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ABSTRACT
Cardiovascular disease is more prevalent in individuals of Black-African (BA) and South-Asian (SA) 
descent than White-European (WE) counterparts, with vascular dysfunction identified as contri
buting to this disparity. Chronic heat therapy can elicit positive vascular adaptations, potentially 
underpinned by the repeated cardiovascular strain experienced during acute heat exposures. This 
study examined the cutaneous peripheral microvascular responses following acute hot (HWI) and 
thermoneutral (CON) water immersion between males of WE, BA, and SA descent. Thirty-one 
young, healthy WE (n = 10), BA (n = 10), SA (n = 11) males completed 60 minutes of HWI (39°C) and 
CON (36°C) with thermoregulatory, cardiovascular, and perceptual responses measured through
out. Following 60 minutes of thermoneutral rest, forearm and Great toe cutaneous vascular 
conductance (CVC) were recorded during cutaneous post-occlusive reactive hyperemia (PORH) 
and local heating (LH). Baseline CVC was similar between groups (p ≥ 0.08). During PORH, BA had 
lower peak forearm and Great toe CVC than WE and SA, and a reduced CVC area under the curve 
compared to WE (p ≤ 0.01). Furthermore, BA Great toe CVC was blunted compared to WE and SA 
during both 42°C (p ≤ 0.033) and 44°C (p ≤ 0.02) LH, respectively. Great toe CVC was acutely 
increased following HWI in responses to 44°C LH compared to CON (p ≤ 0.039), with no race × 
condition interaction effects. In conclusion, despite blunted microvascular responses in BA, acute 
HWI did not elicit distinct effects between males of WE, BA, and SA descent, although micro
vascular responses to LH were greater following HWI.
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Introduction

Cardiovascular disease (CVD) is the leading cause of 
death globally [1]. In the United States, 48.6% of 
adults ≥ 20 years of age are afflicted with CVD, 
although there is a racial disparity in CVD morbidity 
and mortality [2]. Compared to White-European 
(WE) descent counterparts, there is a ~ 15% and ~ 
32% higher total CVD prevalence in Black-African 
(BA) descent males and females, respectively [2]. In 
addition, South-Asian (SA) individuals also have 
a higher risk of CVD prevalence than WE indivi
duals [3]. Occurrence of primary risk factors of CVD 
is also greater in BA and SA populations, such as 
obesity, physical inactivity, and poor nutritional sta
tus [2,4], and can onset earlier in life [5].

Impaired vascular function in non-White popu
lations contributes to elevated CVD risk and is 
a predictor of CVD morbidity and mortality 
[6,7]. Comparisons of vascular function between 

racial and/or ethnic groups have primarily 
involved BA and WE populations. Numerous stu
dies have reported impaired endothelial function 
in BA compared to WE counterparts through 
blunted macro- and microvascular responses to 
infusion of vasodilators [8–11], temporary occlu
sion [12–14], local cooling [11,15] and local heat
ing [16,17]. Evidence of this discrepancy has been 
reported in diseased populations as well as in 
young healthy individuals, suggesting the develop
ment of vascular dysfunction occurring before 
clinical diagnosis and persisting throughout life 
[18]. Although vascular function in the SA popu
lation has received less attention, there is evidence 
of reduced flow-mediated dilation [19] and 
endothelial-dependent vasodilation in response to 
acetylcholine [20] in SA compared to WE. 
Importantly, microvascular dysfunction has been 
identified as an early marker of CVD and often 
precedes macrovascular dysfunction [21].
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Vascular dysfunction is characterized by an 
attenuated production and bioavailability of nitric 
oxide (NO), a key vasodilator, via impairments in 
endothelial nitric oxide synthase (eNOS), as well as 
an impaired smooth muscle relaxation response 
[22,23]. Although multifactorial, oxidative stress 
and inflammation have been proposed as under
lying physiological mechanisms driving vascular 
dysfunction and atherosclerosis [22,24]. Oxidative 
stress and inflammation reduce NO synthesis 
through eNOS uncoupling and formation of asym
metric dimethylarginine, as well as impair NO 
bioavailability through superoxide scavenging of 
NO to form peroxynitrite [25]. Indeed, elevated 
circulating markers of systemic inflammation and 
oxidative stress have been described in BA and SA 
populations [26–28].

Heat therapy refers to the passive elevation of 
systemic whole-body core temperature, such as 
sauna bathing and hot water immersion (HWI), 
with regular use associated with a reduced risk of 
all-cause and cardiovascular-related mortality 
[29,30]. Heat therapy has received recent attention 
as a prevention strategy for CVD [31,32], although 
this therapy has been utilized by many cultures for 
centuries [33]. There is a plethora of experimental 
evidence indicating beneficial cardiovascular adap
tations from chronic heat therapy [34]. For exam
ple, improved macrovascular and blood pressure 
responses [35–38], alongside enhanced microvas
cular function [39–41] have been observed. It has 
been proposed that the repeated cardiovascular 
strain experienced during acute heat exposure 
underpins the chronic adaptations [42]. Indeed, 
microvascular function has been improved follow
ing acute heat exposure [43,44]; however, it has 
also been reported to be unchanged in young [45], 
middle and older age groups [46] as well as clinical 
populations [47,48]. These conflicting findings 
may be due to substantial heterogeneity among 
participant groups, heating protocols, and mea
surement timing [49].

Despite heat therapy eliciting beneficial cardio
vascular adaptations, to our knowledge, only one 
study has investigated the acute effects of heat 
exposure on subsequent vascular responses 
between individuals of distinct racial backgrounds 
[44]. It was reported that 60 minutes of whole- 
body heating using a water-perfused suit similarly 

increased peak forearm reactive hyperemia and 
flow-mediated dilation in BA and WE females. 
These results would suggest that acute heat ther
apy improves vascular function independent of 
racial background in females. However, microvas
cular responses following acute HWI have not yet 
been investigated in males of WE, BA and SA 
descent, which is of interest given potential sex 
differences in the underlying mechanisms of vas
cular dysfunction between races [17]. Therefore, 
this study aimed to investigate the effects of acute 
HWI compared to a thermoneutral control (CON) 
on subsequent microvascular responses between 
males of WE, BA and SA descent. It was hypothe
sized that BA and SA individuals would have 
reduced microvascular function compared to WE, 
and HWI would elicit improvements in microvas
cular responses to a greater extent in BA and SA 
individuals.

Methods

Participants

Thirty-one males (10 WE, 10 BA, 11 SA) volun
teered for the study (Table 1). Participants were 
classified into racial groups by self-reporting all 
four grandparents were as follows: White and 
born in Europe (WE), Black and born in Africa 
(BA), or born in South Asia (SA), defined as 
Afghanistan, Bangladesh, Bhutan, India, 
Maldives, Nepal, Pakistan, and Sri Lanka. All 
participants were recreationally active (≥ 30  
minutes of moderate-intensity exercise ≥ three 
times per week for at least three months, self- 
reported), nonsmoking, free from any cardiovas
cular, metabolic, or skin conditions, and provided 
written informed consent. A favorable ethical 

Table 1. Participant characteristics of White-European (WE), 
Black-African (BA) and South-Asian (SA) groups.

WE (n = 10) BA (n = 10) SA (n = 11)

Age (years) 23 ± 4 22 ± 5 24 ± 4
Height (cm) 176.8 ± 7.0 174.9 ± 7.2 175.3 ± 7.0
Body Mass (kg) 75.7 ± 13.8 82.7 ± 15.1 72.8 ± 8.0
BMI (kg/m2) 24.2 ± 3.5 27.0 ± 4.4 23.7 ± 2.0
Body fat (%) 15.8 ± 5.8^# 20.8 ± 5.3 21.3 ± 3.6
Body surface area (m2) 1.92 ± 0.19 1.97 ± 0.18 1.88 ± 0.13
Estimated VO2max 

(mL/min/kg)
56 ± 9^# 47 ± 6 45 ± 8

Data are mean ± SD. Significant difference between ^WE and BA, #WE 
and SA (p < 0.05). 
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opinion was obtained from Loughborough 
University’s ethics committee (code: 13094) and 
experimental procedures conformed to the 
Declaration of Helsinki in all aspects apart from 
registration in a database.

Experimental design

Participants attended the laboratory on three occa
sions separated by at least 48 hours. During visit 
one, anthropometric measurements were 
recorded, and a submaximal exercise test was com
pleted. Visits two and three were randomized and 
counterbalanced, whereby participants completed 
either HWI or CON using a crossover design. The 
start time of visits were conducted at the same 
time of day (±1 hour) and counterbalanced 
between morning and afternoon (before and after 
12 pm, respectively) to account for the circadian 
effects on blood flow [50]. Participants were admi
nistered a food diary to record the volumes of food 
and drink consumed in the 24 hours before visit 
two and asked to replicate this before visit three. 
No food was consumed at least 2 hours before 
arriving at the laboratory. For 24 hours before 
testing, participants were asked to refrain from 
alcohol, caffeine, vigorous activity, foods high in 
nitrate, and anti-bacterial mouthwash.

Procedures

During the first visit, participant height (Invicta, 
Bishop, UK) and body mass (KCC150, Mettler 

Toledo, USA) were measured. Additionally, body 
fat percentage was measured through 4-point bioe
lectrical impedance (MC-780 MA, Tanita, Japan) 
which has been used previously in experimental 
research to measure body composition [51]. 
Despite mixed evidence of agreement when compar
ing body composition measurements between bioe
lectrical impedance and the gold standard dual- 
energy X-ray absorptiometry method [52], accuracy 
is greater within non-obese individuals as well as 
hydration status was confirmed prior to measure
ment which is a reported source of variability [53]. 
Body surface area was calculated using the Du Bois 
and Du Bois equation [54]. Following this, a heart 
rate (HR) monitor was positioned directly below the 
sternum (Polar H10, Polar, Finland). A six-minute 
Åstrand-Rhyming submaximal exercise test on 
a cycle ergometer (Lode Excalibur, Groningen, the 
Netherlands) was then completed, where HR was 
used to provide an estimate of maximal oxygen 
uptake (VO2max) [55]. The Åstrand-Rhyming test 
has been validated to estimate VO2max against the 
traditional method of collecting metabolic gas 
exchange during maximal exercise testing [56] and 
as there was no fitness requirement other than 
recreational activity, a submaximal test was selected 
to estimate participant fitness levels. For visits two 
and three, following 10 minutes of seated rest in an 
environmentally controlled laboratory [24.2 ± 0.3°C, 
43.5 ± 5.3% relative humidity (RH)] (Testo 435, 
Testo SE, Germany), blood pressure (BP) was 
recorded in duplicate using an automated sphygmo
manometer and averaged and HR was measured via 
a three-lead electrocardiogram (Tango M2, SunTech 

Figure 1. Experimental design and timing of data collection.
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Medical, USA; Figure 1). Thereafter, the participants 
reported their thermal comfort (TC) and thermal 
sensation (TS) using a 30 cm visual analog scale 
[57] with 30 corresponding to “very comfortable” 
and “very hot” and 0 reflecting “very uncomfortable” 
and “very cold” for TC and TS, respectively.

Euhydration was confirmed from a urine sample as 
urine-specific gravity (Master Refractometer, 
ATAGO, Japan) ≤ 1.020 [58]. Body core temperature 
(Tcore) was continuously monitored using either 
a thermistor (YSI 400, DeRoyal, USA) connected to 
a data logger (Squirrel 2010, Grant Instruments, UK) 
(n = 26), or an ingestible telemetric temperature cap
sule (e-Celsius, BodyCap Medical, France) exclusively 
during HWI (n = 5, all BA). The thermistor was self- 
inserted ~ 12 cm beyond the anal sphincter, whereas 
the capsule was ingested at least 3 hours before 
immersion. Four wireless thermochrons (DS1922L- 
F50, Maxim Integrated, USA), which were calibrated 
using a linear regression equation as described by 
Hunt et al. [59], were then fitted to the chest, triceps, 
thigh, and shin with a single piece of adhesive tape 
(Hypafix, Leukoplast, UK) for calculation of body 
mean skin temperature (Tskin) [60] as:

Tskin ¼ 0:3 � chest þ 0:3 � armþ 0:2 � thighþ 0:2
� shin 

Thereafter, participants entered the water bath 
(Lay-Z-Spa St. Lucia, Bestway, UK) and lay semi- 
supine immersed to the clavicle at either [mean ± 
SD]; 36.0 ± 0.3°C (CON) or 39.1 ± 0.3°C (HWI). 
Water temperature was recorded from the mid- 
point of the water bath (YSI 400, DeRoyal, USA) 
and continuously circulated to maintain 
a homogenous temperature. After 30 minutes of 
immersion, participants sat upright with their 
arms at heart level, were towel-dried from the 
waist up and were immersed to the umbilicus 
for a further 30 minutes. This specific HWI 
immersion protocol was employed to elicit at 
least a ~ 1°C increase in Tcore which is suggested 
to maximize the cardiovascular benefits of heat 
therapy [31,32]. Water was consumed ad-libitum 
throughout immersion. During immersion, Tcore 
and Tskin were recorded at 1- and 10-second 
intervals, respectively, and averaged per minute, 
with baseline values taken from the final minute 
of rest in air. Every 15 minutes of immersion, TC 

and TS were measured and BP was measured 
from the right brachial artery at 30-, 45- and 60- 
minutes of immersion, with mean arterial pres
sure (MAP) calculated as:

MAP ¼ diastolic pressureþ
1
3
� pulse pressure

� �

After 60 minutes of immersion, participants exited 
the water bath, were towel dried, self-removed the 
rectal probe, changed into shorts and a t-shirt and 
commenced 60 minutes of seated thermoneutral 
rest. During this period of rest, euhydration was 
re-confirmed using the criteria previously 
described. In the final 10 minutes of rest, partici
pants were fitted with a blood pressure cuff on 
their right arm, and an occlusion cuff fitted as 
proximal as possible on the left arm (SC10D, 
Hokanson, USA) and around the base of the left 
Great toe (UDC2.5, Hokanson, USA). Exactly 60  
minutes following the end of immersion, another 
BP measurement was recorded (Post+60) and skin 
blood flow measurements of the left forearm and 
Great toe pad commenced using a single fiber laser 
Doppler probe (VP12, Moor Instruments, UK) 
inserted into an integrated heater (VHP2, Moors 
Instruments, UK) and connected to a laser 
Doppler perfusion monitor (moor VMS-LDF2, 
Moor Instruments, UK). To ensure probe place
ments were as similar as possible between visits, 
a combination of site measuring, ink markings, 
and pictures were used. Laser Doppler flux was 
recorded at 40 hz with noise spikes, resulting 
from movement artifacts, removed through linear 
interpolation and noise filters using computer soft
ware (MoorVMS-PC v4.2, Moor Instruments, 
UK). Subsequently, data were converted to cuta
neous vascular conductance (CVC) by dividing 
flux by MAP.

Post-occlusive reactive hyperemia

Following the period of rest, cutaneous post- 
occlusive reactive hyperemia (PORH) was assessed 
using a similar protocol as previously described 
[61,62] in ambient conditions (24.1 ± 0.2°C, 43.2  
± 4.4%RH). Local skin temperature was clamped at 
33°C for the duration of measurement, with base
line measurements lasting 10 minutes. Thereafter, 
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blood flow was occluded for 5 minutes where 
occlusion cuffs were rapidly inflated to 
220 mmHg through a pressure cuff controller 
(Moor-VMS-Pres, Moor Instruments, UK). Cuffs 
were then rapidly deflated and the cutaneous 
PORH response was measured for a further 10  
minutes (Figure 2).

Every 5 minutes, BP was measured from the 
contralateral brachial artery. Baseline CVC was 
calculated as the mean CVC over the 5 minutes 
before occlusion. The amplitude of the cutaneous 
PORH response was determined as the maximum 
CVC following occlusion release. The area of 
hyperemia was quantified as the CVC area under 
the curve (AUC) between the release of occlusion 
and CVC returning to baseline, and cutaneous 
PORH index was calculated by dividing the CVC 
AUC during the first minute following occlusion 
release by the AUC during the final minute before 
inflation.

Cutaneous local heating

Following the completion of the PORH protocol, 
local heating (LH) measures commenced in com
parable environmental conditions (24.1 ± 0.2°C, 
43.2 ± 4.1%RH) using a similar protocol to one 
previously described [61,63]. Initially, probes 
were clamped at 33°C for 11 minutes at the same 
location as PORH. Thereafter, the local tempera
ture was increased by 0.1°C/second to 42°C and 
maintained for 21 minutes 30 seconds, and subse
quently increased at the same rate to 44°C for 10  
minutes 20 seconds (Figure 3).

Again, BP was measured from the contralateral 
brachial artery every 5 minutes. To determine 

CVC plateaus during 42°C and 44°C LH, CVC 
over the final 5 minutes of heating were averaged.

Blood analysis

Immediately before and following immersion, 
blood samples were drawn via venepuncture 
from the antecubital vein into 6 mL lithium 
heparin tubes (Vaccutainer, BD, USA). Blood 
samples were immediately centrifuged at 3500 
× g for 10 minutes. Plasma was aliquoted and 
stored at −80°C until batch analysis of plasma 
[nitrite]. Blood samples were collected immedi
ately pre and post immersion as the increase of 
plasma [nitrite] from HWI is transient and fol
lowing immersion returns to baseline within 30 
minutes [64]. Plasma [nitrite] was determined 
through ozone chemiluminescence as previously 
described by Higuchi and Motomizu [65]. 
Samples were deproteinised through the addition 
of 500 μL of ethanol to 500 μL of lithium heparin 
plasma and then centrifuged for 10 min at 
21,000 × g. The nitrite concentration was deter
mined by its reduction to NO in the presence of 
glacial acetic acid and aqueous sodium iodide 
(4% w/v). The spectral emission of electronically 
excited nitrogen dioxide, derived from the reac
tion of NO with ozone, was detected by 
a thermoelectrically cooled, red-sensitive photo
multiplier tube housed in a gas-phase chemilu
minescence NO analyzer (Sievers NOA 280i, 
Analytix Ltd, UK). For plasma [nitrite] determi
nation, 200 μL of supernatant was injected into 
the purge vessel in duplicate. Thereafter, the 
signal (mV) was smoothed using software 
(Origin 2019, OriginLab, USA), and peaks were 
identified and then converted to a concentration 

Figure 2. Representative trace of forearm cutaneous vascular 
conductance (CVC) measured during cutaneous post-occlusive 
reactive hyperemia.

Figure 3. Representative trace of forearm cutaneous vascular 
conductance (CVC) measured during cutaneous local heating.
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using a calibration plot of sodium nitrite 
standards.

Statistical analysis

The statistical software SPSS (version 28, IBM, USA) 
was used for all statistical analyses. An a priori power 
calculation was conducted to determine the number 
of participants required to observe a significant 
interaction effect of race (3 levels) and condition (2 
levels) in G*Power incorporating a medium effect 
size [44], power of 0.8 and an α of 0.05 yielded a total 
sample size of 42. Between-group comparisons of 
anthropometric and estimated fitness levels were 
assessed through a one-way ANOVA. Due to miss
ing Tcore data during CON (BA = 5) resulting in an 
imbalance of group numbers, a paired samples t test 
was utilized to determine pre/post changes in Tcore 
independent of racial group as CON was employed 
to maintain Tcore. Group differences in Tcore 
throughout HWI were analyzed using a one-way 
ANOVA, whereas the effect of immersion on Tskin, 
cardiovascular, perceptual, plasma [nitrite], and 
microvascular responses were analyzed using a 3 
(group; WE, BA, SA) x 2 (condition; HWI, CON) 
mixed-model ANOVA. Where significant effects 
were observed, differences were identified through 
LSD post-hoc pairwise comparisons. Effect sizes are 
reported as partial eta squared (ηp

2) with magnitudes 
of ≥ 0.01, ≥ 0.059 and ≥ 0.138 interpreted as small, 
medium, and large, respectively [66]. For all ana
lyses, the statistical significance threshold was set at 
p < 0.05. Data are presented as mean ± SD.

Results

Participants

Participant characteristics of WE, BA, and SA 
groups are presented in Table 1. Anthropometric 
measures were similar between groups except for 
a lower body fat percentage (p ≤ 0.032; ηp2 = 0.21) 
as well as a greater estimated VO2max (p ≤ 0.015; 
ηp2 = 0.21) in WE compared to BA and SA.

Post-occlusive reactive hyperemia

Baseline forearm and Great toe CVC were similar 
between racial groups (Table 2; p ≥ 0.08). There was 
a significant main effect for race (p < 0.001; ηp2 =  

0.41), where BA (0.51 ± 0.23 flux/mmHg) had lower 
peak forearm CVC following occlusion release than 
SA (0.87 ± 0.26 flux/mmHg) and WE (0.85 ± 0.31 
flux/mmHg). A significant main effect of race was 
also reported where peak Great toe CVC was lower 
in BA (2.46 ± 0.82 flux/mmHg) than SA (3.32 ± 0.99 
flux/mmHg) and WE (3.80 ± 0.67 flux/mmHg; p ≤  
0.013; ηp2 = 0.37), in addition to a reduced AUC in 
BA compared to WE (122.72 ± 104.14 vs 214.83 ±  
70.19 CVC·s; p = 0.014; ηp2 = 0.21). Lastly, there was 
no race × condition interaction effect for cutaneous 
PORH outcomes (p ≥ 0.24).

Cutaneous local heating

In response to 42°C and 44°C LH, there were no 
differences in forearm CVC measures between 
conditions (Figure 4, Panel a & c; p ≥ 0.60). 
There was a main effect for race (p = 0.033; ηp2 =  
0.22) where BA had an attenuated Great toe CVC 
during 42°C LH (1.08 ± 0.51 flux/mmHg) com
pared to WE (1.90 ± 0.92 flux/mmHg; p = 0.033) 
and SA (2.00 ± 1.2 flux/mmHg; p = 0.016). 
Moreover, BA had a lower Great toe CVC in 
response to 44°C LH than WE and SA (BA: 1.26  
± 0.63, WE: 2.13 ± 0.93, SA: 2.29 ± 1.10 flux/ 
mmHg, respectively; p ≤ 0.02; ηp2 = 0.27). There 
was a significant main effect of condition where 
Great toe CVC during 44°C LH was increased 
following HWI compared to CON (2.07 ± 1.09 vs. 
1.72 ± 0.90 flux/mmHg; p = 0.039; ηp2 = 0.14), 
although there were no race x condition interac
tion effects for any LH measure (p ≥ 0.12).

Thermoregulatory responses

There was no change in Tcore during CON 
between pre (37.3 ± 0.4°C) and post (37.3 ±  
0.4°C; p = 0.43). During HWI, Tcore increased ~ 
1°C from pre to post for all racial groups with 
no differences at any time point (Figure 5, Panel 
a; p ≥ 0.60). For Tskin (Figure 5, Panel b), there 
was a main effect of condition throughout 
immersion where HWI was greater than CON 
at each timepoint (p all < 0.001; ηp2 ≥ 0.90), 
with no significant differences between racial 
groups or race × condition interaction effects 
(p ≥ 0.06). Following immersion, there were no 
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significant differences in Tskin during PORH 
and LH.

Cardiovascular responses

There were no baseline differences between 
racial groups for any cardiovascular measure 
(Figure 6, Panel a – d; p ≥ 0.19). There was 
a main effect of condition where systolic (SBP), 
diastolic (DBP), and MAP were lower through
out HWI than CON (p ≤ 0.019; ηp2 ≥ 0.18), 
whereas HR was elevated (p ≤ 0.014; ηp2 ≥ 
0.20). This reduction in SBP, DBP, and MAP 
was present 60 minutes following immersion, as 
was an elevation in HR (p ≤ 0.01). Throughout 
immersion, there were no differences between 

racial groups for any cardiovascular parameter, 
as well as no race x condition interaction effects 
(p ≥ 0.20).

Perceptual responses

Participants experienced a lower TC during HWI 
compared to CON (p ≤ 0.041; ηp2 ≥ 0.14) which 
started in the range of “just comfortable,” reduced 
to “just uncomfortable” 30 minutes into immer
sion and returned to “comfortable” by the end of 
immersion (Figure 7, Panel a). At 15 and 30 
minutes of immersion, there was a main effect 
of race where BA had a higher TC compared to 
WE (p ≤ 0.047; ηp2 ≥ 0.20), indicating lower per
ceived discomfort from HWI. Furthermore, TS 

Figure 4. Forearm and great toe cutaneous vascular conductance (CVC) during 42°C (a,b) and 44°C (c,d) local heating following hot 
(HWI; red bars) and thermoneutral (CON; blue bars) water immersion in individuals of White-European (WE), Black-African (BA) and 
South-Asian (SA) descent.
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was greater during HWI compared to CON (p <  
0.001; ηp2 ≥ 0.76) with no differences between 
racial groups (Figure 7, Panel b). The highest TS 
was within the range of “hot” 30 minutes into 
immersion and reduced to “warm” by the end of 
immersion. For both TC and TS, there were no 
race x condition interaction effects (p ≥ 0.07).

Plasma [nitrite] responses

Plasma [nitrite] was unchanged in both conditions 
for all racial groups (Figure 8; p ≥ 0.14).

Discussion

To our knowledge, this is the first crossover ran
domized control trial comparing the effect of acute 

HWI on microvascular responses between males 
of WE, BA, and SA descent. The main finding of 
this study was that despite attenuated microvascu
lar responses during cutaneous PORH and LH in 
BA, acute HWI elicited no race-specific effects on 
microvascular function between racial groups. 
This is in partial agreement with the hypothesis 
that BA and SA would have reduced microvascular 
responses compared to WE. However, it was also 
postulated that HWI would elicit the greatest 
improvements to microvascular function for 
these groups which contrasts with our findings.

A plethora of literature report impaired micro
vascular responses to occlusion [12,14] and local 
heating [16,17] in BA compared to WE, however 
this is not a universal finding [44]. In this study, 
during cutaneous PORH, BA had lower peak 

Figure 5. Body core (a) and mean skin (b) temperature throughout hot (HWI; red lines) and thermoneutral (CON; blue lines) water 
immersion for groups of White-European (WE), Black-African (BA; body core temperature n = 10 HWI, n = 5 CON), and South-Asian 
(SA) descent. *significant difference between HWI and CON (p < 0.05).
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forearm and Great toe CVC compared to WE and 
SA, alongside reduced Great toe AUC compared 
to WE. Additionally, BA had an attenuated Great 
toe CVC at 42°C and 44°C LH, respectively. This 
reduced microvascular function identified in BA 
individuals has often been attributed to reduced 
NO bioavailability, a key vasodilatory signaling 
molecule [67]. This is in part due to eNOS uncou
pling, where inflammation and oxidative stress 
have been proposed as underlying physiological 
mechanisms and are elevated in BA populations 
compared to WE [27,28] across all ages. However, 
baseline plasma [nitrite], a circulating marker of 
eNOS-derived NO [68], was similar between 
groups, a finding which has been previously 
reported in young BA and WE males [69]. 
Another factor which may contribute to the 
impaired microvascular responses in BA was the 
lower estimated VO2max and higher body fat than 
WE. However, SA also had a lower estimated 
VO2max and higher body fat than WE but reported 

similar microvascular responses. Additionally, 
peak forearm and Great toe cutaneous PORH 
were blunted in BA relative to SA despite similar 
estimated fitness levels and body fat. Although 
substantial overlap across groups in estimated 
VO2max (range: WE = 44–76 mL/min/kg, BA = 39
–59 mL/min/kg, SA = 35–63 mL/min/kg), the mag
nitude of skin blood flow responses can be 
influenced by fitness levels [70]. Indeed, lower 
levels of aerobic fitness and greater levels of adip
osity in BA and SA populations [71] have been 
previously identified as contributing to the racial 
disparity in CVD prevalence.

Despite the positive association between heat 
therapy and reductions in all-cause and cardiovas
cular-related mortality [29,30], investigations into 
vascular responses to acute heat exposures have 
produced equivocal findings. For example, fore
arm PORH has previously been reported as 
unchanged following acute heat stress [45–48] 
whereas others have described improvements 

Figure 6. Measurements of systolic (SBP; a) and diastolic (DBP; b) blood pressure, mean arterial pressure (MAP; c) and heart rate 
(d) throughout hot (HWI; red lines) and thermoneutral (CON; blue lines) water immersion in groups of White-European (WE), Black- 
African (BA) and South-Asian (SA) descent. *significant difference between HWI and CON (p < 0.05).
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Figure 7. Measurements of thermal comfort (a) and thermal sensation (b) throughout hot (HWI; red lines) and thermoneutral (CON; 
blue lines) water immersion in groups of White-European (WE), Black-African (BA) and South-Asian (SA) descent. *significant 
difference between HWI and CON (p < 0.05). ^significant difference between WE and BA (p < 0.05).

Figure 8. Plasma [nitrite] concentrations pre and post hot (HWI; red bars) and thermoneutral (CON; blue bars) water immersion for 
White-European (WE; n = 9), Black-African (BA; n = 9), and South-Asian (SA; n = 10) descent individuals.
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[43,44]. The inconsistent effect of acute heat expo
sure on vascular function may be attributed to 
substantial differences in employed heating mod
alities and protocols, as well as variation in the 
time between heating and commencing vascular 
measurements. For example, Chaseling et al. [49] 
investigated the impact of measurement timing on 
forearm microvascular function following 60  
minutes of whole-body heating via water- 
perfused suit and despite a ~ 1°C increase in 
Tcore, peak forearm vascular conductance during 
PORH was only transiently increased (≤ 30  
minutes). Nonetheless, Cheng et al. [43] described 
45 minutes of 45°C knee-level heating, which 
increased Tcore ~ 0.4°C, increased peak forearm 
vascular conductance within 30 minutes post- 
heating, whereas the ~ 1.5°C increase in Tcore eli
cited during 60 minutes of 40.5°C HWI was not 
sufficient to increase PORH responses 60 minutes 
following heating [45]. Further research is war
ranted to better understand the minimal and opti
mal time and temperature of HWI required to 
acutely influence microvascular function, which 
could then inform longer-term HT interventions.

To our knowledge, the only study to date com
paring the vascular effects of HT between racial 
groups described improved peak forearm PORH 
in both BA and WE females following 60 minutes 
of whole-body heating via a water-perfused suit 
[44]. Contrastingly, neither forearm nor Great 
toe cutaneous PORH were improved following 
HWI compared to CON independent of racial 
group in this study. One important factor which 
may explain these conflicting results is that Martin 
et al. [44] measured PORH 45 minutes following 
heating; in their study internal temperature, fore
arm blood flow and forearm vascular conductance 
remained significantly elevated prior to post- 
heating PORH measures compared to pre-heating 
baselines. Both studies’ heating modalities elicited 
a similar increase in Tcore (~ 1°C), although we 
employed a longer 60-minute period between 
heating and commencing PORH measurements 
as this was the time of thermoneutral rest required 
to allow Tcore and CVC to return to baseline dur
ing pilot testing.

Few studies have investigated the LH response 
following acute heat exposure; however, chronic 
interventions have reported positive effects 

[39,40,41]. Although in this study no race-specific 
effects were observed from HWI on any micro
vascular outcome, contrary to forearm CVC 
responses, Great toe CVC was increased following 
HWI during 44°C LH. Despite mechanistic differ
ences in the control of skin blood flow whereby 
active vasodilation is present in non-glabrous (i.e. 
volar forearm) but not glabrous (i.e. Great toe pad) 
skin [72], this toe-specific increase in CVC may 
also be explained by the differences in heating time 
experienced by measurement sites, where partici
pants’ lower body was immersed throughout HWI 
whereas the upper body was only immersed for the 
first 30 minutes. Indeed, one of the primary 
mechanisms proposed to underly the reported 
beneficial effects of heat therapy on the vasculature 
pertains to an increase in NO bioavailability [31], 
and therefore a greater localized heat exposure 
may explain our findings. The increase in Great 
toe CVC during cutaneous LH but not PORH 
following HWI may also be explained by the 
mechanistic differences between these physiologi
cal responses. Following the initial peak, skin 
blood flow plateaus during LH and is primarily 
NO-dependent [73,74], whereas PORH responses 
are primarily mediated by sensory nerves and 
endothelial-derived hyperpolarising factors 
[75,76]. However, despite the increase in Great 
toe CVC following HWI during LH, plasma 
[nitrite] was not concomitantly increased which 
contrasts with previous findings [64,77]. This 
may be in part due to the location of venous 
sampling (arm) receiving half the heating exposure 
of the toe, which may point to differences between 
local and systemic plasma [nitrite] levels. Indeed, 
further work aiming to understand the mechan
isms underlying the effects of heat exposure on the 
vasculature is needed. Finally, it is important to 
note that findings from studies investigating the 
vascular effects of acute heat exposure may not be 
reflective of chronic heat therapy studies. 
Therefore, future research should aim to compare 
the effects of chronic heat therapy between racial 
groups.

Importantly, one of the reported beneficial 
hemodynamic effects of heat therapy is 
a reduction in blood pressure during immersion 
[34], which can last as long as 60 minutes there
after [78]. Indeed, MAP was reduced throughout 
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HWI similarly between racial groups (~ 
−13 mmHg) and remained lower than pre- 
immersion values 60 minutes following immersion 
(~ −7 mmHg). A reduction in BP throughout and 
acutely following HWI was present in our young, 
healthy groups; this is of interest as the repeated 
acute responses to HT have been suggested to 
underpin chronic adaptations [42]. Therefore, 
this may be of particular importance for popula
tions more susceptible to hypertension such as BA 
and SA, respectively [2,4].

During immersion, TC was higher in BA for the 
first 30 minutes, indicating greater levels of com
fort (Figure 7). Although chronic heat therapy is 
promoted as an intervention to improve cardio
vascular health, the thermal discomfort experi
enced during heat exposure could be a barrier to 
long-term adherence. Therefore, the greater levels 
of thermal comfort in BA should be further inves
tigated, particularly as BA, among other non- 
White racial minorities, are less likely to meet 
physical activity guidelines [2].

This study is not without limitations. The pri
mary limitation surrounds the underpowered 
number of participants included within each racial 
group (n = 10 or 11) relative to our initial aim to 
detect a significant race x condition interaction 
effect (n = 14). However, following 31 completed 
participants a post-hoc power calculation was 
completed using the smallest p value from the 
microvascular data (p = 0.12) which reported 129 
total participants would be required to reach sta
tistical significance. Therefore, given the non- 
significant interaction effect as well as the lack of 
racial differences reported with similar sample 
sizes (n = 10) in Martin et al. [44], experimental 
data collection was concluded. Nonetheless, it 
should be noted that underpowered studies are at 
risk of bias from type II errors [79]. Another 
limitation of this study is the between-day com
parison of microvascular assessments using laser 
Doppler flowmetry. Although single-fiber probes 
have been reported as having moderate-to-low 
between-day repeatability due to the variability in 
the skin’s microcirculation anatomy [80], greater 
repeatability has been reported in glabrous (e.g. 
Great toe pad) than non-glabrous (e.g. volar fore
arm) skin [62]. We attempted to mitigate this by 
stringently measuring and recording the 

placement of laser Doppler flowmetry probes as 
well as presenting skin blood flow data as CVC 
which improves repeatability compared to the raw 
“flux” values [81]. Future studies may aim to also 
include assessments of the macrovasculature (e.g. 
flow-mediated dilation) in addition to the micro
vasculature to better understand how heat therapy 
may distinctly influence these different areas of the 
vasculature. However, cutaneous microvascular 
responses were investigated as changes in reactiv
ity have been identified before clinical signs of 
microvascular dysfunction [82,83]. Although not 
a primary outcome of this study, another consid
eration surrounds the inclusion of rectal and gas
trointestinal temperatures as indices of Tcore. 
Literature has reported good agreement between 
gastrointestinal and rectal temperature during 
exercise [84,85] although a faster response rate 
has been identified in telemetric pills measuring 
gastrointestinal temperature [86]. However, using 
a different telemetric system than was employed in 
this study, O’Brien et al. [87] reported rectal tem
perature was lower during HWI than gastrointest
inal temperature (mean bias: ~ 0.1°C). 
Nonetheless, our results are supported by Martin 
et al. [44] who also described similar gastrointest
inal temperature responses during acute heat 
exposure between racial groups. The last factor 
which should be considered is that this study 
focused on males as the investigated population 
and therefore these findings should not be extra
polated to females. Although racial differences in 
microvascular function have also been identified in 
females [12], recent work suggests potential influ
ences of the hormonal environment on microvas
cular endothelial function [88,89] alongside 
a potential sex difference in the mechanisms med
iating blunted microvascular function between 
young Black males and females [17]. Nonetheless, 
Martin et al. [44] also reported no race-specific 
effects on macro- and microvascular function 
from acute heat exposure which is in agreement 
with the present study. Future studies investigating 
microvascular responses should aim to recruit 
males and females of distinct racial background 
to investigate a “sex” x “race” x “condition” 
interaction.

In conclusion, this study showed that despite 
reduced cutaneous peripheral microvascular 

TEMPERATURE 161



function in males of BA descent, there were no 
differences in the acute effects of HWI on micro
vascular responses between WE, BA and SA popu
lations. Although similar between racial groups, 
the combined reduction in BP throughout immer
sion and increase in Great toe CVC following 
acute heat therapy may support its use as a health- 
promoting intervention.

Abbreviations

ANOVA Analysis of variance
AUC Area under the curve
BA Black-African
BP Blood pressure
CON Thermoneutral control
CVC Cutaneous vascular conductance
CVD Cardiovascular disease
DBP Diastolic blood pressure
eNOS Endothelial nitric oxide synthase
HR Heart rate
HWI Hot water immersion
LH Local heating
MAP Mean arterial pressure
NO Nitric oxide
PORH Post-occlusive reactive hyperemia
RH Relative humidity
SA South-Asian
SBP Systolic blood pressure
TC Thermal comfort
Tcore Body core temperature
TS Thermal sensation
Tskin Mean skin temperature
VO2max Maximal oxygen uptake
WE White-European
ηp

2 Partial eta squared
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