior to cuff 

deflation, recordings of diameter and velocity resumed and were continued for 3 

minutes following cuff deflation, in accordance with previous studies (Woodman et al., 

2001). This procedure was repeated immediately following cessation of the handgrip 

exercise, and again 60 minutes thereafter.  
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Brachial artery diameter and blood flow analysis 

Brachial artery diameter and velocity were analysed using custom-designed edge-

detection and wall-tracking software, which is largely independent of investigator bias 

(Woodman et al., 2001). Specific details of analysis techniques are described elsewhere 

(Thijssen et al., 2009a). Continuous (30 Hz) diameter and velocity data were used to 

calculate blood flow (the product of lumen cross-sectional area and Doppler velocity). 

Shear rate was also calculated as 4 times mean blood velocity/vessel diameter. 

Reproducibility of diameter measurements using this semi-automated software is 

significantly better than manual methods, reduces observer error significantly, and 

possesses an intra-observer coefficient of variation of 6.7 % (Woodman et al., 2001). 

FMD was calculated in absolute (mm) and relative (%) terms as the increase from the 

resting baseline diameter, as described in detail in previously (Thijssen et al., 2011a). 

The shear rate stimulus to FMD, SRAUC, was calculated in each individual by plotting 

SR collected at 30 Hz continuously from the time of cuff deflation to the time of peak 

diameter attainment, and then summing the areas of successive post-occlusion 

trapezoids (each with a base of 3 sec). This approach is consistent with literature best 

practice and the body of literature on this topic, largely pioneered by Tschakovsky and 

Pyke (Thijssen et al., 2011a). We also analysed brachial artery diameter and velocity 

data across 30 second epochs, at 5 minute intervals, throughout the 30 minute unilateral 

handgrip exercise bout. In the present study, all files were coded such that the individual 

undertaking the automated analysis was nonetheless blinded to each subject’s identity 

and the exercise intensity at which the file in question was collected.   

 
Statistics 
Statistical analysis was performed using SPSS 21.0 (SPSS, Chicago, IL) software. A 

two-way repeated measures ANOVA was used to compare changes in FMD%, SR, 

blood pressure across ‘time’ (pre, post & 60 mins post) and whether these changes 

occurred across differing ‘intensity’ bouts (5, 10 & 15% MVC). Post-hoc analysis was 

performed using the least significant difference (LSD) method. All data are reported as 

mean (± SD) unless stated otherwise and statistical significance was assumed at P<0.05. 

Additional statistics were adopted in order to account for influences known to affect 

FMD responses, principally arterial diameter and SRAUC changes (Atkinson et al., 

2013). To do so, we analysed the effects of intensity and time, as well as the interaction 

effect for FMD, on the change in logarithmically transformed diameter using a Linear 
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Mixed Model (LMM). This model incorporated baseline arterial diameter and shear rate 

area under the curve as covariates, where these baseline arterial diameter data were 

specific to each FMD test. This sample size was similar to those reported in previous 

studies on the effects of exercise (Padilla et al., 2006; Padilla et al., 2011b; Johnson et 

al., 2012b), and we estimated that a 2 % change in FMD would be detected with 10 

participants assuming that the standard deviation of this change is 2 % with statistical 

power of 80 % (Birk et al., 2013). 

 

3.3  Results 

There were no differences in resting (pre-exercise) brachial diameter, FMD%, 

FMDmm, shear rate or SRAUC across the three testing days (P>0.05) (Table 3.1). 

Participants completed 30 minutes of isotonic HG exercise (30 contractions per minute) 

at each exercise intensity. Mean arterial pressure (MAP), systolic blood pressure (SBP), 

diastolic blood pressure (DBP) and heart rate all increased in an exercise intensity 

“dose-dependent” manner (interaction-effect: all P<0.05), with the largest elevations 

seen during 30 minutes of HG exercise at 15 % MVC (Table 3.2). 

 

Table 3.1. Comparisons between baseline FMD tests and pre-exercise resting shear rate 

and blood flow on each of the three testing days, with significance as P≤0.05. 

Values are mean ± SD. MVC: Maximal Voluntary contraction, MAP: Mean Arterial 

Pressure, SRAUC: shear rate area under curve. P value reflects one-way ANOVA 

 

 
5% MVC 
Handgrip 

10% MVC 
Handgrip 

15% MVC 
Handgrip 

P Value 

 

Baseline FMD Test 

    

Diameter (mm) 3.82±0.42 3.91±0.39 3.89±0.58 0.39 

FMD (%) 6.54±2.98 6.41±1.64 5.93±2.77 0.73 

FMD (mm) 0.02±0.01 0.02±0.01 0.02±0.01 0.69 

Baseline mean SRAUC 
(103·s-1) 17.9±9.0 16.6±7.7 16.7±8.2 0.82 
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Brachial artery blood flow and diameter during handgrip exercise 

Handgrip exercise resulted in an immediate increase in both mean and antegrade blood 

flow and shear rate, which remained elevated throughout the 30-minute exercise bout 

(Figure 3.1a). Higher exercise intensity was associated with a larger increase in both 

mean and antegrade blood flow and shear rate across the exercise duration (interaction-

effect: P<0.01). Differences were observed at all-time points of exercise for antegrade 

SR at 15 % MVC compared to both 10 % (all P<0.01) and 5 % (all P<0.01). Retrograde 

shear rate during each 30 minute bout of handgrip exercise was reduced (time effect: 

P=<0.01), although this reduction did not significantly differ between intensities 

(interaction-effect: P=0.07, Figure 3.1b). Exercise at a low intensity (5 % MVC) did not 

significantly alter brachial artery diameter following exercise (P=0.64, Table 3.3), 

whereas 10 % MVC evoked a decrease in diameter 60 minutes post-exercise (P=0.04). 

At 15 % MVC, diameter increased immediately following exercise (P=0.01), but had 

returned to baseline values at 60 minutes (P=0.16). 
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Table 3.2. Haemodynamic parameters (5 min averages) at baseline and 30 minutes of unilateral handgrip exercise at distinct intensities (5, 10 and 15 

% MVC) with corresponding one-way ANOVA effects for time and two-way ANOVA (Time 2 levels, Intensity 3 levels). 

Data are presented as mean ± SD. *indicates statistically significant from baseline (0 values) at P≤0.05 

 

 Handgrip Exercise Time (minutes) ANOVA 
 0 30 Time Intensity Time*Intensity 

MAP      
5% 93±9 99±14* 

<0.01 0.02 <0.01 10% 90±7 100±10* 
15% 90±5 108±10* 

DBP      
5% 72±15 74±12 

<0.01 0.05 <0.01 10% 71±5 78±8* 
15% 70±5 84±8* 

SBP      
5% 130±16 138±17* 

<0.01 0.09 0.02 10% 126±9 137±10* 
15% 126±9 144±7* 

PP      
5% 58±12 64±9 

<0.01 0.03 0.97 10% 55±6 59±5* 
15% 56 ±9 61±6* 

HR      
            5% 58±6 59±6 

<0.01 <0.01 <0.01 10% 58±5 63±8* 
15% 59±6 66±10* 
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Figure 3.1 a. Brachial artery antegrade shear rate before and during 30 minutes of handgrip exercise at 5 % (black bars), 10 % (light grey 
bars) and 15 % (dark grey bars) MVC. b. Brachial artery retrograde shear rate before and during 30 minutes of handgrip exercise at 5 % 
(black bars), 10 % (light grey bars) and 15 % (dark grey bars) MVC. Error bars represent SE. 
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Table 3.3. Diameter, SRAUC and FMD responses pre, post and 60-minutes after cessation of 30 minutes of unilateral handgrip exercise at distinct 
intensities (5, 10 and 15 % MVC). 

Data are presented as mean ± SD. *indicates statistically significant from baseline values at P≤0.05 by t-test. FMD (%) ADJUSTED values indicated 
FMD when statistically accounting for changes in baseline diameter and SRAUC using a Linear Mixed Model (LMM) 

 5% MVC Handgrip 10% MVC Handgrip 15% MVC Handgrip 2-way ANOVA 

 Pre Post 
Post 

60mins 
Pre Post 

Post 

60mins 
Pre Post Post 60mins Intenstiy Time Intensity*Time 

Diameter (mm) 3.8±0.4 3.8±0.3 3.9±0.5 3.9±0.4 4.0±0.5 3.8±0.4* 3.9±0.6 4.1±0.5* 3.8±0.4 0.50 <0.01 0.01 

FMD (mm) 0.02±0.01 0.03±0.01* 0.02±0.01 0.02±0.01 0.03±0.01 0.03±0.01 0.02±0.01 0.02±0.02 0.04±0.02* 0.64 0.16 0.01 

FMD SRAUC 
(103·s-1) 

17.9±9.0 24.2±9.7* 17.2±7.7 16.6±7.7 30.0±14.1* 20.0±11.5 16.7±8.2 32.4±18.5* 17.3±9.0 0.25 <0.01 0.11 

FMD (%) 6.5±3.0 7.9±3.2 5.9±3.1 6.4±1.6 6.6±3.1 7.0±4.4 5.9±2.8 6.2±5.5 10.4±5.8* 0.73 0.20 0.01 

FMD (%) 
ADJUSTED 

2.8±1.3 3.4±1.3 2.5±1.3 2.7±0.7 2.8±1.3 3.0±1.8 2.5±1.2 2.6±2.3 4.4±2.4* 0.48 0.04 <0.01 
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Brachial artery flow-mediated dilation 

Two-way ANOVA revealed a significant time*intensity interaction-effect (P=0.01) for 

FMD% (Table 3.3).  Post-hoc analysis revealed a significant increase in FMD 60 

minutes after the 15 % MVC handgrip exercise bout (P<0.01), whilst no change in 

FMD was observed during at other time-points or exercise intensities. Similar changes 

were observed for absolute FMD, with a significant interaction-effect (P<0.01) and a 

significant increase in FMD 60 minutes after 15 % MVC handgrip exercise session 

(Table 3.3). Given that FMD responses are inversely proportional to baseline arterial 

diameter (Thijssen et al., 2008), the interaction effect observed for FMD% may have 

been influenced by acute exercise impacts on baseline arterial diameter (Padilla et al., 

2007; Birk et al., 2013; Dawson et al., 2013). In order to account for potential impacts 

of baseline diameter, we undertook the LMM for FMD with baseline diameter as a 

covariate. This analysis reinforced our initial findings and revealed a significant 

interaction effect between time (pre, post, 60 post) and exercise intensity (5, 10 &15 % 

MVC) (P=0.03). 

 

The tabulated FMD% data are summarized in Figure 3.2, in which change in FMD 

(expressed as the immediate post-exercise FMD% minus baseline pre-exercise FMD%) 

was not significantly different between exercise intensities (P=0.67, Figure 3.2a). 

However, change in FMD, 60 minutes post-exercise vs baseline, showed a dose-

response relationship with exercise intensity (P<0.01), with a 0.7 % decreased FMD at 

the lowest exercise intensity, and a 4.5 % increased FMD following HG exercise at the 

highest intensity (t-test: P=0.01, Figure 3.2b). 

 

The shear rate stimulus to FMD (FMDSRAUC) was significantly higher immediately 

post-exercise under each of the three conditions (Table 3.3 P=<0.01), however, it had 

returned to pre-exercise levels by the time the 60 minutes post-exercise FMD test was 

performed (Table 3.3). There were no differences in FMD SRAUC between the exercise 

conditions (P=0.11). Statistically accounting for changes in SRAUC in our LMM did not 

alter the significant interaction effect for FMD 1 hour following 3 different intensities of 

HG exercise (P<0.01). 
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Figure 3.2 a. Change in FMD expressed as the immediate post-
exercise FMD% minus baseline FMD% at 5 % (black bars), 10 % 
(light grey bars) and 15 % (dark grey bars) MVC. b. Change in FMD 
expressed as the 60 minutes post-exercise FMD% minus baseline 
FMD% at 5 % (black bars), 10 % (light grey bars) and 15 % (dark 
grey bars) MVC. Error bars represent SE. Significance value P<0.05. 
* indicates statistical significance between highest (15 % MVC) and 
lowest (5 % MVC) intensity. †indicates statistical significance between 
moderate (10 % MVC) and highest (15 % MVC) intensity 
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3.4 Discussion 

The purpose of the present study was to determine the effect of different intensities of 

handgrip exercise on post-exercise brachial artery endothelium-dependent conduit artery 

function. Previous research has produced conflicting findings pertaining to conduit 

artery functional responses to acute exercise, with increases (Tinken et al., 2009; 

Tyldum et al., 2009; Zhu et al., 2010; Johnson et al., 2012b), decreases (Goel et al., 

2007; Dawson et al., 2008; Rognmo et al., 2008; Jones et al., 2010; Llewellyn et al., 

2012) and no change (Harvey et al., 2005; Dawson et al., 2008; Jones et al., 2010) 

reported. As recently reviewed, these disparate findings may be related to differences in 

experimental methodology (Dawson et al., 2013), idiosyncratic effects of distinct 

exercise modes and intensities (Padilla et al., 2007; Birk et al., 2013; Dawson et al., 

2013) and/or the timing of post-exercise measurements.  Another issue is that previous 

experiments have involved large muscle group “systemic” exercise bouts, which may 

induce complex localized, reflex and humoral responses. We adopted handgrip exercise 

in the present study in an attempt to understand the localized impacts of distinct 

exercise intensities on post-exercise FMD measures of artery function. 

 

Our principal finding was that intensity of handgrip exercise modified the post-exercise 

FMD response, with the highest exercise intensity (15 % MVC) demonstrating a large 

and significant elevation in FMD, one hour post-exercise. The intensity-dependent 

effect on post-exercise FMD we observed may be related to the impact of exercise-

induced shear stress. Shear stress patterns are known to directly induce changes in the 

FMD/endothelial response to acute exercise (Green et al., 2002; Green et al., 2005; 

Laughlin et al., 2008; Thijssen et al., 2009c; Tinken et al., 2009). Elevated antegrade 

shear, in the absence of changes in retrograde shear, has been linked to improvement in 

endothelium-dependent vasodilation (Tinken et al., 2009), whilst increases in 

oscillatory shear and/or retrograde flow may be associated with increased endothelin-1 

expression (Chappell et al., 1998; Himburg et al., 2007), the up-regulation of reactive 

oxygen species (Hwang et al., 2003) and dose-dependent attenuation of endothelial 

function in humans (Thijssen et al., 2009c; Schreuder et al., 2014). In contrast to some 

forms of lower limb exercise, handgrip exercise is not associated with increases in 

retrograde flow and shear during exercise (see Figure 3.3), due largely to the decrease in 

distal vascular resistance (Green et al., 2005; Thijssen et al., 2009b). In contrast, there 

are large increases in retrograde shear during the early phases of leg cycling, which 
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induces an oscillatory pattern of flow and shear in the brachial artery (Green et al., 

2002; Green et al., 2005). When comparing shear rate patterns in the current study to 

our previous studies (Birk et al., 2013), clear differences can be observed in both the 

pattern and magnitude of shear responses to cycle versus handgrip exercise (Figure 3.3). 

It is plausible that the increase in antegrade shear observed, particularly at the highest 

handgrip exercise intensity in the present study, induces a post-exercise improvement in 

FMD. This would be consistent with what is known regarding the impacts of acute 

exercise stress on eNOS bioavailability and consequent chronic adaptation and 

upregulation (Hambrecht et al., 2003). Our data  also indicate a possible threshold effect 

of antegrade shear on artery function. We observed significantly higher antegrade shear 

at 15% compared to the other exercise intensities and the 15 % condition was the only 

one associated with an elevation in FMD post exercise. Further studies will be required 

to address the idea of an ‘antegrade shear threshold’ and to examine the impact of shear 

rate manipulation during handgrip exercise on arterial adaptation in function and 

structure.  
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Figure 3.3 Brachial artery mean (average of the last 15mins) antegrade shear rate (black bars) during a. 30 minutes of handgrip exercise 
at 5, 10 and 15 % MVC, compared to b. 30 minutes of cycle exercise at 50, 70 and 85 % VȮ2 max. Brachial artery mean (average of the 
last 15mins) retrograde shear (grey bars) during c. 30 minutes of handgrip exercise at 5, 10 and 15 % MVC, compared to d. 30 minutes of 
cycle exercise at 50, 70 and 85 % VȮ2 max. Error bars represent SE. 
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In the present study, we observed no reduction in FMD in the immediate post-exercise 

period in response to any intensity of HE. This contrasts with some previous studies 

examining the acute impacts of larger muscle group exercise on arterial function. 

Studies that have focused predominantly on leg exercise with multiple post-exercise 

FMD measures (Johnson et al., 2012b; Birk et al., 2013), have typically observed a 

decrement in function immediately following exercise which appears to be larger at 

higher intensities. Both localized handgrip exercise and large muscle group exercise 

lead to a (dose-dependent) increase in brachial artery blood flow. Therefore, the distinct 

immediate post-exercise changes in FMD seen in studies of large muscle group exercise 

may relate to the impact of such exercise on retrograde shear, the production of reactive 

oxygen species (ROS) (Goto et al., 2003) or increases in adrenergic tone. However, as 

we did not assess oxidative stress or adrenergic tone in the present study, we cannot rule 

out impacts of handgrip exercise on these parameters.  Our findings are therefore 

limited to the observation that handgrip and cycling exercise produce distinct immediate 

effects on artery function in humans compared to larger muscle group exercise and it 

seems reasonable to assume that larger muscle group exercise would have greater 

impact on humoral or neural responses.  

 

In another previous study performed by our group, we observed increases in FMD after 

30 mins of handgrip exercise, in keeping with the current results.  However, in that 

experiment, the increase in FMD was observed immediately, rather than one hour after 

the cessation of the exercise bout.  The magnitude of increase in SR during handgrip 

exercise in the Tinken et al. study was similar to that observed in response to the lowest 

exercise intensity (5 % MVC) in the current experiment, but FMD% increased 

significantly in Tinken et al., whereas changes in the current study, though directionally 

consistent, were more modest. One possible explanation for this disparity relates to a 

minor difference in the exercise modality: although both experiments involved the same 

contractile frequency (30 per min), the study of Tinken et al. utilised isometric hand-

gripping against a fixed handpiece and resistance, whereas in the current study subjects 

performed isotonic exercise using a custom built device that allowed movement in the 

handpiece during contraction.  These findings therefore raise the intriguing possibility 

that differences may exist between modalities of exercise, even when identical muscle 

groups are involved. This finding adds to previous work that suggested that small 

differences in the rate of handgrip contraction can alter the FMD response (Gonzales et 

al., 2011). Future studies will be necessary to specifically address this question. 
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We utilized handgrip exercise as an experimental tool to isolate the localized effects of 

exercise and it was not our intention to study whether exercise training of the forearm 

might translate into systemic health benefits. Nonetheless, our results warrant future 

studies that are focused on the potential differences in factors that may contribute to the 

distinct changes in FMD following different modalities of training. Another limitation 

of our study is that we were unable to assess responses to an exogenous NO donor. 

Since it is possible that our strenuous exercise in the current experiment may have 

induced an up-regulation of endothelium-derived vasodilators or augmented smooth 

muscle cell sensitivity to NO, future studies should address the impact of exercise 

intensity on responses to glyceryl trinitrate.  

 

3.5. Summary  
In summary, our findings contribute to the existing literature in that we have studied, for 

the first time, the impact of distinct intensities of localized handgrip exercise on artery 

function. Impacts of such exercise on arterial function are less likely to have resulted 

from systemic, reflex or circulating factors than responses associated with lower limb 

large muscle group exercise (Birk et al., 2013). Further studies for the acute and chronic 

effects of different forms of exercise will be important to shed light on phenomena 

which relate initial physiological challenge to chronic adaptation in humans. 
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Chapter 4 
Study 3 

Opposing effects of shear-mediated dilation and 
myogenic constriction on artery diameter in 

response to handgrip exercise in humans 
Based on: Atkinson et al. (2015). Opposing effects of shear-mediated 
dilation and myogenic constriction on artery diameter in response to 

handgrip exercise in humans. Journal of Applied Physiology, in press. 
DOI: 10.1152/japplphysiol.01086.2014.  

 

4.0 Abstract 

Whilst the impact of changes in blood flow and shear stress on artery function are well 

documented, the acute effects of increases in arterial pressure are less well described in 

humans.  The aim of this study was to assess the effect of 30 minutes of elevated blood 

pressure, in the absence of changes in shear stress or sympathetic nervous system (SNS) 

activation, on conduit artery diameter. Ten healthy male subjects undertook 3 sessions 

of 30 minutes unilateral handgrip exercise (HE) at 5, 10 and 15 % of maximal voluntary 

contractile (MVC) strength. Brachial artery shear rate and blood flow profiles were 

measured simultaneously during exercise in the active and contralateral resting, arms.  

Bilateral brachial artery diameter was simultaneously assessed prior to- and 

immediately post-exercise. In a second experiment, 6 subjects repeated the 15% MVC 

condition whilst continuous vascular measurements were collected during muscle 

sympathetic nerve activity (MSNA) assessment utilising peroneal microneurography. 

Unilateral HG exercise at 5, 10 and 15 % maximal voluntary contractile strength, 

induced step-wise elevations in blood pressure (P<0.01, Δ mean arterial pressure: 7.06 

± 2.44, 8.50 ± 2.80, 18.35 ± 3.52 mm Hg, P<0.01). Whilst step-wise increases were 

evident in shear rate in the exercising arm (P<0.001), no changes were apparent in the 

non-exercising limb (P=0.42).  Brachial artery diameter increased in the exercising arm 

(P=0.02), but significantly decreased in the non-exercising arm (P=0.03). At 15 % 
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MVC, changes in diameter were significantly different between arms (interaction-effect 

P=0.01), whilst this level of exertion produced no significant changes in MSNA. Acute 

increases in transmural pressure, independent of shear rate and changes in SNS 

activation, reduce arterial calibre in normotensive humans in vivo. These changes in 

diameter were mitigated by exercise-induced elevations in shear rate in the active limb. 

 

4.1 Introduction  

It is well established that changes in arterial blood flow modify arterial diameter (Pohl 

et al., 1986; Rubanyi et al., 1986; Koller et al., 1995; Niebauer & Cooke, 1996; Tuttle 

et al., 2001; Thijssen et al., 2009c; Tinken et al., 2009; Newcomer et al., 2011; Carter et 

al., 2013), strongly implicating luminal wall shear as a direct haemodynamic stimulus 

that alters arterial function and health. The role of other haemodynamic forces, in 

particular those associated with changes in arterial pressure, have been more difficult to 

isolate in humans. 

 

Studies in animals suggest that acute elevations in arterial transmural pressure (or wall 

tension) induce smooth muscle contraction and reduce arterial diameter, whilst 

vasodilation is observed in response to acute reduction in transmural pressure (Huang et 

al., 1998; Davis & Hill, 1999; Koller & Bagi, 2002; Johnson, 2011). However, 

surprisingly little is known about the acute impact of elevations in blood pressure in 

humans in vivo, partly due to the confounding influence of concurrent changes in shear 

stress that typically accompany alterations in pressure. Stimuli that modify arterial (and 

hence transmural) pressure, such as cycle exercise, heating, tilt-procedures, also modify 

blood flow and shear (Carter et al., 2013; Thijssen et al., 2014). 

 

In the current study, we utilised unilateral handgrip exercise to induce elevation in 

blood pressure.  This approach was not associated with changes in shear rate in the 

contra-lateral non-exercising arm, allowing us to isolate the impact of transmural 

pressure from that of shear rate in vivo.  We also conducted a sub-study in which arterial 

diameters were determined alongside simultaneous measures of muscle sympathetic 

nerve activity (MSNA), to assess the potential impact of handgrip exercise on 

sympathetic nervous system activation. We hypothesised that step-wise increases in 

transmural pressure would induce arterial vasoconstriction, in keeping with previous 

animal and in vitro findings relating to the myogenic response. 
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4.2 Methods 

Ethical Approval 

All study procedures complied with the Declaration of Helsinki and were approved by 

the Human Research Ethics Committee at The University of Western Australia. All 

subjects provided written, informed consent before participation in this study.  

 
Experimental Design 

Study 1. Impact of different handgrip exercise intensities on brachial artery diameters. 

Ten healthy male subjects (see table 4.1) volunteered to participate in this study. 

Subjects with pre-existing medical conditions and cardiovascular risk factors such as 

hypertension, hypercholesterolemia and type 1 or 2 diabetes, as well as those taking any 

medication were excluded from study participation.  

 

Table 4.1 Healthy male subject characteristics (n=10) 

 

 

 

 

 

 

 

 

SBP: Systolic blood pressure. DBP: Diastolic blood pressure. HR: Heart rate. 

Values are mean ± SE 

  

Age (years) 26 ± 1 

Height (m) 1.77 ± 0.03 

Weight (kg) 74 ± 3 

SBP (mmHg) 126 ± 2 

DBP (mmHg) 69 ± 1 

HR (bpm) 58 ± 1 
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All participants were familiarised with the protocol before taking part in the 

experimental sessions. During familiarisation, participants were required to complete an 

assessment of baseline maximal voluntary contractile (MVC) handgrip strength in the 

same manner as that described in Chapter 3. Participants were then required to attend 

the laboratory on 3 separate occasions over a 2 week period, with a minimum of 48 hrs 

between sessions. All sessions were conducted in a fasted state (>6hrs) (Thijssen et al., 

2011a), and individuals were instructed to avoid strenuous exercise, alcohol and 

caffeine for >8 hours prior to arrival (Thijssen et al., 2011a). Upon arrival, participants 

lay supine on a bed for a 20 minute rest period before completing 30 minutes of 

unilateral handgrip exercise (HE) at 5, 10 or 15 % MVC. Exercise was performed using 

isotonic contractions at a rate of 30 contractions per minute. The order of exercise 

intensity was randomised between subjects, although we maintained the same 

exercising arm within subjects across all 3 experimental sessions. Bilateral brachial 

artery diameter, blood flow and shear rate were recorded simultaneously using two 

identical high resolution ultrasound machines (T3200, Terason, Aloka, UK) with 

identical settings prior to, and upon completion of each handgrip exercise stimulus. 

Finally, blood pressure and heart rate were measured continuously and beat-to-beat 

(Finometer, Finapres Medical Systems B.V., Amsterdam, the Netherlands) on the non-

exercising finger. Blood pressure parameters were analysed in 1-minute bins every 5 

minutes of exercise (at the same time as shear rate was recorded) using Labchart 7.0. 

 

In a subsequent experiment, the subjects listed above were invited back to the laboratory 

to complete a “time-control” experiment, where bilateral simultaneous assessment of 

brachial artery diameter occurred 30 minutes apart but in the absence of handgrip 

exercise, under identical laboratory conditions to those described above. 

 

Study 2. Impact of handgrip exercise on muscle sympathetic nerve activity. 

We recruited 9 healthy young male subjects (30 ± 2 yrs, 1.78 ± 0.03 m, 78 ± 4 kg) to 

undertake a sub-study involving common peroneal nerve microneurography to assess 

whether handgrip exercise performed at the highest intensity (15 % MVC) for 30 

minutes induced changes in muscle sympathetic nerve activity (MSNA). Details of the 

techniques used to perform and analyse the MSNA data are available in previous papers 

by our group (Schlaich et al., 2003; Hering et al., 2013). The data were blindly analysed 

by experienced investigators (PM, DH, MS), who deemed that the traces obtained 
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during handgrip exercise were acceptable in 6 of these subjects. In 2 cases the initial 

placement of the electrodes was unsuccessful and a final subject experienced positional 

shoulder pain that invalidated the SNS data.  The individual MSNA data from each of 

the remaining 6 subjects across the exercise period (3 minute bins), were assessed 

alongside brachial artery diameter and haemodynamic data, collected in both arms in 

accordance with study 1 and the descriptions below. 

 

Experimental Measurements 

Assessment of brachial artery diameter and blood flow 

After a 20 minute rest period, bilateral images of the brachial artery (distal third of the 

upper arm) were acquired using two identical 15 MHz multi-frequency linear array 

probe attached to high-resolution ultrasound machines (T3200, Terason, Aloka, UK). 

Optimal longitudinal B-mode images capturing the lumen/arterial wall interface, along 

with a continual Doppler velocity measures, were collected using the lowest possible 

insonation angle (<60oC) and were kept consistent day-to-day (Thijssen et al., 2011a). 

Following image acquisition, a simultaneous one minute baseline (resting) recording of 

bilateral brachial artery diameter and velocity was conducted. This process was repeated 

immediately following the 30 minute exercise intervention. In addition to resting 

diameter recordings, we continuously assessed both brachial artery diameter and blood 

flow/shear rate during the exercise stimulus with 1 minute recordings collected at 5 

minute intervals. 

 

Brachial artery diameter, blood flow and vascular resistance 

Brachial artery diameter and velocity recordings were analysed for both the exercising 

and the non-exercising arm using custom designed edge-detection and wall tracking 

software, which is largely-independent of investigator bias (Woodman et al., 2001). 

Specific details of the analysis technique are described elsewhere (Thijssen et al., 

2009a). Briefly, derivatives from the B-mode region of interest (ROI) and Doppler ROI 

were synchronized, which allowed for calculation of blood flow (the cross-sectional 

area and Doppler velocity) and shear rate (4 times velocity divided by diameter) at ~30 

Hz (Thijssen et al., 2009a). Forearm vascular resistance, an index of resistance vessel 

tone, was calculated by dividing mean arterial pressure by mean blood flow.   
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We previously established (Woodman et al., 2001) that analysis using this semi-

automated method produces reproducible diameter calculations that are significantly 

better than manual methods, whilst also reducing observer error and producing an intra-

observer coefficient of variation of 6.7 %. We used the same techniques to calculate 

brachial artery diameter, blood flow and shear rate during the 1 minute epochs every 5 

minutes of exercise. 

 
Statistics 

Statistical analyses were performed using SPSS 22.0 (SPSS, Chicago, Illinois) software. 

All data are reported as means ± SE unless stated otherwise, and the statistical 

significance was assumed at P<0.05. To assess the impact of different intensities, a two-

way repeated measures analysis of variance (ANOVA) was used to compare SR (mean, 

antegrade & retrograde), blood pressure (BP) and diameter across ‘time’ and between 

‘intensities’ (5, 10 & 15 %) in either the exercising or non-exercising arm. The factor 

‘time’ was either; pre & post (2 levels) or 1 minute averages every 5 minutes during the 

exercise stimulus (7 levels). Similarly, a two-way repeated measures ANOVA was used 

for a comparison of the responses between the arms (exercising versus non-exercising) 

across ‘time’ at each of the exercise intensities (5, 10 or 15 % MVC). Again, the factor 

‘time’ was either; pre & post (2 levels) or 1 minute averages every 5 minutes during the 

exercise stimulus (7 levels). For the assessment of diameter responses during the 

exercise stimulus, changes in diameter from baseline (‘time’: 7 levels), were compared 

between arms in a 2-way repeated measures ANOVA. Finally, a one-way ANOVA was 

conducted for average MSNA burst incidence data across ‘time’ (8 levels). Post hoc 

analysis was performed using the least significant difference (LSD) method.  

 

4.3 Results 

Study 1. Impact of different handgrip exercise intensities on brachial artery diameters. 

Blood Pressure (BP).    

Mean arterial BP was elevated throughout exercise and significantly higher at the 

highest exercise intensity (‘time*intensity’: P<0.01, Figure 4.1).  Diastolic BP also 

increased during exercise in an exercise intensity-dependent manner, with highest 

values of BP observed at 15 % MVC (‘time*intensity’: P<0.01, Figure 4.1).  Both 

systolic BP and pulse pressure increased with exercise (‘time’: P<0.01 and P=0.02 
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respectively), but this increase was not statistically different between the exercise 

intensities (‘time*intensity’: P=0.06 and P=0.83, Figure 4.1).  Heart rate increased 

significantly during exercise, with higher values observed at the higher exercise 

intensities (‘time*intensity’: P<0.01, Figure 4.1). 

 

Shear Rate (SR).   

Non-exercising arm.  Mean SR was not altered in the non-exercise arm across the 

exercise bouts, irrespective of the intensity (‘time*intensity’: P=0.32, Figure 4.2). 

Similarly, antegrade and retrograde SR in the non-exercising arm remained unchanged 

when exercise was performed in the opposing limb (‘time*intensity’: P=0.42 and P= 

0.72 respectively).   

Exercising arm.  Mean and antegrade SR increased significantly and remained elevated 

across duration (30 minutes) of exercise (‘time’: both P<0.01, Figure 4.2). In addition, 

the exercise-induced elevation in mean and antegrade SR was higher with increasing 

exercise intensity (‘time*intensity’, both P<0.01, Figure 4.2). Retrograde SR was 

significantly reduced with exercise duration, but this reduction was not significantly 

different between exercise intensities (‘time*intensity’: P=0.40). Comparing the 

exercising and non-exercising limbs revealed a significant time*arm interaction effect 

for mean, antegrade and retrograde SR across all exercise intensities (‘time*arm: all 

P≤0.01). 
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Figure 4.1 Mean arterial pressure (MAP), systolic blood pressure (SBP), 
diastolic blood pressure (DBP) and heart rate (HR) across 30 minutes of 
unilateral HG exercise at 5 % (open squares), 10 % (grey squares) and 15 
% (black squares). N=10 (study 1). Error bars represent SE. 
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Brachial artery diameter. 

Repeated artery diameter measures in the left and right limb did not change across a 30 

minute time period in the absence of a handgrip exercise stimulus (left arm: 3.8 ± 0.2 

pre vs 3.8 ± 0.2 post, P=0.77; right arm 4.2 ± 0.2 pre vs 4.3 ± 0.2 post, P=0.42, 0 % 

Figure 4.2)  In addition, there were no significant differences in baseline brachial artery 

diameter between the exercise intensities in either the exercising (P=0.11) or non-

exercising (P=0.67) arms, nor between the arms across the 3 intensities (interaction: 

P=0.30). 

 

Non-exercising arm.  In the non-exercising arm, we observed a significant reduction in 

brachial artery diameter following exercise (‘time’: P=0.03, Figure 4.2). This reduction 

was not statistically different between the intensities of exercise (‘time*intensity’: 

P=0.27).  

Exercising arm.  Unilateral handgrip exercise consisting of 30 contractions/minute for 

30 minutes resulted in a significant elevation in brachial artery diameter in the 

exercising arm (‘time’: P=0.02, Figure 4.2), although this elevation was not different 

between exercise conditions (‘time*intensity’: P=0.10, Figure 4.2).   

Exercising vs non-exercising arm.  When comparing the simultaneously measured 

diameter responses between arms pre vs post exercise, a significant time*arm 

interaction-effect was observed at 15 % MVC (P<0.01).  Post hoc analysis revealed that 

at 15 % MVC, post-exercise diameter was increased in the exercising arm (P=0.01) and 

a significant reduction was found for the post-exercise diameter in the contra-lateral 

non-exercising limb (P=0.01).  Forearm vascular resistance data for both arms are 

presented in Figure 4.3.  A significant difference was apparent between the arms in 

terms of the change in forearm vascular resistance from baseline (P<0.001), with 

decreases in resistance in the exercising arm and increases in the non-exercising limb.
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Figure 4.2 Brachial artery mean shear rate in the exercising (top left panel) 
and non-exercising (top right panel) at prior to- and during 30 minutes of 
unilateral HG exercise at 5 % (open squares), 10 % (grey squares) and 15 % 
(black squares) maximal voluntary contraction (MVC). Brachial artery 
diameter prior-to and immediately following 30 minutes of unilateral HG 
exercise at 0% (control condition: squares), 5 % (circles), 10 % (triangles) and 
15 % (diamond) in the exercising (bottom left panel) and non-exercising 
(bottom right panel) arms. N=10 (study 1) except ‘0 %’ (n=6). Error bars 
represent SE. * denotes statistical significance from ‘Pre-exercise’ value. 
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Figure 4.3. Change in forearm vascular resistance from baseline across the 30-minutes duration of HG exercise at 15% in the 
exercising (black bars) and non-exercising (grey bars) arms. N=10 (study 1). Error bars represent SE. 
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Study 2. Impact of handgrip exercise on muscle sympathetic nerve activity. 

In this sub-study, unilateral handgrip exercise performed at the highest exercise 

intensity (15 % MVC) for 30 minutes resulted in a significant elevation in both mean 

arterial pressure (time effect P<0.01, Figure 4.4) and heart rate (time effect P<0.01). 

Also in keeping with the results of study 1, mean and antegrade SR increased 

significantly in the exercising arm, a finding which was not observed in the contra-

lateral non-exercising limb (time*arm interaction P<0.001). In addition, retrograde SR 

was reduced across the exercise duration in the exercising arm but remained unchanged 

in the non-exercising limb (time*arm interaction P<0.001).  

During the exercise stimulus, brachial artery diameter expressed as a percentage change 

from baseline increased in the exercising limb, but decreased in the non-exercising limb 

(time*arm interaction P=0.02, Figure 4.5A). These data are entirely consistent with the 

findings in the 10 distinct subjects examined in study 1, with a significant increase in 

the exercising arm and a significant decrease in the non-exercising limb (time*arm 

interaction P=0.005, Figure 4.4).  Muscle sympathetic nerve activity (MSNA) remained 

unchanged across the duration of exercise (time effect P=0.14, Figure 4.5B)
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Figure 4.4. Brachial artery mean arterial pressure (MAP) and brachial artery mean shear rate at baseline, during- and immediately post- 30 minutes 
of unilateral HG exercise at 15 % in the exercising arm (top left panel) and non-exercising arm (top right panel). Brachial artery diameter prior to- 
and immediately following 30 minutes of unilateral HG exercise at 15 % in the exercising (bottom left panel, black bars) and non-exercising (bottom 
right panel, grey bars) arms. N=6 (study 2). Error bars represent SE. * denotes statistical significance from ‘Pre-exercise’ value. 
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Figure 4.5. Brachial artery diameter change, expressed as a % change 
from baseline, across and immediately following 30 minutes of 
unilateral handgrip exercise at 15 % MVC in the exercising (black 
bars) and non-exercising (grey bars) arms. B. Average muscle 
sympathetic nerve activity (MSNA) burst incidence at baseline, during- 
and immediately following 30 minutes of unilateral HG exercise at 15 
% MVC. n=6 (study 2). Error bars represent SE.  
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4.4 Discussion 

In this study we adopted an approach that allowed us to examine the impact of increases 

in transmural pressure on conduit artery function in vivo.  We found, in healthy 

normotensive subjects, that increases in transmural pressure reduced brachial artery 

diameter.  The contra-lateral exercising arm, which was exposed to similar changes in 

arterial pressure but also increases in arterial shear stress, demonstrated significant 

increases in diameter. We found no evidence for changes in sympathetic nerve activity 

in response to handgrip exercise. These observations suggest that exercise-induced 

elevations in shear rate mitigate the effects of elevations in transmural pressure on 

arterial diameter in humans and provide a novel insight into the impact of increases in 

blood pressure and hence transmural pressure on the vasculature in healthy 

normotensive humans. 

 

Previous in vitro and animal studies have used experimental protocols that alter 

transmural pressure in order to examine direct effects on the contractility of vascular 

smooth muscle (Johnson, 2011). These studies suggest that the “myogenic” response is 

intrinsic to smooth muscle and not dependent upon the endothelium (Ekelund et al., 

1992; Sun et al., 1994) and that the magnitude of response is influenced by the presence 

of Ca2+ (Matchkov et al., 2002) and norepinephrine (Meininger & Faber, 1991).  Many 

of these studies have relied upon approaches whereby changes in pressure are applied to 

isolated vessel preparations (Koller et al., 1995; Huang et al., 1998; Koller & Bagi, 

2002).  To date, the effects of blood pressure on arterial vasomotor activity in intact 

humans have been difficult to assess, since manipulation of blood pressure is typically 

accompanied by elevations in blood flow and shear rate (Carter et al., 2013; Thijssen et 

al., 2014), which have countervailing impacts of artery function.  In the present study 

we induced step-wise increases in arterial pressure, without affecting shear rate in the 

inactive limb, using different “doses” of unilateral handgrip exercise.  Exercise at 15 % 

MVC significantly increased blood pressure whilst decreasing conduit artery diameter 

in the inactive limb, in the absence of changes in shear. We believe this response was as 

a result of myogenic constriction, since no changes in sympathetic nerve activity were 

observed during handgrip exercise. 

 

Previous human studies that have induced transient increases in blood pressure and 

reported conduit artery diameter changes have produced conflicting results, largely 
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because they were not specifically designed to isolate the myogenic response and 

because they involved disparate protocols. For example, Dyson and colleagues observed 

a reduction in brachial artery diameter following increases in pressure induced by 

muscle reflex activation, but no changes following the cold pressor test or mental stress 

tests (Dyson et al., 2006). This paper did not report MSNA.  Lind et al. reported no 

changes in brachial diameter in response to the either the cold pressor test or mental 

arithmetic, but did not report the effects of these interventions on brachial artery shear 

stress or sympathetic activation.  Padilla et al. recently reported that increases in blood 

pressure induced by limb lowering (Padilla et al., 2009) did not induce brachial artery 

vasoconstriction, but this study did not isolate changes in arterial pressure from those in 

shear.  Finally, Fairfax et al. recently utilised complex correlational analysis of beat-to-

beat blood pressure and flow measures to conclude that myogenic responses are present 

in humans (Fairfax et al., 2015). The rationale for these studies was different to our 

experiment and, as such, methodological differences included the application of a much 

shorter periods of pressure manipulation (e.g. 5 mins) (Lind et al., 2002; Dyson et al., 

2006). Notably, if 5 minute data were examined in isolation in the present study (Figure 

4.5A), no changes in brachial artery diameter would be apparent (P=0.67). In this 

context, Lott and colleagues suggested that the myogenic response to changes in 

transmural pressure induced by a forearm pressure tank were dependent upon the 

magnitude and duration of the stimulus (Lott et al., 2002) and the recent data of Ray et 

al. suggest that lower intensities of dynamic handgrip exercise, such as those used in the 

present experiment, do not substantively increase MSNA (Ray et al., 2013).  Our study 

compliments these previous experiments in that it isolates changes in transmural 

pressure from those in sympathetic activation and it also simultaneously measured 

responses in limbs in which shear stress either increased or remained at baseline levels. 

 

Our results also suggest that the brachial artery myogenic constriction we observed may 

have occurred in concert with an increase in forearm vascular resistance in the inactive 

limb (Figure 4.5). Since shear rate remained unaltered in the non-exercising limb in this 

experiment, the brachial artery constriction we observed was accompanied by 

simultaneous reductions in velocity. More broadly, this suggests that the resistance to 

arterial flow downstream from the brachial artery must have increased in the inactive 

limb. Indeed, the increase in resistance vessel constriction we report in the inactive limb 

(Figure 4.3) is consistent with a myogenic effect in these smaller resistance arteries. Our 



Page | 127  
 

findings are in line with some previous human studies that have reported myogenic 

responses in resistance vessels (Lott et al., 2007; Fairfax et al., 2015).  

 

Our results in the exercising limb differed from those in the non-exercising arm, due to 

the countervailing impact of shear stress on arterial dilation. Shear has repeatedly been 

demonstrated to induce improvements in vascular function (Pohl et al., 1986; Rubanyi 

et al., 1986; Niebauer & Cooke, 1996; Tuttle et al., 2001; Thijssen et al., 2009c; Tinken 

et al., 2009; Newcomer et al., 2011; Carter et al., 2013) and in animal models it has 

been proposed that flow- or shear-mediated dilation can attenuate the myogenic 

constriction otherwise observed in the presence of elevated pressure (Sun et al., 1995). 

Our findings strongly suggest that increases in arterial shear mitigate the underlying 

vasoconstrictive effects of transmural pressure in humans, highlighting the complex 

interplay between pressure and shear in vivo. 

 

Although we cannot entirely exclude a certain degree of sympathetic activation during 

the level of handgrip exercise applied in the present study, the MSNA data we obtained 

indicate that on average no systemic increase was apparent at 15 % MVC sustained for 

30 minutes.  The intensities of handgrip exercise we employed were not particularly 

intense and did not induce large increases in heart rate (<70 beats/min). This is well 

below 100 bpm, beyond which it is thought that significant sympathetic stimulation 

occurs during exercise (Rowell & O'Leary, 1990). In other human based experiments, it 

was concluded that rhythmic handgrip exercise (30 mins at 25 % MVC) does not evoke 

metaboreflex responses or large changes in skeletal muscle metabolites (Batman et al., 

1994). More recently, Ray et al. reported that MSNA only increased in response to 

rhythmic handgrip exercise at levels of exercise intensity that appear to be much higher 

(i.e. exercise to fatigue) than those used in our experiment (Ray et al., 2013), 

notwithstanding the difference between these experiments in terms of exercise duration.   

 

In conclusion, our findings indicate that acute exposure to elevations in transmural 

pressure, in the absence of changes in arterial shear rate and independent of changes in 

SNS activation, induced via a novel unilateral handgrip model, lead to a reduction in 

arterial calibre in humans. This novel in vivo observation of reduced diameter following 

arterial pressure elevation appears to be negated by exercise-induced elevations in shear 

rate, reinforcing the important role played by the endothelium and its detection of shear 

stress in vivo. 
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Chapter 5  
Study 4 

Sympathetic nervous system activation, arterial 

shear rate and flow mediated dilation 

Based on: Atkinson et al. (2014). Sympathetic nervous 

system activation, arterial shear rate and flow 

mediated dilation. Journal of Applied Physiology 116, 
1300-1307. DOI: 10.1152/japplphysiol.00110.2014 

 

5.0 Abstract 

The aim of this study was to examine the contribution of arterial shear to changes in 

flow mediated dilation (FMD) during sympathetic nervous system activation in healthy 

humans. Ten healthy men reported to our laboratory 4 times. Bilateral FMD, shear 

rate (SR) and catecholamines were examined before/after 10-minutes of -35 mm Hg 

lower body negative pressure (LBNP10). On Day 1, localised forearm heating 

(LBNP10+heat) was applied in one limb to abolish the increase in retrograde SR 

associated with LBNP. Day 2 involved unilateral cuff inflation to 75 mm Hg around 

one limb to exaggerate the LBNP-induced increase retrograde SR (LBNP10+cuff). 

Tests were repeated on Days 3-4, using 30 minute interventions (i.e LBNP30+heat, and 

LBNP30+cuff). LBNP10 significantly increased epinephrine-levels and retrograde SR 

and decreased FMD (all P<0.05). LBNP10+heat prevented the increase in retrograde 

SR, whilst LBNP10+cuff further increased retrograde SR (P<0.05). Heating prevented 

the decrease in FMD% after LBNP10 (interaction-effect P<0.05), whilst cuffing did not 

significantly exaggerate the decrease in FMD% (interaction-effect P>0.05). 

Prolongation of the LBNP stimulus for 30 mins normalised retrograde SR, 

catecholamine-levels and FMD (all P>0.05). Attenuation of retrograde SR during 30-
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minute (LBNP30+heat) was associated with increased FMD% (interaction-effects 

P<0.05), whilst increased retrograde SR (LBNP30+cuff) diminished FMD% 

(interaction-effects P<0.05). These data indicate that LBNP-induced SNS stimulation 

decreases FMD, at least in part due to the impact of LBNP on arterial shear stress. 

Prolonged LBNP stimulation was not associated with changes in shear rate or FMD%. 

Our data support a role for changes in SR to the impact of SNS-stimulation on FMD. 

 

5.1 Introduction  

The sympathetic nervous system (SNS) plays an important role in the regulation of 

vascular tone. Some previous studies have linked activation of the SNS to prognosis 

in cardiovascular disease (Cohn et al., 1984; Lahiri et al., 2008). Interestingly, 

physiological aging (Matsukawa et al., 1998) as well as cardiovascular disease 

(Leimbach et al., 1986) or risk (Narkiewicz et al., 2005) have been characterised by 

increased levels of SNS activity, and subsequent studies have related the elevated 

SNS activity to vascular reactivity (Dinenno et al., 2000; Dinenno et al., 2001).  These 

findings highlight the importance of the SNS in the regulation of vascular health in 

humans.  

 

Previous studies pertaining to endothelial function have reported that acute activation of 

the SNS leads to an immediate vasodilator impairment (Ghiadoni et al., 2000; 

Hijmering et al., 2002; Lind et al., 2002; Spieker et al., 2002), although this may 

depend upon the type of SNS-stimulus adopted (Dyson et al., 2006). Whilst the 

precise mechanisms underlying the relationship between SNS activation and 

endothelial function remain unclear, one possibility relates to the impact of SNS 

activation on shear stress, the frictional force that blood exerts on the endothelium of 

conduit arteries. A recent paper by Padilla and colleagues demonstrated that activation 

of the SNS leads to an immediate increase in retrograde shear stress (Padilla et al., 

2010), which is associated with decreased endothelial function (Laughlin et al., 2008; 

Thijssen et al., 2009c; Newcomer et al., 2011; Schreuder et al., 2014). The typical 

decrease in endothelial function during acute activation of the SNS may, therefore, 

be mediated through elevations in retrograde shear rate.  

 

The first aim of this experiment was to examine the role of shear patterns in the acute 

effect of the SNS on endothelial function, measured as brachial artery flow-mediated 
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dilation (FMD). To examine this hypothesis, we experimentally manipulated shear 

during SNS stimulation in one arm. More specifically, we unilaterally abolished 

(using local heat application) or augmented (using sub-diastolic cuff inflation), 

retrograde shear during SNS stimulation. FMD was examined simultaneously and 

bilaterally, before and after the test. We hypothesized that the decrease in FMD after 

a brief period of LBNP (10 mins) would be abolished by unilateral local heat 

application, but exaggerated when retrograde shear was increased by cuff placement 

around one forearm. Secondly, we examined whether the acute effect of SNS activation 

on endothelial function is apparent after both brief (10 mins) and prolonged (30 mins) 

LBNP. Given the dose-dependent relationship between acute changes in shear and 

artery diameter (Carter et al., 2013) and FMD (Thijssen et al., 2009c; Brunnekreef et 

al., 2012), we hypothesised a larger impact of shear on FMD after prolonged SNS 

activation. 

 

5.2  Methods 

Ethical Approval 

Study procedures were approved by the University of Western Australia’s institutional 

ethics committee and adhered to the Declaration of Helsinki. All subjects provided 

written, informed consent prior to participation in the study. 

Subject Characteristics  

Ten healthy, recreationally active males (28 ± 5 yrs; 178 ± 8 cm; 76 ± 9.4 kg) 

volunteered to participate. Based on their medical history, participants did not have any 

health problems and none were taking any medication. 

Experimental Design 

For this within-subject study, participants reported to our laboratory on 4 occasions. On 

each day, using high-resolution ultrasound, we simultaneously examined bilateral 

brachial artery shear rate patterns and endothelial function (i.e. FMD according to recent 

expert consensus guidelines (Thijssen et al., 2011a). After each intervention, we re-

examined brachial artery shear rate (baseline 1 minute), FMD and plasma 

catecholamine levels. On day 1-2, the intervention consisted of exposure to -35 mm Hg 

LBNP to activate the SNS and increase brachial artery retrograde shear rate. On day 1, 

the LBNP- mediated increase in brachial artery retrograde shear was unilaterally 
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abolished by application of heat to one forearm (LBNP+heat) (Naylor et al., 2011). On 

Day 2, LBNP-induced retrograde shear was unilaterally increased by inflation of a 

blood pressure cuff to 75 mm Hg around one forearm (LBNP+cuff) (Thijssen et al., 

2009c). We randomised the arm that received the cuff-stimulus between subjects, but 

this remained consistent between the testing days, within subjects. We also randomised 

the order of the LBNP+heat and LBNP+cuff testing days. On Day 3-4, these procedures 

were repeated, using a 30 minute intervention period. Across all intervention days, both 

between and within participants, the sonographer examined the same arm i.e. either 

LBNP alone or control vs LBNP+heat/cuff. 

 

Experimental Measures 

All participants attended testing sessions in a fasted state having been asked to refrain 

from exercise, alcohol and caffeine 18 h prior to all experimental testing. All 

participants were studied at the same time of day to control for the impact of circadian 

variation and tests were performed with a minimum of 1 day and a maximum of 7 days 

between testing sessions. On each day, instrumentation took place during the first 15 

minutes, when the subjects were placed with their lower body in the LBNP-tank in the 

supine position.  

 

LBNP-experiment 

During the LBNP-protocol, the subject was in the supine position with the lower limbs 

in an enclosed tank (VACUSport, GSA International GmbH&Co., Aachen, Germany). 

Throughout the protocol (10- and 30- minutes), LBNP-pressure was set at -35 mm Hg. 

All subjects successfully completed the protocols. 

 

Shear manipulation: heat 

During LBNP on Day 1, we heated one forearm. This allowed for a within-subject 

comparison of the impact of abolishing the increased exposure to retrograde shear rate 

during LBNP. 

 

Shear manipulation: sub-diastolic forearm cuff inflation 

During the LBNP-protocol on Day 2, a blood pressure cuff was inflated unilaterally 

around the forearm to ~75 mm Hg. This allowed for a within-subject comparison of the 

impact of exaggerating the increased brachial artery retrograde shear rate during LBNP. 
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This cuff pressure was maintained until cuff pressure was further increased to 220 mm 

Hg for the post-intervention assessment of FMD. 
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Plasma catecholamines 

Subjects rested supine whilst a blood sample (10mL) was drawn from an antecubital 

vein using a 22-gauge needle (BD Vacutainer® Eclipse™, Becton, Dickinson and 

Company, USA) to examine blood levels of epinephrine and norepinephrine. Blood was 

drawn immediately prior to, and at the end, of the 10- and 30- minute LBNP-stimuli 

(i.e. after performance of the FMD-procedures). Plasma was extracted and transferred to 

a microtube and frozen at -80°C. Post-test analysis of epinephrine and norepinephrine 

were performed in a four-step procedure. Catecholamines were adsorbed onto alumina 

at a pH of 8.6, washed and then eluted with a dilute acid, and analysed by high-

performance liquid chromatography with electrochemical detection. 

 

Endothelial Function 

To examine bilateral brachial artery FMD, the arm was extended and positioned at an 

angle of ~80° from the torso. FMD was assessed with the subject in the same position 

used for the LBNP protocol, so that no change in posture or movement between the 

interventions and testing procedures was necessary. Details pertaining to the FMD 

technique have previously been described in Chapter 3 under the heading “Assessment 

of brachial artery endothelial function”. 

 

Blood flow and shear rate 

Using the methods described above, brachial artery diameter and red blood cell 

velocity was recorded at the end of the 10- or 30- minute intervention across a 1 

minute period, during which we continuously recorded diameter and red blood cell 

velocity (30 Hz) to provide beat-to-beat-information. Using semi-automated 

software (see below) and the synchronised diameter and velocity data, we calculated 

the mean, antegrade and retrograde blood flow and shear rate. Antegrade and 

retrograde mean blood velocities per cardiac cycle were calculated using the 

average of only positive or negative data points, respectively, yielding within-

cardiac cycle values for these parameters. 

 

Central haemodynamics 

A Finometer PRO (Finapres Medical Systems, Netherlands) was used to measure 

changes in mean arterial pressure (MAP), heart rate (HR), cardiac output (CO) and 

stroke volume (SV) via photoplethysmography. These data were exported to a data 
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acquisition system PowerLab (LabChart 7, ADInstruments, Sydney, Australia) in real-

time. The finger cuff was placed around the middle phalanx of the index or middle 

finger of the hand of the non-cuffed arm. The subject was instructed not to move 

their arm or finger during recording. Total peripheral resistance (TPR) was calculated 

in real time in LabChart, whilst the cyclical measurement feature used systolic peaks to 

count and average heart rate (HR). 

 

Brachial Artery Diameter, Blood Flow and Shear Rate Analysis 

Analysis of brachial artery diameter was performed using custom-designed edge-

detection and wall-tracking software, which is independent of investigator bias. Recent 

papers contain detailed descriptions of our analysis approach (Woodman et al., 2001; 

Black et al., 2008a). From synchronised diameter and velocity data, blood flow (the 

product of lumen cross- sectional area and Doppler velocity) were calculated at 30 Hz. 

Shear rate (an estimate of shear stress without viscosity) was calculated as 4 times 

mean blood velocity/vessel diameter. Reproducibility of diameter measurements using 

this semi-automated software is significantly better than manual methods, reduces 

observer error significantly, and possesses an intra-observer CV of 6.7 % (Woodman et 

al., 2001). For the FMD, we identified the post-occlusion peak diameter using an 

algorithm, described in detail elsewhere (Black et al., 2008a). 

Statistics 
Statistical analyses were performed using SPSS 20.0 (SPSS, Chicago, IL) software. 

Following log transformation, blood levels of E and NE were compared using a paired 

Student’s t-test. Our primary outcome was brachial artery FMD. A 2-factor GLM 

(time x arm) was used to analyse changes in FMD%, mean, antegrade and retrograde 

shear rate after the 10-/30 minute LBNP-intervention (‘time’; pre versus post-

LBNP), and whether these changes across time differed between both arms (‘arm’: 

cuffed arm versus non-cuffed arm, or heated arm versus non-heated arm). All data are 

reported as mean (±SD) unless stated otherwise and statistical significance was assumed 

at P<0.05. Across all analyses, post-hoc analysis was performed using the least 

significant difference (LSD) method for pair-wise multiple comparisons (Rothman, 

1990; Perneger, 1998). 
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5.3  Results 

No differences in resting brachial artery diameter, blood flow or shear rate pattern, 

FMD%, FMDmm or SRAUC were reported between the various days (all P>0.05) or 

between arms (all P>0.05). Because of technical problems, we were unable to 

examine the data from 1 subject during the 10 min LBNP+heat trial and 2 subjects for 

the 30 min LBNP+heat trial. 

10-minute LBNP: role of shear 

LBNP10+heat. LBNP-protocol significantly increased HR and reduced SV, but did 

not change MAP or CO (Table 5.1). The 10 minute LBNP protocol did not change NE-

plasma levels (622 ± 148 vs. 756 ± 299 pmol/L, P=0.33), but significantly increased 

levels of E (52 ± 9 vs.71 ± 25 pmol/L, P=0.02). LBNP did not significantly change 

mean or antegrade brachial artery SR in either arm (Figure 5.1A, P=0.23, P=0.24 

respectively), whilst retrograde SR was significantly increased post-LBNP (Figure 

5.1A, P=0.003). In the contra-lateral arm, heat application prevented this increase in 

retrograde SR (Figure 5.1C, P=0.47). LBNP induced a significant decrease in brachial 

artery FMD%, which was not present in the contra-lateral arm (interaction-effect 

P=0.045, Figure 5.1B and D, respectively). When presented as FMDmm, we found a 

comparable decrease after 10 minute LBNP in both arms (Table 5.1). 

LBNP10+cuff. LBNP did not change MAP, SV, or CO, whilst a significant increase 

in HR was found (Table 5 . 1). LBNP did not change mean or antegrade brachial 

artery SR after 10 minutes of LBNP (Figure 5.2, P=0.12, P=0.31 respectively). 

Retrograde SR was significantly increased (Figure 5.2A, P=0.02), whilst cuff inflation 

resulted in a significantly larger increase in retrograde SR (Figure 5.2C, P<0.001). We 

found a significant decrease in brachial artery FMD% and FMDmm following 10 

minutes LBNP, which was similarly present in both arms (Figure 5.2B, D and Table 

5.1, respectively). No changes in brachial artery diameter and SRAUC were found 

across the protocol (Table 5.1). 
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Figure 5.1. Brachial artery mean (black) and antegrade/retrograde shear rate 

(white) before (0) and following 10 minute LBNP (10) in healthy volunteers 

(n=9). Results are shown for LBNP alone (A: LBNP) and LBNP combined 

with forearm heating (C: LBNP+heat) which was simultaneously measured in 

the contralateral limb. Brachial artery flow-mediated dilation (FMD) is 

presented before (black) and after (white) the 10 minute interventions in the 

LBNP- (B) and LBNP+heat intervention (D). Error bars represent SE. *Post hoc 

significantly different from baseline at P<0.05. 

 

* 

* 
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Figure 5.2. Brachial artery mean (black) and antegrade/retrograde shear rate 

(white) before (0) and following 10 minute LBNP (10) in healthy volunteers 

(n=9). Results are shown for LBNP alone (A: LBNP) and LBNP combined 

with forearm cuff inflation to 75 mm Hg (C: LBNP+Cuff) which was 

simultaneously measured in the contralateral limb. Brachial artery flow-mediated 

dilation (FMD) is presented before (black) and after (white) the 10 minute 

interventions in the LBNP- (B) and LBNP+Cuff intervention (D). Error bars 

represent SE. *Post hoc significantly different from baseline at P<0.05. 
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Table 5.1. Mean arterial pressure (MAP), stroke volume (SV), heart rate (HR), cardiac 
output (CO), brachial artery diameter, FMD and SRAUC before (pre) and after (post) 10 

minute LBNP+heat and LBNP+cuff in healthy volunteers (n=9). P-value represents a 2-
way ANOVA examining the impact of LBNP (Pre vs. Post; ‘time’) and whether the 

impact of LBNP differed between both arms. 

 LBNP LBNP+heat 1 and 2-way ANOVA 
 

 

Pre Post Pre Post time arm time*arm 

MAP 
(mmHg) 86±4 87±8   0.75   

SV (mL) 71±8 63±9   <0.01   

HR (bpm) 58±6 62±6   <0.01   

CO (L) 4.1±0.7 3.9±0.7   0.14   

Diameter 
(mm) 4.12±0.68 4.13±0.65 4.08±0.72 4.00±0.67 0.40 0.79 0.15 

FMD (mm) 0.22±0.07 0.16±0.11 0.22±0.09 0.20±0.10 0.047 0.63 0.12 

SRAUC 
(103·s-1) 

17.6±10.7 14.5±5.2 18.4±10.2 18.0±7.1 0.36 0.41 0.11 

(103·s-1)        
 LBNP LBNP+cuff    
 Pre Post Pre Post time arm time*arm 

MAP 
(mmHg) 86±5 86±9   0.85   

SV (mL) 66±13 62±7   0.09   

HR (bpm) 58±7 65±7   <0.01   

CO (L) 3.8±0.9 4.0±0.5   0.36   

Diameter 
(mm) 4.0±0.7 3.9±0.7 4.0±0.6 4.0±0.6 0.41 0.85 0.94 

FMD (mm) 0.24±0.08 0.16±0.09* 0.21±0.09 0.15±0.08* 0.01 0.41 0.31 

SRAUC 

(103·s-1) 
15.2±5.9 13.4±4.4 16.7±8.2 12.3±3.1 0.16 0.90 0.20 

*Post-hoc significantly different from Pre at P<0.05 
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Table 5.2. Mean arterial pressure (MAP), stroke volume (SV), heart rate (HR), cardiac 
output (CO), brachial artery diameter, FMD and SRAUC before (pre) and after (post) 30 

minute LBNP+heat and LBNP+cuff in healthy volunteers (n=8). P-value represents a 2-
way ANOVA examining the impact of LBNP (Pre vs. Post; ‘time’) and whether the 

impact of LBNP differed between both arms. 

 LBNP LBNP+heat 1 and 2-way ANOVA 
 Pre Post Pre Post time arm time*arm 

MAP (mmHg) 
84±9 86±8   0.22   

SV (mL) 76±6 68±7   0.01   

HR (bpm) 59±7 65±10   0.01   

CO (L) 4.5±0.8 4.4±0.7   0.40   

Diameter 
(mm) 4.17±0.80 4.21±0.71 4.10±0.38 4.10±0.43 0.70 0.62 0.70 

FMD (mm) 0.21±0.05 0.19±0.07 0.20±0.06 0.26±0.06* 0.016 0.36 0.047 

SRAUC 
(103·s-1) 

17.1±8.7 14.0±6.8 18.9±5.9 26.4±9.0* 0.32 0.043 0.003 
 
 

(103·s-1)        

 

 

LBNP LBNP+cuff    
 Pre Post Pre Post time arm time*arm 
MAP (mmHg) 

84±10 86±9   0.58   

SV (mL) 86±5 72±6   <0.01   

HR (bpm) 59±8 63±11   0.04   

CO (L) 5.1±1.4 4.5±1.1   <0.01   

Diameter 
(mm) 

4.0±0.6 4.0±0.6 4.0±0.6 4.0±0.7 0.63 0.94 0.69 

FMD (mm) 0.21±0.11 0.20±0.09 0.21±0.11 0.14±0.07* 0.08 0.38 0.02 
SRAUC 

(103·s-1) 
16.5±6.6 13.2±6.3 16.9±6.4 15.4±5.3 0.12 0.60 0.40 

*Post-hoc significantly different from Pre at P<0.05 
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30-minute LBNP: role of shear 

LBNP30+heat. The 30-minute LBNP-protocol significantly increased HR and lowered 

SV, whilst no change in MAP and CO was observed (Table 5.2). LBNP did not change 

plasma levels of NE (630 ± 296 versus 840 ± 570 pmol/L, P=0.10) or E (66 ± 30 vs. 63 

± 32 pmol/L, P=0.55). Following LBNP, we found no change for mean, antegrade or 

retrograde SR in the control arm (P=0.25, 0.32, and 0.32 respectively, Figure 5.3A). The 

heated arm revealed no change in antegrade SR (P=0.19; Figure 5.3C), but showed an 

increase in mean SR (P=0.05; Figure 5.3C) and lower retrograde SR (P=0.04; Figure 

5.3C). LBNP did not change FMD% or FMDmm, whilst an increase in FMD% and 

FMDmm were observed in the heated arm (interaction-effects P<0.05, Figure 5.3B, D 

and Table 5.2, respectively). 

LBNP30+cuff. LBNP significantly increased HR and lowered SV and CO (Table 5.2), 

whilst MAP did not change (Table 5.2). At 30 minutes of LBNP, we found no 

difference in mean, antegrade or retrograde SR compared to baseline (P=0.10, P=0.23, 

and P=0.13 respectively, Figure 5.4A). Cuff inflation significantly increased retrograde 

SR compared to the contra-lateral arm (interaction-effect; P<0.01, Figure 5 . 4C). We 

found no change in brachial artery FMDmm or FMD% after LBNP, whilst a 

decrease was observed in the cuffed arm (interaction-effects P<0.05, Table 5.2 and 

Figure 5.4B, C, respectively). In both arms, no change in diameter and SRAUC were 

found (Table 5.2). 
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Figure 5.3. Brachial artery mean (black) and antegrade/retrograde shear rate 

(white) before (0) and following 30-minute LBNP (30) in healthy volunteers 

(n=8). Results are shown for LBNP alone (A: LBNP) and LBNP combined 

with forearm heating (C: LBNP+heat) which was simultaneously measured in 

the contralateral limb. Brachial artery flow-mediated dilation (FMD) is presented 

before (black) and after (white) the 30-minute intervention in the LBNP- (B) and 

LBNP+heat intervention (D). Error bars represent SE. *Post hoc significantly 

different from baseline at P<0.05. 
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Figure 5.4. Brachial artery mean (black) and antegrade/retrograde shear rate 

(white) before (0) and following 30 minutes LBNP (30) in healthy volunteers 

(n=8). Results are shown for LBNP alone (A: LBNP) and LBNP combined with 

forearm cuff inflation to 75 mm Hg (C: LBNP+Cuff) which was simultaneously 

measured in the contralateral limb. Brachial artery flow-mediated dilation (FMD) 

is presented before (black) and after (white) the 30 minute intervention in the 

LBNP- (B) and LBNP+Cuff intervention (D). Error bars represent SE. *Post hoc 

significantly different from baseline at P<0.05. 
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5.4 Discussion 

The purpose of this study was to examine the role of shear patterns in mediating 

changes in endothelial function following brief and more prolonged periods of SNS 

stimulation in healthy humans. Our findings confirm some previous studies 

(Hijmering et al., 2002; Lind et al., 2002; Dyson et al., 2006), in that SNS stimulation 

using 10 minutes of LBNP increased epinephrine-levels and retrograde SR, and 

decreased brachial artery FMD. Within-subject manipulation of retrograde SR by local 

heating (which abolished the increase in retrograde SR), but not by sub-diastolic cuff 

inflation (which increased retrograde SR), altered the magnitude of change in FMD. 

This suggests that changes in retrograde shear contribute, at least partly, to changes 

in FMD after short-term SNS stimulation. In contrast to these results after short-term 

stimulation, 30 minute of SNS-stimulation revealed no change in retrograde shear, 

nor/epinephrine-levels or FMD. Within-subject attenuation in retrograde SR by local 

heating increased FMD, whilst exaggeration of retrograde shear via cuff inflation 

during the 30 min period of LBNP resulted in a decrease in brachial artery FMD. These 

findings concur with those above, in that changes in retrograde shear rate play a role in 

changes in FMD during LBNP. 

 

We adopted a 10 minute protocol of -35 mm Hg LBNP to increase sympathetic nerve 

activity. The significant increases in epinephrine-levels and heart rate suggest that our 

protocol induced a significant increase in SNS activity. Furthermore, we found that the 

increase in SNS activity in our 10 minute protocol was associated with a significant 

increase in retrograde shear and decrease in brachial artery FMD in healthy volunteers. 

This observation of an immediate decrease in FMD is in line with several other studies 

performed in conduit (Hijmering et al., 2002; Lind et al., 2002; Dyson et al., 2006) and 

resistance vessels (Sarabi & Lind, 2001). However, the decline in FMD is not a 

universal finding, and may depend on the method used to increase SNS activity (Dyson 

et al., 2006). 

 
Our primary aim was to understand the role of shear rate in mediating changes in 

FMD following LBNP. We found that LBNP resulted in an immediate increase in 

retrograde shear rate. This finding supports recent work from Padilla et al. (2010), who 

reported that acute elevations in muscle sympathetic nerve activity, adopting 3 different 

methods, are associated with elevations in retrograde shear (Padilla et al., 2010). To 
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examine the link between LBNP-mediated increases in retrograde shear and FMD, we 

effectively manipulated retrograde shear by unilateral local heat application (to abolish 

the increase in retrograde shear) and inflation of a cuff around the forearm (to further 

increase retrograde shear) during LBNP (Figure 5.1 & 5.2). As we performed bilateral 

simultaneous assessment of brachial artery FMD, both arteries were exposed to the 

same systemic LBNP-stimulus. Abolishing the LBNP-mediated increase in retrograde 

shear rate effectively prevented the decrease in FMD, supporting our hypothesis that 

changes in FMD after SNS-stimulation are, at least partly, mediated by changes in 

retrograde shear. Importantly, heating selectively prevented the change in retrograde 

shear, without affecting the antegrade shear rate. This is relevant because previous 

findings have suggested an important role for antegrade shear in acutely changing 

diameter (Carter et al., 2013) and FMD (Tinken et al., 2009). In contrast to the findings 

observed during local heating, exaggerating retrograde shear using cuff inflation did not 

further decrease FMD following 10 minutes of LBNP. Earlier findings suggest that the 

change in FMD after short-term change in retrograde shear is dose-dependent (Thijssen 

et al., 2009c). This suggests that the relatively brief period of retrograde shear 

associated with our 10 minute stimulus, was insufficient to induce a further diminution 

in FMD. In any event, our study provides evidence that SNS activity, elicited by 10 

minutes of LBNP, leads to an immediate decrease in brachial artery FMD in healthy 

subjects which is, at least partly, linked to changes in retrograde shear rate. 

 

When we repeated the LBNP-experiment using a 30 minute stimulus, we 

unexpectedly found distinct responses. Although the significant increase in heart rate 

and drop in stroke volume and cardiac output indicate that 30 minutes of LBNP 

altered central haemodynamics, we found no change in nor/epinephrine-levels, or SR 

patterns, relative to pre-LBNP measures. More importantly, we observed no change in 

brachial artery FMD-response after 30 minutes LBNP. Interestingly, our data 

represent the first observation of a time-dependent effect of LBNP on FMD in 

humans, and support the idea that prolonged exposure to LBNP may not inhibit 

endothelial function in humans. Although our study design was originally not set-up to 

examine this, the contrast with the briefer period of 10 minutes LBNP suggests that 

the vasculature may accommodate to prolonged LBNP in a manner that normalises 

retrograde shear and, hence, limits impacts on endothelial function. Despite the 

accommodation of the shear pattern, changes in central haemodynamics to 30-minute 

LBNP were comparable to those observed after 10 minutes. At least, this suggests 
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that the regulation of retrograde shear rate is not simply explained through changes in 

peripheral vascular tone alone, but may also relate to other mechanisms such as 

pressure from wave reflections (Heffernan et al., 2013). An effect of shear, as 

against direct effects of SNS activation per se, is supported by our observation that 

heating attenuated retrograde shear and increased FMD whilst cuff inflation increased 

retrograde shear and decreased FMD. These effects occurred despite simultaneous 

LBNP exposure. Our results therefore reinforce the 10 minute data in that they also 

indicate that changes in FMD during prolonged SNS-activation are, at least partly, 

mediated by changes in retrograde shear rate. 

 

Several previous studies in animals have examined the impact of short-term increases in 

retrograde shear rate and have found that such increases lead to the upregulation of pro 

atherogenic genes (e.g. vascular cell adhesion molecule 1, intercellular adhesion 

molecule 1, endothelin-1) and down-regulation of anti-atherogenic genes (e.g. 

endothelial nitric oxide synthase) (Laughlin et al., 2008; Newcomer et al., 2011). Such 

changes in gene expression may impact endothelial function. Whether activation of the 

SNS indeed mediates changes in endothelial function through these mechanisms needs 

to be assessed in future studies. 

 

Our findings may shed some light on previous disparity in the literature regarding the 

impact of the SNS on FMD. A previous study highlighted that different SNS activation 

protocols may induce distinct FMD responses (e.g. LBNP, cold pressor test, mental 

arithmetic, muscle chemoreflex) (Dyson et al., 2006). Different LBNP protocols 

(continuous vs. incremental pressure) and level of LBNP suction (-20 mm Hg vs. -30 

mm Hg) have also been adopted. It is possible that each of these distinct protocols has 

different impacts on shear patterns, which in turn influences the magnitude of impact on 

FMD. These issues emphasise the importance of adopting within-subject experimental 

designs to understand the impact of SNS-activity on the FMD. Our observation of the 

distinct change in FMD during 10- versus 30- minute LBNP raises questions regarding 

the relationship between resting FMD and resting levels of SNS. Previous studies have 

suggested that resting levels of SNS activity (via heart rate variability (Kaufman et al., 

2007) or catecholamine-levels (Jarvisalo et al., 2006; Kaplon et al., 2011) inversely 

relate to endothelial function in healthy subjects and clinical groups. Our results, 

however, suggest that FMD normalises when exposed to a prolonged stimulus of LBNP 

that is likely associated with elevated levels of SNS activity. It is important to 
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emphasise that we specifically focused on the acute impact of a substantial increase in 

SNS activity through LBNP, whilst these previous studies have focused on chronic 

resting levels of SNS activity. Therefore, the mechanisms relating the SNS to 

endothelial function in vivo may differ between acute or chronic activation. 

 

A potential limitation of our study is that our results are difficult to extrapolate to other 

populations, especially groups characterized by an elevation in SNS activity. 

Understanding the impact of the sympathetic nerve system on the vasculature in these 

populations will require disease specific studies. Another potential limitation of our 

study is that we did not examine the impact of LBNP and/or cuff inflation on brachial 

artery endothelium-independent dilation. Although others found no effect of LBNP-

stimulation (Hijmering et al., 2002) or mental stress (Ghiadoni et al., 2000) on 

endothelium-independent dilation, we cannot exclude that the effects of SNS-

stimulation in our study are specific for endothelial function. Another potential 

limitation is that we did not randomise the order of the 10- and 30- minute experiments. 

Whilst this may have introduced an order effect, randomisation was applied to: 1. the 

order of heat- and cuff-experiments (for the 10- and 30- minute experiments), and 2. the 

arm undergoing the heat-/cuff experiment. 

 
Previous studies have demonstrated a strong link between activation of the sympathetic 

nervous system and the development of cardiovascular disease. However, the precise 

mechanisms underlying the relationship between sympathetic nervous system activation 

and endothelial function have not been fully characterised. We found that short-term 

exposure to LBNP leads to an immediate increase in retrograde shear and decrease in 

brachial artery FMD. Abolishing retrograde shear during LBNP attenuated the decrease 

in FMD, which supports a role for shear stress in the immediate change in FMD 

observed during SNS stimulation. Whilst longer-term LBNP did not change retrograde 

shear or FMD, unilateral shear rate manipulation resulted in significant and directional 

changes in FMD. These findings support a role for shear rate in the changes in FMD 

observed during SNS-stimulation. 
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Chapter 6 
Study 5 

Impact of sympathetic nervous system activity on 
post-exercise flow-mediated dilation in humans 

 
Based on: Atkinson et al. (2015). Impact of sympathetic nervous system 

activity on post-exercise flow-mediated dilation in humans. 
In second revision at Journal of Physiology 

 

6.0 Abstract 

Transient reduction in vascular function following systemic large muscle group exercise 

has previously been reported in humans. The mechanisms responsible are currently 

unknown.  We hypothesised that sympathetic nervous system activation, induced by 

cycle ergometer exercise, would contribute to post-exercise reductions in flow-mediated 

dilation (FMD).  Ten healthy male subjects (28 ± 5years) undertook two 30 minute 

sessions of cycle exercise at 75 % HRmax. Prior to exercise, individuals ingested either 

a placebo or an α1-adrenoreceptor blocker (Prazosin; 0.05 mg.kg-1). Central 

haemodynamics, brachial artery shear rate (SR) and blood flow profiles were assessed 

throughout each exercise bout and in response to brachial artery FMD, measured prior 

to-, immediately after, and 60 minutes post-exercise. Cycle exercise increased both 

mean and antegrade SR (P<0.001) with retrograde SR also elevated under both 

conditions  (P<0.001). Pre-exercise FMD was similar on both occasions, and 

significantly reduced (27 %) immediately following exercise in the placebo condition (t-

test, P=0.03). In contrast, FMD increased (37 %) immediately following exercise in the 

Prazosin condition (t-test, P=0.004, interaction effect P=0.01).  Post-exercise FMD 

remained different between conditions after correction for baseline diameters preceding 

cuff deflation and also post-deflation shear rate.  No differences in FMD or other 

variables were evident 60 minutes following recovery. Our results indicate that 

sympathetic vasoconstriction competes with endothelium-dependent dilator activity to 

determine post-exercise arterial function. These findings have implications for 
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understanding the chronic impacts of interventions, such as exercise training, which 

affect both sympathetic activity and arterial shear stress. 

 

6.1 Introduction 

Flow-mediated dilation (FMD) is a widely used method of assessment of vascular 

function that provides a surrogate index for arterial health (Takase et al., 1998; Gocke et 

al., 2003; Thijssen et al., 2011a). Whilst the chronic effect of exercise training on FMD 

has been documented in a wide range of individuals (Maiorana et al., 2001a; Green et 

al., 2004; Watts et al., 2004; Tinken et al., 2008; Tinken et al., 2010; Birk et al., 2012), 

the impact of acute exercise on FMD responses is less clear (Dawson et al., 2013). The 

acute FMD response to large muscle mass exercise has therefore been a focus for recent 

studies, with a number of these documenting a transient reduction in FMD (Goel et al., 

2007; Dawson et al., 2008; Jones et al., 2010; Johnson et al., 2012b; Birk et al., 2013) 

which may be intensity-dependent (Johnson et al., 2012b; Birk et al., 2013). In addition, 

studies focusing on the impact of cycle ergometer exercise have demonstrated 

reductions in FMD in the upper limb vasculature (Jones et al., 2010; Johnson et al., 

2012b; Birk et al., 2013), that return to baseline levels approximatetly 1 hr following the 

exercise bout, invoking the concept of “hormesis” (Padilla et al., 2011a).  The 

mechanisms responsible for this apparent reduction in FMD immediately following 

exercise are currently unknown, but may include oxidative stress, changes in blood 

pressure, arterial shear rate (in particular retrograde shear rate (Dawson et al., 2013)), 

and/or sympathetic nervous system (SNS) activation. 

 

We have previously published studies pertaining to the impact of distinct patterns of 

blood flow and shear rate on FMD responses (Thijssen et al., 2009c; Tinken et al., 

2009; Carter et al., 2013; Thijssen et al., 2014). Retrograde shear rate has been linked to 

a pro-atherogenic phenotype (Chappell et al., 1998; Ziegler et al., 1998; Hastings et al., 

2007; Laughlin et al., 2008; Conway et al., 2010) and reductions in arterial diameter 

(Carter et al., 2013) and FMD (Thijssen et al., 2009c; Tinken et al., 2009; Schreuder et 

al., 2014). Exercise that predominently activates the lower limbs, for example cycle 

ergometry, increases retrograde shear rate in the brachial artery (Green et al., 2002; 

Green et al., 2005; Thijssen et al., 2009b; Padilla et al., 2011b), particularly during the 

initial phase of exercise.  It was recently suggested by Padilla and colleagues that this 

may be linked to increased vasoconstrictor outflow (Padilla et al., 2010; Simmons et al., 
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2011a).  However, the systemic impact of elevations in retrograde shear rate mediated 

by SNS activation during lower limb exercise has not been directly studied. 

 

Sympathetic nervous system activation, independent of exercise, has also been linked to 

reduction in FMD (Ghiadoni et al., 2000; Hijmering et al., 2002; Lind et al., 2002; 

Spieker et al., 2002; Dyson et al., 2006). Hijmering et al. utilised lower body negative 

pressure (LBNP: -20mmHg) to increase sympathetic outflow and demonstrated an acute 

reduction in FMD that was abolished by intra-arterial infusion of phentolamine 

(Hijmering et al., 2002). Whilst other studies could not replicate LBNP-induced 

reductions in FMD (Dyson et al., 2006), reduced FMD responses have been observed 

following mental stress (Ghiadoni et al., 2000; Spieker et al., 2002) and cold pressor 

tests (Lind et al., 2002; Dyson et al., 2006). We recently demonstrated that LBNP of -

35 mm Hg reduced brachial artery FMD (Thijssen et al., 2014) and that this response 

was mitigated when the increase in retrograde shear rate induced by LBNP was 

abolished by the simultaneous application of a heating stimulus.  We concluded that 

SNS activation induced by LBNP may cause a reduction in FMD which is, at least 

partly, due to changes in arterial shear rate patterns. This experiment was performed in 

resting subjects. 

 

The impact of exercise-mediated SNS activation on brachial artery FMD remains 

unclear, as does the extent to which any such impact can be attributed to changes in 

arterial (especially retrograde) shear rate. We therefore hypothesised that SNS 

activation as a result of cycle exercise would contribute to reductions in post-exercise 

FMD, an effect mediated by changes in brachial artery shear rate. 

 

6.2 Methods 

Ethical Approval 

All study procedures were approved by the University of British Columbia (Okanagen) 

institutional ethics committee and adhered to the Declaration of Helsinki. All 

participants provided written, informed consent before participating in the study. 

 

Subject Characteristics 

Ten healthy, recreationally active male subjects (age: 28 ± 5 years, height: 1.91 ± 0.40 

m, weight: 80.1 ± 14.7 kg) volunteered for the study. Subjects were normotensive 
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(SBP<130 and DBP<85 mm Hg), medication free and non-smokers, with no previous 

history of cardiovascular disease/s.  

 

Experimental Design 

Participants were required to report to our laboratory on two occasions. All participants 

arrived in a fasted state (>6 hrs) (Thijssen et al., 2011a), having avoided strenuous 

exercise, alcohol and caffeine for a minimum of 8hrs prior to testing. Time of day of 

testing sessions was kept consistent for each participant with a minimum of 48 hrs and 

maximum of 7 days between sessions. Ninety minutes before commencing the 

experimental protocol participants orally ingested a capsule containing either an α1-

adrenoreceptor blocker (Prazosin; 0.05 mg.kg-1 body mass) or a placebo (empty capsule) 

and were instructed to lie down. This dosage of Prazosin provides ~80 % alpha 

blockade and has previously been utilised in research studies similar in nature (Jones et 

al., 2011; Lewis et al., 2013; Lewis et al., 2014).  Following 90 minutes rest, 

individuals were placed on a semi-supine bike (Lode Ergometer, Lode, Groningen, 

Netherlands) and their arm was extended and secured ~80° from the torso. An initial 

assessment of brachial artery endothelial function, using the flow-mediated dilation 

technique (Thijssen et al., 2011a), was then conducted. Each subject then completed 30 

minutes of cycle exercise at 75 % max heart rate (mean workloads were 161 ± 16 W in 

the placebo condition and 140 ± 20 W in the Prazosin condition). During every 5 minute 

period of exercise, a 1 minute measurement of brachial artery shear rate and blood flow 

was recorded, whilst blood pressure parameters were recorded continuously (Finometer 

Pro, Finapres Medical Systems, Amsterdam, Netherlands). Previous data from our 

laboratory indicates that the CV associated with repeated Finometer measures collected 

at rest is ~5 % (Lewis et al., 2015) and others have validtated model flow approaches 

during exercise (Sugawara et al., 2003). Post-exercise FMD was then measured 

immediately, and 60 minutes following, exercise cessation. The order of the conditions 

i.e. Prazosin vs placebo, was randomised.  

 

Experimental Measures 

Central heamodynamics 

Changes in mean arterial pressure (MAP), heart rate (HR), cardiac output (CO), stroke 

volume (SV) and total peripheral resistance index (TPRi) were continuously measured 

using a Finometer PRO (Finapres Medical Systems, Netherlands), with data exported 

into PowerLab (Labchart 7, AD Instruments, Sydney, Australia). 
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Assessment of brachial artery endothelial function 

Brachial artery endothelial function was assessed using the same procedure described in 

Chapter 3, with the FMD procedure being conducted prior to- immediately, and 60-

minutes following, cycle ergometer exercise. 

 

Brachial artery diameter and blood flow/shear rate analysis 

Brachial artery diameter and velocity were analysed using a custom-designed edge-

detection and wall-tracking software, which is largely independent of investigator bias 

(Woodman et al., 2001), described in detail in Chapter 3, 6 and elsewhere (Black et al., 

2008a; Thijssen et al., 2011a). Shear rate (SR) was calculated as 4 times mean blood 

velocity divided by vessel diameter. Finally, FMD was calculated in absolute (mm) and 

relative (%) terms as the increase from resting baseline diameter to peak diameter, 

described elsewhere (Black et al., 2008a; Thijssen et al., 2011a). 

 

Statistics 

Statistical analysis was performed using SPSS 22.0 (SPSS, Chicago, IL). All data are 

reported as mean ± SD unless otherwise stated and the statistical significance was 

assumed at P<0.05. A two-way repeated measures analysis of variance (ANOVA) was 

used to compare mean SR & BF across ‘time’ (9 time points throughout- and post- 

exercise) and between ‘conditions’ (Placebo & Prazosin). Similar analysis was 

performed on each of the following variables: antegrade SR & BF, retrograde SR & BF, 

MAP, HR, SV, CO, TPRi, vascular conductance and brachial artery diameter.  

Additional two-way repeated measures ANOVA was completed for the assessment 

across time (pre, post & post 60) and condition (Placebo & Prazosin) for baseline 

brachial artery diameter, change in diameter during the FMD, FMD%, and FMD SR 

area under curve (SRAUC). Post-hoc analysis was performed using the least significant 

difference (LSD) methods. Finally, we analysed the effects of time (Pre, Post & Post60) 

and condition (Placebo & Prazosin) for FMD variables, on the change in logarithmically 

transformed diameter using a linear mixed model (LMM) using baseline arterial 

diameter and SRAUC as covariates (Atkinson et al., 2013). This approach accounts for 

any changes in FMD that may be related to baseline diameter or SR differences between 

conditions. 
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6.4 Results 
There were no differences in pre-exercise measures of brachial artery diameter, SR, 

FMD%, or SRAUC between the two testing conditions (placebo vs. alpha) (Table 6.1, all 

P>0.05).  

 

Exercise heamodynamics 

Mean arterial pressure increased in response to exercise in both the placebo and 

Prazosin conditions (time P<0.001, Figure 6.1). Whilst higher values were evident 

under the placebo condition during exercise, these differences were statistically 

insignificant (P=0.06 for condition; P=0.12 interaction effect). HR was significantly 

elevated throughout exercise, with elevations higher under the Prazosin condition 

(condition effect P=0.04, Figure 6.1). Stroke volume was also elevated throughout 

exercise, with higher values under the placebo condition (P=0.03) and no interaction 

effect (interaction effect P=0.10). Cardiac output and TPRi did not differ between 

conditions (Figure 6.1). 

 

Brachial artery shear rate and blood flow 

Mean SR was elevated significantly in both conditions during exercise (P<0.001) with a 

significant condition*time interaction (P=0.01). Post hoc tests revealed significantly 

higher mean SR at the 5 minute exercise time point under the Prazosin condition 

(P=0.02, Figure 6.2), with no significant differences at any other exercise time point. 

Antegrade SR increased in both conditions during exercise (time P<0.001), with a 

significant condition*time interaction (P=0.03). Similar to mean SR, post hoc tests 

demonstrated a significantly higher antegrade SR at the 5 minute exercise time point in 

the Prazosin condition. Retrograde SR also increased significantly in both conditions 

(time both P<0.001), although no difference was evident in this increase between the 

conditions (interaction effect P=0.08, Figure 6.2).  

 

Both mean and antegrade BF increased with exercise in both conditions (both P<0.001) 

with both demonstrating a significant condition*time interaction (P=0.02 and P=0.01, 

respectively). Post hoc tests revealed that at the 5 and 10 minute exercise time points, 

both mean and antegrade flows were higher in the Prazosin condition. Finally, 

retrograde BF increased under both conditions (P<0.001), with no condition or 

interaction effects apparent (P=0.22 and P=0.14 respectively).  
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Vascular conductance increased in both conditions (P<0.001) but this increase was not 

significant between the two conditions (condition effect P=0.24, Figure 6.3). Finally, 

brachial artery diameter increased during the exercise session in both conditions 

(P<0.001) but this effect was not different between the two conditions (condition effect 

P=0.80, Figure 6.3). 

 

FMD Parameters 

Two-way ANOVA performed on baseline brachial artery diameter revealed a 

significant time effect (P=0.04), but no condition or interaction effects (Table 6.1).  A 

significant time*condition interaction was evident for FMD (%) (P=0.01, Figure 6.4). 

Post-hoc tests indicated a significant FMD reduction immediately following the 30 

minute exercise intervention (P=0.03) under the placebo condition, whereas an increase 

in FMD was observed with Prazosin (P=0.004, Figure 6.4). In terms of the post cuff 

deflation SR stimulus to FMD [FMD SRAUC (103·s-1)], Prazosin was associated with 

elevated values both before and after exercise (condition effect P < 0.01). However, 

when corrected for changes in both diameter and SRAUC [CORRECTED FMD (%), 

Table 6.1], the interaction effect for FMD remained (P<0.01). 
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Table 6.1. Baseline (pre-exercise) and post exercise FMD, shear rate and blood flow, on each day. 

*Post-hoc significantly different from Pre at P<0.05

 PLACEBO PRAZOSIN 2-way ANOVA 

 Pre Post 
Post 

60mins 
Pre Post 

Post 

60mins 
Condition Time Time*Condition 

Baseline 
diameter (mm) 

4.43±0.28 4.78±0.66 4.41±0.33 4.44±0.28 4.57±0.34 4.50±0.26 0.55 0.04 0.11 

Change in 
diameter during 

FMD (mm) 
0.22±0.07 0.15±0.05 0.25±0.07 0.21±0.05 0.29±0.08 0.26±0.13 0.07 0.16 0.01 

FMD (%) 5.09±1.65 3.22±1.13 5.78±1.69 4.70±1.18 6.32±1.91 5.76±2.82 0.06 0.11 0.01 

FMD SRAUC 
(103·s-1) 

15.87±9.05 30.34±9.30 17.71±4.36 20.15±8.36 37.42±11.15 26.21±8.12 0.01 <0.001 0.41 

CORRECTED 
FMD (%) 

2.10±0.56 1.69±0.62 2.47±0.63 2.02±0.48 2.56±0.86 2.43±1.13 0.19 0.10 <0.01 
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Figure 6.1. Mean arterial pressure (MAP), heart rate (HR), stroke volume 
(SV), cardiac output (CO) and total peripheral resistance index (TPRi) across 
30 minutes of cycle exercise at 75 % HRmax. Grey squares denote ‘Placebo’ 
condition and black squares denote ‘Prazosin’ condition. Error bars represent 
SE. Statistical significance assumed at P≤0.05 and # representing statistical 
significance between conditions. 
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Figure 6.2. Mean, antegrade and retrograde shear rate (SR) comparisons 
across 30 minutes of cycle exercise at 75 % HRmax under ‘Placebo’ (grey 
squares) and ‘Prazosin’ (black squares). Error bars represent SE. Statistical 
significance assumed at P≤0.05 and # represents statistical significance 
between conditions. 
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Figure 6.3. Blood flow, conductance, brachial artery velocity and arterial 
diameter across 30 minutes of cycle exercise at 75 % HRmax under 
‘Placebo’ (grey squares) and ‘Prazosin’ (black squares). Error bars represent 
SE. Statistical significance assumed at P≤0.05 and # represents statistical 
significance between conditions. 
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Figure 6.4. Brachial artery flow-mediated dilation (FMD) prior to, immediately post and 60 minutes following 30 minutes 
cycle exercise at 75 % HRmax in the (A) Placebo condition (grey bars) and (B) Prazosin condition (black bars). Error bars 
represent SE. Statistical significance assumed at P≤0.05 and * represents statistical significance from ‘Pre’ value. 
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6.4 Discussion 

In keeping with several previous studies examining large muscle group exercise (Goel 

et al., 2007; Dawson et al., 2008; Jones et al., 2010; Johnson et al., 2012b; Birk et al., 

2013), we observed a transient post-exercise reduction in brachial artery FMD 

following 30 minutes of cycle ergometer exercise in the present study. This effect was 

abolished by the ingestion of Prazosin, a specific α1-adrenoceptor blocker, suggesting 

that exercise-induced increases in SNS activation contribute to the acute effects of 

exercise on arterial function in vivo.   

 

Whilst an acute impact of exercise on arterial function has been previously reported 

(Goel et al., 2007; Dawson et al., 2008; Jones et al., 2010; Johnson et al., 2012b; Birk et 

al., 2013), these studies have not fully addressed the mechanisms responsible. The 

impact of SNS activation on FMD may be due to direct interactions between 

neurotransmitters and endothelium-dependent vasodilators (Kolo et al., 2004) or 

secondary impacts of sympathetic vasoconstriction on arterial SR during exercise, or 

both. In this context, we recently demonstrated that FMD reduction during LBNP was 

ameliorated by applying a forearm heating stimulus that normalised the brachial artery 

retrograde shear rate (Thijssen et al., 2014). These findings  indicated that changes in 

FMD at rest may, at least partly, result from LBNP effects on retrograde shear rather 

than direct impacts on endothelium-mediated dilation per se. In the present study, the 

impact of Prazosin on FMD cannot be ascribed to impacts of this drug on SR responses 

during exercise, as it was associated with small but significant increases in retrograde 

shear across the exercise period. These findings therefore infer that the α1-blockade may 

have direct impacts on the nitric oxide-dilator pathway and FMD response during large 

muscle group lower limb exercise. Indeed, a number of studies in animals have 

indicated that nitric oxide interacts with noradrenaline, thereby directly modifying 

arterial vasoactivity (Vo et al., 1991; Chowdhary & Townend, 1999; Zanzinger, 1999; 

Kolo et al., 2004). Our data indicates that a balance exists between SNS-mediated 

vasoconstriction and endothelium-dependent dilation, with large muscle group lower 

limb exercise associated with a transient increase in systemic SNS activation, and 

consequent reduction in FMD. Prazosin-induced blockade of α1-adrenoceptors altered 

this balance in favour of nitric oxide-mediated vasodilation and consequent increased 

FMD, as observed immediately post-exercise in the present experiment. 
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By virtue of its α-blocking action, Prazosin is a vasodilator and it is possible that the 

stimulus to brachial arterial dilation following cuff deflation during the FMD tests was 

affected by this drug.  Indeed, directly measured SRAUC following cuff deflation was 

higher in the Prazosin condition, although no interaction effect existed for SRAUC 

between the conditions and the magnitude of change in SR after exercise was similar 

between the conditions (15.87 to 30.34 s-1 ∙103: 90 % increase; 20.15 to 37.42 s-1 ∙103: a 

86 % increase).  Furthermore, the significant impact of Prazosin on FMD% persisted 

after we corrected for differences in the SR stimulus pre- and post-exercise. It seems 

unlikely that the effect of Prazosin on FMD that we observed can be fully or even 

largely explained by effects on the SR stimulus per se. 

 

Vascular function and FMD can be modulated by inflammation and oxidative stress and 

several studies have reported improvements in FMD following treatments that 

ameliorate oxidation and inflammation (Ellis et al., 2000; Silvestro et al., 2002; Donato 

et al., 2010; Johnson et al., 2012a; Wray et al., 2012; Johnson et al., 2013). 

Improvements in FMD following the ingestion of anti-oxidants have been observed in 

the elderly (Donato et al., 2010; Johnson et al., 2012a), patients with hypertension 

(Plantinga et al., 2007), peripheral artery disease (Silvestro et al., 2002) and heart 

failure (Ellis et al., 2000). Conversely, studies in healthy individuals have typically not 

demonstrated increases in FMD with oral antioxidants administration (Richardson et al., 

2007; Donato et al., 2010), although Johnson and colleages suggested that vitamin C 

supplementation in the presence of increased retrograde SR induced by either cuff 

placement (Johnson et al., 2013) or cycle exercise (Johnson et al., 2012a), can enhance 

FMD responses. We cannot exclude the possibility that the exercise performed in our 

study had impacts on inflammatory or oxidative factors.  However, the acute impact of 

Prazosin is specific to α1-adrenoceptor blockade and we are unaware of any direct 

effects of this agent on inflammation or oxidative stress.  The complete reversal in FMD 

we observed with Prazosin strongly implies that interaction between SNS activation and 

nitric oxide  plays a role in the acute impact of exercise on arterial function in humans. 

 

It is an important limitation of our study that no direct assessment of sympathetic 

nervous system activation was undertaken.  It is not technically possible to perform 

muscle sympathetic nerve activity (MSNA) assessments from the common peroneal 

nerve during cycle exercise, and upper limb MSNA assessments are also challenging to 

maintain at higher exercise intensities. Whilst it is possible that any impact of whole 
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body exercise would be greater during the immediate post-exercise period, than at latter 

time points (eg 1 hr), and some human evidence exists to support this contention 

(Cleroux et al., 1992), there is also evidnece that MSNA is lower following large 

muscle mass exercise (Halliwill et al., 1996; Kulics et al., 1999) and this question has 

not been resolved in the literature. Another limitation is that Prazosin provides specific 

α1-receptor blockade and, therefore, we cannot exclude the possibility that differential 

β-adrenoceptor mediated dilation or α2-mediated vasoconstriction occurred in the 

downstream microvasculature in our study. Some studies suggest that functional 

sympatholysis is mainly due to blunting of α2-adrenoceptor mediated vasoconstriction 

(Wray et al., 2004) although both α1- and α2-adrenergic receptor mediated 

vasoconstriction are blunted in contracting human skeletal muscle (Rosenmeier et al., 

2003). Our findings indicate that, at the level of the conduit arteries, α1-blockade 

impacts on FMD and this effect is not due to changes in arterial shear stress (as a result 

of downstream vascular effects), since the impact of Prazosin on flows and shear were 

directionally opposite to those that might enhance FMD. Nonetheless, there remains a 

possibility that increases in retrograde shear with Prazosin may be due to greater α2-

mediated constriction when α1-receptors are blocked, and multiple blockade with non-

specific α- and β-blockade could address this possibility in future studies. 

 

A final limitation of our study relates to differences between the conditions in exercise 

intensity.  We exercised subjects to a target HR (75 % HRmax), due mainly to our 

previous study (Birk et al., 2013) that indicated that exercise at ~70 % HRmax resulted 

in a significant decrease in FMD post-cycling. We didn’t anticipate that Prazosin would 

induce differences in workload of ~20 W between the conditions. This could 

theoretically contribute to the differences we observed in post-exercise FMD.  However, 

in Birk et al. (Birk et al., 2013), cycling performed at lower workloads resulted in a 

decrease in FMD, whereas in our study post-exercise FMD increased when Prazosin 

was administered. Furthermore, a correlation performed between differences between 

conditions in workload and exercise-impact on FMD, revealed no relationship (r=0.18, 

P=0.62). We suggest that, whilst distinct workloads may have contributed to some 

extent to the FMD differences between conditions, it seems that a primary impact of 

Prazosin on nitric oxide mediated dilator function predominated.  

 

Conclusions. Our findings suggest that changes in vascular function following cycle 

exercise reflect a balance between sympathetically-driven vasoconstriction and nitric 
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oxide-mediated vasodilation. The acute impairment on FMD observed post-exercise in 

the current study suggests that cycle exercise, at the intensity used in this study, 

transiently alters this balance in favour of SNS-mediated vasoconstriction. When taken 

in context with previous studies utilising LBNP, the findings of the present study 

suggest that a direct interaction between noradrenaline and endothelium-dependent 

dilators, and/or SNS-mediated changes in SR patterns, can both influence artery 

function in vivo. The contribution of these direct and indirect pathways may differ 

according to which SNS stimulus is adopted: previous studies suggest that LBNP 

contributes to FMD changes via shear stress related mechanisms, whereas our current 

results cannot be explained via this secondary impact.     
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Chapter 7 
General Discussion 

 

7.0 Reiteration of Aims and Objectives 

The broad aims of this thesis were to investigate the local and systemic stimuli that 

affect the function, and consequently health, of conduit and microvessels in humans.  

 

Chapter 2 aimed to a) examine the impact of exercise training-induced alterations in 

shear stress on microvascular adaptation in humans and b) investigate training effects 

on microvascular structural remodelling by, for the first time in humans, directly 

imaging cutaneous microvessels in highly trained and matched untrained subjects.  

 

The subsequent chapters used a variety of methodological and physiological techniques 

to investigate mechanisms that contribute to acute changes in vascular function in 

humans. Chapter 3 assessed the role of local changes in blood flow and shear rate on 

time-dependent changes in FMD following incremental intensities of handgrip exercise. 

Using similar methodological approaches, Chapter 4 isolated and examined the direct 

effects of increases in pressure on conduit artery diameter responses in humans. 

Chapters 5 and 6 examined the systemic influences, principally related to sympathetic 

nervous system activation, on changes in vascular function in humans. More 

specifically, Chapter 5 investigated the contribution of changes in arterial shear rate on 

FMD following acute increases in SNS activation in the resting healthy human. In order 

to extrapolate such findings to the acute exercise setting, Chapter 6 aimed to examine 

the contribution of cycle exercise-induced increases in SNS activity and shear rate on 

post-exercise arterial function in humans.  

 

7.1 General Discussion 

Alterations in peripheral blood vessel calibre allow for continual changes in blood flow 

both in the resting state and during physiological stress such as exercise. Intrinsic 

control of the vasculature incorporates the “myogenic” response, shear-mediated 
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endothelial release of vasoactive paracrine hormones and the release of local vasoactive 

metabolites from working tissues. Extrinsic vascular control is modulated by multiple 

neuronal pathways and by the release of hormones into the systemic circulation. These 

multi-modal contributions to vascular control can be compromised by the build-up of 

lipid-laden plaques as a result of atherosclerosis. The earliest detectable manifestation of 

atherosclerotic development is endothelial dysfunction (Davignon & Ganz, 2004; Green 

et al., 2008). 

 

Exercise training reduces cardiovascular risk (Hakim et al., 1999; Sesso et al., 2000), an 

effect which is, in part, related to the direct effects of exercise on the vasculature (Green 

et al., 2008; Joyner & Green, 2009). Recent studies of conduit arteries have revealed a 

time-course of responses in arterial adaptation to exercise training that can be 

characterised by initial improvements in function, superseded by structural remodelling 

of the vessel (Tinken et al., 2008; Tinken et al., 2010; Thijssen et al., 2011b). These 

training-induced arterial adaptations are at least partly dependent upon repeated 

exposure to exercise-induced arterial shear stress (Tinken et al., 2010; Birk et al., 2012). 

Intervention studies and acute experimental studies have utilised a unique unilateral cuff 

inflation technique to assess the contribution of shear-rate to acute and chronic 

modification in conduit artery function. In these experiments, training–induced arterial 

adaptations (Tinken et al., 2010; Naylor et al., 2011; Birk et al., 2012) and acute 

changes in conduit artery function (Tinken et al., 2009; Carter et al., 2013) occur in the 

uncuffed limb only, supporting a key role for exercise-induced shear stress in terms of 

both acute and chronic vascular adaptation in humans. 

 

The majority of exercise-training interventions have focused upon modification in 

conduit artery function and structure. Studies examining the effects of exercise training 

on the microvasculature are scarce (Wang, 2005; Black et al., 2008b). Initial indications 

suggest enhanced microvascular capacity, however the stimulus for these changes 

remains unclear. A recent study by our research group implicated increases in  both skin 

blood flow and temperature as important stimuli that have distinct impacts upon the 

direction of change in microvessels, following repeated lower limb heating (Carter et 

al., 2014). However this study utilised a heating intervention and did not involve 

exercise and the results therefore cannot be extrapolated to the impact of exercise 

training. Addressing these gaps in the literature was the primary aim of the first study 

conducted in this thesis.  
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Exercise is a complex stimulus that mediates changes in a number of haemodynamic 

stimuli. The activation of such stimuli appears to depend upon the modality, duration 

and intensity of the exercise bout (Dawson et al., 2013). For example, large muscle 

group systemic exercise alters the haemodynamic environment by promoting significant 

increases in shear rate, blood pressure and neural output (Newcomer et al., 2011), whilst 

small muscle group exercise modifies shear rate, with minimal changes in central 

haemodynamics (Newcomer et al., 2011). Understanding the local and systemic stimuli 

that are responsible for changes in vascular function following acute exercise bouts is 

essential as a basis for interpreting vascular adaptations that occur when exercise is 

episodically repeated. That is, the acute response provides a basis for understanding the 

impacts of exercise training. With this concept in mind, the latter chapters of this thesis 

used a variety of methodological and physiological techniques to study the mechanisms 

associated with acute responses to exercise in vivo. 

 

7.1.1 Cutaneous microvascular adaptations to lower limb cycle exercise training: Role 

of exercise-induced shear stress. 

The results documented in Chapter 2A suggested that microvascular structural 

remodelling occurs following cycle exercise training in young healthy humans, and that 

these adaptations are dependent upon repeated exposure to exercise-induced increases in 

shear stress. This interpretation of our data, whilst speculative, is consistent with 

previous findings in conduit and resistance vessels, which have been shown to 

structurally remodel following training (Snell et al., 1987; Haskell et al., 1993; Green et 

al., 1994; Tinken et al., 2008; Rowley et al., 2011). We related our observations of a 

decreased microvascular response to a standardised local heating protocol following 

training to a structural enlargement of microvessels and/or an increase in the number of 

capillaries. Such adaptation would result in a prolongation of red cell transit time (skin 

to decreased red cell flux), allowing more time for effective heat exchange under some 

circumstances.  

 

The reported decrease in microvascular response to a local heating stimulus following 

exercise training does contradict some previous training studies (Wang, 2005; Black et 

al., 2008b) and repeated heating experiments (Green et al., 2010). However, a recent 

study by our research group documented similar decreased microvascular responses 

following repeated bouts of lower limb heating (Carter et al., 2014). This study also 
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concluded that heating-induced increases in skin blood flow may mediate a structural 

remodelling of the microvasculature. The authors also suggested that when such skin 

blood flow increases are accompanied by substantial elevations in skin temperature, 

structural adaptations may occur in concert with improvements in function, possibly 

mediated by up-regulation of heat shock proteins (Shastry & Joyner, 2002; Carter et al., 

2014). Whilst the study by Carter et al. and the study presented in Chapter 2 are the first 

in humans to suggest that such structural remodelling may occur in the cutaneous 

microvasculature in humans, there is some evidence supporting microvascular structural 

adaptations in skeletal muscle following training (Fernandes et al., 2012a; Fernandes et 

al., 2012b). Krustrup and colleagues postulated that increases in microcirculatory 

volume in humans following training would counteract the reduction in transit time 

resulting from the higher muscle blood flow, thereby allowing more time for adequate 

oxygen extraction (Krustrup et al., 2004). A recent study by Gliemann and colleagues 

provided some direct evidence in humans for increases in skeletal muscle capillary 

lumen area following training (Gliemann et al., 2015). If we were to extrapolate these 

findings to the observations in Chapter 2, we would expect to observe a cutaneous 

microvascular structural adaptation characterised by increases in microvascular density 

and individual microvascular arteriolar diameter. In summary then, whilst it is generally 

accepted that microvascular structural changes occur in human skeletal muscle 

following exercise training, no previous study has proposed such adaptations in 

cutaneous microvessels. Repeated skeletal muscle activation elicits signals to vascular 

function and structural adaptation, including increases in shear stress and hypoxia. 

Repeated large muscle mass exercise such as cycle training also repetitively activates 

skin blood flow responses. Our findings suggest, for the first time in humans, that shear 

stress and localised heating consequent to episodic enhancement in cutaneous blood 

flow, contribute to intrinsic cutaneous adaptation to exercise training. Our surprising 

results and speculation that these stimuli lead to decreased flux responses to a 

standardised local heating stimulus required further confirmatory research, leading to 

the study summarised in Chapter 2B.  

 

To address the speculative conclusion of the study described above, we applied a novel 

imaging technique that can directly visualise microvessels, and undertook a cross-

sectional comparison of highly trained athletes and matched untrained controls. The 

findings of this study support the notion of microvascular structural remodelling, since 
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the trained individuals exhibited a larger microvascular density and individual arteriolar 

diameter, compared to the matched untrained controls.  

In summary, the studies presented in Chapter 2 of this thesis indicate that: 

1. Cycle exercise training induces microvascular adaptation, indicative of an 

increased microvascular density and possibly, microvessel size. Such adaptation 

is consistent with enhanced surface area and prolonged transit time of blood 

flow, potentially allowing for a more effective heat exchange following training.  

2. These training-induced microvascular structural adaptations are, at least in part, 

dependent upon repeated exposure to exercise-induced shear stress and blood 

flow and/or temperature, given that no changes were observed in the cuffed limb 

following training.  

3. The use of OCT to directly visualise the microvascular bed in a cross-sectional 

comparison of trained vs untrained individuals provided promising and highly 

novel confirmatory evidence for the existence of training-induced structural 

remodelling of cutaneous microvessels. 

 

7.1.2 Physiological implications 

The observations of the two studies discussed in Chapter 3 have implications for the use 

of exercise training as a mediator of microvascular structural remodelling and therefore, 

enhanced thermoregulatory capacity. Together with the finding from another research 

study by our group (Carter et al., 2014), we propose that chronic exposure to increases 

in skin blood flow and temperature, induced either by repeated lower limb heating or 

cycle exercise training, enhances microvascular structure by increasing individual 

microvessel size and overall microvessel density. Increases in microvessel density 

would cause a prolongation of red cell transit time through the cutaneous vasculature, 

promoting a more effective heat exchange and therefore, enhancing thermoregulatory 

capacity. If heat is lost more efficiently from the cutaneous vasculature, this in theory 

would mean that more blood is available for the working muscles, promoting positive 

implications for exercise performance. These latter implications, and their association 

with changes in intrinsic microvascular structure, require further investigation.  

 

7.1.3 Clinical implications 

The results documented in Chapter 2, together with the findings from additional 

research studies conducted by our group (Carter et al., 2014) provide novel implications 
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for the use of exercise training as a beneficial tool for improving the health, function 

and/or structure of microvessels in population groups at risk of microvascular disease. 

Diabetes is associated with microvascular complications such as nephropathy, 

neuropathy and retinopathy that progressively advance (Cade, 2008). We propose that 

exercise and/or whole body heating exposure to increases in shear stress and 

temperature may allow for improvement in microvascular structure and function that 

will aid in the reduction of diabetes-related microvascular morbidities.  

 

7.1.4 Future Directions 

¾ Future studies in this domain should utilise repeated optical coherence 

tomography to examine the time-course of functional and/or structural 

adaptation in the cutaneous microvasculature in response to cycle exercise 

training in humans.  

¾ Carter and colleagues demonstrated a role of temperature in determining the 

direction of the cutaneous response to lower limb heating. The impact of locally 

applied extrinsic or intrinsic temperature on cutaneous adaptation should be 

assessed following exercise training. Additionally, future studies utilising 

microdialysis and OCT should investigate the roles of nitric oxide and heat 

shock proteins in the adaptation response.  

¾ Future studies should examine the role of exercise training interventions on 

microvessel function and structure in population groups at higher cardiovascular 

risk such as diabetics, coronary artery disease and, given the global rise in its 

prevalence, obesity.  

¾ Future investigations should address the use of novel imaging techniques used to 

assess skin microvasculature in humans as a surrogate for use as a systemic 

marker of microvascular health. 

 

7.1.5 Acute exercise and vascular function: Role of local stimuli 

The studies in Chapters 3 and 4 were designed to examine the independent roles of local 

stimuli, including arterial shear stress, on acute changes in vascular function following 

exercise in humans. Chapter 3 examined the brachial artery shear rate and FMD 

responses to incremental intensities of handgrip exercise. Studies to date have largely 

assessed the shear rate and FMD responses to large muscle group systemic exercise. 

Recruitment of a larger muscle mass during exercise markedly increases neural output 
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(Lewis et al., 1985; Seals & Victor, 1991; Franke et al., 2000) and elicits endocrine 

responses, increases circulating hormones and increases both shear rate and pressure. 

Studies using systemic large muscle mass exercise have typically observed a biphasic 

response pattern to FMD, with an immediate decrease in FMD followed by a return 

towards baseline levels (Goel et al., 2007; Johnson et al., 2012b; Birk et al., 2013; 

Katayama et al., 2013). Using unilateral handgrip exercise, we aimed to limit the effects 

of systemic changes in sympathetic outflow and neurohumoral contributions, and isolate 

the impacts of localised factors such as blood flow and shear stress. We observed a 

different post-exercise response than previous studies of systemic lower limb exercise. 

Handgrip exercise induced an intensity dependent effect on FMD; high intensity 

exercise (15 % MVC) led to a large elevation in FMD 1 hour following the cessation of 

handgripping. Characterisation of the shear rate at such intensities revealed large 

increases in antegrade and minimal changes in retrograde shear rate, findings supported 

by previous studies comparing handgrip and cycle exercise shear rate profiles (Green et 

al., 2005). Whilst this study is suggestive of an important role for shear rate, or more 

specifically antegrade shear rate, in inducing changes in vascular function following 

localised exercise, we did not eliminate the effect of other factors such as blood pressure 

and/or sympathetic nerve activity. 

 

Chapter 4, a continuation from study 4, used similar methodology to isolate the 

independent effects of shear rate and blood pressure on conduit artery diameter. Results 

from this study indicated that unilateral handgrip exercise induced an intensity-

dependent increase in blood pressure, without modulating any changes in muscle 

sympathetic nerve activity (MSNA). In addition to elevations in pressure, the active arm 

was also subjected to increases in shear stress and the combined effect of both shear rate 

and pressure resulted in an increase in arterial diameter. When pressure increased (in the 

non-exercised limb), independent of any changes in shear rate or MSNA, 

vasoconstriction was observed. The results of this study are the first, to our knowledge, 

to isolate shear and pressure as two distinct stimuli in humans in vivo and suggest that 

these factors act in an opposing manner in vivo. These data may also be the first relating 

to humans, to demonstrate pressure-induced myogenic constriction in inactive limbs 

during localised exercise. This integrative human physiological experiment furthers our 

understanding of the role of shear rate in modulating vascular function in humans, by 

demonstrating that increases in shear rate and blood flow can nullify the underlying 

impacts of exercise-induced pressure-related myogenic constriction. 
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In summary, the studies conducted in Chapters 3 and 4 provide novel information 

pertaining to the independent effects of locally induced changes in shear rate and 

pressure as vasoactive stimuli in humans. These chapters can be summarised as follows:  

1. High intensity handgrip exercise improves conduit artery function 60-minutes 

following the cessation of exercise, an effect that may be mediated by increases 

in antegrade shear rate.  

2. Elevations in arterial pressure, independent of changes in blood flow or shear 

stress, reduce arterial diameter and suggest the presence of a myogenic response 

in inactive conduit vessel beds.  

3. Elevations in shear rate negate and overwhelm the myogenic response and 

induce vasodilation in the active conduit artery.  

4. Together, these studies suggest that both myogenic and shear-mediated 

influences directly oppose each other and play different roles in active and 

inactive regions in vivo. 

 

7.1.6 Acute exercise and vascular function: Role of systemic stimuli  

As described above, studies that have examined multiple post-exercise FMD responses 

have typically demonstrated a biphasic FMD response pattern (Goel et al., 2007; 

Johnson et al., 2012b; Birk et al., 2013; Katayama et al., 2013). This response pattern 

reinforces the concept of “hormesis”, the proposal that acute exposure to a brief 

challenging stimulus (e.g. exercise), ultimately induces an up-regulation and beneficial 

adaptive response (i.e. training-induced improvements in function and structure) 

(Dawson et al., 2013). The majority of studies documenting this response have involved 

large muscle group systemic exercise, a stimulus which is associated with substantial 

increases in shear rate, blood flow, pressure and neurohumoral influences. Since this 

biphasic FMD response pattern was not observed in response to exercise that is local in 

nature (Chapter 3), it is plausible that the systemic mechanisms active during large 

muscle group lower limb exercise such as sympathetic nervous system activation may 

be responsible for the initial reduction in FMD observed following acute large muscle 

group exercise. 

 

Increases in sympathetic nervous system (SNS) activity have been linked to a reduction 

in conduit artery function (Ghiadoni et al., 2000; Hijmering et al., 2002; Lind et al., 

2002; Spieker et al., 2002; Dyson et al., 2006). Activation of the SNS has also been 

linked to elevations in retrograde shear rate (Padilla et al., 2010), a stimulus which is 
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independently associated with reductions in FMD (Thijssen et al., 2009c). It is therefore 

feasible that the effects of SNS activation on artery function (FMD) may be mediated 

by the direct interaction between catecholamines and the endothelium (e.g. NO 

bioavailability) or via secondary impacts of increased SNS activation on arterial blood 

flow and patterns of shear. The studies, summarised in Chapters 5 and 6, aimed to a) 

identify the role played by the SNS in changes in vascular function both at rest and in 

response to cycle exercise and b) to identify the contribution of arterial shear rate to 

changes in FMD following acute SNS activation in healthy humans. 

 

Chapter 5 used similar methodological approaches to a study conducted by Hijmering 

and colleagues in 2002 (Hijmering et al., 2002) in order to examine the effects of SNS 

activation on, and the contribution of arterial shear rate to FMD responses in resting 

humans. We demonstrated that acute SNS stimulation, induced using a 10-minute 

LBNP stimulus, reduced arterial function, essentially replicating Hijmering’s 

observations (Hijmering et al., 2002). However, we also demonstrated that this 

reduction in FMD is, at least in part, mediated by elevations in retrograde shear rate that 

accompany the SNS activation. Amelioration of retrograde shear rate, using localised 

unilateral heating, abolished the reduction in FMD induced by LBNP. Similarly, when 

retrograde shear was enhanced, using unilateral cuff inflation, the FMD reduction was 

exaggerated. When we extended the LBNP stimulus to 30 minutes, retrograde shear rate 

changes were normalised and FMD was unchanged. These results suggest that acute 

elevations in SNS activity at rest reduce conduit artery function, confirming previous 

studies examining SNS activation and FMD (Ghiadoni et al., 2000; Hijmering et al., 

2002; Lind et al., 2002; Spieker et al., 2002; Dyson et al., 2006). We extend these 

observations to suggest that this SNS-induced reduction in FMD is partially mediated 

by elevations in retrograde shear rate. Whether these results can be extrapolated to an 

exercise setting formed the primary aim for Chapter 6. 

 

Chapter 6 utilised lower limb cycle exercise training to elicit elevations in SNS and 

examined multiple post-exercise FMD measures during both a placebo condition and 

whilst under α1-adrenoreceptor blockade (Prazosin). Our results confirmed the presence 

of a biphasic FMD response to cycle ergometer exercise in the Placebo exercise 

condition, consistent with aforementioned acute exercise studies (Goel et al., 2007; 

Johnson et al., 2012b; Birk et al., 2013; Katayama et al., 2013). However, ingestion of 

Prazosin prior to exercise reversed the transient reduction in FMD otherwise observed 
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immediately following exercise, indicating that SNS activation is likely responsible for 

the acute decrement in vascular function. Somewhat in contrast to the findings in 

Chapter 5, a study performed at rest, the influence of Prazosin ingestion on post-

exercise FMD responses was not unlikely to have been mediated by changes in shear 

rate, since retrograde shear rate was not increased during the Prazosin condition.  

 

The findings presented in both Chapters 5 and 6 reveal that SNS activation reduces 

arterial function, but the means by which this occurs appears to depend upon whether 

the SNS activation is elicited at rest or via exercise. In the resting state shear rate 

appears to contribute strongly to SNS-mediated FMD improvement, whilst during 

exercise sympathetic vasoconstriction and endothelium-dependent dilator activity 

appear to directly compete to influence the FMD response, independent of changes in 

shear stress. 

 

In accordance with the aims relating to Chapters 5-6, it can be concluded that: 

1. Acute SNS activation competes with vasodilator mechanisms and decreases 

FMD, both at rest and following exercise. 

2. The way in which SNS activity mediates this reduction in FMD depends upon 

whether the stimulus is elicited at rest or as a result of exercise. 

3. In the resting human, SNS activation causes a reduction in FMD which is, at 

least in part, mediated by SNS-induced changes in arterial shear rate.  

4. In response to exercise, SNS-mediated constriction and endothelium-dependent 

dilation compete to influence the post-exercise FMD response. This may reflect 

a level of interaction between catecholamines and NO at a molecular level. 

 

7.1.7 Physiological implications 

The studies described in Chapters 3 and 4 provide novel insight into the effects of 

localised exercise on the vasculature, as well as highlighting the independent roles of 

both shear rate and pressure on vascular responses in humans. We are the first, to our 

knowledge, to isolate the impacts of transmural pressure on conduit artery vasomotor 

responses in humans and to provide a direct demonstration of a myogenic response on 

the vasculature during exercise. These studies combined, imply that myogenic and 

shear-mediated influences directly compete during exercise and have distinct roles in 

active and inactive vascular beds. These findings correspond with the observations 

described in Chapters 5 and 6, which suggest that the effects of systemic stimuli on 
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conduit artery vascular function appear dependent upon whether the stimulus is applied 

at rest, or under exercise conditions. At rest, shear rate changes modulate the vascular 

response to increases in sympathetic nerve activity, induced by LBNP. However, during 

exercise, sympathetic vasoconstriction and endothelium-dependent dilator activity 

appear to directly compete to influence post-exercise vascular function, an effect which 

is independent of changes in shear rate. Combined, these studies indicate that resting 

physiology is different to that observed in response to exercise, where there is increased 

complexity, redundancy and competition between mechanisms that contribute to the 

integrated vascular response.  

 

7.1.8 Future Directions 

¾ Future studies should utilise the novel methods outlined within this thesis to 

further characterise the myogenic response in human arteries in vivo.  

¾ Future studies should also aim to isolate the pathways by which endothelium-

dependent dilator activity and sympathetic vasoconstriction interact during 

systemic exercise.  

¾ Future studies should examine chronic responses to the myogenic reflex 

identified in Chapter 3, to examine the contribution of repeated vasoconstriction 

in inactive vessel beds to the aetiology of hypertension. 

  

7.2 Summary 

This thesis contributes to the existing knowledge base regarding the impact of exercise-

induced arterial shear stress on vascular adaptation by extending these observations to 

the microvasculature. We propose that exercise training induces microvascular 

structural remodelling, an observation supported by our cross-sectional comparison of 

athletes and matched untrained controls. These must be seen as preliminary studies, but 

if independently confirmed using the next generation of imaging tools (advanced OCT), 

these findings represent a genuine discovery in terms of the impact of exercise training 

in the cutaneous microvasculature. Future studies should confirm this observation using 

both repeated OCT assessments as a result of a within-subjects longitudinal exercise 

training program and by using alternative methods, such as skin biopsies. These 

findings have important implications for systemic cardiovascular control as well as 

thermoregulatory capacity for heat loss. In addition, our approach using novel tools can 
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easily be applied to highly relevant clinical investigations, such as the health and 

responsiveness of microvessels in patients with insulin resistance and/or diabetes.  

 

At the conduit level, we used localised exercise to isolate the effects of shear rate and 

pressure as vasoactive stimuli in humans. A dose-response paradigm was adopted to 

illustrate that conduit artery function improves following higher intensity handgrip 

exercise, an effect which may be dependent upon increases in shear stress that occur 

during the exercise bout. Isolation of increases in pressure, independent of changes in 

shear rate, revealed a myogenic constriction in the inactive arm during and following 

handgrip exercise, an effect that was ameliorated in the active limb by concomitant 

increases in shear rate. This is a serendipitous finding and, we believe, the first of its 

type in humans. These studies imply that myogenic and shear mediated influences are in 

competition and may have distinct roles in active and inactive regions in vivo. Finally, 

we characterised the effects of elevations in systemic influences, principally 

sympathetic nerve activity, on vascular function in humans. Our results suggest that the 

relative impact of these factors differs under resting and exercising conditions. In the 

resting state, shear rate modulated the vascular responses following changes in 

sympathetic activity induced by LBNP. In contrast, during exercise, sympathetic 

vasoconstriction and endothelium-dependent dilator activity appear to directly compete 

to influence post-exercise vascular function, an effect which is independent of changes 

in shear rate. The concept exemplified in these studies is that exercise is a complex 

stimulus and that integrative physiology differs when systems are studied at rest, versus 

during stress. Resting findings should be extrapolated to the exercising condition with 

extreme caution. 

 
In summary, the studies completed in this thesis also highlight important differences in 

the way that microvessels behave in response to exercise and exercise training, 

compared to the behaviour of larger conduit arteries. The studies also reinforce the 

notion that resting physiology is fundamentally different to that evident during exercise, 

when redundancy and competing mechanisms play a role in the exquisite levels of 

cardiovascular control that are required. Our studies have raised important new 

questions regarding the impact of acute bouts of exercise of different intensities, on the 

potential for chronic vascular adaptation and by association, improvement in vascular 

health.  The new approaches introduced in this thesis, both from an experimental design 
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perspective and also in terms of technical and methodological advances, will lead to 

new insights into the physiology of vascular adaptations in humans in future. 
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ABSTRACT

CARTER, H. H., A. L. SPENCE, C. L. ATKINSON, C. J. A. PUGH, N. T. CABLE, D. H. J. THIJSSEN, L. H. NAYLOR, and D. J. GREEN.

Distinct Effects of Blood Flow and Temperature on Cutaneous Microvascular Adaptation. Med. Sci. Sports Exerc., Vol. 46, No. 11,
pp. 2113–2121, 2014. Purpose: We performed two experiments to determine whether cutaneous microvascular adaptations in response

to repeated core temperature (Tc) elevation are mediated by increases in skin blood flow (SkBF) and/or skin temperature. Methods:
Healthy subjects participated for 8 wk in thrice-weekly bouts of 30-min lower limb heating (40-C). In study 1, both forearms were

‘‘clamped’’ at basal skin temperature throughout each heating bout (n = 9). Study 2 involved identical lower limb heating, with the

forearms under ambient conditions (unclamped, n = 10). In both studies, a cuff was inflated around one forearm during the heating bouts

to assess the contribution of SkBF and temperature responses. We assessed forearm SkBF responses to both lower limb (systemic reflex)

heating and to local heating of the forearm skin, pre- and postintervention. Results: Acutely, lower limb heating increased Tc (study 1,

0.63-C T 0.15-C; study 2, 0.69-C T 0.19-C; P G 0.001) and forearm SkBF (study 1, 0.13 T 0.03 vs 1.52 T 0.51; study 2, 0.14 T 0.01 vs

1.17 T 0.38 cutaneous vascular conductance (CVC); P G 0.001), with skin responses significantly attenuated in the cuffed forearm (P G 0.01).

SkBF responses to local heating decreased in study 1 (clamped forearms; week 0 vs week 8, 1.46 T 0.52 vs 0.99 T 0.44 CVC; P G 0.05),

whereas increases occurred in study 2 (unclamped; week 0 vs week 8, 1.89 T 0.57 vs 2.27 T 0.52 CVC; P G 0.05). Cuff place-

ment abolished local adaptations in both studies. Conclusions: Our results indicate that repeated increases in SkBF and skin temper-

ature result in increased skin flux responses to local heating, whereas repeated increases in SkBF in the absence of change in skin

temperature induced the opposite response. Repeated increases in Tc induce intrinsic microvascular changes, the nature of which are

dependent upon both SkBF and skin temperature. Key Words: CORE TEMPERATURE, LOCAL HEATING, SKIN BLOOD FLOW,

THERMOREGULATION

In a recent review (21), Kenney et al. expertly summa-
rized research pertaining to skin blood flow (SkBF)
changes after exercise training and/or heat acclimation,

including studies that indicate that higher active vasodilator
activity and SkBF occur for a given core temperature (Tc)
during exercise (23). Much of this adaptation can be attrib-
uted to the effect of repeated Tc elevation on central hemo-
dynamic adaptation, particularly expanded blood volume
(11,17,21). Most (10,17,22,23), but not all (8), previous
studies suggest that the effect of local cutaneous microvas-
cular adaptations after exercise training and/or heat accli-
mation may be limited in terms of exercise performance.

Nonetheless, several recent studies indicate that local mi-
crovascular adaptations are apparent after training/acclimation
(1,14), consistent with changes observed in conduit and re-
sistance vessels (5). This raises the important issue of poten-
tial microvascular health benefit from repeated exposure to
passive heating in humans, given that enhanced nitric oxide
(NO)–mediated microvascular function should be associated
with decreased progression or risk of microvascular disease
(9). However, the relative effect of episodic increases in
SkBF, versus skin temperature, in cutaneous microvascular
adaptation to repeated body heating has not previously been
addressed in vivo.

In the present study, we therefore used two novel exper-
imental models to dissect the independent effects of repeated
increases in SkBF, versus increases in skin temperature,
on cutaneous microvascular adaptation in humans. In the
first study, subjects underwent three times weekly bouts of
30 min of lower limb heating (40-C) in a custom-designed
immersion bath, which isolated heating to the lower limbs.
Throughout each of these heating bouts, a pneumatic cuff
was positioned and inflated around one forearm to unilater-
ally manipulate SkBF in the upper limbs, which allowed for
a within-subject bilateral assessment of the role of blood
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flow in microvascular adaptation to repeated increases in Tc.
To further isolate the effect of changes in SkBF from those
associated with blood flow–mediated increases in skin tem-
perature, both forearms were ‘‘clamped’’ at 30-C via im-
mersion in thermostatically controlled baths throughout each
bout of lower limb heating in study 1. A subsequent experi-
ment (study 2) was identical in design (8 wk, three times
weekly, lower limb heating, unilateral cuff inflation), with
the important difference that both forearms were in ambient
conditions during the heating bouts; that is, skin tempera-
tures were ‘‘unclamped’’ and therefore allowed to increase
with the rise in SkBF that accompanied Tc elevation. Col-
lectively, these experiments, involving repeated Tc eleva-
tion, allowed us to isolate the effect of increases in SkBF
per se from the effects of repeated increases in skin tem-
perature. We hypothesized that repeated increases in SkBF
would enhance the intrinsic capacity of the skin to vasodilate
and that the combination of increased SkBF and elevated
local skin temperature would further enhance this localized
vascular adaptation.

MATERIALS AND METHODS
Ethical Approval

This study complied with the Declaration of Helsinki, and
the human research ethics committee of the University of
Western Australia approved the experimental protocol. All
subjects provided a written informed consent before partic-
ipating in the study.

Subject Characteristics

Nine young, healthy, recreationally active (e2 h of phys-
ical activity per week) males were recruited for study 1, and
10 were recruited for study 2 (Table 1). Subjects had no
history of cardiovascular, musculoskeletal, or metabolic dis-
ease and did not smoke or take medication. Women were
excluded from this study because of the well-established ef-
fects of estrogen on hemodynamic and vascular responses. All
subjects commenced the intervention between the months of
May and July and were therefore exposed to similar natural
environments before and throughout the interventions.

Study Designs

Study 1: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures clamped (30-C). All subjects underwent

baseline assessments and were then required to attend the
laboratory three times per week for 8 wk. During each of
these sessions, subjects were seated in a custom-designed
inflatable recovery bath (iC-iBody; iCoolsport, Queensland,
Australia) and immersed up to their waist in warm water
(40-C) for a period of 30 min. The water bath temperature
was maintained and continuously circulated via a thermo-
static heating pump (IC-Heat; iCoolsport, Queensland,
Australia). A thick plastic sheet was placed over this bath to
isolate heating to the legs, leaving the upper body unaffected
by the heating stimulus.

To eliminate the effect of lower limb heating and Tc-
induced reflex increases in SkBF on forearm temperature,
each forearm was immersed up to the elbows in thermo-
statically controlled euthermic water throughout each of the
30-min lower limb heating bouts. Pilot studies indicated that
resting forearm skin temperatures averaged approximately
30-C in our laboratory; therefore, these water baths were set
and maintained at this basal temperature. Finally, a pneu-
matic cuff was positioned and inflated to 80 mm Hg around
one forearm throughout each of the 30-min heating periods
to attenuate the increase in SkBF induced by elevation in
Tc in this limb. In this way, we controlled for the effect of
skin temperature during core heating while manipulating
SkBF bilaterally.

Study 2: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures unclamped. This experiment was identi-
cal to the one previously discussed, with the exception that
the forearms were not placed in temperature baths during the
repeated episodes of lower limb heating. By comparing the
results of this experiment with those of the previously
discussed one, we were able to address the effect of repeated
skin temperature elevation on cutaneous microvascular ad-
aptation in response to core heating.

Experimental Outcomes

Acute effect of leg heating on forearm SkBF re-
sponses at study entry. At study entry, to assess the
efficacy of manipulation of our independent variable, SkBF
values were determined using seven Doppler array laser
probes (model 413, PeriFlux 5001 System; Perimed AB,
Sweden) in both experimental studies previously described.
That is, skin perfusion was assessed across a 30-min period
during isolated lower limb heating (40-C) under circum-
stances where both forearms were immersed at 30-C (study 1)
(Fig. 1A–B) and both forearms were under ambient condi-
tions (study 2) (Fig. 1C–D). The effect of forearm cuff
placement during both studies was also assessed. SkBF mea-
sures were collected simultaneously in both arms, effectively
eliminating any effect of systemic hemodynamics. The data
are presented in cutaneous vascular conductance (CVC).

Effect of repeated lower limb heating on the
relation between Tc and forearm skin perfusion
responses. To assess the effect of repeated lower limb

TABLE 1. Subject characteristics.

Characteristics Study 1 (n = 9) Study 2 (n = 10)

Age (yr) 24.3 T 2.9 25.8 T 3.1
Height (m) 1.76 T 0.07 1.78 T 0.09
Weight (kg) 76.6 T 8.2 78.8 T 8.2
Body mass index (kgImj2) 24.6 T 2.6 25.0 T 1.8
Mean arterial pressure (mm Hg) 88 T 6 93 T 5
HR (bpm) 61 T 9 62 T 5

Values are mean T SD.

http://www.acsm-msse.org2114 Official Journal of the American College of Sports Medicine

BA
SI
C
SC

IE
N
C
ES

Copyright © 2014 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.



heating on adaptations in the relation between Tc elevation
and skin perfusion, a subgroup of six subjects (23.3 T 1.8 yr)
in study 1 and eight subjects (25.8 T 3.1 yr) in study 2 had
measures collected throughout the heating protocols previ-
ously described. Laser Doppler (model 413, PeriFlux 5001
System; Perimed AB, Sweden) was used to record changes
in SkBF throughout the 30-min leg immersions. Tc was
measured from rectal temperature probes throughout im-
mersion (RET-1; Physitemp Instruments, Inc., Clifton, NJ).
In this way, it was possible to assess the effect of repeated
episodic elevation in Tc on adaptations in forearm skin
perfusion during an acute bout of lower limb heating un-
dertaken pre- and postintervention.

Effect of repeated lower limb heating on SkBF
responses to localized heating. At weeks 0 and 8, all
subjects attended an experimental laboratory session, having
fasted for a minimum of 8 h and abstained from alcohol,
caffeine, and vigorous exercise for at least 24 h. These
studies were conducted in a quiet euthermic environment,
with subjects at rest and seated comfortably. The assess-
ments were performed at the same time of the day. They did
not involve lower limb heating or cuffing or any intervention
other than localized heating of the skin using heater discs, as
will be described later.

Laser Doppler probe sites on each forearm were shaved and
cleaned 24 h before the laboratory attendance. Photographs

of the sites were taken and measurements of bony anthro-
pometric landmarks were made at baseline so that simi-
lar placement sites were selected on each forearm for
repeated measures at 8 wk. Local heater discs (Perimed 455,
Stockholm, Sweden) were attached to the forearms using
double-sided adhesive rings. The seven laser Doppler array
probes (model 413, Periflux 5001 System; Perimed AB,
Sweden) were then fitted into the middle of the localized
heating discs. Room temperature was controlled and recorded
throughout all assessments.

Once instrumented, the heater discs were increased to
33-C and remained at this temperature for a 20-min base-
line period. The heater discs were then increased in in-
crements of 0.5-C every 5 min until 42-C was reached, so as
to minimize any effect of axon reflexes (15), which are less
NO dependent than the protocol adopted in this study (1).
Finally, the heater discs remained at 42-C for a further
30 min. Previous articles have established that SkBF in re-
sponse to this gradual heating protocol is largely NO medi-
ated (1,16). Blood pressure was recorded every 5 min at
the ankle using a Dinamap automated monitor and later
corrected for the hydrostatic column (6) and used to cal-
culate CVC. All laser Doppler, room temperature, and Tc
measurements were relayed and recorded in real time onto a
laptop using the software program LabChart 7 (ADInstruments,
Sydney, Australia).

FIGURE 1—Forearm SkBF (in CVC) in study 1 (A) and study 2 (C) and temperature in study 1 (B) and study 2 (D) in the cuffed (open squares) and
uncuffed (closed squares) forearms at baseline and during 30 min of lower limb heating (5-min intervals). Data are mean T SE. *Significantly different
between the cuffed and uncuffed forearms at P G 0.05. #Significantly different at P G 0.05 from baseline.
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Data Analysis

Laser Doppler data. Skin perfusion unit (PU) data
from the cuffed and uncuffed arms were averaged over a
stable 30-s period at the end of every 5-min interval to assess
SkBF. Calibration of the probes were undertaken before 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, Sweden).
Measurements in PU were converted to CVC, which was
calculated as PU/Dinamap mean arterial pressure. All core
and room temperature readings were averaged at the end of
each 5-min interval in degrees Celsius.

Statistics. SkBF CVC outcome data were compared
within subjects across two study time points (0 and 8 wk)
using two-factor ANOVA, with planned comparisons per-
formed on four temperature points: 34-C, 40-C–42-C, and
42-C + 30 min. Post hoc t-tests were performed where sig-
nificance was detected at P G 0.05 using least significant
difference tests to correct for multiple comparisons.

RESULTS
Acute Effect of Lower Limb Heating on Forearm
SkBF Responses at Study Entry

Study 1: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures clamped (30-C). Despite being bathed at

a constant skin temperature of 30-C, forearm SkBF increased
significantly in both the uncuffed and cuffed forearms dur-
ing 30 min of lower limb heating at 40-C (P G 0.001 and
P G 0.001, respectively) (Fig. 1A). However, inflation of
the cuff around one forearm significantly attenuated the in-
crease in SkBF compared with that in the uncuffed arm
(P G 0.01). Skin temperatures were maintained in both arms
at 30-C throughout the heating session (Fig. 1B).

Study 2: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures unclamped. Resting SkBF was similar
between forearms (P = 0.29). SkBF increased in both the
uncuffed and cuffed arms during 30 min of lower limb
heating (P G 0.001 and P G 0.001, respectively) (Fig. 1C).
Inflation of the cuff significantly reduced the increase in
SkBF in the cuffed arm compared with that in the uncuffed
arm (P G 0.001), with differences at all time points (P G
0.05) (Fig. 1C). Similarly, skin temperatures in the uncuffed
arm significantly increased across the 30-min lower limb
heating period (P G 0.001). However, in the contralateral
limb, cuff inflation abolished increases in skin temperature
throughout the heating bout (Fig. 1D).

Comparison of SkBF and temperature between
the studies. No difference was evident between SkBF re-
sponses in the uncuffed arms throughout the lower limb
heating bouts between the studies (P = 0.14) (Fig. 1A and C,
closed symbols). A significant difference in uncuffed limb
skin temperature responses was evident between the studies

FIGURE 2—Forearm SkBF (in CVC) in study 1 (A) and study 2 (C) and Tc in study 1 (B) and study 2 (D) in response to 30 min of lower limb heating
at weeks 0 (open circles) and 8 (closed circles). Data are mean T SE. *Significantly different between weeks at P G 0.05. †Significantly different between
weeks at P = 0.05. #Significantly different at P G 0.05 from baseline.
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(P G 0.01), indicative of the effect of forearm water im-
mersion at 30-C.

The reported data therefore indicate that, although SkBF
increased in the uncuffed arm in both experiments, skin
temperature was effectively controlled in study 1. Similarly,
cuff placement effectively attenuated SkBF responses be-
tween the limbs. These experimental manipulations there-
fore allow us to distinguish between the effects of repeated
elevations in SkBF in the presence and absence of affiliated
increases in skin temperature.

Effect of Repeated Lower Limb Heating on the
Relation between Tc and Forearm Skin
Perfusion Responses

Study 1: repeated lower limb heating, forearm
temperatures clamped (30-C). During the first and last
bout of 30-min heating (i.e., weeks 0 and 8), the forearms
were in ambient air for both experiments so that the effect of
repeated core heating on the relation between Tc and SkBF
could be assessed.

Forearm perfusion did not change across the 8 wk in re-
sponse to lower limb heating (P = 0.75) (Fig. 2A), whereas
Tc responses to lower limb heating decreased after 8 wk
(P G 0.05) (Fig. 2B). When change in SkBF was plotted
against change in Tc across the 30-min session at weeks
0 and 8, a higher SkBF was apparent for a given change
in Tc (Fig. 3A).

Study 2: repeated lower limb heating, forearm
temperatures unclamped. In keeping with the data
previously given, forearm perfusion did not significantly
change across the 8 wk in response to lower limb heating in
this experiment (P = 0.31) (Fig. 2C), whereas resting Tc at
week 8 was significantly lower compared with that in week
0 (37.2 T 0.3 vs 36.9 T 0.2, P G 0.001). Similarly, Tc was
significantly lower during lower limb heating at week 8 com-
pared with that at week 0 (P G 0.001), with differences at
every 5-min interval (P G 0.05) across the 30 min (Fig. 2D).
When change in SkBF was plotted against change in Tc
across the 30-min session at weeks 0 and 8, a higher SkBF
was evident for a given change in Tc (Fig. 3B). No differ-
ences were evident between mean arterial pressure responses
during the lower limb heating bouts at weeks 0 and 8 (weeks
0 vs 8, 97 T 8 vs 96 T 6, 87 T 7 vs 89 T 6, 86 T 7 vs 87 T 5,
and 86 T 9 vs 87 T 7; P = 0.88).

Effect of Repeated Lower Limb Heating on
SkBF Responses to a Standardized Local
Heating Stimulus

Study 1: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures clamped (30-C). Mean CVC values at
33-C were similar between weeks 0 and 8 in the cuffed
arm (0.29 T 0.10 vs 0.29 T 0.11, P = 0.87). In addition,
there was no significant difference between weeks 0 and

8 in responses to incremental heating in the cuffed arm
(P = 0.72) (Fig. 4A).

In the uncuffed arm, mean CVC values at 33-C remained
similar between weeks 0 and 8 (0.21 T 0.09 vs 0.17 T 0.08,
P = 0.16). However, a decrease in SkBF responsiveness
to incremental heating throughout the local heating proto-
col was evident at week 8 compared with that at baseline
(P = 0.05) (Fig. 4B).

Study 2: repeated lower limb heating, unilateral
cuff inflation to manipulate forearm SkBF, forearm
temperatures unclamped. Mean CVC values at 33-C
were similar between weeks 0 and 8 in the cuffed arm
(0.22 T 0.06 vs 0.29 T 0.09), and there was no significant
difference in the response to incremental heating between
weeks 0 and 8 in the cuffed arm (P = 0.69) (Fig. 4C).

In the uncuffed arm, mean CVC values at 33-C remained
similar across weeks 0 and 8 (0.20 T 0.07 vs 0.23 T 0.11).
In contrast to the previously mentioned results from study 1,
SkBF responses to incremental heating between weeks 0 and
8 increased (P G 0.05) (Fig. 4D).

Change in response to local heating: direct com-
parison of the effect of skin temperature manip-
ulation. A significant difference was apparent between change
in CVC (baseline to week 8) at temperature points 40-C,

FIGURE 3—Change in forearm SkBF (in CVC) (y-axis) versus change
in Tc (x-axis) during 30 min of lower limb heating (5-min intervals) at
weeks 0 (open circles) and 8 (closed circles) in study 1 (A) and study 2
(B). Data are derived from Figure 2.
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41.5-C, and 42-Cj 30 min between studies 1 and 2 (two-way
between-subjects ANOVA, all post hoc P G 0.05) (Fig. 5).

DISCUSSION

In the present study, 8 wk of repeated thermoregulatory
reflex-mediated increases in forearm SkBF induced diver-
gent cutaneous microvascular adaptations to a local heating
stimulus, dependent upon whether skin temperatures were
elevated or not during the lower limb heating bouts. When
skin temperatures were prevented from rising across the 8-wk
intervention period (study 1), postintervention localized
heating elicited decreases in SkBF responsiveness, whereas
repeated elevation in both SkBF and temperature (study 2)
elicited increased responsiveness to our standardized local
heating test. Finally, when both SkBF and temperature were
attenuated using cuff placement, no adaptations were appar-
ent in either study. Taken together, these data suggest that
intrinsic cutaneous microvascular adaptation is dependent
upon repetitive episodic increases in blood flow and that skin
temperature modifies the direction of this response.

A recent study involving thrice-weekly bouts of bilateral
forearm heating (42-C) for 8 wk elicited an increase in
SkBF responses to local heating in the uncuffed, but not
in the cuffed, forearm (4). This study suggested that SkBF
and/or skin temperature were key stimuli for cutaneous mi-
crovascular adaptation, but it did not allow us to distinguish

between these stimuli. This previous study involved local-
ized forearm heating and did not induce Tc elevation or
reflex thermoregulatory changes. We therefore devised the
current experiments to assess the relative effect of repeated
increases in SkBF and/or skin temperature on cutaneous
microvascular adaptations in response to thermoregulatory-
reflex mediated increases in forearm SkBF. In these studies,
we heated the legs of subjects while clamping skin temper-
atures (study 1) in the presence of rising SkBF, whereas in
study 2, forearm skin temperatures were not clamped and
were allowed to rise with blood flow (study 2). Interestingly,
and in contrast to our expectations, we observed distinct

FIGURE 4—Forearm SkBF (in CVC) during the entire gradual heating protocol in the cuffed arms in study 1 (A) and study 2 (C) and uncuffed arms
in study 1 (B) and study 2 (D) arms at weeks 0 (open circles) and 8 (closed circles). Data are mean T SE. MAP, mean arterial pressure.

FIGURE 5—Change in CVC from week 0 to week 8 in the uncuffed
arm in study 1 (open columns) and study 2 (closed columns). Data are
mean T SE. *Significantly different between studies at P G 0.05.
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cutaneous microvascular adaptations in these experiments.
Microvascular perfusion in response to a standardized local
heating test increased after the latter intervention but de-
creased in the former.

The decrease in cutaneous microvascular responsiveness
during localized heating that we observed in study 1 may
conceivably relate to functional or structural microvascular
adaptation. It is well established that SkBF is regulated
by both neural and local mechanisms (12). For example,
rapid local heating of the skin induces a transient peak in
SkBF mediated by axon reflexes, a response followed by
prolonged vasodilation mediated by the local release of NO
(15). The gradual local heating test we used in the present
study is considered to be largely NO mediated (1). In con-
trast, whole-body heating elicits central thermoregulatory
reflexes, which increase cutaneous vasodilator outflow via
sympathetic cholinergic nerves (12). There are several pro-
posed mechanisms by which vasodilation is induced by this
neural drive, including the cotransmitter concept whereby
sweating and vasodilation are stimulated by the release of
acetylcholine (ACh) and a vasodilator substance yet to be
determined (12,24). Recently, Wong (24) reported that in-
hibition of sensory nerves and NO production reduced the
reflex vasodilator response to whole-body heating by ap-
proximately 80% and that NO is obligatory for full expres-
sion of reflex-mediated vasodilation in the skin. It was
furthermore suggested that skin temperature–mediated acti-
vation of sensory nerves may play a distinct role in reflex
vasodilation compared with that associated with endothelium-
dependent mechanisms. The present study adds to these im-
portant observations relating to the acute effects of body
heating by addressing the chronic effects of repeated Tc ele-
vation mediated by skin perfusion versus hyperemia associ-
ated with increased skin temperature. Future studies, similar to
those previously described (24), involving blockade of spe-
cific transmitters, will provide further mechanistic insight into
the distinct effects of repeated episodic changes in skin per-
fusion and temperature in vivo.

It is possible that, in the absence of changes in local-
ized forearm skin temperature during our lower limb bath
exposures, one or more of the many intrinsic vasodilators
known to contribute to SkBF such as NO, endothelium-
derived hyperpolarizing factor, or prostacyclin may have
been downregulated. We believe that this explanation is
somewhat unlikely because repeated increases in blood flow
have not previously been associated with decreased ex-
pression of vasodilator substances in other arteries (7).
Nonetheless, our study suggests that repeated Tc elevation,
in the absence of changes in skin temperature or extrinsic
skin heating, does not up-regulate reflex-mediated vasodi-
lation. An alternate speculative explanation for our finding
in study 1 invokes microvascular structural change. Theo-
retically, an increase in skin capillarization after repeated Tc
heating and blood flow stimulation might account for the
decreases in skin flux that we observed in response to local
heating. Consequential prolongation in red cell transit time

would enhance heat dissipation in the face of elevated Tc.
By analogy, a similar prolongation in transit time due to
increased capillarity has been proposed in skeletal muscle
after exercise training (13). Unfortunately, we did not di-
rectly assess structural microvascular changes in the present
study. Our proposal regarding adaptive skin capillarization
is therefore hypothetical at this point and included here to
provoke future studies, which should elicit maximal CVC or
adopt novel methodologies to assess capillarization. Al-
though we are not aware of any previous direct evidence that
skin capillarization increases in response to either exercise
training or repeated passive elevation in Tc, this possibility
is consistent with our findings and previously reported
changes in skeletal muscle (13) and is worthy of future study.

A possible explanation for the increase in SkBF response
to local heating that we observed in study 2 and also in our
previous forearm heating experiment (4) may relate to the
bioavailability of vasodilators in response to the significant
increases in skin temperature. It is known that increases in
temperature enhance the expression of heat shock proteins
(HSP), and there is a known association between HSP90
and endothelial NO synthase (eNOS) (3,19). Indeed, Shastry
and Joyner (20) reported that inhibition of HSP90 (by
geldanamycin) reduced SkBF in response to local heating
and ACh, highlighting the essential role of HSP90 in full
eNOS activation. In this context, it is possible to rationalize
the current findings as reflective of heating-induced expres-
sion of HSP90 (or other HSP) and subsequent activation of
eNOS, thereby enhancing functional vasodilator capacity.
Such a cascade may not be apparent in study 1 because of the
lack of increase in skin temperature during the lower limb
heating bouts.

Apart from the adaptations previously referred to, which
pertain to vasodilation in response to localized heating, we
also measured SkBF and Tc changes during lower limb
heating bouts before and after the intervention period. It is
generally accepted that acclimation results in increases in
SkBF at an earlier Tc and to a higher plateau level (21).
Classic human integrative physiology studies furthermore
suggest that whole-body heat exposure during brief periods
of exercise training (called ‘‘acclimation’’ by some) exag-
gerates this response (17). A recent review (21) and article
(11) attributed these effects on the Tc–SkBF relation to
changes in blood volume, although the latter study occurred
across a brief time frame and there is some evidence that
blood volume changes are time dependent (18). The relative
increase in SkBF for a given Tc that we observed in both
current experiments (Figs. 2 and 3) is consistent with that
previously observed (2,21) and strongly implies central
blood volume expansion. However, a recent and carefully
performed study by Lorenzo and Minson (14) demonstrated
that heat acclimation involving 10 d of combined exercise
and 40-C whole-body heat exposure induces localized SkBF
adaptations in response to ACh administration. Our study
design was different from that of Lorenzo and Minson (14)
and sought to answer distinct questions, but if the mechanism
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for our observed change in Tc–SkBF relation during lower
limb heating was peripheral rather than central (e.g., blood
volume related), then it must relate to episodic increases
in skin perfusion and not to changes in skin temperature
because the Tc–SkBF change was observed in both of
our experiments.

One potential limitation of the present study relates to the
placement of the laser Doppler probes before and after the
intervention. It is possible that differential placements may
have affected the changes we observed. However, we be-
lieve that our findings are robust and internally consistent for
several reasons. Each subject’s initial baseline probe place-
ment was recorded using distances from anatomical land-
marks, and a photograph was taken to ensure that follow-up
placement was as close as possible to the baseline site.
Furthermore, the study design was within subjects and be-
tween arms and truly random effects should have similarly
affected both limbs. Finally, the findings of our study were
very consistent within conditions: of the nine subjects in
study 1, eight demonstrated decreases in response to local
heating, whereas eight of 10 subjects increased in study 2. A
further limitation of this study was that maximal SkBF after
the local heating protocol was not induced. Elicitation of
maximal SkBF by either local heating to 44-C or infusion
of vasoactive substances via microdialysis, such as sodium

nitroprusside, may have provided supporting evidence for
structural adaptation in the cutaneous vasculature.

In summary, this experiment suggests that repetitive in-
creases in skin microvascular hyperemia, when associated
with increased skin temperature, induces distinct adaptations
to those associated with repeated increases in blood flow
per se. Although episodic increases in SkBF may induce
microvascular changes consistent with prolonged red blood
cell transit time, increases in skin temperature may be re-
quired to manifest functional adaptation and enhanced red
cell flux. Interventions that repeatedly increase Tc and, con-
sequently, both SkBF and skin temperature, likely induce
central adaptations in blood volume and intrinsic microvas-
cular changes, which combine to enhance thermoregulation.
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upper limb conduit artery vascular adaptation which was 
dependent upon increases in shear stress. To our knowl-
edge this is the first study to establish a beneficial systemic 
impact of thermoregulatory reflexes on conduit artery func-
tion in humans.

Keywords Thermoregulation · Flow-mediated dilation · 
Endothelium · Artery

Abbreviations
eNOS  Endothelial nitric oxide synthase
FMD  Flow-mediated dilation
GTN  Glyceryl trinitrate
iEX  Ischaemic handgrip exercise protocol
NO  Nitric oxide
SRAUC  Shear rate area under the curve
Tc  Core temperature
VAR  Veno-arteriolar reflex

Introduction

Shear stress is the frictional drag force exerted by blood as 
it flows across the arterial wall. Studies in animals have con-
vincingly demonstrated that increases in shear stress result 
in conduit artery vasodilation, mediated by the release of 
vasoactive substances from the endothelium, most notably 
nitric oxide (NO) (Pohl et al. 1986; Laughlin et al. 2008). 
In a recent study, 8 weeks of bilateral forearm heating was 
associated with enhanced brachial artery function, meas-
ured by flow-mediated dilation (FMD), which transiently 
increased and was thereafter superseded by structural arte-
rial remodeling (Naylor et al. 2011). This biphasic pattern 
of functional and structural adaptation is consistent with that 
originally suggested by Laughlin on the basis of extensive 

Abstract 
Purpose Shear stress is a known stimulus to vascular 
adaptation in humans. However, it is not known whether 
thermoregulatory reflex increases in blood flow and shear 
can induce conduit artery adaptation.
Methods Ten healthy young volunteers therefore under-
went 8 weeks of 3 × weekly bouts of 30 min lower limb 
heating (40 °C) during which the upper body was not 
directly heated. Throughout each leg heating session, a 
pneumatic cuff was placed on one forearm and inflated to 
unilaterally restrict reflex-mediated blood flow responses.
Results Each bout of leg heating significantly increased 
brachial artery shear rate in the uncuffed arm (96 ± 97 
vs 401 ± 96 l/s, P < 0.01), whereas no change was appar-
ent in the cuffed arm (83 ± 69 vs 131 ± 76 l/s, P = 0.67). 
Repeated episodic exposure to leg heating enhanced 
brachial artery endothelial function (measured by flow-
mediated dilation) in the uncuffed arm from week 0 
(5.2 ± 1.9 %) to week 4 (7.7 ± 2.6 %, P < 0.05), before 
returning to baseline levels by week 8. No adaptation was 
evident in the cuffed arm.
Conclusions We conclude that repeated increases in core 
temperature, induced via lower limb heating, resulted in 
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animal experimentation (Laughlin 1995). Unilateral forearm 
cuff inflation, which prevented shear stress from increas-
ing during forearm heating bouts, abolished these vascular 
adaptations. However, most previous studies of shear-medi-
ated effects on conduit arteries have involved exercise as a 
stimulus and no previous study has examined whether ther-
moregulatory reflex-mediated increases in blood flow and 
shear stress in resting subjects, akin to repeated sauna expo-
sure, can induce arterial adaptation in humans.

Our aim in the present study was to examine the impact 
of repeated episodic changes in brachial artery blood flow 
and shear stress on conduit artery adaptation induced by 
a systemic heating stimulus. To this end, we devised a 
method of isolated lower limb heating which elevates core 
temperature (Tc) and induces reflex thermoregulatory cuta-
neous vasodilation, including increased blood flow in the 
upper limbs. The upper body itself is not directly heated 
and forearm hyperaemia is therefore entirely reflex-medi-
ated. We repeatedly exposed subjects to this isolated leg 
heating protocol across an 8-week intervention period. To 
address the role of shear stress, a cuff was partially inflated 
on one forearm throughout each heating bout. We hypoth-
esized that reflex-mediated increases in brachial artery 
flow as a result of core body heating would result in shear 
stress-mediated conduit artery adaptations similar to those 
observed following exercise training.

Materials and methods

Ethical approval

This study complied with the Declaration of Helsinki and 
the Human Research Ethics Committee of the University of 
Western Australia approved the experimental protocol. All 
subjects provided written, informed consent before partici-
pating in the study.

Subject characteristics

Ten recreationally active males were recruited for the 
study (25.8 ± 3.1 years, Table 1). A pre-participation 

questionnaire was administered to exclude subjects with 
specific lifestyle traits or medical issues such as cardiovas-
cular disease, smoking, hypertension and hypercholester-
olemia. Due to the possible vasoactive effects of oestrogen, 
women were excluded from this study along with individu-
als taking medication of any kind.

Study design

Once recruited, subjects undertook 30 min of lower limb 
heating (40 °C), three times a week, for 8 weeks in a 
custom-designed recovery bath (IC-iBody; iCoolsport, 
Queensland, Australia). The water bath temperature 
was maintained and continuously circulated via a heat-
ing pump (IC-Heat; iCoolsport, Queensland, Australia). 
Subjects were submerged to the level of the waist and 
the custom-designed baths had a cover placed over them 
such that the upper limbs were not heated during the ses-
sions and remained under ambient conditions. During each 
session, a pneumatic cuff was placed around one fore-
arm and inflated (80 mmHg) to attenuate thermoregula-
tory reflex-mediated increases in brachial blood flow and 
shear. Such cuff placement has been successfully used 
on many occasions to unilaterally modify flow and shear 
(Birk et al. 2012; Naylor et al. 2011; Thijssen et al. 2009; 
Tinken et al. 2009, 2010). To assess vascular adaptation to 
this intervention, we examined brachial artery responses 
to FMD, an ischaemic handgrip exercise protocol (iEX) 
and following administration of sublingual glyceryl trini-
trate (400 µg GTN) at baseline and again at weeks 2, 4, 6 
and 8. To assess the acute impact of lower body heating on 
upper limb haemodynamics, brachial artery shear rate was 
assessed during the first 30 min heating bout in a subgroup 
of 5 subjects.

Experimental outcomes

All studies were conducted in a quiet temperature-con-
trolled environment. Subjects arrived at the laboratory hav-
ing fasted for a minimum of 8 h and abstained from alco-
hol, caffeine and vigorous exercise for at least 24 h.

Assessment of core temperature and brachial artery blood 
flow and shear rate during leg heating

During the initial session of leg heating, we assessed the 
acute effect of such heating on Tc and brachial artery 
blood flow and shear rate responses in both the cuffed 
and uncuffed arms. Core temperature was measured using 
rectal temperature probes throughout immersion (RET-1, 
Physitemp Instruments, NJ, USA). Brachial artery diameter 
and velocity were simultaneously assessed in both arms 
using 10-MHz multi-frequency linear array probes attached 

Table 1  Subject characteristics

Values are mean ± SD

Age (years) 25.8 ± 3.1

Height (m) 1.78 ± 0.09

Weight (kg) 78.8 ± 8.2

BMI (kg m−2) 25.0 ± 1.8

Mean arterial pressure (mmHg) 97 ± 9

Heart rate (bpm) 62 ± 5
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to high-resolution ultrasound machines (T3000; Terason, 
Burlington, MA). Following optimisation of the longitudi-
nal B-mode image of the lumen-arterial walls, with simul-
taneous Doppler velocity assessments collected using the 
lowest possible insonation angle (always <60°), recordings 
commenced following 20 min of quiet seated rest and then 
continued throughout the 30 min bath immersion protocol, 
as described above.

Effects of repeated episodic lower limb heating on brachial 
artery vascular adaptation

Assessment of brachial artery flow-mediated dilation Bra-
chial artery FMD was assessed under resting conditions 
every 2 weeks throughout the experimental period. Follow-
ing a 20 min rest period, brachial artery diameter and veloc-
ity responses following a 5 min period of supra-systolic cuff 
ischaemia (i.e. FMD) were simultaneously assessed in both 
arms, using 10-MHz multi-frequency linear array probes, 
attached to high-resolution ultrasound machines (T3000; 
Terason, Burlington, MA). Briefly, a rapid inflation/defla-
tion pneumatic cuff (AG 101, Hokanson) was placed around 
each arm immediately distal to the olecranon process, in 
accordance with our recently published guidelines on the 
optimal approaches to the technique and presentation of 
FMD data (Green et al. 2011). When an optimal B-mode 
image was obtained, images were collected using an insona-
tion angle (always <60°), which did not vary during each 
study or within individuals across the intervention. Baseline 
images were recorded for 1 min before the forearm cuff was 
inflated to 220 mmHg for 5 min. Recording resumed 30 s 
before cuff deflation and continued for 5 min post-deflation. 
Details of this technique are provided elsewhere (Thijssen 
et al. 2011). Numerous studies (Doshi et al. 2001; Joannides 
et al. 1995; Kooijman et al. 2008; Mullen et al. 2001), but 
not all (Pyke et al. 2010), have reported this measure elicits 
an endothelium-dependent response which is NO-mediated.

Assessment of brachial artery responses to ischaemic hand-
grip exercise Following a subsequent 20 min rest period, 
we examined bilateral brachial artery dilation after 5 min 
of ischaemic exercise, described in detail previously (Nay-
lor et al. 2005). Subjects performed repeated handgrip 
exercise (30 contractions/min) for the middle 3 min of a 
5 min ischemic period. This protocol induces endothelium-
dependent dilation, however, is not NO dependent (Mul-
len et al. 2001) and it approximates peak dilator responses 
(Naylor et al. 2005), thereby providing a surrogate for  
arterial structural remodeling.

Assessment of brachial artery responses to glyceryl trini-
trate Subjects then rested for a further 20 min after which 
brachial artery diameter and velocity were examined for 

10 min following sublingual administration of GTN (400 µg). 
GTN induces endothelium-independent vasodilation.

Data analysis

Brachial artery blood flow and shear rate

Analysis of brachial artery blood flow and shear rate was 
performed using custom-designed edge-detection and wall-
tracking software, which is independent of investigator bias 
and has previously been described (Black et al. 2008; Wood-
man et al. 2001). From synchronized diameter and veloc-
ity data, blood flow (lumen cross-sectional area × Doppler 
velocity) was calculated at 30 Hz. Shear rate (an estimate of 
shear stress without viscosity) was calculated as 4 × mean 
blood velocity/vessel diameter. It is well established that 
shear rate, rather than blood flow per se, is the physiological 
stimulus that modulates endothelial function and induces 
changes in artery remodeling (Pyke and Tschakovsky 2005; 
Langille and O’Donnell 1986; Tuttle et al. 2001). Reproduc-
ibility of diameter measurements using this semi-automated 
software is significantly better than manual methods, as we 
have previously indicated (Woodman et al. 2001). It also 
reduces observer error and bias, and possesses an intra-
observer coefficient of variation of 6.7 % (Woodman et al. 
2001). Our comprehensive assessment of the validity and 
reliability of our software and analysis system indicates that, 
to detect a 2.5 % difference in FMD assuming 80 % power 
and α = 0.05, 8 subjects are required. At 90 % power, the 
requisite n = 11 subjects (Woodman et al. 2001).

Statistics

Statistical analysis was performed using SPSS 19.0 (SPSS, 
Chicago, IL) software. All data are reported as mean ± stand-
ard deviation unless stated otherwise and statistical signifi-
cance was assumed at P < 0.05. A 2-factor ANOVA with 
repeated measures (with time and cuff placement as the 
independent factors) was performed for the acute shear rate 
data. Repeated-measures ANOVA (with time and cuff place-
ment as independent factors) were used to assess changes in 
brachial artery vasodilation in response to FMD, iEX, and 
GTN across the 8 week intervention period. Post hoc analysis  
t tests were used where significant values were found.

Results

Acute effect of lower limb heating on core temperature 
and brachial artery shear rate and blood flow (n = 5)

Core temperature increased across 30 min of lower limb 
heating (P < 0.01) with significant differences from 
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baseline at 20, 25 and 30 min (all P < 0.05, Fig. 1). There 
was no difference in brachial artery shear rate or blood 
flow between the arms prior to cuff inflation (P = 0.48, 
P = 0.86, respectively, Fig. 2). However, brachial shear and 
flow increased in the uncuffed arm (both P < 0.01) with 
significant differences from baseline at 15 and 25 min (all 
P < 0.05, Fig. 2). In contrast, both shear rate and flow in the 
cuffed arm did not significantly change across the 30 min 

heating bout (P = 0.67, and P = 0.50). A 2-way ANOVA 
revealed a difference in brachial shear rate (P < 0.01) and 
blood flow (P < 0.05) between the cuffed and uncuffed 
arms with significant differences at 5, 15 and 25 min (all 
P < 0.05), (Fig. 2).

Effects of repeated episodic lower limb heating on brachial 
artery vascular adaptation

Flow-mediated dilation

Resting brachial artery diameter did not change in the 
cuffed arm (week 0, 2, 4, 6 and 8; 4.3 ± 0.6 vs 4.3 ± 0.6 vs 
4.1 ± 0.5 vs 4.1 ± 0.6 vs 4.1 ± 0.5 mm, P = 0.94) or the 
uncuffed (4.2 ± 0.6 vs 4.1 ± 0.6 vs 4.1 ± 0.5 vs 4.1 ± 0.5 
vs 4.3 ± 0.5 mm, P = 0.91) across the intervention period. 
Repeated lower limb heating induced a significant increase 
in brachial artery FMD% (2-way ANOVA, time factor, 
P < 0.05, Fig. 3a). Post hoc analysis revealed a significant 
increase in FMD% between weeks 0 and 4 in the uncuffed 
arm (P < 0.05), before it returned to baseline values by 
week 8. In contrast, no change in FMD% was apparent in 
the cuffed arm (P = 0.73). No change was evident in the 
shear rate stimulus (SRAUC) to FMD% across the 8 week 
intervention (Table 2).

Fig. 1  Change in core temperature across 30 min of lower limb heat-
ing. Significantly different at P < 0.05 from baseline (hash symbol). 
Data are mean ± SE

Fig. 2  Brachial artery shear rate (l/s) (a) and blood flow (b) in the 
cuffed (open squares) and uncuffed (solid squares) forearms at base-
line and at 5, 15 and 25 min during lower limb heating. Significantly 
different at P < 0.05 from baseline (hash symbol) or between the 
cuffed and uncuffed forearms (asterisk). Data are mean ± SE

Fig. 3  Brachial artery responses to flow-mediated dilation (FMD%) 
(a) and sublingual glyceryl trinitrate (GTN%) (b) in the cuffed (open 
squares) and uncuffed (solid squares) forearms at weeks 0, 2, 4, 6 
and 8. Significantly different at P < 0.05 from baseline (hash symbol). 
Data are mean ± SE
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Brachial artery responses to ischaemic handgrip exercise 
and glyceryl trinitrate

There was no difference in brachial artery responses to 
iEX between arms at baseline and the responses remained 
unchanged across the intervention (2-way ANOVA, 
P = 0.43, Table 2). Similarly, no differences in brachial 
artery responses to GTN were evident between arms at 
baseline and responses did not change across the interven-
tion (2-way ANOVA, P = 0.45, Fig. 3b).

Discussion

In the present study, we demonstrated that 30 min of 
lower limb heating significantly increased brachial artery 
blood flow and shear rate, responses that were abolished 
by cuff inflation on the contralateral forearm. Eight weeks 
of repeated episodic leg heating enhanced brachial artery 
endothelium-dependent vasodilator (FMD) function in the 
uncuffed arm, exposed to large increases in blood flow 
and shear during each heating bout, but not the contralat-
eral cuffed arm in which flow and shear were attenuated. 
Brachial artery responses to GTN did not change across 
the intervention in either arm, inferring that the functional 
adaptation in FMD was endothelium-dependent. Our find-
ings suggest that repeated increases in core temperature, 
induced via lower limb heating, result in vascular adapta-
tions in upper limb conduit arteries which are dependent 
upon episodic increases in shear stress, mediated by cuta-
neous thermoregulatory vasodilation.

Our study indicates that, whilst changes in conduit 
artery function occur as a result of repeated changes in 
shear, these increases in FMD ultimately resolve and 
return to near baseline levels by 8 weeks. This biphasic 
pattern of adaptation in vascular function has previously 
been observed in studies involving handgrip exercise train-
ing (Tinken et al. 2008, 2010), leg exercise training (Birk 
et al. 2012) and localized repetitive forearm heating (Nay-
lor et al. 2011). A biphasic time-course in adaptation of 
artery function is also consistent with animal studies of 
the time-course of eNOS expression and arterial remod-
eling (Laughlin 1995). Laughlin originally proposed in the 

mid-1990’s that changes in arterial function are transient 
and ultimately superseded by increases in artery size, or 
remodeling. Our studies are broadly consistent with this 
animal literature, in that the return of functional changes 
to baseline levels is often accompanied by evidence for 
increases in peak vasodilator responses in humans, a sur-
rogate measure of outward arterial remodeling (Tinken 
et al. 2008, 2010; Naylor et al. 2011). We did not, how-
ever, observe evidence for arterial remodeling in the cur-
rent study, a finding which may indicate that the levels of 
brachial artery shear generated were not large enough to 
mediate a compensatory increase in arterial size. Indeed 
previous studies, such as those which have noted differ-
ences in size and diameter between arms of elite racquet 
players, suggest that the stimulus for structural change 
may be localized in nature (Green et al. 1996; Rowley 
et al. 2011). Future studies will be required to uncover the 
reasons for the absence of structural remodeling in this 
study and whether a threshold for shear stress, or some 
other localized factors which accompany exercise, are 
responsible. Nonetheless, our findings indicate that epi-
sodic reflex-mediated increases in brachial shear and blood 
flow transiently increase FMD and that this does not occur 
when shear stress is attenuated.

The mechanistic explanation for the increase in NO-
mediated endothelium-dependent vasodilation we observed 
in this study has previously been suggested by Hambre-
cht et al. (2003), who concluded that repeated increases in 
shear upregulate eNOS phosphorylation and increase the 
bioavailability of NO. However, the Hambrecht study cor-
related changes in shear with artery function, whereas our 
findings have directly manipulated shear levels experimen-
tally via cuff inflation, thereby identifying shear for the first 
time as a causal mechanism. It is important to add that our 
within-subjects contralateral limb model effectively elimi-
nates central factors from the causal pathway, as changes in 
circulating hormones, neural outflow or sympathetic activ-
ity would have logically been expected to express effects in 
both limbs. It is also important to emphasize that post cuff-
deflation shear stress, the physiological stimulus to FMD 
(Pyke and Tschakovsky 2007; Thijssen et al. 2011), did 
not change across the 8 weeks of our experiment (Table 2). 
GTN responses were also unaltered. Hence, our changes in 

Table 2  Brachial artery 
characteristics at weeks 0, 2, 4, 
6 and 8

Values are mean ± SD

 FMD flow-mediated dilation, 
SRAUC shear rate area under the 
curve, iEX ischaemic handgrip 
exercise

Variables Week 0 Week 2 Week 4 Week 6 Week 8 P value

SRAUC (FMD%) 103, s−1

 Cuffed 15.6 ± 7.1 14.3 ± 7.7 14.5 ± 3.2 20.0 ± 12.8 15.7 ± 6.9 Time: 0.90

 Uncuffed 15.7 ± 10.9 13.2 ± 5.0 15.4 ± 8.0 18.0 ± 8.1 13.9 ± 7.1 Time*arm: 0.68

iEX%

 Cuffed 17.4 ± 4.8 18.9 ± 5.4 19.7 ± 6.8 17.6 ± 4.3 20.0 ± 4.1 Time: 0.43

 Uncuffed 17.6 ± 7.6 19.1 ± 3.0 20.2 ± 6.4 19.9 ± 7.5 16.8 ± 6.9 Time*arm: 0.51
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FMD must be due to genuine endothelial adaptation and 
not systematic changes in the stimulus to FMD or changes 
in smooth muscle function.

Whilst this is the first study, to our knowledge, which 
has addressed the mechanisms responsible for thermoreg-
ulatory effects on systemic conduit artery function, a pre-
vious study by Kihara et al. (2002) reported that 14 days 
of daily sauna treatment (60 °C) in chronic heart failure 
patients enhanced brachial artery endothelial function. 
This study was observational and did not isolate the heat-
ing stimulus per se, or manipulate shear stress, to identify 
causal mechanisms. The current study extends the find-
ings of Kihara et al. by isolating the heating stimulus to the 
lower limbs, such that the upper limbs were not directly 
affected by a heat stimulus. Also, by unilaterally restricting 
brachial flow and shear, we experimentally manipulated the 
impact of shear in the vascular responses.

There are several potential limitations of this study. The 
sample size was small, but this is only a statistically rel-
evant limitation under circumstances where type II errors 
are suspected (Batterham and Atkinson 2005). Our find-
ings are statistically significant and therefore, by defini-
tion, the study was adequately powered. A comprehensive 
published analysis of the validity and reliability of our 
operator-independent technique also indicates that our sam-
ple size was adequate (Woodman et al. 2001). We believe 
that our methodological approaches, including the use 
of automated edge-detection and wall-tracking software, 
experimental design elements such as simultaneous assess-
ment using identical machines and settings and the use of 
a contralateral within-subjects control limb, all add to the 
precision of our study by diminishing important sources 
of error. A further potential limitation of the study is the 
unilateral inflation of the forearm cuff during leg heating 
may have elicited a veno-arteriolar reflex (VAR) (Brothers 
et al. 2009). However, some previous studies suggest con-
duit artery diameter is not affected by the VAR (Brothers 
et al. 2009) and the mechanism responsible for this reflex 
remain largely unknown (Johnson 2002). In any event, such 
a reflex, if present, would act by decreasing brachial flow 
and shear in the cuffed arm, thereby reinforcing our argu-
ment that these stimuli are important to vascular adapta-
tion. Our FMD measures were also collected in both limbs 
using identical procedures and without venous conges-
tion. Finally, a potential explanation for the decrease in 
FMD observed in the uncuffed arm from week 4 to week 
8 is a reduction in the brachial shear stimulus once sub-
jects became acclimated to the heat exposures. However, 
there was no significant difference between the cuffed and 
uncuffed limbs in the post-occlusion SRAUC stimulus to 
FMD following cuff release across the 8 weeks of testing. 
This suggests the stimulus upstream remained the same 
throughout the intervention and discounts the possibility 

the return in FMD to baseline by week 8 was due to a drop 
in the shear stimulus.

It is well established that strong relationships exist 
between the behavior and function of brachial and epicar-
diac coronary arteries (Anderson et al. 1995; Takase et al. 
1998, 2005), suggesting that peripheral vascular function 
provides a valid surrogate for systemic vascular health. 
Although we did not assess subjects with risk factors or 
cardiovascular disease in this experiment, lower limb heat-
ing may conceivably have potential beneficial impacts in 
coronary disease or heart failure patients and future studies 
using our approach will be required to definitively answer 
this.

In summary, lower limb heating induced thermoregula-
tory reflex increases in upper limb cutaneous and brachial 
artery blood flows in this study. Repeated increases in bra-
chial shear induced via this heating stimulus, independent 
of exercise, enhanced brachial NO-mediated endothelial 
function. These findings are the first to our knowledge to 
indicate that repeated thermoregulatory reflex-mediated 
increases in blood flow can improve systemic conduit 
artery function via a shear-mediated mechanism. The 
implications of this study relate to the potential cardiovas-
cular benefits of repeated episodic body heating in clini-
cal groups or individuals in whom exercise is contrain-
dicated. Future studies will be required to determine the 
significance of this data given that the changes in FMD 
we observed were transient and, in contrast to some recent 
studies involving localized exercise and forearm heating, 
not accompanied by compensatory adaptation in indices of 
vessel remodeling.

Conclusions

No previous study has examined whether thermoregula-
tory reflex-mediated increases in blood flow and shear 
stress can induce arterial adaptation in humans. This is the 
first study to indicate that repeated body heating enhances 
conduit artery function systemically. Furthermore, it pro-
vides evidence that the mechanism responsible is shear 
stress through conduit arteries. Our findings extend cur-
rent literature relating to mechanisms and modalities that 
can improve vascular health and have potential implica-
tions for individuals in whom exercise is contraindicated. 
‘Thermoregulatory training’ may provide an alternative to 
enhance vascular function in vivo.
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Birk GK, Dawson EA, Atkinson C, Haynes A, Timothy Cable N,
Thijssen DH, Green DJ. Brachial artery adaptation to lower limb exercise
training: role of shear stress. J Appl Physiol 112: 1653–1658, 2012. First
published March 8, 2012; doi:10.1152/japplphysiol.01489.2011.—Lower
limb exercise increases upper limb conduit artery blood flow and
shear stress, and leg exercise training can enhance upper limb vascular
function. We therefore examined the contribution of shear stress to
changes in vascular function in the nonexercising upper limbs in
response to lower limb cycling exercise training. Initially, five male
subjects underwent bilateral brachial artery duplex ultrasound to
measure blood flow and shear responses to 30-min cycling exercise at
80% of maximal heart rate. Responses in one forearm were signifi-
cantly (P ! 0.05) attenuated via cuff inflation throughout the exercise
bout. An additional 11 subjects participated in an 8-wk cycle training
study undertaken at a similar intensity, with unilateral cuff inflation
around the forearm during each exercise bout. Bilateral brachial artery
flow-mediated dilation responses to a 5-min ischemic stimulus
(FMD%), an ischemic handgrip exercise stimulus (iEX), and endo-
thelium-independent NO donor administration [glyceryl trinitrate
(GTN)] were measured at 2, 4, and 8 wk. Cycle training increased
FMD% in the noncuffed limb at week 2, after which time responses
returned toward baseline levels (5.8 " 4.1, 8.6 " 3.8, 7.4 " 3.5, 6.0 "
2.3 at 0, 2, 4 and 8 wk, respectively; ANOVA: P # 0.04). No changes
in FMD% were observed in the cuffed arm. No changes were evident
in response to iEX or GTN in either the cuffed or noncuffed arms
(P $ 0.05) across the 8-wk intervention period. Our data suggest that
lower limb cycle training induces a transient increase in upper limb
vascular function in healthy young humans, which is, at least partly,
mediated via shear stress.

conduit artery; endothelial function; echo Doppler

EXERCISE TRAINING HAS POTENT cardioprotective effects that are
not fully explained by modification of traditional or novel
cardiovascular risk factors (9, 29). The beneficial effects of
exercise training may partly be mediated through direct effects
of exercise on the vasculature (17, 24). It has been reported that
exercise training leads to localized improvements in vascular
function and structure in the active regions (50), which may be
mediated through repetitive increases in shear stress (31, 49,
50). Exercise training also results in systemic vascular adap-
tations beyond the active regions (10, 27, 28). However, to
date, relatively little is known about the hemodynamic stimuli
responsible for systemic effects of large muscle group exercise
training on the vasculature.

One potential explanation for systemic vascular adaptations
to exercise training relates to shear stress. We have demon-
strated that shear increases in the inactive upper limbs in a

“dose-dependent” manner during leg cycling (11, 14, 44) and
others have recently confirmed these observations (33, 34, 42).
Although the average increase in shear rate (SR) in the upper
limbs is smaller than that observed in the active lower limbs
(44), or in response to handgrip exercise (11), this can mask
substantial changes in the pattern of flow and shear that may
contribute to vascular adaptations in the nonactive regions as a
result of training (49). Indeed, recent observations indicate that
brachial artery mean shear rate progressively increases during
constant load leg cycling exercise, most likely as a conse-
quence of cutaneous thermoregulatory vasodilation (41). These
findings suggest the presence of a significant brachial artery
shear stimulus during lower limb exercise. Therefore, the
purpose of this study was to examine upper limb brachial artery
endothelium-dependent and -independent dilation before, dur-
ing, and after 8 wk of lower limb cycling training in healthy
humans. To specifically address the role of shear, subjects
exercised with a cuff around one forearm to unilaterally ma-
nipulate the exercise-induced increases in this variable (13, 31,
49, 50). We hypothesized that cycle exercise training would
lead to improvement in endothelial function in the nonactive
upper limb, in keeping with time-dependent changes observed
in recent exercise training studies in healthy humans (48, 50)
and that such adaptation would be shear stress mediated.

METHODS

Subjects

Eleven healthy men (22 " 2 yr) were recruited to examine the
effects of 8-wk cycle exercise on brachial artery endothelial function
in the noncuffed and cuffed arms. Subjects were healthy; none
reported having been diagnosed with cardiovascular diseases, diabe-
tes, insulin resistance, or cardiovascular risk factors, such as hyper-
cholesterolemia or hypertension. Subjects who smoked or were on
medication of any type were excluded. All subjects were recreation-
ally active (1–5 h of physical activity per week). Informed consent
was gained from all subjects prior to the experimental procedures. The
study procedures were approved by the Liverpool John Moores Ethics
Committee and adhered to the Declaration of Helsinki.

Experimental Design

Effect of upright cycle ergometer exercise on brachial artery shear
stress: impact of forearm cuff inflation. Five additional healthy male
subjects (24 " 2 yr), distinct from those studied above, were recruited
to undertake 30 min of cycle exercise (Monark 874E, Sweden) at 80%
maximal heart rate (80%HRmax). Throughout this exercise bout, a
pneumatic cuff was placed around one forearm immediately below the
cubital crease and inflated to 60 mmHg. The contralateral arm re-
mained uncuffed during cycle exercise. Brachial artery diameter and
velocity values were simultaneously collected immediately prior to
exercise (before cuff inflation) and at 25 min during exercise with the
cuff inflated. Briefly, subjects rested for 20 min while seated at rest on
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a stationary bicycle ergometer in a quiet, temperature-controlled
room. Baseline bilateral brachial artery diameter and velocity were
recorded using high-resolution duplex ultrasound for at least 1 min.
Subsequently, subjects performed leg cycling exercise for 30 min at
80%HRmax. Brachial artery blood flow and shear were recorded
during the leg cycling exercise intervention in both the cuffed and
noncuffed arms (Fig. 1). Previous studies have demonstrated that
placement and inflation of a forearm cuff in this manner attenuates
upstream brachial artery shear rate (13, 31, 49, 50). We previously
published examples of images acquired both at rest and during
exercise (47, 51).

Effect of cycle ergometer training on brachial artery adaptation.
Exercise training was performed over an 8-wk period with subjects
visiting the laboratory three times per week. Each laboratory session was
supervised and consisted of 30-min of cycle exercise (80%HRmax) per-
formed at the same time of day. During each 30-min training session,
a pneumatic blood pressure cuff was placed below the cubital crease
on one forearm and inflated to 60 mmHg throughout the exercise
period. Cuff inflation to 60 mmHg was selected on the basis of
previous experimentation (13, 31, 49, 50) in which unilateral cuff
inflation was effective in modifying blood flow and shear rate during
exercise. Subjects were instructed not to hold the handle bars to ensure
inactivity of the upper limbs during cycling exercise. The arm selected
for cuff placement was randomized, but once selected remained
consistent for each subject across the 8-wk training period.

To examine the role of shear rate in systemic vascular adaptation
to 8-wk of leg cycle training, we examined bilateral baseline
FMD%, brachial artery diameter response to an ischemic exercise
protocol (iEX), and dilator responses to sublingual glyceryl trini-

trate administration (400 !g GTN). These measures were repeated
at 2, 4, and 8 wk (48).

Experimental Measures

All studies were conducted in a quiet, temperature- controlled
environment, and each visit for a given subject was performed at the
same time of day. Subjects were asked to fast for "4 h, abstain
from alcohol and caffeine for 16 h, and not to perform any exercise
for 24 h. Study procedures were performed according to recent
guidelines (43).

Brachial artery flow-mediated vasodilator responses to ischemia.
After a 20-min rest period, we examined brachial artery flow-medi-
ated dilation (FMD) in both arms. Bilateral measures were collected
simultaneously to minimize error. We used two 10-MHz multifre-
quency linear array probes, attached to high-resolution ultrasound
machines with identical settings (T3000; Terason, Burlington, MA),
to simultaneously assess diameter and velocity changes. A detailed
description of this technique is provided elsewhere (4, 49). This
approach elicits endothelium-dependent and largely nitric oxide
(NO)-mediated dilation (10). Heart rate and mean arterial pressure
were determined from an automated sphygmomanometer (Dinamap;
GE Pro 300V2, Tampa, FL).

Brachial artery responses to ischemic exercise. Following a further
20-min rest period, we examined brachial artery dilation after an
ischemic exercise stimulus (iEX), described in detail elsewhere (32).
This protocol results in dilation of the brachial artery, which is
considered endothelium dependent, but may not be highly NO medi-
ated (1, 6, 10, 30).

Brachial artery endothelium-independent vasodilation to glyceryl
trinitrate. Following another 20-min rest period, a 1-min baseline
recording of diameter, flow, and shear rate was taken from both limbs.
A single spray of sublingual glyceryl trinitrate (GTN, 400 !g), a NO
donor, was then administered followed by a 10-min continuous
recordings of the diameter images in both arms to determine brachial
artery endothelium-independent vasodilation.

Brachial Artery Diameter and Blood Flow Analysis

Posttest analysis of brachial artery diameter was performed using
custom-designed edge-detection and wall-tracking software that is
largely independent of investigator bias (51). Recent papers contain
detailed descriptions of our analysis approach (3). From synchronized
diameter and velocity data, blood flow [the product of lumen cross-
sectional area and Doppler velocity (#)] was calculated at 30 Hz.
Shear rate (an estimate of shear stress without viscosity) was calcu-
lated as four times mean blood velocity/vessel diameter (36). Repro-
ducibility of the FMD using this semi-automated software possesses a
coefficient of variation of 6.7–10.9% (45).

Data Analysis

FMD%, iEX, and GTN are presented as the relative (%) rise from
the preceding baseline diameter and are calculated based on standard-
ized algorithms applied to data that had undergone automated observer-
independent edge-detection and wall-tracking [see previous studies
for further detail (3)]. In accordance with recent findings (3, 37), we
calculated the shear rate stimulus responsible for endothelium-
dependent FMD% following cuff deflation. The area under the shear
rate curve (SRAUC), calculated for data up to the point of maximal
postdeflation diameter (FMD%)(3), was calculated for each individ-
ual. Peak blood flow in response to the FMD test was determined as
the highest flow in the first 20 s after deflation, using bins of $3 s
while ensuring entire cardiac cycles were included. This shear rate
response is exclusive for the FMD% tests and does not relate to the
shear responses during exercise bouts. In accordance with recent
guidelines (43), we presented the FMD% SR data in a table, but have
not normalized for this data due to the limitations of this approach (2).

Fig. 1. Brachial artery mean, antegrade, and retrograde shear rate during rest
and cycle exercise in the noncuffed (A) and cuffed (B) arms of healthy, young
volunteers (n % 5). Post hoc t-test significantly different from pre (†) and from
cuffed (*) at P & 0.05.
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The ratio between FMD to GTN was also calculated and provides an
assessment of the NO dilator system, whereby endothelial NO func-
tion is presented in the context of smooth muscle cell sensitivity to
NO (20, 21, 35, 38).

Statistics

Statistical analyses were performed using SPSS 17.0 (SPSS, Chi-
cago, IL) software. All data are reported as mean (SD) unless stated
otherwise, whereas statistical significance was assumed at P ! 0.05.
Initially, a two-factor ANOVA with repeated measures (with time and
cuff placement as the independent factors) was performed for the
initial acute blood flow data. Additional, repeated-measures ANOVA
(with time and cuff placement as independent factors) were used to
assess changes in brachial artery vasodilation in response to FMD%
(i.e., primary outcome parameter), iEX, and GTN across the 8-wk
intervention period. Post hoc analysis t-tests were used where signif-
icant values were found.

RESULTS

Acute Effects of Leg Cycling Exercise

Mean (arm " 0.003, time " 0.005, arm*time " 0.005) and
antegrade (arm " 0.015, time " 0.007, time*arm " 0.031)
shear rate significantly increased from baseline in both arms
(P ! 0.05). Mean (P " 0.004) and antegrade (P " 0.019) SR
were both significantly larger in the noncuffed vs. cuffed arm
during exercise (Fig. 1; P ! 0.05). In addition brachial artery
retrograde shear rate was significantly larger in the cuffed,
compared with the non-cuffed arm (Fig. 1), during exercise
(P " 0.017).

Chronic Effects of 8-wk Leg Cycling Exercise Training

Two subjects were unable to complete the study for personal
reasons unrelated to the study or its protocols. Across the 8-wk
exercise training period, there was 91.7% adherence to the
training sessions in the remaining nine subjects. There were no
significant changes in mean arterial blood pressure (87 # 6,
86 # 7, 87 # 4, and 85 # 6, ANOVA: P " 0.81) or heart rate
(64 # 3, 61 # 9, 57 # 7, and 60 # 7, ANOVA: P " 0.09)
between weeks 0, 2, 4, and 8 of leg cycle training. There were
no differences in baseline brachial artery characteristics be-
tween arms at week 0 (Table 1).

Brachial artery FMD responses to ischemia. Cycle exercise
training induced a significant increase in brachial artery
FMD% (ANOVA, P " 0.04; Fig. 2A). Post hoc analysis
revealed that brachial artery FMD% in the noncuffed arm
increased at week 2 (P ! 0.05 vs. week 0), before returning to
near baseline values at weeks 4 and 8 (Fig. 2A). In the cuffed
arm, no changes in FMD% were evident at any time point (Fig.
2A). No change was evident across the 8-wk training period in
the elicited shear stress stimulus (SRAUC) to FMD%, baseline
diameters, or time-to-peak dilation (Table 1). There was also
no difference between the limbs or across time in peak blood
flow responses to the FMD test.

Brachial artery responses to iEX. In the noncuffed and
cuffed arms, the brachial artery dilator responses to iEX did not
significantly differ across the training intervention period
(ANOVA, P " 0.56; Table 1).

Endothelium-independent, NO-mediated dilation (GTN)
responses. Leg cycling exercise training induced a significant
change in brachial artery GTN by two-way ANOVA (time
factor P ! 0.01; Fig. 2B). Post hoc analysis revealed nonsig-
nificant decreases in GTN responses between weeks 0, 2, and
4, with a significant increase in GTN in both arms between
week 4 and 8. Nonetheless, no significant change in GTN was
apparent in either arm when week 8 and week 0 data were
directly compared.

FMD/GTN. We calculated the ratio of FMD to GTN re-
sponses to reflect changes in endothelial function, normalized
to smooth muscle adaptation. This data reinforced the FMD%
results in that the ratio in the noncuffed was significantly
increased at weeks 2 and 4 (ANOVA: P ! 0.01; Fig. 2C),
relative to week 0, with week 8 data not significantly different
from baseline. No significant changes were apparent in the
cuffed limb (Fig. 2C).

DISCUSSION

The purpose of the present study was to determine the
impact of shear rate on brachial artery endothelium-dependent
and -independent function in response to lower limb cycle
ergometer training. Our principal finding was that a rapid
increase in endothelium-dependent and largely NO-mediated
vasodilator function was apparent in the limb exposed to

Table 1. Brachial artery characteristics at 0, 2, 4, and 8 wk during leg cycle training in the cuffed and noncuffed arm

Variable Week 0 Week 2 Week 4 Week 8 P Value

Resting diameter, mm
Cuffed 3.7 # 0.6 3.6 # 0.8 3.7 # 0.4 3.6 # 0.4 time: 0.78
Noncuffed 3.8 # 0.4 3.8 # 0.5 3.7 # 0.3 3.9 # 0.4 time*arm: 0.56

FMD% time to peak, s
Cuffed 44 # 13 46 # 16 55 # 23 43 # 16 time: 0.92
Noncuffed 57 # 20 49 # 17 49 # 14 63 # 37 time*arm: 0.27

FMD% SRauc, 103, s$1

Cuffed 17.7 # 7.7 21.6 # 13.9 19.6 # 7.7 20.6 # 9.2 time: 0.65
Noncuffed 17.9 # 9.0 21.2 # 7.1 23.2 # 11.3 20.1 # 9.7 time*arm: 0.80

FMD% peak BF, ml/min
Cuffed 422 # 153 390 # 167 396 # 153 449 # 116 time: 0.72
Noncuffed 404 # 128 510 # 138 474 # 144 453 # 228 time*arm: 0.18

iEX, %
Cuffed 16.3 # 5.7 14.8 # 4.5 14.5 # 7.0 14.3 # 4.7 time: 0.56
Noncuffed 12.8 # 4.3 12.9 # 4.0 14.3 # 4.7 12.0 # 5.2 time*arm: 0.40

Values are means # SD. FMD, flow-mediated dilatation; iEX, ischaemic handgrip exercise, GTN; glyceryl trinitrate; SRauc, shear rate area underneath curve;
peak BF, peak blood flow.
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increased shear stress during leg training, but not in the
contralateral cuffed limb in which shear was attenuated.
Changes in FMD% in the noncuffed arm were transient,
returning to near baseline values at week 8. When FMD
responses were normalized for changes in smooth muscle
sensitivity, the FMD/GTN ratios also revealed significant in-
creases in artery function in the noncuffed arm between weeks
0, 2, and 4, with no differences between weeks 0 and 8. These
data suggest that lower limb exercise induces vascular func-
tional changes evident in the untrained upper limbs, which are
attributable, at least in part, to the systemic effects of lower
limb exercise on shear stress.

In the present study, cycle exercise training induced endo-
thelial adaptations in brachial artery of the noncuffed arm only.
This is in line with recent studies that examined the impact of
shear rate manipulation in response to localized handgrip
exercise training (50) and bilateral forearm heating (13, 31) in
the presence and absence of cuff inflation. Collectively, these
studies suggest that shear stress is a key stimulus responsible

for training-induced adaptation in conduit artery function in
humans. The transient nature of the effect, with resolution by
8 wk, has been previously described and discussed (31, 50) and
suggests that healthy subjects demonstrate improvement in
endothelial function during initial phases of training that re-
turns toward baseline as exercise training continues. This
phenomenon was first suggested by Laughlin and colleagues
(26) on the basis of extensive animal data, and it may explain
the lack of effect observed in training studies of healthy
subjects, which collected single point, rather than time-course
data (5, 12).

In our previous study of handgrip exercise training (18), the
return of FMD% to baseline levels was accompanied by
increases in iEX-mediated dilation, suggesting either that func-
tional changes are superseded by structural remodeling or that
adaptation in endothelial function other than that associated
with NO may occur over time. However, in the present study,
no changes in GTN or iEX-mediated dilation were apparent at
8 wk. Although we cannot exclude the possibility that late
changes occur in the function or remodeling of upper limb
arteries in response to lower limb cycle exercise, this seems
unlikely based on the findings of the current study, and there is
limited evidence for systemic effects of exercise on arterial
remodeling in humans (16, 40). Indeed, comparison of specific
groups of upper or lower limb-dominant athletes (22), includ-
ing the preferred and nonpreferred limbs of racquet sportsmen
(15, 39), indicate that changes in artery size predominantly
occur in response to local, rather than systemic, stimuli. This
may suggest that the magnitude and/or pattern of shear stress in
the brachial artery in response 8 wk of lower limb exercise is
insufficient to induce structural adaptation, despite the evi-
dence we present for initial changes in endothelial function.

In a previous paper, Tanaka et al. (42) found that leg cycling
exercise results in a gradual and curvilinear increase in brachial
artery shear rate, leading to a fourfold increase in shear. In our
paper, a !4-fold increase was also evident in brachial artery
shear in the uncuffed arm. In the cuffed arm, although brachial
artery shear rate was lower compared with the noncuffed arm,
shear rate still increased !2-fold during exercise. Nonetheless,
no changes in endothelial function were found. These data
suggest that a shear stress threshold may be necessary to induce
adaptations, a finding that we also suggested on the basis of our
handgrip training study (50). Future studies will be necessary
to examine this hypothesis.

The observation that exercise induces shear stress-mediated
changes in NO signal transduction is not new. In humans,
Hambrecht (19) demonstrated upregulation of eNOS mRNA
and protein, including shear stress sensitive phosphorylation
components of the enzyme. Although this paper linked exer-
cise and shear stress to eNOS adaptation, it did not directly
manipulate or measure shear stress. Other studies have re-
ported that leg exercise training can induce chronic changes in
upper limb resistance and conduit artery function (7, 16, 28).
However, our findings are novel in that they provide the first
evidence in humans that exercise of large muscle groups,
associated with hemodynamic changes in blood pressure and
cardiac output, is also associated with systemic changes in
artery function that are mediated by shear stress.

We characterized mean brachial artery shear stress in the
cuffed and noncuffed limbs during leg cycle ergometry in the
present study and also the antegrade and retrograde compo-

Fig. 2. Brachial artery endothelium-dependent (FMD%), -independent (GTN;
n " 8), and FMD-to-GTN ratio data in the cuffed (□) and noncuffed (!) arms
across an 8-wk leg cycle training intervention. Data are presented as mean #
SE. *Post hoc t-test significantly different from cuffed at P $ 0.05.
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nents of shear (and flow). Our recent studies indicate that acute
bouts of exercise that alter shear can be associated with
immediate increases in FMD% (49). However, the acute FMD
response to exercise bouts may be complex, because interven-
tions that increase retrograde shear can be associated with
decreases in FMD% (46). For example, we previously demon-
strated that unopposed increases in retrograde shear can acutely
decrease endothelial function in humans (45) and that retro-
grade shear rate in the cuffed arm during 30-min cycling
exercise is associated with a significantly lower postexercise
FMD than other forms of shear that simply increase antegrade
shear and flows (49). In the present study, measures assessed at
the end of the 80%HRmax exercise bout revealed modest levels
of retrograde shear compared with our previous cycle studies
(11, 49). The explanation for this may be provided by Simmons
and colleagues (41) who recently demonstrated that retrograde
brachial artery shear in response to cycle exercise decreases
with exercise duration in association with skin vasodilation
subserving thermoregulatory demand (41). Our previous cycle
studies, which demonstrated a larger retrograde shear compo-
nent, involved shorter bouts of exercise (8, 11) or measures
collected at earlier exercise time points at lower intensities of
effort. Although it is not possible to ascertain from our exper-
iment whether the diminished antegrade or increased retro-
grade shear is responsible for the impact of cuffing on artery
function during cycling training, our data nonetheless empha-
size the importance of shear rate patterns on systemic arterial
adaptation.

Shear stress has already been identified as a key stimulus for
local exercise-induced vascular adaptations. We extend this
knowledge by providing evidence that systemic effects of
exercise training are, at least partly, mediated via shear stress-
dependent mechanisms. This direct effect of shear on the
vessel wall may contribute to the well-known cardioprotective
effects of exercise training (17, 24). These observations may
lead to future studies that manipulate exercise-induced eleva-
tions in shear, for example by additional heat stimuli, to further
optimize the effects of exercise training. Along these lines,
previous studies have found beneficial effects of local (forearm
heating) or systemic (sauna therapy) application of heat to
improve endothelial function in healthy (31) and diseased
groups (23, 25).

Several limitations in this study are germane. This study
involved young healthy male volunteers and we cannot extrap-
olate our findings to subjects with cardiovascular disease or
older individuals or women. Vascular function is affected by
the sympathetic nervous system, but it seems unlikely that
systemic changes in neural activation could explain the unilat-
eral impacts of training that we observed. Similarly, circulating
hormonal impacts of training would, logically, have elicited
bilateral changes in artery function, as would also have been
the case for direct effects of blood pressure on functional
arterial adaptation. Finally, we did not assess all vasodilator or
constrictor pathways, and it is possible that functional adapta-
tions that superseded the FMD response were missed.

Conclusion

Findings from the present study indicate that systemic ad-
aptations in flow-mediated endothelial function occur in the
nonexercising upper limbs as a result of leg cycle exercise

training. This response is at least partly explained by the
impact of leg cycling on brachial artery blood flow and shear
stress, as vascular adaptations were abolished when shear
stress was attenuated through cuff inflation of the forearm
during cycling. Not only do these data reinforce the time
course of vascular adaptations following exercise training, they
also provides further insights into the role of increases in blood
flow and shear stress as a stimulus for systemic vascular
adaptations. To our knowledge, data from the present study
provide evidence for the first time of the systemic effect of
exercise training via shear stress-dependent mechanisms.
Taken together these data provide evidence for exercise as an
intervention capable of eliciting systemic vascular benefits in
humans.
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ABSTRACT

Objective: Gradual local heating of the skin induces a largely NO-
mediated vasodilatation. However, use of this assessment of
microvascular health is limited because little is known about its
reproducibility.
Methods: Healthy volunteers (n = 9) reported twice to the
laboratory. CVC, derived from laser Doppler flux and mean arterial
pressure, was examined in response to a standardized local heating
protocol (0.5°C per 150 second from 33°C to 42°C, followed by 20
minutes at 44°C). Skin responses were examined at two locations on
the forearm (between-site). Heating was repeated after a break of
24–72 hours (between-day). Reproducibility of skin responses at
33–42°C is presented for absolute CVC and relative CVC responses
corrected for maximal CVC at 44°C (%CVCmax).
Results: Between-day reproducibility of baseline CVC and %
CVCmax for both sites was relatively poor (22–30%). At 42°C, CVC

and %CVCmax responses showed less variation (9–19%), whilst
absolute CVC responses at 44°C were 14–17%. Between-day
variation for %CVCmax increased when using data from site 1 on
day 1, but site 2 on the subsequent day (25%).
Conclusion: Day-to-day reproducibility of baseline laser Doppler-
derived skin perfusion responses is poor, but acceptable when
absolute and relative skin perfusion to a local gradual heating
protocol is utilized and site-to-site variation is minimized.

KEY WORDS: skin microcirculation, endothelial function, nitric oxide,
local heating, microvasculature

Abbreviations used: %CVCmax, CVC normalized to the maximal

flux achieved during 44°C; ANOVA, analysis of variance; AR, axon
reflex; CI, confidence interval; CVC, cutaneous vascular

conductance; CV, coefficient of variation; LDF, laser doppler

flowmetry; NO, nitric oxide; PU, perfusion units; RBCF, red

blood cell flux.

Please cite this paper as: Dawson EA, Low DA, Meeuwis IHM, Kerstens FG, Atkinson CL, Cable NT, Green DJ, Thijssen DHJ. Reproducibility of cutaneous

vascular conductance responses to slow local heating assessed using seven-laser array probes. Microcirculation 22: 276–284, 2015.

INTRODUCTION

Recent studies suggest that microvascular abnormalities may
represent the detectable manifestation of future cardiovas-
cular disease, preceding abnormalities in larger conduit
arteries and arterioles [1,3,17,23,29]. These observations
support the clinical relevance of examining microvascular
function. The cutaneous microcirculation is an easily acces-
sible microvascular bed which is believed to reflect systemic
microcirculatory function and health. Using LDF, previous
studies have examined skin responses to local heating
protocols to explore (skin) microcirculatory function.

The cutaneous microcirculation in humans is under direct
influence of neurogenic reflexes (e.g., AR) and locally

released substances (e.g., NO), which contribute to the
vasodilation that occurs during local heating [2,7,9,10,19].
The NO-mediated dilation is of special importance as NO is
a potent anti-atherogenic agent, and inability of the endo-
thelium to produce NO is an early atherogenic event [2,3,29].
Crucially, the rate of skin heating seems to alter the
contribution of NO to local heating responses. Rapidly
heating the skin by 0.5°C per five seconds causes an AR-
mediated vasodilation, followed by gradual vasodilation that
is perhaps 60–70% NO mediated [2,16,19]. More recently,
Black, Green, and Cable found that slowly heating the skin
(i.e., 0.5°C/five minutes) avoids AR evocation and results in a
largely NO-mediated vasodilatation [2]. While the repro-
ducibility of rapid heating protocols has been demonstrated
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to reach acceptable levels [11,25], no previous study
explored the reproducibility of the largely NO dependent,
slow heating protocol introduced by Black and colleagues
[2]. Such information is of particular importance in
repeated measures experiments which aim to as the effect
of interventions on microvascular function and health. We
therefore examined the between-day variability of CVC
measures derived in response to gradual skin heating in
healthy subjects.

LDF is typically performed across a very small portion of
the skin, which makes it difficult to use anatomical
landmarks to ensure similar placement when performing
repeated measurements. A significant portion of the
between-day variation of CVC responses to local heating
may relate to errors in site re-selection. Indeed, significant
between-site variation is described for baseline CVC
[6,13,27]. Since relatively little is known about the impor-
tance of variation in location on the CVC responses to local
heating, we also assessed the between-site variation of
assessment of cutaneous flow responses to local heating.

MATERIALS AND METHODS

Subjects
Nine (male n = 5, female n = 4) healthy subjects (aged 18–
40 years) were recruited. Subjects with a history of cardio-
vascular disease, hypertension (systolic blood pressure
≥140 mmHg, diastolic blood pressure ≥90 mmHg [21] or
hypercholesterolemia (total cholesterol >6.5 mmol/L [22], as
well as regular smokers, were excluded. We also excluded
individuals on drugs that influence the cardiovascular system
and individuals taking vitamin or any other supplements. All
females were tested during the early follicular phase of their
menstrual cycle, because of the known hormonal influences
on skin blood flow [4]. All procedures undertaken within this
investigation were approved by the Ethics Committee of
Liverpool John Moores University. This study was carried
out in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all subjects.

Experimental Design
All subjects reported twice to our laboratory. All studies were
conducted in a quiet, temperature-controlled environment.
Subjects arrived after fasting for at least 6 hours and they
were instructed to abstain from alcohol, caffeine, and exercise
for 24 hours prior to testing. Upon arrival, subjects were
rested in the supine position on a bed and were instrumented
for LDF measurements. Following a 20-minute rest period,
baseline heart rate and blood pressure were assessed using an
automated sphygmomanometer. Forearm skin responses to
local heating (0.5°C/150 second from 33°C to 42°C, followed
by a 20-minute period at 44°C) were examined simulta-
neously at two distinct locations on the dominant forearm,

separated by ~5 cm, to allow for the assessment of between-
site variation. After the protocol, the location of both
assessment sites was marked, digital photos taken, and
measurement of distances from anatomical landmarks
recorded to ensure similar re-selection of the probe place-
ment on the subsequent day. On day 2, separated by at least
24 hours (and a maximum of 72 hours) from day 1, we
repeated assessment of the CVC responses to local heating at
both locations. For each subject, all sessions were conducted
at the same time of the day to eliminate the possible effects of
the circadian rhythm on vascular function [14].

Experimental Measures

LDF and local heating protocol. Two sites on the volar
aspect of the dominant forearm were randomly chosen
(avoiding visible veins) and separated by ~5 cm. If necessary,
laser Doppler probe sites on the forearm were shaved and
cleaned 24 hours prior to testing to avoid any inflammatory
response that would otherwise affect skin blood flow. At
these sites, cutaneous blood flow was measured as cutaneous
RBCF using a LDF (Periflux system 5000; Perimed AB,
J€arf€alla-Stockholm, Sweden) and LDF seven-laser array
probes (model PF 413; Perimed AB). Local thermal hyper-
emia was induced placing a heater disk on the selected
forearm sites (Perimed 455, Perimed AB) which were
connected to a heating unit (Peritemp 4005 heater; Perimed
AB). Calibration of the laser Doppler 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 (Perimed AB). Laser
Doppler probes were placed into the heater disk and both
heaters and probes were firmly attached to the skin using
double-sided stickers and medical tape.

Baseline skin blood flow measures were recorded with the
local heating disk temperatures set at 33°C for 10 minutes.
The temperature was then slowly raised in steps of 0.5°C
per 150 seconds to 42°C [2]. This was followed by a
continuous recording at 42°C for 30 minutes. Subsequently,
after confirming the presence of a perfusion plateau,
temperature was increased to 44°C for an additional
20 minutes to obtain an index of maximal cutaneous blood
flow [12,15,30].

Hemodynamics. Heart rate and blood pressure were
recorded at the beginning and at the end of the 20-minute
resting period using the arm distinct from that used for LDF
measurements. Subsequently, mean arterial pressure and
heart rate were recorded every five minutes during the local
heating protocol using a Dinamap automatic monitor
(Dinamap V100; GE Healthcare, Hatfield, UK). These
repeated blood pressure measurements were used to calculate
CVC for the relevant subsequent five-minute period, which
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accounts for skin blood flow changes which occur as a result
of changes in blood pressure [6,19].

Data Analysis
Cutaneous RBCF is expressed in PUs and reflects local
cutaneous blood flow. The change in cutaneous blood flow is
expressed as CVC, defined as flux divided by mean arterial
pressure (in PU/mmHg) [6]. Baseline laser Doppler flux was
averaged over 10 minutes. The plateau phases during heating
at 42°C and 44°C were averaged over the last five minutes of
the protocol. Positive and negative spikes in the data points,
due to unwanted movement of the subject, were identified
and deleted. Subsequently, data were presented as absolute
flux (CVC; baseline, 42°C and 44°C), while data at baseline
and 42°C were also %CVCmax. All data were collected in
LabChart 7.0 (ADInstruments, Dunedin, New Zealand).

Statistics
Data were expressed as mean ! SD. Statistical significance
was set at p < 0.05. The CV was calculated to test the
between-day reproducibility of the CVC and %CVCmax at
baseline, 42°C and 44°C for both sites [10,25,31]. To
examine between-site variation, CV was calculated by
comparing site 1 versus site 2 at the different time-points
(baseline, 42°C and 44°C), and by calculating the between-
day reproducibility using site 1 and site 2.

Before calculating the CV, a natural logarithmic transfor-
mation was applied to correct for heteroscedasticity of the
data. The CV was calculated following the classical approach
based on the pooled SD. Briefly, the root mean square of the
error term (square root of the error term of the adjusted
mean squares) of an ANOVA was used to calculate the
pooled variance. After log transformation, the CV was
calculated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½exp(var)# 1$

p
% 100, where exp(var) is the

exponent of the pooled variation. In addition, a 95% CI of
the CV was calculated, based on the variation of the log-
transformed data and the v2 distribution
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½exponent(degrees of freedom% variation=v2distributionÞ # 1$

p

%100Þ. A CV of <10% is considered good and <20% is
acceptable for biological variables [28]. Bland–Altman plots
were constructed to demonstrate the variability at an
individual level. A paired t-test was used to determine
significant differences between measures and a linear regres-
sion was used to assess proportional bias. A two-way
ANOVA was used to determine the changes in blood
pressure. Data were stored and transformed within Microsoft
Excel (Microsoft Office 2010; Microsoft Corporation,
Redmond, WA, USA) and SPSS was used to construct
Bland–Altman plots and to assess changes in blood pressure
(SPSS 22, Chicago, IL, USA).

RESULTS

Study Population
Participant characteristics are presented in Table 1. Figure 1
shows a representative skin blood flow trace during the local
heating protocol with the three times periods (at 33, 42 and
44°C) that were used for data analysis clearly indicated.
There was no significant change in mean arterial blood
pressure throughout the heating protocol (p = 0.41) and no
difference between days (p = 0.53) and no interaction
(p = 0.36).

Between-Day Reproducibility

Baseline. Average baseline skin perfusion across both sites
and days varied between 18 ! 7 and 31 ! 11 when
presented as PU and 7 ! 2 to 10 ! 4 when corrected for

Table 1. Participant characteristics

Men (n = 5) Women (n = 4) Total (n = 9) p values

Age (years) 26.6 ! 6.0 27.3 ! 7.3 26.9 ! 6.2 0.891
Ethnicity
Caucasian 3 4 7
Asian 2 — 2

Height (cm) 174 ! 4 165 ! 2 170 ! 1 0.003*
Body mass (kg) 70.0 ! 5.6 59.3 ! 5.4 65.2 ! 7.7 0.025*
Body mass index (kg/m2) 23.1 ! 1.8 21.9 ! 2.3 22.6 ! 2.0 0.435
Resting heart rate (beats/min) 58 ! 12 65 ! 6 61 ! 10 0.286
Mean arterial pressure (mmHg) 79 ! 4 82 ! 10 80 ! 1 0.670
Dominant arm
Right 5 3 8
Left — 1 1

p-values t-test comparison between males and females. Data are mean ! SD
*p < 0.05.
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maximal perfusion (in %PUmax). Baseline CVC across both
sites and days ranged from 0.23 ! 0.09 to 0.40 ! 0.18 (in
AU/mmHg) and from 7 ! 2 to 11 ! 4 when corrected to
maximal perfusion (in %CVCmax). Between-day variation of
baseline perfusion/CVC ranged between 19.6% and 30.9%,
with no consistent differences in CV when presented as
absolute or relative values, or when presented in PU or CVC
units (Table 2).

Local heating to 42 and 44°C. Between-day reproducibility
of forearm skin perfusion expressed as absolute PU at 42°C
showed acceptable variation for both sites (18.1% and 16.9%,
Table 3). Reproducibility was further improved when data

were presented after correcting for maximal skin perfusion
(8.4% and 10.3%, for sites 1 and 2, respectively, Table 3).
Comparable findings were found when data were presented
as CVC (Table 3). Bland–Altman plots demonstrate no
obvious heteroscedasticity (Figure 2). Between-day repro-
ducibility of the maximal heating response to 44°C (for PU
and CVC) was acceptable and ranged from 14.7% and 18.1%
(Table 3).

Between-Site Reproducibility

Baseline. Poor agreement was evident between sites 1 and 2
when examining baseline forearm flux or baseline CVC skin

Figure 1. A representative forearm cutaneous flux response during the slow local heating protocol. For our analysis, we have calculated the average flux
over the last five minutes of: (A) baseline period at 33°C, (B) plateau phase at 42°C, and (C) plateau phase at 44°C. The first and second arrow indicate the
start and finish of the incremental steps involved in the slow heating protocol (0.5°C/two minutes 30 seconds until 42°C), respectively. Arrow 2 is
followed by 40 minutes for the cutaneous perfusion to reach a stable plateau phase at 42°C. Arrow three indicates the increment from 42°C to 44°C to
assess maximal perfusion. The two spikes during the baseline and early stage of the slow heating protocol, indicated by the asterisk, are the result of slight
movement of the arm.

Table 2. Baseline skin perfusion results

Day 1 Day 2 Between-day CV (%) Paired t-test

Absolute PU, site 1 25 ! 12 31 ! 11 23.3 (15.9–43.9) 0.037
Absolute PU, site 2 18 ! 7 21 ! 7 21.6 (14.8–40.5) 0.146
Relative PU, site 1 8 ! 5 10 ! 4 28.5 (19.4–54.6) 0.133
Relative PU, site 2 7 ! 2 8 ! 2 19.6 (13.4–36.7) 0.087
Absolute CVC, site 1 0.31 ! 0.16 0.40 ! 0.18 25.5 (17.4–48.4) 0.058
Absolute CVC, site 2 0.23 ! 0.09 0.27 ! 0.11 23.3 (15.9–43.8) 0.117
Relative %CVCmax, site 1 8 ! 6 11 ! 4 30.9 (21.0–59.7) 0.074
Relative %CVCmax, site 2 7 ! 2 8 ! 2 22.4 (15.3–42.0) 0.032

Bold values are p-values <0.05.
Resting data presented as absolute and relative flux (in PU) and CVC under different conditions. Data are presented as mean ! SD. Reproducibility is
calculated between days (day 1 versus day 2). Light-gray shading indicates moderate reproducibility (CV: 10–20%).
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perfusion (Table 4). CVs ranged between 29.9% and 30.9%
when examining the between-day reproducibility when using
site 1 on day 1 and site 2 on day 2 (Table 4).

Local heating to 42 and 44°C. The CVs between sites 1 and
2 showed good agreement during the 42°C-plateau phase
when data were corrected for the maximal heating response
(%CVCmax, 6.3% on day 1 and 5.0% on day 2, Table 4).
However, CVs between sites were significantly higher when
absolute flux or CVC was used (21.3–20.6 for both days;
Table 4). When using site 1 on day 1 and site 2 on day 2 as
data points, between-day reproducibility was poor for
absolute data, but moderate-to-acceptable for relative flux
and relative CVC (Table 4).

Comparing both sites during the plateau phase at 44°C,
CV for absolute flux and CVC was 20.3% and 18.5% at days
1 and 2, respectively (Table 4). The CV for absolute CVC at
44°C was 25% for the between-day variation when using site
1 on day 1 and site 2 on day 2 (Table 4).

DISCUSSION

The aims of this study were to investigate the between-day
and between-site reproducibility of NO-mediated skin blood
flow responses to a localized, gradual skin heating protocol.
We found that baseline laser-Doppler-derived cutaneous
perfusion measures were variable, with poor between-day
reproducibility. Moderate reproducibility was observed for
laser-Doppler flux responses to local heating. Importantly,
we consistently found that reproducibility improves when
presented as a percentage of maximal perfusion (to 44°C).

Finally, while site-specific variability was moderate-to-good,
we observed poor site-to-site variation, especially when data
were expressed in absolute terms. Although variability was
improved when data were corrected for maximal values at
44°C, our findings largely support to carefully control similar
placement of the laser-Doppler probes when performing
repeated measurements. This information improves our
insight into the use of skin perfusion responses to reflect
microvascular function and health in humans.

Rapid heating of the skin, an approach introduced by
Minson, Berry, and Joyner [19], demonstrates good-to-
moderate perfusion response reproducibility when presented
as a percentage of the maximal perfusion (CVs ranged
between 4% and 19%) [25,31]. In agreement with these
studies, we observed that skin responses to gradual heating
the skin resulted in good-to-moderate between-day repro-
ducibility. Although absolute forearm CVC showed accept-
able reproducibility during the plateau phase at 42°C and
44°C, variability of the data at 42°C further improved when
corrected for maximal CVC at 44°C. This indicates that
absolute and relative CVC data during the slow local heating
protocol can be used as reliable repeated measures index of
skin perfusion. This somewhat contrasts previous work that
adopted rapid heating, as they only observed acceptable
reproducibility when data were expressed as a percentage of
maximal CVC. This difference may relate to the mechanisms
by which the slow and rapid heating protocols induce
responses. While slowly heating the skin prevents significant
ARs and leads to a largely NO-mediated response,
rapidly heating the skin activates the AR and leads to a
NO- and EDHF (endothelium-derived hyperpolarising

Table 3. Local heating skin perfusion results

Day 1 Day 2 Between-day CV (%) Paired t-test

Plateau at 42°C
Absolute PU, site 1 271 ! 57 245 ! 48 18.1 (12.4–33.7) 0.272
Absolute PU, site 2 214 ! 55 208 ! 67 16.9 (11.6–31.3) 0.695
Relative %PUmax, site 1 86 ! 4 82 ! 10 8.4 (5.8–15.4) 0.144
Relative %PUmax, site 2 85 ! 9 81 ! 13 10.3 (7.1–18.9) 0.336
Absolute CVC, site 1 3.39 ! 0.62 3.14 ! 0.89 18.9 (13.0–35.3) 0.394
Absolute CVC, site 2 2.71 ! 0.76 2.67 ! 1.07 17.1 (11.7–31.7) 0.834
Relative %CVCmax, site 1 85 ! 6 83 ! 11 8.6 (5.9–15.8) 0.612
Relative %CVCmax, site 2 84 ! 10 82 ! 13 9.9 (6.8–18.2) 0.698

Plateau at 44°C
Absolute PU, site 1 314 ! 63 300 ! 41 18.1 (12.4–33.7) 0.611
Absolute PU, site 2 253 ! 54 255 ! 56 14.7 (10.1–27.1) 0.928
Absolute CVC, site 1 3.99 ! 0.74 3.73 ! 0.71 16.9 (11.6–31.3) 0.412
Absolute CVC, site 2 3.25 ! 0.82 3.18 ! 0.89 14.4 (9.9–26.6) 0.754

Data presented as absolute and relative flux (in PU) and CVC measured during local heating for the two different measurements sites (day 1 and day 2)
and during the plateau phases at 42°C and 44°C. Data are presented as means ! SD Reproducibility is calculated for between days and presented as
CVs (!95% CI). Light-gray shading indicates moderate reproducibility (CV: 10–20%). Dark-gray shading indicates good reproducibility (CV <10%).
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Figure 2. Band–Altman plots of difference between days in CVC against the mean of the measurements in site 1 at 33°C site 1 (upper left panel), at
42°C (middle left panel) and at 44°C (lower left panel). Bland–Altman plots of the difference in %CVCmax against the mean of the measurements in site 1
at 33°C (upper right panel) and at 42°C (middle right panel). Middle horizontal line denotes mean value and upper and lower lines denote 95% limits of
agreement. Linear regression showed no evidence of proportional bias.
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factor)-mediated response [5,19]. The involvement of multi-
ple vasoactive substances in the rapid heating response may
explain the larger variation in absolute perfusion observed in
previous studies compared to relatively modest variation of
the slow heating protocol observed in our study.

Another aim of our study was to provide better insight
into the impact of between-site variability. When measuring
skin blood flow with LDF, only a very small portion of the
skin is covered by the heating disk (~7 mm2) which could
affect the site-to-site reliability of the technique. Between-site
reproducibility of PU and CVC was poor for baseline
perfusion, even after correction for the maximal perfusion.
However, a good-to-moderate variability between both sites
was found for the plateau phases. This suggests that the
spatial resolution of LDF has a larger impact on baseline
perfusion compared to vasodilator responses during local
heating, especially when data are normalized to maximal
perfusion. Furthermore, we also examined whether the
reproducibility of the CVC and %CVCmax changed when
using the different sites to assess between-day variation,
instead of using the same site. While reproducibility of
absolute CVC data was poor, we found acceptable repro-
ducibility when examining levels of %CVCmax at the 42°C
plateau phase when using different sites for the between-day
variation. Nonetheless, all CV values were above that
observed for the between-day comparison when using the
same site. These data highlight the importance of minimizing
variation in the measurement site but also suggest that,
despite using a different measurement sites, analysis of %

CVCmax at the 42°C plateau phase is robust. Nonetheless, the
higher CV with different sites suggests that care should be
taken to utilize the same site during repeat measurements.
Alternatively, other techniques are available which may help
to further limit this variability including laser speckle
contrast imaging [18,24].

Limitations
A potential limitation of our study is that we have included a
group of healthy volunteers, limiting the extrapolation to
groups with cardiovascular risk such as older humans.
Although groups with cardiovascular risk or disease typically
demonstrate attenuated skin responses to local heating
[2,6,8,20,32], a previous study reported similarly good
reproducibility of local heating in young and older subjects
[31]. Another limitation is that we included men and
women. Previous studies demonstrated that skin vascular
reactivity to local heating is influenced by the menstrual cycle
because the increase in progesterone during the luteal phase
resets the threshold for active vasodilation in the skin [4,16].
To prevent such impact, we examined female subjects
(n = 4) in their early follicular phase to attenuate the impact
of hormonal influences. Furthermore, we allowed for a
minimum of 24 hours and a maximal interval of 48 hours
between both testing days in women (and a maximal interval
of 72 hours in men). Since reproducibility of the data did not
markedly differ between men and women, we believe that
inclusion of both sexes did not alter the conclusions of our
study. While the normalization to a maximal flow is

Table 4. CVC between sites

Day 1 Day 2
Between-day CV (%)
site 1 day 1 vs. site 2 day 2

CV (%)
site 1 vs. site 2

CV (%)
site 1 vs. site 2

Baseline (33°C)
Absolute flux, PU 33.8 (22.9–65.9) 32.4 (22.0–62.8) 30.7 (20.9–59.1)
Relative flux, PU 29.1 (19.8–55.8) 19.8 (13.5–36.9) 29.9 (20.3–57.4)
Absolute CVC, AU 33.8 (22.9–65.9) 32.6 (22.1–63.3) 30.9 (21.0–59.6)
Relative %CVCmax, AU 29.1 (19.8–55.8) 20.0 (13.7–37.4) 30.9 (21.0–59.6)

Plateau at 42°C
Absolute flux, PU 21.3 (14.6–39.9) 20.6 (14.1–38.5) 31.6 (21.4–61.1)
Relative flux, PU 6.3 (4.4–11.6) 5.0 (3.4–9.1) 11.1 (7.6–20.3)
Absolute CVC, AU 21.3 (14.6–39.9) 20.6 (14.1–38.6) 32.2 (21.8–62.3)
Relative %CVCmax, AU 6.3 (4.4–11.6) 4.8 (3.3–8.8) 11.3 (7.7–20.8)

Plateau at 44°C
Absolute flux, PU 20.3 (13.9–38.0) 18.5 (12.7–34.4) 25.0 (17.1–47.4)
Absolute CVC, AU 20.3 (13.9–38.0) 18.5 (12.7–34.4) 25.7 (17.5–48.7)

Data presented are between-site (site 1 versus site 2) reproducibility is calculated during the two different measurements sites (day 1 and day 2).
Furthermore, we calculated the between-day CV when using site 1 for the first measurement and site 2 for the second measurement. Data are
presented as CVs (!95% CI). Light-gray shading indicates moderate reproducibility (CV: 10–20%). Dark-gray shading indicates good reproducibility
(CV <10%).
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commonly adopted, some (clinical) populations demonstrate
impaired dilator responses to local heating [26]. Conse-
quently, normalization to the heating response to 44°C may
not always represent normalization to the maximal perfu-
sion. Finally, we did not have measurements of skin
temperature to ensure that heating was effectively delivered
to the skin. However, the characteristic responses suggest
that local heating was successful in our subjects.

In conclusion, this is the first study examining the
between-day and between-site reproducibility of LDF mea-
surements of the forearm skin during a slow, gradual local
heating protocol. We found that assessment of baseline
forearm skin perfusion resulted in poor reproducibility,
while a moderate reproducibility was observed for absolute
forearm skin blood perfusion responses to local heating.
Reproducibility improved when data were corrected for the
maximal perfusion and when site-to-site variation was
minimized. These data strongly support the validity of
repeated measures of skin perfusion in response to gradual
heating protocols in (clinical) studies as a surrogate for
microvascular function and health in humans.

PERSPECTIVE

The aim of the study was to assess the reproducibility of a
commonly used assessment of NO-mediated microvascular

function in humans. Good reproducibility was reported
when skin perfusion responses to localized heating were
corrected for maximal perfusion and variation in measure-
ment site was minimized. These data support the use of this
technique for both cross-sectional and longitudinal studies
assessing (patho)physiological adaptation in the human
microcirculation.
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