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ARTICLE INFO ABSTRACT

Keywords: Little is known about the acute changes in cutaneous microvascular function that occur in response to exercise,
Ac}lte exercise the accumulation of which may provide the basis for beneficial chronic cutaneous vascular adaptations.
Sk}“ Therefore, we examined the effects of acute exercise on cutaneous thermal hyperaemia. Twelve healthy, rec-
I]t’:z;’;zct?rl;r reationally active participants (11 male, 1 female) performed 30-minute cycling at 50 % (low-intensity exercise,
Endothelium LOW) or 75 % (high-intensity exercise, HIGH) maximum heart rate. Laser Doppler flowmetry (LDF) and rapid
Sensory local skin heating were used to quantify cutaneous thermal hyperaemia before (PRE), immediately following

(IMM) and 1-h (1HR) after exercise. Baseline, axon reflex peak, axon reflex nadir, plateau, maximum skin blood
flow responses to rapid local heating (42 °C for 30-min followed by 44 °C for 15-min) at each stage were assessed
and indexed as cutaneous vascular conductance [CVC = flux / mean arterial blood pressure (MAP), PU-mm
Hg’l], and expressed as a percentage of maximum (%CVCp,yx). Exercise increased heart rate (HR), MAP and skin
blood flow (all P < 0.001), and to a greater extent during HIGH (all P < 0.001). The axon reflex peak and nadir
were increased immediately and 1-h after exercise (all comparisons P < 0.01 vs. PRE), which did not differ
between intensities (peak: P = 0.34, axon reflex nadir: P = 0.91). The endothelium-dependent plateau response
was slightly elevated after exercise (P = 0.06), with no effect of intensity (P = 0.58) nor any interaction effect (P
= 0.55). CONCLUSION: Exercise increases cutaneous microvascular axonal responses to local heating for up to 1-
h, suggesting an augmented sensory afferent function post-exercise. Acute exercise may only modestly affect
endothelial function in cutaneous microcirculation.

1. Introduction

The positive cardiovascular effects of chronic exercise on the pre-
vention/amelioration of cardiovascular disease (CVD) and CVD risk
factors are well documented (Green et al., 2008; Blair and Morris, 2009).
Exercise has direct benefits on the entire vascular tree, inducing func-
tional and structural vascular adaptations in both macrovessels (Tinken
et al., 2008) and microvessels, including the cutaneous microvascula-
ture (Padilla et al., 2011). The skin and its microvasculature play a
critical role in blood flow regulation, sensory function and thermoreg-
ulation (Johnson et al., 2014). The regulation of body temperature, or
homeothermy, is achieved primarily by autonomic manipulation of the
cutaneous microvasculature and sweat glands (Smith and Johnson,
2016) through sympathetic noradrenergic and sympathetic cholinergic
efferent neurons. Non-neuronal mechanisms, including the local acti-
vation of chemically-mediated mechanisms, further support alterations

in cutaneous blood flow (Johnson et al., 2014).

Rapid local skin heating elicits a biphasic vasodilatory response
(Minson, 2010). The initial peak of vasodilation is mediated via an axon
reflex through local sensory and adrenergic nerves (Minson et al., 2001;
Houghton et al., 2006; Hodges et al., 2008). Following this, a more
prolonged vasodilation, or plateau, is established, which is predomi-
nantly mediated by nitric oxide (NO) (Choi et al., 2014) but is also
dependent on other vasoactive products, such as endothelium-derived
hyperpolarizing factors (EDHFs), and sympathetic axon-derived neuro-
peptides (Hodges et al., 2008). This largely endothelium-dependent
plateau response can provide an index of microvessel function, the
impairment of which may be a critical initial contributory step in the
development of CVD and associated risk factors (Holowatz et al., 2008).
Indeed, local skin heating protocols have been used to index cutaneous
microvascular (dys)function when comparing healthy and diseased in-
dividuals, including those associated with ageing (Black et al., 2008),
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diabetes mellitus (Fuchs et al., 2017) and physical (in)activity (Tew
et al., 2011b; Atkinson et al., 2018), as well as before and after in-
terventions (Brunt et al., 2016; Woodward et al., 2018).

The benefits of chronic exercise on the cutaneous microvasculature
are well known. Exercise training increases cutaneous axon reflex re-
sponses to local heating (Tew et al., 2011a), as well as vasodilatory
capacity and vascular reactivity in response to both neural, e.g., exercise
or whole-body heat stress, and non-neural stimuli, e.g., local heating or
pharmacological administration (Boegli et al., 2003; Black et al., 2008;
Simmons et al., 2011; Lanting et al., 2017). These long-term functional
cutaneous vascular adaptations may be mediated, at least in part,
through regular alterations to the mechanical loading of vessels (Lu and
Kassab, 2011), locally released biochemical products (Tinken et al.,
2010) and/or episodic increases in blood flow and/or skin temperature
(Carter et al., 2014; Green et al., 2017). Assessment of changes in skin
microvasculature in response to acute exercise may provide insight into
the basis for beneficial chronic vascular adaptations (Green et al., 2011).
Furthermore, determination of potential skin microvascular function
changes in response to acute exercise are also important to understand in
order to develop optimal assessment protocols of microvascular function
that may take place after bouts of exercise/physical activity, or other
conditions that induce alterations in skin blood flow, such as heat
exposure.

During exercise, as heat production from active musculature in-
creases, various neurally-mediated skin blood flow reflexes occur (Smith
and Johnson, 2016). After some initial sympathetic vasoconstriction to
aid redistribution of blood flow to the active musculature, and once a
core/body temperature threshold is surpassed, sympathetic cholinergic
mediated active skin vasodilation occurs until a plateau of blood flow is
established. To date, little work has explored the impact of acute exer-
cise on the skin microcirculation. Previous studies considering the acute
effects of exercise have mainly focused on macrovascular function and
have observed mixed results (Dawson et al., 2013), likely owing to
differences in methodology adopted in these studies. The studies do
suggest that exercise intensity represents a key factor influencing the
magnitude and direction of post-exercise changes in vascular health, for
example, higher intensity exercise results in impaired macrovascular
function (Dawson et al., 2013). There is a lack of data available con-
cerning the effects of acute exercise on cutaneous microvessel function
with divergent responses to acetylcholine iontophoresis and post-
occlusion reactive hyperaemia (PORH) after incremental exhaustive
rowing in sedentary and trained athletes (Stupin et al., 2018). The aim of
this study was, therefore, to investigate the effect of acute exercise on
local cutaneous thermal hyperaemia. A secondary aim of this study was
to investigate the impact of exercise intensity on any potential changes
to cutaneous thermal hyperaemia. The hypotheses of the study were that
the cutaneous plateau response to local heating would be impaired after
high, but not low, intensity exercise (Birk et al., 2013; Stupin et al.,
2018).

2. Materials and methods
2.1. Participants

Participants (n = 12, 1 female) who were recreationally active (as
assessed by short IPAQ physical activity questionnaire, <4 sessions per
week), healthy (as assessed by PARQ health screening form), young (age
range 20-40 years, mean = 25.7 + 5 years), and non-smokers were
recruited. Individuals with cardiovascular disease history, local forearm
infection, limitations of physical activity, smokers or persons taking
medication (including oral contraception) were excluded. The sample
size (effect size of 0.75, beta = 0.80, alpha = 0.05) was calculated using
previously reported data (Birk et al., 2013; Stupin et al., 2018). Partic-
ipants were informed of the procedures prior to participation and pro-
vided written and verbal informed consent. This study was approved by
the Liverpool John Moores University Research Ethics Committee in
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accordance with the Declaration of Helsinki (ref: 17SPS010). Height and
weight measurements were collected at the first laboratory visit (mean
height [m] 1.8 & 0.1, weight [kg] 78 + 13, BMI 24 + 3).

2.2. Experimental design

Participants attended the laboratories on two occasions for 30-min of
exercise on a cycle ergometer (Lode Corival CPET, Lode B. V., Gronin-
gen, NL) at 50 % (low-intensity exercise, LOW) or 75 % (high-intensity
exercise, HIGH) age-predicted maximum heart rate (HRpreq = 208 —
[0.7 x agel]) (Tanaka et al., 2001; Birk et al., 2013) (Fig. 1). Prior to
(PRE), immediately following (IMM), and 1-h following the cessation of
exercise (1HR), forearm cutaneous thermal hyperaemia was assessed.
The order of the exercise visits was randomised and counterbalanced,
separated by 4-7 days, and visits were performed at the same time of day
to minimise circadian variation (Jones et al., 2010). The female partic-
ipant was tested in the early follicular stage (days 1-7) of the menstrual
cycle to minimise hormonal involvement (Charkoudian et al., 2000).
Participants reported to the laboratories having fasted from food for 4 h,
abstained from alcohol and caffeine for 16 h, and refrained from exercise
for 24 h prior to testing. Participants were advised to ingest 500 ml of
water prior to testing to avoid dehydration. All testing visits took place
in the same humidity and temperature controlled laboratory (23.3 +
0.28 °C).

2.3. Cutaneous thermal hyperaemia assessment

Laser Doppler flowmetry (LDF; Moor Instruments VP2/PH2 laser
probe, Moor Instruments, Axminster, UK) and local skin heating pro-
tocols were used to quantify cutaneous thermal hyperaemia (Roustit and
Cracowski, 2013). Participants were positioned supine for instrumen-
tation and baseline stabilisation. LDF probes were attached using ad-
hesive tape to the volar aspect of the non-dominant forearm of
participants, avoiding hair and visible veins. Resting baseline mea-
surements were collected for 5 min at local skin temperature. Local skin
heating, using heating units with LDF probe housing ports (Moor In-
struments VHP-1 heating probe, Moor Instruments, Axminster, UK),
commenced thereafter at a rate of 0.1 °C/s to 42 °C and was held for 30-
min, eliciting an initial peak vasodilation within 10-min, and a rebound
nadir. Following this, skin blood flow continued to increase for 20-min
until a stable plateau was established. Local skin temperature was then
increased to 44 °C (0.1 °C/s) for a further 15-min, after which a maximal
value of cutaneous local vasodilation was produced (Minson et al., 2001;
Minson, 2010).

Local heating of skin may be susceptible to a ‘desensitisation’ phe-
nomenon, whereby a single skin site which is previously exposed to a
heating protocol has a reduced functional response upon subsequent
heating (Ciplak et al., 2009; Frantz et al., 2012). In order to avoid this
issue for the sequential heating protocols employed in the current study,
three separate LDF probes were positioned on the forearm, separated by
at least 2 cm. The three separate sites allowed for the comparison of skin
function at sites not previously heated (PRE, site A; IMM, site B; 1HR,
site C). Digital photographs were taken of probe placements, and
anatomical landmarks were annotated and measured for reproducibility
in future visits.

Intermittent systolic and diastolic blood pressure and heart rate were
measured during the local heating protocols and exercise using an
automated sphygmomanometer (Dinamap Procare 100, GE Medical
Systems Ltd., Buckinghamshire, UK). Mean arterial pressure (MAP) was
calculated using MAP = 2/3 diastolic BP + 1/3 systolic BP. Intra-
exercise heart rate was continuously monitored using short-range
telemetry (Polar FT1 and T31, Polar UK). Local skin temperature was
recorded directly from the LDF probes/heating units.
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2.4. Data analysis

Microvascular flux (movement of red blood cells within the skin
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Fig. 1. Representative example tracing of skin blood
flow responses to local heating before and after ex-
ercise at 3 distinct sites. Baseline measurements were
recorded at local skin temperature (o). Local heating
produces an initial axon-mediated reflex vasodilation
that peaks within 10-min of heating (), followed by a
subsequent nadir (y). Heating is maintained for 30-
min at 42 °C, by the end of which a stable
“plateau” response is achieved (§). Heating then in-
creases further to 44 °C; the skin microvascular
response reaches a stable maximal plateau after
around 20-min of heating (¢), at which point local
heating ceases. Abbreviations used: PU, arbitrary
perfusion units.

exercise (LOW vs. HIGH). Analyses were performed using SPSS (IBM
SPSS Statistical Package 24). Statistical significance was set at P < 0.05

microvessels) was collected and quantified in arbitrary perfusion units

(PU) by the LDF probes. Flux measurements were collected online

(PowerLab 4/25, ADInstruments Ltd., Oxford, UK) and stored for anal-

ysis at a later date (LabChart v8.1.8, ADInstruments Ltd.). Minute av-

erages from the recorded data were extracted and stored for offline
analysis. Resting values were averaged over 5-min; the axon reflex peak

was defined as the largest minute average value to occur after
commencement of heating within 10-min, and the axon reflex nadir as
the lowest minute average following the axon reflex peak within the
same 10-min. The 42 °C plateau value was defined as the minute average
prior to increasing heat to 44 °C. Maximal values of flux were defined as

the average of the final 5-minutes flux at 44 °C. Protocols for heating

were programmed and saved offline (moorVMS-PC v4.0.6, Moor In-

struments Ltd.). LDF flux values were divided by MAP to provide an
index of cutaneous vascular conductance (CVC = flux / MAP, PU-mm

Hg™1), to account for potential effects of changes in blood pressure on
skin blood flow, and expressed as a percentage of maximum (%CVCmax

= [CVC / CVCpax] x 100).

2.5. Statistical analysis

A linear mixed model was employed with stage (3 levels: PRE vs.

3. Results

3.1. Exercise responses

and data expressed as mean + 1 standard deviation.

Exercise induced significant changes to all haemodynamic variables
(Table 1). By design, exercise work rate was significantly higher during
HIGH and there were significant differences between intra-exercise LOW
and HIGH data in all variables except diastolic blood pressure and MAP,
clearly indicating that the two testing conditions were physiologically
distinct from one another.

3.2. Blood pressure responses

The MAP responses during the PRE, IMM and 1HR local heating
protocols are presented in Table 2. There was no main effect of intensity
(P =0.19) and there was no main effect of stage (P = 0.25). There was a
significant interaction between stage and time point (P =

0.02),

whereby MAP was well maintained during local heating pre-exercise; it
decreased by approximately 5 mm Hg approximately 45-60 min after
exercise and returned back to pre-exercise baseline 1.5-2 h post-

IMM vs. 1HR) and intensity (2 levels: LOW vs. HIGH) as factors for each

timepoint of the local heating response, e.g., baseline, axon reflex peak,

axon reflex nadir, plateau and maximum. Haemodynamics and local
skin temperatures pre/intra exercise were compared using linear mixed

models, with main effects of time (pre- vs intra-exercise) and intensity of

Table 1

exercise.

3.3. Cutaneous thermal hyperaemia

Example tracings of raw skin microvascular blood flux responses to
local heating around an acute bout of exercise are illustrated in Fig. 1.

Exercise responses immediately following 30-min of low and high intensity exercise compared to baseline. Data reported as mean + 1 SD.

Low-intensity exercise

High-intensity exercise

Comparison

Pre- Intra- Pre- Intra- Pre vs. Intra-exercise ~ Low vs. high intensity = Time x intensity interaction
exercise exercise exercise exercise

Systolic BP (mm Hg) 119+ 9 138 £ 10 118+ 8 156 + 19 <0.001 0.025 0.016

Diastolic BP (mm Hg) 64+ 8 71+11 62+5 79 £ 20 0.002 0.435 0.135

MAP (mm Hg) 82+8 93+9 81+5 105 +17 <0.001 0.118 0.033

Heart Rate (beats-min ") 54+ 8 104 + 6 55+9 147 £ 6 <0.001 <0.001 <0.001

Forearm skin temperature (°C) ~ 31.5 + 1.2 32.0+1.3 31.7+1.4 33.0+ 1.0 <0.001 0.012 0.036

Work (W) - 84+ 15 - 152 + 25 - <0.001 -
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Table 2
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Mean arterial blood pressure (mean + 1 SD) responses before, immediately following, and 1-h after 30-min of exercise at LOW and HIGH intensities. P < 0.05 for

interaction of timepoint * stage.

Stage Pre-exercise Immediately post-exercise 1 h post-exercise

Time- Baseline  Axon Axon Plateau = Max Baseline  Axon Axon Plateau = Max Baseline  Axon Axon Plateau = Max

point Peak Nadir Peak Nadir Peak Nadir

LOwW 81+6 80+ 6 80 +7 80+5 79 83+7 82+9 80+ 6 82+8 82 81+6 81+7 81+7 81+7 82
(mm +7 +6 +7
Hg)

HIGH 80+5 79+6 79t6 77 £5 78 83 +5 81+6 80 +4 79+6 76 76 £ 5 77 £5 76 + 6 78 +7 78
(mm +4 +6 +6
Hg)

There was no main effect of stage (P = 0.63) or intensity (P = 0.39), nor
A

an interaction effect (P = 0.16) for the maximal CVC response to 44 °C
heating (LOW: PRE, 3.8 + 1.1 PU-mm Hg’l; IMM 3.9 £+ 0.9 PU-mm
Hg'; 1HR, 3.6 + 1.2 PU-mm Hg . HIGH: PRE 3.3 + 0.8 PU:-mm Hg};
IMM, 3.5 + 0.9 PU-mm Hg™!; 1HR, 3.8 + 0.3 PU-mm Hg!). Data are
therefore presented as %CVCpax.

3.4. Comparison of cutaneous thermal hyperaemia

3.4.1. Baseline

There was a main effect of intensity (P < 0.001) and stage (P <
0.001), as well as an interaction between intensity and stage (P <
0.001). LOW resulted in an increase in baseline %CVC,ax at IMM (PRE
6.2 + 1.7 vs IMM 16.2 + 11.3 %CVCpax, P = 0.03) and was still
increased at 1HR (PRE vs 1HR 10.5 + 6.1 %CVCpax, P = 0.05), with no
difference between IMM and 1HR (P = 0.29). HIGH increased baseline
at IMM (PRE 7.0 + 3.6 vs IMM 46.6 % 14.2 %CVCpax, P < 0.001), with
baseline blood flow returning to pre-exercise levels after 1HR (PRE vs
1HR 11.2 £ 6.7 %CVCpax, P = 0.22). Baseline %CVCpax at IMM was
significantly greater than at 1HR (P < 0.001). Baseline %CVCpax IMM
was greater following HIGH than LOW (P < 0.001), but there was no
difference in baseline %CVCp,.x at 1HR (P = 0.79) (Fig. 2).

3.4.2. Axon reflex peak

There was a main effect of stage (P < 0.001), but no main effect of
intensity (P = 0.34) and no interaction effect of stage and intensity (P =
0.37). The axon reflex peak was increased IMM compared to PRE (PRE
60.0 + 16.7 vs IMM 72.7 + 16.4 %CVCpay, P = 0.001). The axon reflex
peak was still increased 1HR compared to PRE (PRE vs 1HR 75.3 +17.1
%CVCmax, P = 0.001). There was no difference between IMM and 1HR
responses (P = 0.99).

3.4.3. Axon reflex nadir

There was a main effect of stage (P < 0.001), but no main effect of
intensity (P = 0.91) and no interaction effect of stage and intensity (P =
0.29). The axon reflex nadir, compared to PRE, increased at both IMM
(PRE 46.8 4-17.7 vs IMM 64.0 4 17.3 %CVCpax, P < 0.001) and at 1HR
(PRE vs 1HR 59.3 + 17.5 %CVCpax, P = 0.01), with no significant dif-
ference between IMM and 1HR responses (P = 0.60).

3.4.4. Plateau response

There was no main effect of stage (P = 0.06), intensity (P = 0.58), nor
any interaction effect of stage and intensity (P = 0.55) for plateau re-
sponses. There was a modest, but non-significant, increase to plateau
responses IMM compared to PRE (PRE 85.5 + 7.1 vs IMM 90.3 £ 3.4 %
CVCax, P = 0.06). There was no difference in plateau responses at 1HR
compared to PRE (PRE vs 1HR 88.8 + 11.7 %CVCpay, P = 0.55).

4. Discussion

The aim of this study was to investigate the effects of acute exercise
on local cutaneous thermal hyperaemia in healthy young individuals.

%CVCmax

Axon Nadir Plateau

B 1HR

Axon Peak

BIMM

Baseline

W PRE

%CVCmax

Axon Nadir Plateau

B 1HR

Axon Peak

BIMM

Baseline

B PRE

Fig. 2. Cutaneous thermal hyperaemia responses to rapid local heating,
expressed as %CVCp,y, before, immediately and 1-h after A) low-intensity ex-
ercise, and; B) high-intensity exercise. *P < 0.05 vs. pre-exercise within each
intensity, 5P < 0.05 vs. Baseline IMM during LOW.

%CVCmax, percentage of maximal cutaneous vascular conductance; PRE, pre-
exercise responses; IMM, immediately post-exercise responses; 1HR, 1-hour
post-exercise responses.

Cutaneous blood flow responses to rapid local heating were assessed
before, immediately and 1-h after 30-min of low or high-intensity
continuous cycling exercise. The main findings are twofold; 1) an
acute bout of exercise causes an increased cutaneous axonal response
following exercise, which sustains for at least 1-h post-exercise and was
not dependent on exercise intensity, and 2) cutaneous endothelium-
dependent vasodilation was largely unaffected by an acute bout of ex-
ercise. These findings have implications for the understanding of chronic
skin microvascular adaptations to repeated exercise bouts, as well as the
design of protocols involving the assessment of local cutaneous micro-
vascular function.



S.D. Thomas et al.

Rapid local skin heating protocols elicit an initial axon-mediated
vasodilation (or peak), followed by a more prolonged vasodilation, or
plateau, response. In both phases, vasodilation occurs through complex
pathways that lead to the production of NO and smooth muscle relax-
ation via hyperpolarization from EDHFs (Johnson et al., 2014). In the
present study, acute exercise increased the axon reflex-mediated vaso-
dilation peak (as well as the subsequent rebound nadir). The mecha-
nisms of the axon reflex and nadir are not entirely clear, but are
purportedly mediated via a number of mechanisms, including activation
of transient receptor potential vanilloid-1 receptors in C-fibre afferent
nociceptive neurons (Wong and Fieger, 2010), and to a lesser extent,
neurokinin-1 receptor activation by substance P and calcitonin gene-
related peptide released by nociceptive neurons (Schmelz et al.,
1997), B2 receptor activation via norepinephrine and neuropeptide Y
released by sympathetic adrenergic nerves (Houghton et al., 2006;
Hodges et al., 2008; Hodges and Sparks, 2013), as well as EDHF-
mediated activation of calcium activated potassium (KCa) channels
(Brunt and Minson, 2012). It is unknown whether exercise augmented
any of these mechanisms, e.g., local nociceptive nerve activation,
neurotransmitter release and/or responsiveness of the vasculature to
these neurotransmitters, which would have contributed to the elevated
post-exercise cutaneous axon reflex and nadir. Such alterations could
have been mediated via exercise and/or thermoregulatory-induced ad-
justments, such as increases in sympathetic nerve activity (Ray and
Wilson, 2004; Smith and Johnson, 2016), skin blood flow and/or skin/
core temperatures. It is likely that core temperature did increase during
exercise and to a greater extent during HIGH, given the greater skin
blood flow response compared to LOW.

The implications of an elevated cutaneous axon reflex after exercise
are not entirely clear. An increased axon reflex may minimise the heat
transferred to local tissues to protect the skin from damage (Minson
et al., 2002) and reduce the risk of pressure-induced ischaemic damage
(Fromy et al., 2010). That said, the vasodilation associated with the axon
reflex is transient so any alterations to the amount of heat transferred to
the local tissues may be minimal. Given the role of sensory nerves in the
cutaneous axon reflex and nadir, it is unclear if cutaneous thermal
sensory function is modified after an exercise bout; findings of limited
research are equivocal (Kemppainen et al., 1985; Ruble et al., 2005). A
recent study (Stupin et al., 2018) reported that cutaneous vascular re-
sponses to post-occlusion reactive hyperaemia (PORH) were unchanged
after incremental rowing exercise to exhaustion in sedentary in-
dividuals. These findings are somewhat inconsistent with the present
study's findings of an elevated axon reflex response post-exercise and are
likely due to differences in the method of vascular function assessment
and the mechanisms of the cutaneous responses between local thermal
and physical stimulation (Berghoff et al., 2002; Roustit and Cracowski,
2013).

In the present study, cutaneous endothelium-dependent vasodilation
was largely unaffected by an acute bout of exercise. The largely
endothelium-dependent plateau response to local heating was modestly
increased (P = 0.06, Cohen's D effect size 0.96) immediately after ex-
ercise with no effect of intensity, suggesting cutaneous vascular endo-
thelial function was possibly improved by acute exercise. These findings
are somewhat in contrast to previous studies investigating acute exercise
effects on conduit vessels, which reported reductions or increases in
FMD post-exercise (Gonzales et al., 2011; Johnson et al., 2012; Dawson
et al.,, 2013). It has been suggested that 1) an immediate decrease in
macrovascular function occurs after exercise cessation, which is fol-
lowed by a (supra)normalisation response, and, 2) the magnitude of the
nadir and (supra)normalisation and duration of this biphasic pattern of
response is influenced by numerous factors (e.g., the exercise stimulus,
the aerobic capacity of the subject population, methodological factors,
changes in arterial diameter, and antioxidant status) (Dawson et al.,
2013). Differences in micro- vs. macrovascular function responses to
acute exercise are likely due to inherent differences in structure and
function between conduit and skin vessels, as well as the different intra-
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exercise haemodynamic changes that occur in the more proximal
‘conduit’ macrovessels relative to the distal skin microvasculature
(Rizzoni et al., 2015). Furthermore, although both the FMD response
and the plateau response to local skin heating rely on NO, the latter is
more heavily influenced by NO (Minson, 2010). These differences in
macro vs. microvascular function could underlie these disparate findings
of conduit and cutaneous blood vessel responses to acute exercise. Stu-
pin et al. (2018) observed elevated cutaneous vascular responses to
acetylcholine iontophoresis after incremental rowing exercise, which is
consistent with the modest elevation in the endothelium-dependent
plateau response to local heating in the present study and might be
attributable to exercise-induced increased anti-oxidative capacity (Stu-
pin et al., 2018) and/or elevations in NO bioavailability, and/or endo-
thelium sensitivity to NO.

A secondary aim of the present study was to investigate the impact of
exercise intensity on any potential changes to cutaneous thermal
hyperaemia. Despite clear differences in the cardiovascular, as well as
many other, responses between the LOW and HIGH trials in the present
study, there was no effect of intensity on the post-exercise elevated axon
reflex and nadir. These findings suggest that changes in cutaneous
vascular axon reflexes are not dependent on the intensity of the pre-
ceding exercise bout. In contrast to the aforementioned responses in a
sedentary cohort in the previous study by Stupin et al. (2018), blunted
cutaneous vascular responses to PORH and acetylcholine iontophoresis
were evident after incremental exercise to exhaustion in a trained
cohort. Given that decreases in macrovascular function post-exercise are
more likely with increased intensity and duration of the preceding ex-
ercise bout (Birk et al., 2013), the higher absolute exercise workloads
and duration in the trained rowers possibly caused the impaired cuta-
neous vascular function post-exercise observed by Stupin et al. (2018).
However, given the methodological differences between the latter study
and the present study, e.g., PORH and acetylcholine iontophoresis and
local cutaneous thermal hyperaemia, respectively, mechanistic differ-
ences associated with these techniques may explain the contrasting
findings between the studies. In the present study, there was no main
effect of intensity on the endothelium-dependent plateau response to
local heating. Whether a higher intensity and/or longer exercise bout
than that used in the HIGH trial would have resulted in a reduced
cutaneous endothelial, as well as axon reflex, function is not clear.
Furthermore, cutaneous vascular function was assessed on the previ-
ously active forearm in the former study by Stupin et al. (2018), rather
than an inactive limb in the present study. Whether differences exist
between active vs. inactive limbs in potential changes in post-exercise
cutaneous microvascular function is not known.

4.1. Practical implications

The findings of the present study have important practical implica-
tions when assessing cutaneous vascular function, particularly the
design of protocols involving the assessment of cutaneous axon reflexes.
Present findings have shown that an acute bout of exercise increases the
cutaneous axonal response for at least 1-h post activity, which should be
borne in mind when conducting an axon reflex test and interpreting
responses after exercise/physical activity. Furthermore, caution should
also likely be taken when performing assessments following heat
exposure, which also results in elevations in skin blood flow. The find-
ings of the present study also contribute towards the understanding of
chronic skin microvascular adaptations to exercise, whereby repeated
elevations in cutaneous axon reflex (and possibly endothelial function)
responses after recurrent exercise bouts may accumulate and result in
beneficial neural and microvascular adaptations to exercise in-
terventions (Black et al., 2008; Simmons et al., 2011; Lanting et al.,
2017; Green et al., 2017; Atkinson et al., 2018).
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4.2. Limitations

There are some limitations worthy of consideration. Differences in
heating rate do alter the contribution of the mechanisms involved in the
cutaneous vascular responses to local heating (Hodges and Johnson,
2009; Roberts et al., 2017). It is therefore possible that a different local
heating protocol may have yielded different findings; however the lo-
gistics of alternative heating protocols, such as slow local heating (Black
et al., 2008; Choi et al., 2014), might have prevented immediate and
delayed post-exercise assessments. A further protocol related limitation
is that as skin blood flow reached near maximal levels (~90-95 % of
CVCax) during the plateau phase of local heating, a ceiling effect may
have occurred and that any elevations in the plateau phase may have
been very small and/or masked by the near maximal levels. An alter-
native rapid local heating protocol to a lower temperature, e.g., local
heating to 39 °C, would have induced a plateau response at a lower skin
blood flow which could have allowed clearer changes in cutaneous
endothelial function to be revealed (Choi et al., 2014). Following HIGH
exercise, minor post-exercise hypotension (PEH) was present, consistent
with previous research (Halliwill et al., 2013). PEH is thought to be
mediated by both central and local mechanisms, such as prolonged
vasodilatory activity in previously active tissues mediated via histamine
(Barrett-O'Keefe et al., 2013; Luttrell and Halliwill, 2017), that possibly
could have contributed to the elevated axon reflex vasodilation
following acute exercise. Histamine has been shown to be only a modest
mediator of the axon reflex response to local heating in skin micro-
vessels, however, albeit in the rested, e.g., pre-exercise, state (Wong and
Minson, 2011), and elevated axon reflex vasodilation was present after
both LOW and HIGH exercise (e.g., not just after HIGH).

In conclusion, the findings of the present study indicate acutely
increased cutaneous axonal responses to local heating following exer-
cise, suggesting augmented sensory afferent function post-exercise. In
addition, acute exercise appeared to only slightly elevate endothelial-
dependent plateau phase responses to local heating, indicating that
cutaneous endothelial function may be modestly augmented post-
exercise.

Funding

No funding was received for this study. KR holds a Daphne Jackson
Trust Fellowship funded by the British Heart Foundation.

CRediT authorship contribution statement

DL, HJ and HC contributed to the conception or design of the work.
DL, ST, HJ, KR, HC and DT contributed to the acquisition, analysis, or
interpretation of data for the work and drafting of the work or revising it
critically for important intellectual content. All authors approved the
final version of the manuscript, agree to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and resolved and
that all persons designated as authors qualify for authorship, and all
those who qualify for authorship are listed.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Microvascular Research 146 (2023) 104457

References

Atkinson, C.L., Carter, H.H., Thijssen, D.H.J., Birk, G.K., Cable, N.T., Low, D.A.,
Kerstens, F., Meeuwis, 1., Dawson, E.A., Green, D.J., 2018. Localised cutaneous
microvascular adaptation to exercise training in humans. Eur. J. Appl. Physiol. 118,
837-845.

Barrett-O'Keefe, Z., Kaplon, R.E., Halliwill, J.R., 2013. Sustained postexercise
vasodilatation and histamine receptor activation following small muscle-mass
exercise in humans. Exp. Physiol. 98, 268-277.

Berghoff, M., Kathpal, M., Kilo, S., Hilz, M.J., Freeman, R., 2002. Vascular and neural
mechanisms of ACh-mediated vasodilation in the forearm cutaneous
microcirculation. J. Appl. Physiol. 1985 (92), 780-788.

Birk, G.K., Dawson, E.A., Batterham, A.M., Atkinson, G., Cable, T., Thijssen, D.H.,
Green, D.J., 2013. Effects of exercise intensity on flow mediated dilation in healthy
humans. Int. J. Sports Med. 34, 409-414.

Black, M.A., Green, D.J., Cable, N.T., 2008. Exercise prevents age-related decline in
nitric-oxide-mediated vasodilator function in cutaneous microvessels. J. Physiol.
586, 3511-3524.

Blair, S.N., Morris, J.N., 2009. Healthy hearts-and the universal benefits of being
physically active: physical activity and health. Ann. Epidemiol. 19, 253-256.

Boegli, Y., Gremion, G., Golay, S., Kubli, S., Liaudet, L., Leyvraz, P.-F., Waeber, B.,
Feihl, F., 2003. Endurance training enhances vasodilation induced by nitric oxide in
human skin. J. Invest. Dermatol. 121, 1187-1204.

Brunt, V.E., Eymann, T.M., Francisco, M.A., Howard, M.J., Minson, C.T., 2016. Passive
heat therapy improves cutaneous microvascular function in sedentary humans via
improved nitric oxide-dependent dilation. J. Appl. Physiol. 1985 (121), 716-723.

Brunt, V.E., Minson, C.T., 2012. KCa channels and epoxyeicosatrienoic acids: major
contributors to thermal hyperaemia in human skin. J. Physiol. 590, 3523-3534.

Carter, H.H., Spence, A.L., Atkinson, C.L., Pugh, C.J., Cable, N.T., Thijssen, D.H.,
Naylor, L.H., Green, D.J., 2014. Distinct effects of blood flow and temperature on
cutaneous microvascular adaptation. Med. Sci. Sports Exerc. 46, 2113-2121.

Charkoudian, N., Stephens, D.P., Pirkle, K.C., Kosiba, W.A., Johnson, J.M., 2000.
Influence of female reproductive hormones on local thermal control of skin blood
flow. J. Appl. Physiol. 87, 1719-1723.

Choi, P.J., Brunt, V.E., Fujii, N., Minson, C.T., 2014. New approach to measure cutaneous
microvascular function: an improved test of NO-mediated vasodilation by thermal
hyperemia. J. Appl. Physiol. 117, 277-283.

Ciplak, M., Pasche, A., Heim, A., Haeberli, C., Waeber, B., Liaudet, L., Feihl, F.,
Engelberger, R., 2009. The vasodilatory response of skin microcirculation to local
heating is subject to desensitization. Microcirculation 16, 265-275.

Dawson, E.A., Green, D.J., Cable, N.T., Thijssen, D.H., 2013. Effects of acute exercise on
flow-mediated dilatation in healthy humans. J. Appl. Physiol. 1985 (115),
1589-1598.

Frantz, J.E., RP, Liaudet, L., Mazzolai, L., Waeber, B., Feihl, F., 2012. Desensitization of
thermal hyperemia in the skin is reproducible. Microcirculation 19, 78-85.

Fromy, B., Sigaudo-Roussel, D., Gaubert-Dahan, M.L., Rousseau, P., Abraham, P.,
Benzoni, D., Berrut, G., Saumet, J.L., 2010. Aging-associated sensory neuropathy
alters pressure-induced vasodilation in humans. J. Invest. Dermatol. 130, 849-855.

Fuchs, D., Dupon, P.P., Schaap, L.A., Draijer, R., 2017. The association between diabetes
and dermal microvascular dysfunction non-invasively assessed by laser Doppler with
local thermal hyperemia: a systematic review with meta-analysis. Cardiovasc.
Diabetol. 16, 11.

Gonzales, J.U., Thompson, B.C., Thistlethwaite, J.R., Scheuermann, B.W., 2011.
Association between exercise hemodynamics and changes in local vascular function
following acute exercise. Appl. Physiol. Nutr. Metab. 36, 137-144.

Green, D.J., Hopman, M.T., Padilla, J., Laughlin, M.H., Thijssen, D.H., 2017. Vascular
adaptation to exercise in humans: role of hemodynamic stimuli. Physiol. Rev. 97,
495-528.

Green, D.J., O'Driscoll, G., Joyner, M.J., Cable, N.T., 2008. Exercise and cardiovascular
risk reduction: time to update the rationale for exercise? J. Appl. Physiol. 105,
766-768.

Green, D.J., Spence, A., Halliwill, J.R., Cable, N.T., Thijssen, D.H., 2011. Exercise and
vascular adaptation in asymptomatic humans. Exp. Physiol. 96, 57-70.

Halliwill, J.R., Buck, T.M., Lacewell, A.N., Romero, S.A., 2013. Postexercise hypotension
and sustained postexercise vasodilatation: what happens after we exercise? Exp.
Physiol. 98, 7-18.

Hodges, G.J., Johnson, J.M., 2009. Adrenergic control of the human cutaneous
circulation. Appl. Physiol. Nutr. Metab. 34, 829-839.

Hodges, G.J., Kosiba, W.A., Zhao, K., Johnson, J.M., 2008. The involvement of
norepinephrine, neuropeptide Y, and nitric oxide in the cutaneous vasodilator
response to local heating in humans. J. Appl. Physiol. 1985 (105), 233-240.

Hodges, G.J., Sparks, P.A., 2013. Contributions of endothelial nitric oxide synthase,
noradrenaline, and neuropeptide Y to local warming-induced cutaneous
vasodilatation in men. Microvasc. Res. 90, 128-134.

Holowatz, L.A., Thompson-Torgerson, C.S., Kenney, W.L., 2008. The human cutaneous
circulation as a model of generalized microvascular function. J. Appl. Physiol. 1985
(105), 370-372.

Houghton, B.L., Meendering, J.R., Wong, B.J., Minson, C.T., 2006. Nitric oxide and
noradrenaline contribute to the temperature threshold of the axon reflex response to
gradual local heating in human skin. J. Physiol. 572, 811-820.

Johnson, B.D., Padilla, J., Wallace, J.P., 2012. The exercise dose affects oxidative stress
and brachial artery flow-mediated dilation in trained men. Eur. J. Appl. Physiol. 112,
33-42.

Johnson, J.M., Minson, C.T., Kellogg Jr., D.L., 2014. Cutaneous vasodilator and
vasoconstrictor mechanisms in temperature regulation. Compr Physiol 4, 33-89.


http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052530540
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052530540
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052530540
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052530540
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051599925
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051599925
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051599925
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052309163
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052309163
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052309163
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052038560
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052038560
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052038560
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051579753
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051579753
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051579753
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051574145
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051574145
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052323362
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052323362
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052323362
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052295091
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052295091
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052295091
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051566025
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051566025
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052292243
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052292243
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052292243
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052286471
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052286471
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052286471
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051559486
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051559486
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051559486
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051553029
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051553029
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051553029
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052283194
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052283194
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052283194
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052227717
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052227717
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051546950
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051546950
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051546950
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051489911
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051489911
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051489911
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051489911
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051396023
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051396023
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051396023
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052278731
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052278731
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052278731
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051331164
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051331164
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051331164
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052276944
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052276944
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051324751
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051324751
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051324751
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051317727
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051317727
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052557716
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052557716
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052557716
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051252824
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051252824
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051252824
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052269899
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052269899
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052269899
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051216320
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051216320
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051216320
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051205690
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051205690
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051205690
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052265062
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052265062

S.D. Thomas et al.

Jones, H., Green, D.J., George, K., Atkinson, G., 2010. Intermittent exercise abolishes the
diurnal variation in endothelial-dependent flow-mediated dilation in humans. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 298, R427-R432.

Kemppainen, P., Pertovaara, A., Huopaniemi, T., Johansson, G., Karonen, S.L., 1985.
Modification of dental pain and cutaneous thermal sensitivity by physical exercise in
man. Brain Res. 360, 33-40.

Lanting, S.M., Johnson, N.A., Baker, M.K., Caterson, 1.D., Chuter, V.H., 2017. The effect
of exercise training on cutaneous microvascular reactivity: a systematic review and
meta-analysis. J. Sci. Med. Sport 20 (2), 170-177.

Lu, D., Kassab, G.S., 2011. Role of shear stress and stretch in vascular mechanobiology.
J. R. Soc. Interface 8, 1379-1385.

Luttrell, M.J., Halliwill, J.R., 2017. The intriguing role of histamine in exercise responses.
Exerc. Sport Sci. Rev. 45, 16-23.

Minson, C.T., 2010. Thermal provocation to evaluate microvascular reactivity in human
skin. J. Appl. Physiol. 1985 (109), 1239-1246.

Minson, C.T., Berry, L.T., Joyner, M.J., 2001. Nitric oxide and neurally mediated
regulation of skin blood flow during local heating. J. Appl. Physiol. 91, 1619-1626.

Minson, C.T., Holowatz, L.A., Wong, B.J., Kenney, W.L., Wilkins, B.W., 2002. Decreased
nitric oxide- and axon reflex-mediated cutaneous vasodilation with age during local
heating. J. Appl. Physiol. 1985 (93), 1644-1649.

Padilla, J., Simmons, G.H., Bender, S.B., Arce-Esquivel, A.A., Whyte, J.J., Laughlin, M.H.,
2011. Vascular effects of exercise: endothelial adaptations beyond active muscle
beds. Physiology (Bethesda) 26, 132-145.

Ray, C.A., Wilson, T.E., 2004. Comparison of skin sympathetic nerve responses to
isometric arm and leg exercise. J. Appl. Physiol. 1985 (97), 160-164.

Rizzoni, D., De Ciuceis, C., Salvetti, M., Paini, A., Rossini, C., Agabiti-Rosei, C.,
Muiesan, M.L., 2015. Interactions between macro- and micro-circulation: are they
relevant? High Blood Press. Cardiovasc. Prev. 22, 119-128.

Roberts, K.A., van Gent, T., Hopkins, N.D., Jones, H., Dawson, E.A., Draijer, R., Carter, H.
H., Atkinson, C.L., Green, D.J., Thijssen, D.H., Low, D.A., 2017. Reproducibility of
four frequently used local heating protocols to assess cutaneous microvascular
function. Microvasc. Res. 112, 65-71.

Roustit, M., Cracowski, J.L., 2013. Assessment of endothelial and neurovascular function
in human skin microcirculation. Trends Pharmacol. Sci. 34, 373-384.

Ruble, S.B., Hoffman, M.D., Shepanski, M.A., Valic, Z., Buckwalter, J.B., Clifford, P.S.,
2005. Thermal pain perception after aerobic exercise. Arch. Phys. Med. Rehabil. 86,
1019-1023.

Microvascular Research 146 (2023) 104457

Schmelz, M., Luz, O., Averbeck, B., Bickel, A., 1997. Plasma extravasation and
neuropeptide release in human skin as measured by intradermal microdialysis.
Neurosci. Lett. 230, 117-120.

Simmons, G.H., Wong, B.J., Holowatz, L.A., Kenney, W.L., 2011. Changes in the control
of skin blood flow with exercise training: where do cutaneous vascular adaptations
fit in? Exp. Physiol. 96, 822-828.

Smith, C.J., Johnson, J.M., 2016. Responses to hyperthermia. Optimizing heat
dissipation by convection and evaporation: neural control of skin blood flow and
sweating in humans. Auton. Neurosci. 196, 25-36.

Stupin, M., Stupin, A., Rasic, L., Cosic, A., Kolar, L., Seric, V., Lenasi, H., Izakovic, K.,
Drenjancevic, I., 2018. Acute exhaustive rowing exercise reduces skin microvascular
dilator function in young adult rowing athletes. Eur. J. Appl. Physiol. 118, 461-474.

Tanaka, H., Monahan, K.D., Seals, D.R., 2001. Age-predicted maximal heart rate
revisited. J. Am. Coll. Cardiol. 37, 153-156.

Tew, G.A., Klonizakis, M., Moss, J., Ruddock, A.D., Saxton, J.M., Hodges, G.J., 2011a.
Role of sensory nerves in the rapid cutaneous vasodilator response to local heating in
young and older endurance-trained and untrained men. Exp. Physiol. 96, 163-170.

Tew, G.A., Saxton, J.M., Klonizakis, M., Moss, J., Ruddock, A.D., Hodges, G.J., 2011b.
Aging and aerobic fitness affect the contribution of noradrenergic sympathetic
nerves to the rapid cutaneous vasodilator response to local heating. J. Appl. Physiol.
1985 (110), 1264-1270.

Tinken, T.M., Thijssen, D.H., Black, M.A., Cable, N.T., Green, D.J., 2008. Time course of
change in vasodilator function and capacity in response to exercise training in
humans. J. Physiol. 586, 5003-5012.

Tinken, T.M., Thijssen, D.H., Hopkins, N., Dawson, E.A., Cable, N.T., Green, D.J., 2010.
Shear stress mediates endothelial adaptations to exercise training in humans.
Hypertension 55, 312-318.

Wong, B.J., Fieger, S.M., 2010. Transient receptor potential vanilloid type-1 (TRPV-1)
channels contribute to cutaneous thermal hyperaemia in humans. J. Physiol. 588,
4317-4326.

Wong, B.J., Minson, C.T., 2011. Altered thermal hyperaemia in human skin by prior
desensitization of neurokinin-1 receptors. Exp. Physiol. 96, 599-609.

Woodward, K.A., Hopkins, N.D., Draijer, R., de Graaf, Y., Low, D.A., Thijssen, D.H.J.,
2018. Acute black tea consumption improves cutaneous vascular function in healthy
middle-aged humans. Clin. Nutr. 37, 242-249.


http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051238835
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051238835
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051238835
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051070305
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051070305
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051070305
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052260050
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052260050
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052260050
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051070773
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051070773
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051064446
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051064446
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052254854
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052254854
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051060084
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051060084
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052252535
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052252535
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052252535
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051053208
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051053208
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051053208
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052250844
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052250844
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051045685
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051045685
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051045685
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052597806
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052597806
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052597806
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052597806
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051227248
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051227248
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051221345
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051221345
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210051221345
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050567676
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050567676
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050567676
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050566474
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050566474
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050566474
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050564450
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050564450
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050564450
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050560856
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050560856
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050560856
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050559919
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050559919
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050557890
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050557890
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050557890
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052588989
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052588989
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052588989
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052588989
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052243664
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052243664
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052243664
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052237423
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052237423
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210052237423
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050555245
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050555245
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050555245
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050550541
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050550541
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050545697
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050545697
http://refhub.elsevier.com/S0026-2862(22)00149-2/rf202211210050545697

	Acute impact of aerobic exercise on local cutaneous thermal hyperaemia
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Experimental design
	2.3 Cutaneous thermal hyperaemia assessment
	2.4 Data analysis
	2.5 Statistical analysis

	3 Results
	3.1 Exercise responses
	3.2 Blood pressure responses
	3.3 Cutaneous thermal hyperaemia
	3.4 Comparison of cutaneous thermal hyperaemia
	3.4.1 Baseline
	3.4.2 Axon reflex peak
	3.4.3 Axon reflex nadir
	3.4.4 Plateau response


	4 Discussion
	4.1 Practical implications
	4.2 Limitations

	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


