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Abstract

Hot water immersion improves cardiovascular health and sporting performance, yet

its adverse responses are understudied. Thirteen young and 17 middle-aged adults

(n = 30) were exposed to 2 × 30 min bouts of whole-body 39◦C water immersion.

Young adults also completed cooling mitigation strategies in a randomized cross-

over design. Orthostatic intolerance and selected physiological, perceptual, postural

and cognitive responses were assessed. Orthostatic hypotension occurred in 94% of

middle-aged adults and 77% of young adults. Young adults exhibited greater dizziness

upon standing (young subjects, 3 out of 10 arbitrary units (AU) vs. middle-aged sub-

jects, 2 out of 10 AU), with four terminating the protocol early owing to dizziness or

discomfort. Despite middle-aged adults being largely asymptomatic, both age groups

had transient impairments in postural sway after immersion (P < 0.05), but no change

in cognitive function (P= 0.58). Middle-aged adults reported lower thermal sensation,

higher thermal comfort, and higher basic affect than young adults (all P < 0.01).

Cooling mitigation trials had 100% completion rates, with improvements in sit-to-

stand dizziness (P< 0.01, arms in, 3 out of 10 AU vs. arms out, 2 out of 10 AU vs. fan, 4

out 10 AU), lower thermal sensation (P = 0.04), higher thermal comfort (P < 0.01) and

higher basic affect (P = 0.02). Middle-aged adults were predominantly asymptomatic,

and cooling strategies prevented severe dizziness and thermal intolerance in younger

adults.
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1 INTRODUCTION

Hot water immersion has the potential to improve cardiovascular

health (Brunt et al., 2016; Ukai et al., 2020) and sporting performance

(Philp et al., 2022; Zurawlew et al., 2016), sharing numerous benefits

with exercise training (Cullen et al., 2020). However, several studies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Experimental Physiology published by JohnWiley & Sons Ltd on behalf of The Physiological Society.

suggest that this method of heating can be uncomfortable and difficult

to tolerate (Hoekstra et al., 2018; Zurawlew et al., 2016). Furthermore,

prolonged hot water immersion can result in negative symptoms,

including dizziness, syncope, nausea, headaches and vomiting (Horvath

& Botelho, 1949; James et al., 2021; Menzies et al., 2022). In some

circumstances, the deleterious effects of heating can also contribute to

Experimental Physiology. 2023;1–14. wileyonlinelibrary.com/journal/eph 1
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2 STEWARD ET AL.

transient declines in postural control (Mtibaa et al., 2018) and cognitive

function (Malcolm et al., 2018; Sun et al., 2012), with previous research

linking these factors to the risk of falls in older adults (Johansson

et al., 2017). Although some of these adverse symptoms have been

recognized for a long time (Horvath & Botelho, 1949), many of the

more recent studies investigating hotwater immersion appear to over-

look these important safety considerations. Indeed, adverse events and

safety concerns often receive only a single passing comment in many

papers (Hooper, 1999; James et al., 2021; Zurawlew et al., 2016).

Public guidance for the safe use of hot water immersion includes

limits on temperature and duration to 40◦C and 15 min, respectively

(e.g., National Spa & Pool Institute, 1988; The Pool & Hot Tub Alliance,

2020). Yet, an increasing number of studies have demonstrated

improvements in health using hot water immersion protocols that

drastically exceed these limits, with durations ranging from 20 to

120 min and temperatures from 39 to 48◦C (e.g., Brunt et al., 2016;

Kojima et al., 2018; Rodrigues et al., 2020; Ruddock et al., 2016).

In some studies, it appears that these protocols were achievable

only by using precautionary methods that might not be realistic or

usable outside the laboratory, including monitoring for high rectal

temperatures (Brunt et al., 2016) and assistance by researchers to

mitigate dizziness and prevent syncope (Hooper, 1999). The risk

of heat-induced orthostatic intolerance appears to be the most

important issue from a safety perspective, but the majority of studies

investigating this phenomenon have used a tilt table (Horvath &

Botelho, 1949; Lind et al., 1968; Minson et al., 1999). It is unclear how

these responses would translate into individuals exiting a bath or hot

tub, moving from a sitting to standing posture in free-living conditions.

As such, we consider it important to assess the safety and tolerability

of hot water immersion thoroughly, in an appliedmanner, with a higher

level of ecological validity.

It is well established that thermal intolerance (Kenney & Hodgson,

1987) and orthostatic intolerance (Goswami et al., 2017) are altered by

age. In response to an orthostatic challenge following passive heating,

older adults have been shown to have a greater reduction in cerebral

blood flow and slower corrections in blood pressure when compared

with younger adults (Lucas et al., 2008). Accordingly, characterization

of the safety and tolerability of hot water immersion protocols should

be done separately for different age groups.

Given that hot water immersion can lead to adverse responses

and be difficult to tolerate for some populations, it is important

to investigate practical strategies to mitigate these risks. Within

healthy young male adults, Mansfield et al. (2021) recently showed

that fan cooling during hot water immersion could improve thermal

comfort without reducing some of the beneficial effects, such as the

acute anti-inflammatory response. Skin cooling could be a possible

countermeasure to combat impaired orthostatic control in the heat

attributable to reductions in venous blood pooling and increased

peripheral vascular resistance (Durand et al., 2004; Wilson et al.,

2002). Likewise, different heating stimuli during hot water immersion

can be achieved through manipulation of the water depth, which is

varied within the literature [e.g., chest deep (Galbreath et al., 1999)

vs. neck deep (Horvath & Botelho, 1949)], and potentially impacts

New Findings

∙ What is the central question of this study?

The aim was to characterize adverse responses to

whole-body hotwater immersion and to investigate

practical strategies tomitigate these effects.

∙ What is themain finding and its importance?

Whole-body hot water immersion induced trans-

ient orthostatic hypotension and impaired postural

control, which recovered to baseline within 10 min.

Hot water immersion was well tolerated bymiddle-

aged adults, but younger adults suffered from a

greater frequency and severity of dizziness. Cooling

the face with a fan or not immersing the arms

can mitigate some of these adverse responses in

younger adults.

the risk of orthostasis and heat intolerance. However, the effects of

practical local skin-cooling strategies on orthostatic intolerance and

other adverse events following hot water immersion are yet to be

investigated.

The aims of this study were as follows: (1) to investigate the effect

of whole-body hot water immersion on orthostatic intolerance and

selected physiological, perceptual, postural and cognitive responses in

healthy young and middle-aged adults; and (2) to assess whether two

practicalmitigation strategies of facial fan cooling and non-submersion

of the armsmitigated any adverse responses in younger adults.

2 METHODS

2.1 Participants

A convenience sample of 13 young adults (seven male and six female;

mean ± SD: age, 25 ± 3 years; body mass, 71.9 ± 15.1 kg; height,

1.72 ± 0.10 m; and body mass index 24.2 ± 3.7 kg/m2) and 17

middle-aged adults (10 male and seven female; mean ± SD: age,

54 ± 6 years; body mass, 82.2 ± 15.5 kg; height, 1.69 ± 0.08 m; and

body mass index 28.7 ± 3.9 kg/m2) participated in the present study.

All participants were non-smokers, had no history of syncope and

were not taking any medication. Female participants in the younger

cohort were tested in the early follicular phase of the menstrual

cycle (days 1–7) to control for effects of the menstrual cycle on

core temperature and blood pressure regulation (Charkoudian et al.,

2017), and women in the middle-aged cohort were post-menopausal.

Participants were instructed to refrain from strenuous exercise for

24 h and caffeine intake for 6 h before the experimental trials and

to replicate their diet on the day of testing for each visit. Before

data collection, participants were briefed, and they provided written
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STEWARD ET AL. 3

F IGURE 1 (a) Experimental protocol
representing the time course of immersion and
themeasurements taken. (b) Age comparison:
Arms in only, young adults versus middle-aged
adults. (c) Mitigation strategies: young adults
only, with twomitigation strategies: Arms out
versus Arms in immersion; and Fan, versus
Arms in immersion.

informed consent for the study, which received ethical approval from

Coventry University (P109747) and conformed to the standards of

the Declaration of Helsinki, with the exception of prior registration in a

public database.

2.2 Experimental design

The studydesign consistedof a singlewhole-bodyhotwater immersion

visit for both young and middle-aged adults to assess the effect of age.

Young adults then completed two further visits to assess the effect

of specific mitigation strategies. These three test sessions completed

by the young adults were completed in a randomized cross-over

design. Allocation of the order of test sessions was conducted using

a randomization sequence in Excel. All sessions were conducted at

the same time of day (±2 h), with a minimum washout period of 72 h

between visits. After familiarization with all procedures, participants

were immersed in 39.0 ± 0.1◦C water for 60 min, split into two

bouts of 30 min separated by 10 min of rest in ambient conditions

(∼20◦C) (Figure 1a). This temperature and duration were chosen in

line with hot water immersion protocols within the literature (e.g.,

Leicht et al., 2019) and following high rates of intolerance after 30 min

of 40◦C immersion with the arms submerged observed during pilot

testing. The 10 min rest in ambient conditions was included to allow

the early identification of sit-to-stand (Sit-Stand) presyncope and to

assess the effects of immersion duration on orthostatic intolerance,

without the need for multiple visits. All participants were immersed up

to the armpit with arms submerged (Arms in) for the age comparison

(Figure 1b), and the young participants also completed two mitigation

conditions involving immersion up to the armpit with facial fan cooling

at a wind speed of ∼1.5 m/s (Fan) and immersion to the armpit without

submersion of the arms (Arms out) for the condition comparison

(Figure 1c). The condition comparison was performed only within

the younger participants, because previous studies have reported

symptomatic responses in younger but not older adults (Vaddadi et al.,

2007), which we also observed through our own pilot testing.

2.3 Experimental protocol and procedures

Upon arrival at the laboratory, participants consumed 5 mL/kg of

water room temperature within 5 min to standardize hydration before

commencing the experimental protocol (Figure 1a).

2.3.1 Orthostatic hypotension

Orthostatic hypotension was measured and defined according to

clinical guidelines (Freeman et al., 2011) as a reduction of ≥20 mmHg

in systolic blood pressure (SBP) or ≥10 mmHg in diastolic blood

pressure (DBP) when compared with values obtained at baseline,

before the immersion period. Seated blood pressure was recorded

using an automated sphygmomanometer (M3 blood pressure monitor;

Omron, Kyoto, Japan) whilst seated on a chair or during the final 5 min

of immersion. Baseline blood pressure was recorded in triplicate at the

start of the protocol following a 5min period of quiet rest. Participants

were instructed to stand up gradually upon the sensation of cuff

inflation, with a singlemeasure of standing blood pressure taken. Upon

standing, participants reported symptoms of dizziness on the same

0–10 scale used for indices of heat illness (Coris et al., 2006), with

standing dizziness being recorded as the maximum dizziness reported.

Owing to the transient nature of standing dizziness, participants

reporting scores ranging from7 to10weregiven theoption to continue

if their symptoms had subsided by the time they had to re-enter the

water.

2.3.2 Thermophysiological measures

Nude body mass was recorded using electronic weighing scales

(Seca; Bodycare, UK) before and after the experimental protocol

to estimate the whole-body sweat rate. Rectal temperature was

monitored at 10 min intervals, using a rectal thermometer (Grant

Instruments, UK). Simultaneous measurements of heart rate (Polar
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4 STEWARD ET AL.

FT1; Polar, Kempele, Finland) and skin forehead temperature (skin

thermistor; Grant Instruments, UK) were also taken at 10 min

intervals.

2.3.3 Perceptual measures

Thermal comfort, thermal sensation and basic affect were measured

every 10 min on scales ranging from +5 (very comfortable, hot and

very good, respectively) to−5 (very uncomfortable, cold and very bad,

respectively) modified from Epstein and Moran (2006) and Williams

et al. (2008) for ease of participant understanding. Symptoms of

dizziness, confusion, tiredness, nausea and headaches weremonitored

on a 0–10 scale, with 0 representing no symptoms, 3 representingmild

symptoms, 5 representing moderate symptoms, 7 representing severe

symptoms and 10 representing have to stop (Coris et al., 2006).

2.3.4 Postural sway

Centre-of-pressure measures of postural sway assessed during quiet

standing were used to characterize postural control. This was included

because poorer postural control has been observed in individuals with

orthostatic intolerance (Claydon & Hainsworth, 2005). Participants

stood barefoot, with their feet together and hands clasped in front

of the body, on a force platform (AMTI, Watertown, MA, USA) and

were instructed to stand quietly for 30 s while looking ahead at a

black circle at eye level on a wall, 1.5 m away. Baseline results were

averaged over three trials, with participants stepping off the plate for

30 s between each trial. Data were sampled at 100 Hz, with outcome

measures including the total path length (in centimentres) of the centre

of pressure and its maximal displacement in the anteroposterior and

mediolateral directions.

2.3.5 Trail-making test

The psychology experiment building language (PEBL) trail-making

test (Mueller & Piper, 2014) was used as a measure of executive

function (Sánchez-Cubillo et al., 2009). This test consists of part A

and B, where participants first click numbers in ascending order

from 1 to 26 followed by a second task where numbers and

letters are clicked in alternation (1-A-2-B etc.) up to 13-M. The

trail-making test is a valid measure of executive function (Sánchez-

Cubillo et al., 2009) and has high levels of task duration retest

reliability for part A of 0.76–0.89 and part B 0.86–0.94 (Wagner

et al., 2011). Participants were instructed to complete the trial

as quickly and accurately as possible. The main outcome measure

from this test was the total duration to complete parts A and B.

The secondary outcome was task accuracy, defined as the minimum

number of clicks to complete each trial divided by the number of clicks

made.

2.4 Statistical analysis

Data are reported as means and SDs for physiological data and

as medians with interquartile ranges for perceptual data, unless

stated otherwise. Statistical significance was accepted as α < 0.05.

Analysis was conducted in RStudio using the functions and packages

stated below, with an example of the code found in the Supporting

Information. Physiological data were examined using linear mixed-

effects modelling using the lmer function from the lme4 package, with

fixed effects including condition, time and their interaction and with

random effects accounting for each individual whilst controlling for

condition and time effects. Although this study was not designed

to assess sex differences, sex was added as a fixed effect for

supplementary analysis. These results are available in the Supporting

Information and are included in the present manuscript only where

significant sex × time × group interactions were observed. The

significance of fixed effects was determined using the anova function

from the stats package, according to the approximations by Kenward

andRoger (1997) for the denominator degrees of freedom.Conditional

R2 (R2c) were calculated using the r.squaredGLMM function from the

MuMIn package and provided the variance explained by fixed effects

within the model, in line with Nakagawa and Schielzeth (2013).

Additionally, effect sizes (d) were calculated for the main effects

of condition (shown relative to the Arms in condition for Fan and

Arms out, separately) and group, by dividing the mean differences

by the square root of the sum of random variance components as

suggested byWestfall et al. (2014). Data were not remodelled to other

distributions, despite some violations of normality in the residuals,

owing to the robustness of linear models to this violation (Knief &

Forstmeier, 2020; Schielzeth et al., 2020).

Perceptual data were examined using cumulative link mixedmodels

using the clmm function from the ordinal package, fitting fixed

and random effects in the same manner as the physiological data.

Where the model failed to converge in the condition comparison,

random effects were simplified by the removal of group–participant

and time–participant interactions. The Anova.clmm function from the

RVAideMemoire package was used to perform Wald type II χ2 tests

to evaluate the significance of the fixed effects. As a measure of

variance explained by the model, Nagelkerke pseudo-R2 (R2n) was

calculated using the nagelkerke function within the rcompanion package

by comparing the fitted model with a null model with only random

effects. The proportional odds assumption was checked using the

graphical method described by Harrell (2001).

Post hoc testing of pairwise comparisons of estimated marginal

means with Bonferroni adjustment was conducted using the emmeans

function from the emmeans package to evaluate differences between

group/condition where significant interaction effects were detected.

To investigate potential associations between variables, exploratory

analysis was conducted by performing correlations at the 30 min

time point to allow for the inclusion of participants who could

not complete the protocol, with removal of data at 70 min to

maintain independent observations within the data. Correlations were

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P090993 by T
est, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



STEWARD ET AL. 5

TABLE 1 Summary data for completion, orthostatic hypotension, standing dizziness and symptoms of heat illness responses to the hot water
immersion protocol.

Parameter Middle-aged, Arms in Young, Arms in Young, Arms out Young, Fan

Completion 100% (17/17) 69% (9/13) 100% (13/13) 100% (13/13)

Orthostatic hypotension 94% (16/17) 77% (10/13) 62% (8/13) 46% (6/13)

Standing dizziness1,2,4,5

30min (a.u.) 0 (0, 3) 3 (1, 6) 1 (0, 3) 3 (1, 5)

70min (a.u.) 2 (0, 5) 2 (2, 4) 3 (1, 4) 4 (1, 6)

Symptoms of heat illness

Confusion 14/1/1/1/0 12/0/1/0/0 13/0/0/0/0 11/1/1/0/0

Dizziness 13/2/1/1/0 9/2/1/1/0 13/0/0/0/0 10/2/1/0/0

Headaches 12/5/0/0/0 11/1/1/0/0 10/2/1/0/0 9/3/0/1/0

Nausea 15/1/1/0/0 10/2/0/1/0 13/0/0/0/0 10/3/0/0/0

Tiredness 12/2/2/1/0 8/2/2/1/0 8/3/2/0/0 8/3/1/1/0

Total 66/11/5/3/0 50/7/5/3/0 57/5/3/0/0 48/12/3/2/0

Note: Standing dizziness scores are displayed as the median (lower quartile, upper quartile). Frequencies of symptoms of heat illness in each condition are

summarizedas thepeak response across theprotocol across all participants for scoresof 0/1–2/3–4/5–6/7–10 (n=13young,n=17middle-aged). Significant

main effects are denoted as follows:
1time (age comparison)
2group (age comparison)
4time (condition comparison)
5
= condition (condition comparison).

performed using the rcorr function from the Hmisc package, with

Spearman’s correlations calculated for associations involving thermal

sensation, thermal comfort, affect and standing dizziness, and with

Pearson’s correlations calculated for all other relationships. All raw

data and the code used to analyse them are provided as the Supporting

Information.

3 RESULTS

3.1 Completion and orthostatic hypotension

The proportion of participants who successfully completed the

protocol along with the proportion who reached the clinical threshold

for orthostatic hypotension immediately after immersion is shown in

Table1. Four youngparticipants (4of13; 31%)wereunable to complete

the Arms in condition owing to severe dizziness upon standing after

30 min (two males) or intolerance during the second heating bout

(two females; 60 and 65 min). Moreover, despite no participants

demonstrating orthostatic hypotension at rest upon enrolment in

the study, almost all participants (87%) reached the threshold for

orthostatic hypotension during the protocol at either 30 or 70 min or

both, following immersion in the Arms in condition.

In the age comparison for Sit-Stand blood pressure (BP), the change

in SBP from seated rest was greatest immediately after immersion

(30 and 70 min), with larger responses observed in the middle-aged

adults resulting in significantmain effects of time (P<0.001) and group

(P = 0.02, d = 0.81) but not their interaction (P = 0.05, R2c = 0.43;

Figure 2a). Sit-Stand DBP displayed a similar pattern, with greater

reductions in DBP in the middle-aged participants after the second

bout of immersion (70 and 80 min; Figure 2c), with significant main

effects of time (P < 0.001), group (P = 0.01, d = 0.80) and their inter-

action (P < 0.001, R2c = 0.56). In the condition comparison, the same

reductions in Sit-StandBPwereobservedafter immersion forbothSBP

andDBP, resulting in a significantmain effect of time for both variables

(P < 0.001; Figure 2b,d). However, there was no effect of condition for

either SBP (P= 0.45, Arms out d= 0.04, Fan d= 0.22) orDBP (P= 0.27,

Arms out d= 0.33, Fan d= 0.38), despite an interaction effect showing

a difference in Sit-Stand SBP (P= 0.004, R2c = 0.27) between the Arms

in andFan conditions after 30min. Sit-StandBPalso showed significant

sex × time × group interactions for both SBP (P = 0.02, R2c = 0.50)

andDBP (P= 0.04,R2c = 0.59) within the age comparison, with greater

reductions in both SBP and DBP for women in the middle-aged group

and for men in the younger group (disaggregatedmean responses over

time by sex can be found in the Supporting Information).

Seated SBP and DBP reduced in both young and middle-aged

groups after immersion, resulting in significant main effects of time,

group and the time × group interaction for seated SBP (all P < 0.01,

d = 1.44, R2c = 0.42; Figure 2e) and significant main effects for

time and group (both P < 0.001, d = 1.64), but not their inter-

action (P = 0.08, R2c = 0.66), for seated DBP (Figure 2g) in the age

comparison. For the condition comparison, there was no effect of

condition for seated SBP (P = 0.67, Arms out d = 0.11, Fan d = 0.06;

Figure 2f); however, significant main effects of time (P < 0.001),

condition (P = 0.02, Arms out d = 0.44, Fan d = 0.03) and the

time × condition interaction (P = 0.02, R2c = 0.49) were observed for

seated DBP with Arms in, resulting in the greatest decreases in DBP

(Figure 2h).
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6 STEWARD ET AL.

F IGURE 2 Blood pressure responses over time for age comparisons of change from seated rest in SBP upon standing (a), change from seated
rest in DBP upon standing (c), seated SBP (e) and seated DBP (g); and for condition comparisons of change from seated rest in SBP upon standing
(b), change from seated rest in DBP upon standing (d), seated SBP (f) seated DBP (h). Significance is denoted as follows: *young versusmiddle-aged;
aArms in versus Arms out; and bArms in versus Fan. Dashed horizontal lines (in a–d) represent the clinical thresholds for orthostatic hypotension
(n= 13 young, n= 17middle-aged). Shaded grey areas represent the non-immersion periods during the protocol. Filled circles display the same
data from younger participants in the Arms in condition for both the age comparisons (left-hand panels) and condition comparisons (right-hand
panels). Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure.

Standing dizziness scores after immersion are summarized in

Table 1, with higher dizziness scores in the younger participants

compared with the middle-aged participants after the first bout of

immersion and an increase in dizziness after the second immersion

bout.Non-immersion timepoints (times0, 40and80min),which all had

dizziness scores of 0 (0, 0) a.u., showed the transient nature of dizziness

symptoms. Owing to a lack of model convergence, these time points

were dropped from the statistical analysis, which showed a significant

main effect of time (P < 0.001) and group (P = 0.02) but no interaction

(P = 0.64, R2n = 0.94) for the age comparison and a significant main

effect of time (P = 0.003) and condition (P < 0.001) but no interaction

(P= 0.91, R2n = 0.25) for the condition comparison.
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STEWARD ET AL. 7

F IGURE 3 Thermophysiological responses over time for the age comparisons of rectal temperature (a), skin forehead temperature (c) and
heart rate (e); and condition comparisons of rectal temperature (b), skin forehead temperature (d) and heart rate (f). Significance is denoted as
follows: *young versus middle-aged; aArms in versus Arms out; bArms in versus Fan; and cArms out versus Fan (n= 13 young, n= 17middle-aged).
Shaded grey areas represent the non-immersion periods during the protocol. Filled circles display the same data from younger participants in the
Arms in condition for both the age (left-hand panels) and condition (right-hand panels).

3.2 Thermophysiological responses

Rectal temperature, skin forehead temperature and heart rate are

presented in Figure 3. The protocol increased rectal temperature to

38.3 ± 0.2 and 38.2 ± 0.3◦C at 70 min in the Arms in condition

for the younger and middle-aged participants, respectively, resulting

in a significant main effect of time (P < 0.001) but not group

(P = 0.34, d = 0.19; Figure 3a). Meanwhile, both the Arms out (70 min,

37.6 ± 0.2◦C) and Fan (70 min, 37.9 ± 0.3◦C) conditions increased

rectal temperature to a lesser extent, with significant main effects

for time, condition and their interaction (all P < 0.001, Arms out

d = 1.44, Fan d = 0.68, R2c = 0.60) observed for the condition

comparison (Figure 3b). Skin forehead temperature increased over

time (P < 0.001) but did not differ between age groups (P = 0.18,

d = 0.25; Figure 3b), and heart rate also increased throughout the

protocol, displaying significant effects of time and a group× time inter-

action (both P < 0.01, R2c = 0.48), but no effect of group (P = 0.30,

d = 0.47; Figure 3c). The Fan condition resulted in an initial decrease

in skin forehead temperature, with smaller increases observed in the

Arms out condition compared with Arms in, resulting in a significant

main effect of condition, time and their interaction (all P< 0.001, Arms

out d = 0.85, Fan d = 2.20, R2c = 0.59; Figure 3d). Likewise, heart

rate showed significantmain effects for condition, time and their inter-

action (all P< 0.001, Arms out d= 0.45, Fan d= 0.07, R2c = 0.37), with

the smallest increases observed in the Arms out condition (Figure 3f).

The decrease in nude mass from baseline was similar in all conditions

(middle-aged: −0.6 ± 0.3 kg; young: Arms in, −0.7 ± 0.5 kg; Arms out,

−0.5 ± 0.2 kg; Fan, −0.7 ± 0.2 kg), resulting in a significant main effect

of time for both the age and condition comparisons (P < 0.001), but no

group effect (P=0.07, d=0.82) or condition effects (P=0.88, Armsout

d= 0.01, Fan d< 0.01).

3.3 Perceptual responses

Summary data for thermal sensation, thermal comfort and affect are

displayed in Figure 4, with all variables displaying main effects of
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8 STEWARD ET AL.

F IGURE 4 Perceptual responses over time for the age comparison of thermal sensation (a), thermal comfort (c) and affect (e); and condition
comparison of thermal sensation (b), thermal comfort (d) and affect (f). Significance is denoted as follows: *young versus middle-aged; aArms in
versus Arms out; and bArms in versus Fan; (n= 13 young, n= 17middle-aged). Shaded grey areas represent the non-immersion periods during the
protocol. Filled circles display the same data from younger participants in the Arms in condition for both the age (left-hand panels) and condition
(right-hand panels).

time, group and their interaction (all P < 0.05; thermal sensation,

R2n = 0.79; thermal comfort, R2n = 0.33; affect, R2n = 0.32) for the age

comparison and for time, condition and their interaction (all P < 0.05;

thermal sensation, R2n = 0.81; thermal comfort, R2n = 0.32; affect,

R2n = 0.33) for the condition comparison. Middle-aged participants

reported lower values of thermal sensation, accompanied by higher

thermal comfort and affect scores than younger participants. In

the condition comparison, Arms in resulted in increased thermal

sensation with lower thermal comfort and affect when compared with

both the Arms out and Fan conditions. Thermal sensation showed

a sex × time × condition interaction in the condition comparison

(P = 0.03, R2n = 0.22), with men generally feeling hotter in both the

Arms in and Arms out conditions (disaggregated median responses

over time by sex can be found in the Supporting Information).

3.4 Postural sway

All outcomes of postural sway displayed an increase after immersion,

resulting in a main effect of time for group comparison (all P < 0.05),

with middle-aged participants having greater values than younger

participants for path length (P = 0.01, d = 0.90; Figure 5a) and

mediolateral displacement (P = 0.04, d = 0.59; Figure 5e), but

no statistical effects being observed for group differences in

anteroposterior displacement (P = 0.97, d = 0.03; Figure 5c) and

no interaction effects (all P > 0.05, R2c < 0.20). In the condition

comparison, for the postural sway outcomes, there was a significant

main effect of time (P < 0.05) but not condition (P > 0.05) for path

length (Arms out d=0.21, Fan d=0.15; Figure 5b) and anteroposterior

displacement (Arms out d = 0.21, Fan d = 0.32; Figure 5d), with no

observed effects for mediolateral displacement (P > 0.05, Arms out

d= 0.03, Fan d= 0.11; Figure 5f).

3.5 Trail-making test

For the trail-making test, middle-aged participants had a greater task

duration than younger participants (Figure 5g), with similar error rates

between groups resulting in a significant effect of group (P < 0.001,
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STEWARD ET AL. 9

F IGURE 5 Postural sway and trail-making test outcomes over time for the age comparison of path length (a), anteroposterior displacement (c),
mediolateral displacement (e), task duration (g) and task accuracy rate (i); and condition comparison of path length (b), anteroposterior
displacement (d), mediolateral displacement (f), task duration (h) and task accuracy rate (j) (n= 13 young, n= 17middle-aged). Shaded grey areas
represent the non-immersion periods during the protocol. Filled circles display the same data from younger participants in the Arms in condition
for both the age (left-hand panels) and condition (right-hand panels). Abbreviations: AP, anteroposterior; ML, mediolateral.
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10 STEWARD ET AL.

d = 1.16), but not time (P = 0.58) for task duration and no significant

effects being observed for error rates for the age comparison (all

P > 0.05, d = 0.07; Figure 5i). Likewise, for the condition comparison,

no significant effects of time or condition (all P > 0.05; duration: Arms

out d= 0.35, Fan d= 0.20; error rates: Arms out d= 0.11, Fan d= 0.02)

were observed for the outcomes of the trail-making test (Figure 5h,j).

3.6 Symptoms

During the immersion period, no participants reported severe heat

illness symptoms of any type in any condition. In the younger group,

three (3 of 13; 23%) participants reported moderate symptoms with

four (4 of 13; 31%) participants experiencing no symptoms in any

condition, and only two (2 of 17; 12%) middle-aged participants

reported moderate symptoms, with seven (7 of 17; 41%) experiencing

no adverse symptoms. A summary of symptom frequencies can be seen

in Table 1.

3.7 Exploratory correlations

Standing dizziness at 30 min in the Arms in condition showed weak-

to-moderate negative correlations with standing SBP (r = −0.51,

P = 0.004), age (r = −0.45, P = 0.01), affect (r = −0.43, P = 0.02)

and seated SBP (r = −0.39, P = 0.04). However, when the data

were analysed within each respective age group, no associations with

standing dizziness were observed for any variable within the middle-

aged group,whereas in the younger group strong negative correlations

with standing dizziness were observed for affect (r=−0.73, P= 0.005)

and the change in seated SBP from rest (r = −0.70, P = 0.01), but

no other variable. Sit-Stand SBP displayed no significant correlations

across the whole sample or within the middle-aged group; however,

strong correlations were observed within the younger group for heart

rate (r = −0.84, P < 0.001) and thermal comfort (r = 0.72, P = 0.01).

No significant associations were observed for Sit-Stand DBP. Thermal

comfort and affect at the 30 min time point were strongly associated

across the whole sample (r = 0.79, P < 0.001) and within the younger

(r = 0.79, P = 0.001) and middle-aged (r = 0.67, P = 0.003) groups.

Changes in seated DBP from rest were associated with the change

in skin forehead temperature from rest (r = −0.39, P = 0.04), age

(r = −0.45, P = 0.01), thermal comfort (r = −0.42, P = 0.02) and the

change in seated SBP from rest (r = 0.58, P < 0.001) across the whole

population, with none of these associations being significant within

each age group. Likewise, changes in seated SBP were also associated

with age (r=−0.54, P< 0.001) across the whole sample, but not within

each age group.

4 DISCUSSION

This is the first study to consist of a comprehensive assessment of

acute adverse responses to hot water immersion and the potential

benefit of mitigation strategies. The specific purpose of this study

was to compare the effects of whole-body hot water immersion on

orthostatic intolerance and selectedphysiological, perceptual, postural

and cognitive responses in young andmiddle-aged adults. Additionally,

practical mitigation strategies were adopted to investigate whether

they could reduce the adverse responses within the younger adults.

FollowingArms in hotwater immersion, 94%ofmiddle-aged adults and

77% of younger adults reached the clinical threshold for orthostatic

hypotension upon standing. This subsequently resulted in impaired

postural control but had no impact on cognitive function for both

age groups. Despite similar thermophysiological responses (Figure 3),

middle-aged adults tolerated the immersion andassociatedorthostasis

well (Figure 4), whereas 30% of the younger cohort had to stop the

sessionearlyowing to severedizziness (15%)orheat intolerance (15%).

Importantly, we found that these adverse responses could be largely

negated with practical mitigation strategies, such as facial fan cooling

or having the arms out of thewater. Taken together, this study provides

information about the relative risks, safety and potential mitigation

strategies when using prolonged hot water immersion in young and

middle-aged adults.

Our study demonstrates that 30 min of immersion in 39◦C water

induces transient orthostatic hypotension, which was not present

after 10 min of seated rest in ambient temperature (∼20◦C; Figure 3).

Postural hypotension was not asymptomatic as has been reported

in other more modest passive heating studies (Lucas et al., 2008),

in which internal temperature was raised by ∼0.5◦C compared with

1.1◦C in the present study. It is highly plausible that larger increases

in rectal temperature result in an increased propensity and severity of

negative symptoms. Furthermore, our data show that younger adults

were more likely to present severe dizziness and thermal intolerance

than middle-aged adults. Heat-induced orthostasis occurs owing

to peripheral vasodilatation and blood pooling in the extremities,

which can result in a reduction in cerebral perfusion (Schlader et al.,

2016). Measurements of cerebral perfusion might have provided

some additional mechanistic insight into the findings of our study,

but it should be acknowledged that heat-induced reductions in

cerebral perfusion do not predict subsequent reductions in orthostatic

tolerance (Lee et al., 2013). Reductions in cerebral perfusion can also

impact other central processes, and in this regard, we found that

postural control, but not cognitive function, was impaired after passive

heating in both age groups. To our knowledge, this is the first study

to demonstrate impaired postural control after hot water immersion.

In the majority of cases, the degree of heat-induced orthostatic

hypotension observed in the present study was a harmless event,

yet the manifestation of dizziness and impaired postural control is

an important finding because this might lead to a transient window

of increased risk of falls (Johansson et al., 2017). Indeed, analysis

of autopsies after bath-related deaths has identified orthostatic

hypotension upon standing as the most likely cause of falls and

mortality (Oshima et al., 2020). Based on such findings, we urge

caution before longer bathing durations and higher temperatures

of water immersion when unsupervised without effective

mitigations.
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STEWARD ET AL. 11

Despite comparable changes in thermophysiological measures,

middle-aged adults perceived thermal sensation to be lower, as well

as having higher levels of thermal comfort and basic affect (Figure 4).

The absence of thermophysiological differences between age groups

was somewhat unexpected given that biological ageing can impair the

ability of the body to dissipate heat, for example, by cutaneous vaso-

dilatation and sweat production (Kenney & Munce, 2003; Stapleton

et al., 2015). It is conceivable that the largely uncompensable

environment might have lessened the capacity of such mechanisms to

support thermoregulation in the young adults. However, the observed

difference in perceptual responses is consistentwith previous research

showing a decrease in peripheral sensitivity to the heatwith age (Inoue

et al., 2016; Stevens & Choo, 1998). The higher thermal comfort

scores in the middle-aged adults might explain why no participants

in that group terminated the protocol owing to thermal intolerance.

This suggests that hot water immersion might be a more appealing

intervention for middle-aged adults and that mitigation strategies

are not always necessary. However, future studies might investigate

the behavioural component of thermoregulation in the context of

hot water immersion, because the lack of peripheral perceptual

awareness might cause middle-aged adults to be less likely to carry

out thermoregulatory behaviours, such as session termination,

that might result in worse outcomes for heat-related adverse

events.

In the younger adults, the present study showed the use of facial

fan cooling and non-submersion of the arms to be effective mitigation

strategies in reducing the prevalence of orthostatic hypotension

and severe dizziness, in addition to improving thermal tolerance to

the protocol. This improved tolerance was accompanied by reduced

thermophysiological strain and improved levels of thermal comfort

and basic affect. Likewise, previous research has demonstrated

improved perceptual responses to 42◦C water immersion with upper

body fan cooling, with the authors suggesting that this might lead

to improved adherence to repeated exposures without impacting

the beneficial adaptive effects of the acute interleukin-6 response

(Mansfield et al., 2021). However, vascular adaptation following

passive heating is dependent on episodic increases in shear stress

(Carter, Spence, Atkinson, Pugh, Naylor et al., 2014), with these

acute vascular responses to heating being determined, in part, by

skin and core temperatures (Carter, Spence, Atkinson, Pugh, Cable

et al., 2014; Coombs et al., 2021). Therefore, some beneficial effects

of hot water immersion might be reduced by the use of mitigation

strategies designed to improve tolerability and adherence. Indeed,

both thermal intolerance (Zurawlew et al., 2016) and orthostatic

intolerance (Shvartz et al., 1975) are improved after heat acclimation.

This might mean that tolerability and the acute adaptive stimulus

should be considered together when deciding on themost appropriate

protocol for hot water immersion. Accordingly, future research

should investigate the effects of these mitigation strategies on acute

responses thought to be beneficial to adaptation andwhether removal

of the mitigation strategies to allow for progression in the hot water

immersion stimulus as tolerance improves with repeated exposures.

Future studies might also consider strategies to reduce the degree of

postural hypotension, therefore reducing risk, which do not reduce

other potentially beneficial physiological responses.

The ability to predict which individuals are at greater risk of severe

dizziness or syncope before standing would enable additional pre-

cautionary measures to be implemented to ensure safe exit from the

water. Traditionally monitored variables, such as rectal temperature or

heart rate, showed no relationship with standing dizziness in the pre-

sent study. Instead, the best correlate of standing dizziness across all

participants in theArms in condition at 30minwas standing SBP,which

showed a moderate negative relationship with standing dizziness

(r = −0.51). In our study, we found that age accounted for 20% and

standing SBP for 25%of the variance in standing dizziness. It is possible

that the lower absolute SBP in the young group might explain their

increased susceptibility to developing symptomsof dizziness. A further

explanation for different levels of symptom presentation between

younger and middle-aged adults in our study might be attributable

to the higher levels of muscle sympathetic nerve activity typically

seen in older adults (Matsukawa et al., 1998). Cui et al. (2011) have

reported that individualswith a highmuscle sympathetic nerve activity

during orthostasis under heat stress also had the highest orthostatic

tolerance. Indeed, these two explanations are likely to be linked,

because age-related increases in blood pressure are likely to be driven

by higher muscle sympathetic nerve activity.

In the younger adults, who were far more prone to severe dizziness,

basic affect and the change in seated SBP from baseline accounted for

53 and 49%, respectively, of the variance in the degree of dizziness

experienced upon standing. No variables were related to standing

dizziness in themiddle-aged cohort, whichmight be attributable to the

small range of responses in standing dizziness observed (9 of 17; 53%

reported a dizziness score of 0 at 30 min). Therefore, in the absence

of more detailed measures, basic affect and the change in seated SBP

from baseline might be useful precautionary measures for judging the

risk of severe dizziness in young adults; however, further research is

required to confirm this relationship and whether it can be expanded

to different populations.

It should be acknowledged that this study is not without its

limitations. Owing to the use of whole-body hot water immersion,

we were unable to measure blood pressure continuously; therefore,

it is possible that we have slightly underestimated the decrease in

blood pressure upon standing. Nonetheless, our data do show large

hypotensive responses in most of the participants. Nevertheless, we

were probably underpowered to detect some interaction effects and

hope that our data can be used to power future studies appropriately.

Although our findings cannot be applied directly to other doses of

hot water immersion, different modes of passive heating or other

populations, they highlight an important safety issue that we feel has

been somewhat overlooked to date. Indeed, the described prevalence

and severity of adverse responses in the present study might have

been greater without multiple elements of the present experimental

protocol, such as the 10 min in ambient conditions after 30 min of

hot water immersion, the bolus of water drunk at the start and the
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12 STEWARD ET AL.

instructions to stand up gradually after immersion, offering some

mitigation to potential adverse reactions. Moreover, given that we

included only relatively healthy (low-risk) individuals owing to the

possibility of adverse events, our results cannot be extrapolated to

clinical populations, who might have divergent responses. Future

studies should investigate the relative risk and tolerability of hot

water immersion with other groups who have the most to gain from

the potential health benefits, such as those with type 2 diabetes,

spinal cord injury and elderly populations, all of whom are known to

have impaired thermoregulatory responses (Kenney & Munce, 2003;

Schlader et al., 2016).

5 CONCLUSIONS

In summary, this study showed that 30 min of whole-body hot water

immersion at 39◦C induced transient orthostatic intolerance. This

resulted in impaired postural control but had no impact on cognitive

function for both young and middle-aged adults. Hot water immersion

was well tolerated by middle-aged adults, but younger adults reported

a greater frequency and severity of dizziness and heat intolerance. In

certain individuals, this could result in an increased risk of adverse

events, such as falling or syncope when standing or exiting the

water, highlighting the need for caution before such protocols are

performed in an unsupervised environment. Finally, we demonstrated

that these adverse responses in young adults could be mitigated by

practical mitigation strategies, such as using a fan or not immersing the

arms.

AUTHOR CONTRIBUTIONS

Tom Cullen, Campbell Menzies, Charles Steward, Christopher Pugh,

Douglas Thake, Neil Clarke and Mathew Hill were responsible for

the conception and design of the study. Campbell Menzies, Charles

Steward, Tom Cullen and Amy Harwood were responsible for data

acquisition, while Doug Thake, Neil Clarke, Christopher Pugh and

Mathew Hill also assisted in interpretation of the data. All authors

contributed to drafting or revision of the written work, approved the

final version and 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. All persons

designated as authors qualify for authorship, and all those who qualify

for authorship are listed.

CONFLICT OF INTEREST

None declared.

FUNDING INFORMATION

The authors received no external funding to support the work.

DATA AVAILABILITY STATEMENT

All raw data and the code used to analyse it is provided as

supplementary information.

ORCID

Christopher J. A. Pugh https://orcid.org/0000-0002-5932-4793

TomCullen https://orcid.org/0000-0002-9058-6716

REFERENCES

Brunt, V. E., Howard, M. J., Francisco, M. A., Ely, B. R., &Minson, C. T. (2016).

Passiveheat therapy improvesendothelial function, arterial stiffness and

blood pressure in sedentary humans. The Journal of Physiology, 594(18),
5329–5342.

Carter,H.H., Spence,A. L., Atkinson,C. L., Pugh,C. J. A., Cable,N. T., Thijssen,

D. H. J., Naylor, L. H., & Green, D. J. (2014). Distinct effects of blood

flow and temperature on cutaneous microvascular adaptation.Medicine
& Science in Sports & Exercise, 46, 2113–2121.

Carter, H. H., Spence, A. L., Atkinson, C. L., Pugh, C. J. A., Naylor, L. H.,

& Green, D. J. (2014). Repeated core temperature elevation induces

conduit artery adaptation in humans. European Journal of Applied Physio-
logy, 114(4), 859–865.

Charkoudian, N., Hart, E. C. J., Barnes, J. N., & Joyner, M. J. (2017). Auto-

nomic control of body temperature and blood pressure: Influences

of female sex hormones. Clinical Autonomic Research, 27(3), 149–

155.

Claydon, V. E., & Hainsworth, R. (2005). Increased postural sway in control

subjects with poor orthostatic tolerance. Journal of the American College
of Cardiology, 46(7), 1309–1313.

Coombs, G. B., Tremblay, J. C., Shkredova, D. A., Carr, J., Wakeham,

D. J., Patrician, A., & Ainslie, P. N. (2021). Distinct contributions of

skin and core temperatures to flow-mediated dilation of the brachial

artery following passive heating. Journal of Applied Physiology, 130(1),
149–159.

Coris, E. E., Walz, S. M., Duncanson, R., Ramirez, A. M., & Roetzheim, R. G.

(2006). Heat illness symptom index (HISI): A novel instrument for the

assessment of heat illness in athletes. Southern Medical Journal, 99(4),
340–345.

Cui, J., Shibasaki, M., Low, D. A., Keller, D. M., Davis, S. L., & Crandall,

C. G. (2011). Muscle sympathetic responses during orthostasis in

heat-stressed individuals. Clinical Autonomic Research, 21(6), 381–

387.

Cullen, T., Clarke, N. D., Hill, M., Menzies, C., Pugh, C. J. A., Steward, C. J., &

Thake, C. D. (2020). The health benefits of passive heating and aerobic

exercise: To what extent do the mechanisms overlap? Journal of Applied
Physiology, 129(6), 1304–1309.

Durand, S., Cui, J., Williams, K. D., & Crandall, C. G. (2004). Skin surface

cooling improves orthostatic tolerance in normothermic individuals.

American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology, 286(1), R199–R205.

Epstein, Y., & Moran, D. S. (2006). Thermal comfort and the heat stress

indices. Industrial Health, 44(3), 388–398.
Freeman, R., Wieling, W., Axelrod, F. B., Benditt, D. G., Benarroch, E.,

Biaggioni, I., Cheshire, W. P., Chelimsky, T., Cortelli, P., Gibbons, C.

H., Goldstein, D. S., Hainsworth, R., Hilz, M. J., Jacob, G., Kaufmann,

H., Jordan, J., Lipsitz, L. A., Levine, B. D., Low, P. A., . . . Gert van

Dijk, J. (2011). Consensus statement on the definition of orthostatic

hypotension, neurally mediated syncope and the postural tachycardia

syndrome. Clinical Autonomic Research, 21(2), 69–72.
Galbreath, R. W., Reger, W., Allison, T., & Butler, K. (1999). Exceeding

recommended standards for safe hot tub use. Journal of Safety Research,
30(1), 7–15.

Goswami, N., Blaber, A. P., Hinghofer-Szalkay, H., & Montani, J.-P. (2017).

Orthostatic intolerance in older persons: Etiology and countermeasures.

Front Physiol, 8, 803.
Harrell, F. E. (2001). Regression modeling strategies: With applications

to linear models, logistic regression, and survival analysis. Springer.

Advance online publication. https://link.springer.com/book/10.1007/

978-1-4757-3462-1

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P090993 by T
est, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-5932-4793
https://orcid.org/0000-0002-5932-4793
https://orcid.org/0000-0002-9058-6716
https://orcid.org/0000-0002-9058-6716
https://link.springer.com/book/10.1007/978-1-4757-3462-1
https://link.springer.com/book/10.1007/978-1-4757-3462-1


STEWARD ET AL. 13

Hoekstra, S. P., Bishop, N. C., Faulkner, S. H., Bailey, S. J., & Leicht,

C. A. (2018). Acute and chronic effects of hot water immersion on

inflammation andmetabolism in sedentary, overweight adults. Journal of
Applied Physiology, 125(6), 2008–2018.

Hooper, P. L. (1999). Hot-tub therapy for type 2 diabetes mellitus. New
England Journal of Medicine, 341(12), 924–925.

Horvath, S. M., & Botelho, S. Y. (1949). Orthostatic hypotension following

hot or cold baths. Journal of Applied Physiology, 1(8), 586–596.
Inoue, Y., Gerrett, N., Ichinose-Kuwahara, T., Umino, Y., Kiuchi, S., Amano, T.,

Ueda, H., Havenith, G., &Kondo,N. (2016). Sex differences in age-related

changes on peripheral warm and cold innocuous thermal sensitivity.

Physiology & Behavior, 164, 86–92.
James, T. J., Corbett, J., Cummings, M., Allard, S., Young, J. S., Towse, J.,

Carey-Jones, K., Eglin, C., Hopkins, B., Morgan, C., Tipton, M., Saynor,

Z. L., & Shepherd, A. I. (2021). Timing of acute passive heating on

glucose tolerance and blood pressure in people with type 2 diabetes: A

randomized, balanced crossover, control trial. Journal of Applied Physio-
logy, 130(4), 1093–1105.

Johansson, J., Nordström, A., Gustafson, Y., Westling, G., & Nordström, P.

(2017). Increased postural sway during quiet stance as a risk factor

for prospective falls in community-dwelling elderly individuals. Age and
Ageing, 46(6), 964–970.

Kenney, W. L., & Hodgson, J. L. (1987). Heat tolerance, thermoregulation

and ageing. Sports Medicine, 4(6), 446–456.
Kenney, W. L., & Munce, T. A. (2003). Invited review: Aging and human

temperature regulation. Journal of Applied Physiology, 95(6), 2598–2603.
Kenward, M. G., & Roger, J. H. (1997). Small sample inference for fixed

effects from restrictedmaximum likelihood. Biometrics, 53(3), 983–997.
Knief, U., & Forstmeier, W. (2020). Violating the normality assumption may

be the lesser of two evils. 498931. Advance online publication. https://

www.biorxiv.org/content/10.1101/498931v2

Kojima, D., Nakamura, T., Banno, M., Umemoto, Y., Kinoshita, T., Ishida, Y.,

& Tajima, F. (2018). Head-out immersion in hot water increases serum

BDNF in healthy males. International Journal of Hyperthermia, 34(6),
834–839.

Lee, J. F., Harrison, M. L., Brown, S. R., & Brothers, R. M. (2013). The

magnitude of heat stress-induced reductions in cerebral perfusion does

not predict heat stress-induced reductions in tolerance to a simulated

hemorrhage. Journal of Applied Physiology, 114(1), 37–44.
Leicht, C. A., James, L. J., Briscoe, J. H. B., & Hoekstra, S. P. (2019). Hot

water immersion acutely increases postprandial glucose concentrations.

Physiological Reports, 7(20), e14223.
Lind, A. R., Leithead, C. S., & McNicol, G. W. (1968). Cardiovascular changes

during syncope induced by tilting men in the heat. Journal of Applied
Physiology, 25(3), 268–276.

Lucas, R. A. I., Cotter, J. D., Morrison, S., & Ainslie, P. N. (2008). The effects

of ageing and passive heating on cardiorespiratory and cerebrovascular

responses to orthostatic stress in humans. Experimental Physiology,
93(10), 1104–1117.

Malcolm, R. A., Cooper, S., Folland, J. P., Tyler, C. J., & Sunderland, C. (2018).

Passive heat exposure alters perception and executive function. Frontiers
in Physiology, 25(9), 585.

Mansfield, R. G., Hoekstra, S. P., Bill, J. J., & Leicht, C. A. (2021). Local cooling

during hot water immersion improves perceptions without inhibiting

the acute interleukin-6 response. European Journal of Applied Physiology,
121(6), 1581–1591.

Matsukawa, T., Sugiyama, Y., Watanabe, T., Kobayashi, F., & Mano, T.

(1998). Gender difference in age-related changes in muscle sympathetic

nerve activity in healthy subjects. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 275(5), R1600–

R1604.

Menzies, C., Clarke, N. D., Pugh, C. J. A., Steward, C. J., Thake, C. D., & Cullen,

T. (2022).Athlete andpractitionerprevalence, practices, andperceptions

of passive heating in sport. Sport Sciences for Health, Advance online

publication. https://doi.org/10.1007/s11332-022-00954-9

Minson, C. T., Wladkowski, S. L., Pawelczyk, J. A., & Kenney, W. L. (1999).

Age, splanchnic vasoconstriction, and heat stress during tilting.American
Journal of Physiology-Regulatory, Integrative and Comparative Physiology,
276(1), R203–R212.

Mtibaa, K., Thomson, A., Nichols, D., Hautier, C., & Racinais, S. (2018).

Hyperthermia-induced neural alterations impair proprioception and

balance.Medicine & Science in Sports & Exercise, 50, 46–53.
Mueller, S. T., & Piper, B. J. (2014). The psychology experiment building

language (PEBL) and PEBL test battery. Journal of Neuroscience Methods,
222, 250–259.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for

obtaining R2 from generalized linear mixed-effects models. Methods in
Ecology and Evolution, 4(2), 133–142.

National Spa & Pool Institute (1988). Sensible ways to enjoy your spa or hot
tub. National Spa & Pool Institute.

Oshima, T., Ohtani, M., & Mimasaka, S. (2020). Back hemorrhage in bath-

related deaths: Insights into the mechanism of bath-related deaths.

Forensic Science International, 308, 110146.
Philp, C. P., Pitchford, N. W., Fell, J. W., Kitic, C. M., Buchheit, M., Petersen,

A. C., Minson, C. T., Visentin, D. C., & Watson, G. (2022). Hot water

immersion; potential to improve intermittent running performance and

perception of in-game running ability in semi-professional australian

rules footballers? PLoS ONE, 17(2), e0263752.
Rodrigues, P., Trajano, G. S., Wharton, L., & Minett, G. M. (2020). Muscle

temperature kinetics and thermoregulatory responses to 42◦C hot-

water immersion in healthy males and females. European Journal of
Applied Physiology, 120(12), 2611–2624.

Ruddock, A. D., Thompson, S. W., Hudson, S. A., James, C. A., Gibson, O.

R., & Mee, J. A. (2016). Combined active and passive heat exposure

inducedheat acclimation in a soccer refereebefore2014FIFAworld cup.

SpringerPlus, 5(1), 617.
Sánchez-Cubillo, I., Periáñez, J. A., Adrover-Roig, D., Rodríguez-Sánchez,

J. M., Ríos-Lago, M., Tirapu, J., & Barceló, F. (2009). Construct validity

of the trail making test: Role of task-switching, working memory,

inhibition/interference control, and visuomotor abilities. Journal of the
International Neuropsychological Society, 15(3), 438–450.

Schielzeth, H., Dingemanse, N. J., Nakagawa, S., Westneat, D. F., Allegue,

H., Teplitsky, C., Réale, D., Dochtermann, N. A., Garamszegi, L. Z., &

Araya-Ajoy, Y. G. (2020). Robustness of linear mixed-effects models to

violations of distributional assumptions.Methods in Ecology and Evolution,
11(9), 1141–1152.

Schlader, Z. J., Wilson, T. E., & Crandall, C. G. (2016). Mechanisms of

orthostatic intolerance during heat stress. Autonomic Neuroscience, 196,
37–46.

Shvartz, E., Strydom, N. B., & Kotze, H. (1975). Orthostatism and heat

acclimation. Journal of Applied Physiology, 39(4), 590–595.
Stapleton, J.M., Poirier,M. P., Flouris, A. D., Boulay, P., Sigal, R. J.,Malcolm, J.,

& Kenny, G. P. (2015). Aging impairs heat loss, but when does it matter?

Journal of Applied Physiology, 118(3), 299–309.
Stevens, J. C., & Choo, K. K. (1998). Temperature sensitivity of the body

surface over the life span. Somatosensory &Motor Research, 15, 13–28.
Sun, G., Yang, X., Jiang, Q., Liu, K., Li, B., Li, L., Zhao, L., & Li,M. (2012). Hyper-

thermia impairs the executive function using the attention network test.

International Journal of Hyperthermia, 28(7), 621–626.
The Pool and Hot Tub Alliance. (2020). The sensible way to enjoy your

spa or hot tub - an essential safety guide-mandatory reading. Advance

online publication. https://www.readkong.com/page/the-sensible-way-

to-enjoy-your-spa-or-hot-tub-an-9243113

Ukai, T., Iso, H., Yamagishi, K., Saito, I., Kokubo, Y., Yatsuya, H., Muraki,

I., Eshak, E. S., Sawada, N., & Tsugane, S. (2020). Habitual tub bathing

and risks of incident coronary heart disease and stroke. Heart, 106(10),
732–737.

Vaddadi, G., Lambert, E., Corcoran, S. J., & Esler, M. D. (2007). Postural

syncope: Mechanisms and management. Medical Journal of Australia,
187(5), 299–304.

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P090993 by T
est, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.biorxiv.org/content/10.1101/498931v2
https://www.biorxiv.org/content/10.1101/498931v2
https://doi.org/10.1007/s11332-022-00954-9
https://www.readkong.com/page/the-sensible-way-to-enjoy-your-spa-or-hot-tub-an-9243113
https://www.readkong.com/page/the-sensible-way-to-enjoy-your-spa-or-hot-tub-an-9243113


14 STEWARD ET AL.

Wagner, S., Helmreich, I., Dahmen, N., Lieb, K., & Tadić, A. (2011). Reliability

of three alternate forms of the trail making tests a and B. Archives of
Clinical Neuropsychology, 26(4), 314–321.

Westfall, J., Kenny, D. A., & Judd, C. M. (2014). Statistical power and

optimal design in experiments in which samples of participants respond

to samples of stimuli. Journal of Experimental Psychology: General, 143(5),
2020–2045.

Williams, D. M., Dunsiger, S., Ciccolo, J. T., Lewis, B. A., Albrecht, A.

E., & Marcus, B. H. (2008). Acute affective response to a moderate-

intensity exercise stimulus predicts physical activity participation 6 and

12months later. Psychology of Sport and Exercise, 9(3), 231–245.
Wilson, T. E., Cui, J., Zhang, R., Witkowski, S., & Crandall, C. G. (2002). Skin

cooling maintains cerebral blood flow velocity and orthostatic tolerance

during tilting in heated humans. Journal of Applied Physiology, 93(1), 85–
91.

Zurawlew,M. J.,Walsh, N. P., Fortes,M. B., & Potter, C. (2016). Post-exercise

hot water immersion induces heat acclimation and improves endurance

exercise performance in the heat. Scandinavian Journal of Medicine &
Science in Sports, 26(7), 745–754.

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Steward, C. J., Menzies, C., Clarke,

N. D., Harwood, A. E., Hill, M., Pugh, C. J. A., Thake, C. D., &

Cullen, T. (2023). The effect of age andmitigation strategies

during hot water immersion on orthostatic intolerance and

thermal stress. Experimental Physiology, 1–14.

https://doi.org/10.1113/EP090993

 1469445x, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/E

P090993 by T
est, W

iley O
nline L

ibrary on [13/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1113/EP090993

	A Open Access Coversheet (1) (1) (2) (1)
	Experimental Physiology - 2023 - Steward - The effect of age and mitigation strategies during hot water immersion on
	The effect of age and mitigation strategies during hot water immersion on orthostatic intolerance and thermal stress
	Abstract
	1 | INTRODUCTION
	New Findings
	2 | METHODS
	2.1 | Participants
	2.2 | Experimental design
	2.3 | Experimental protocol and procedures
	2.3.1 | Orthostatic hypotension
	2.3.2 | Thermophysiological measures
	2.3.3 | Perceptual measures
	2.3.4 | Postural sway
	2.3.5 | Trail-making test

	2.4 | Statistical analysis

	3 | RESULTS
	3.1 | Completion and orthostatic hypotension
	3.2 | Thermophysiological responses
	3.3 | Perceptual responses
	3.4 | Postural sway
	3.5 | Trail-making test
	3.6 | Symptoms
	3.7 | Exploratory correlations

	4 | DISCUSSION
	5 | CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION



