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Abstract
Purpose Passive elevation of body temperature can induce an acute inflammatory response that has been proposed to be 
beneficial; however, it can be perceived as uncomfortable. Here, we investigate whether local cooling of the upper body 
during hot water immersion can improve perception without inhibiting the interleukin-6 (IL-6) response.
Methods Nine healthy male participants (age: 22 ± 1 years, body mass: 83.4 ± 9.4 kg) were immersed up to the waist for three 
60-min water immersion conditions: 42 °C hot water immersion (HWI), 42 °C HWI with simultaneous upper-body cooling 
using a fan (FAN), and 36 °C thermoneutral water immersion (CON). Blood samples to determine IL-6 plasma concentration 
were collected pre- and post-water immersion; basic affect and thermal comfort were assessed throughout the intervention.
Results Plasma IL-6 concentration was higher for HWI and FAN when compared with CON (P < 0.01) and did not differ 
between HWI and FAN (P = 0.22; pre to post, HWI: 1.0 ± 0.6 to 1.5 ± 0.7 pg·ml−1, FAN: 0.7 ± 0.5 to 1.1 ± 0.5 pg·ml−1, CON: 
0.5 ± 0.2 to 0.5 ± 0.2 pg·ml−1). At the end of immersion, basic affect was lowest for HWI (HWI: − 1.8 ± 2.0, FAN: 0.2 ± 1.6, 
CON 1.0 ± 2.1, P < 0.02); thermal comfort for HWI was in the uncomfortable range (3.0 ± 1.0, P < 0.01 when compared with 
FAN and CON), whereas FAN (0.7 ± 0.7) and CON (-0.2 ± 0.7) were in the comfortable range.
Conclusion Local cooling of the upper body during hot water immersion improves basic affect and thermal comfort without 
inhibiting the acute IL-6 response.

Keywords Heat therapy · Inflammatory response · Inflammation · Affect · Comfort

Abbreviations
ANOVA  Analysis of variance
CON  Control condition (thermoneutral water 

immersion)
DBP  Diastolic blood pressure
FAN  Fan condition (hot water immersion with 

simultaneous cooling using a fan)
HR  Heart rate
HWI  Hot water immersion condition
IL-6  Interleukin-6
SBP  Systolic blood pressure

Tcore  Core temperature
Tskin  Skin temperature

Introduction

Heat therapy, the passive exposure of the body to a heat 
stimulus by means of hot water immersion or sauna, for 
example, is increasingly gaining attention as a health inter-
vention to improve cardiometabolic health, particularly 
relevant for populations unable to exercise (Hoekstra et al. 
2020). Hot water immersion has the potential to acutely 
increase plasma interleukin-6 (IL-6) concentration (Laing 
et al. 2008; Brunt et al. 2018; Hoekstra et al. 2018), which 
may be one mechanism to explain the downregulation of 
markers of chronic low-grade inflammation following 
repeated hot water immersion (Oyama et al. 2013; Brunt 
et al. 2018; Hoekstra et al. 2018). Whilst the importance of 
core temperature (Tcore) in the induction of inflammatory 
markers has been identified (Gibson et al. 2016), experi-
mental evidence of upregulated IL-6 in heated isolated 
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myotubes (Welc et al. 2012) implies that passive temperature 
increases in peripheral muscle might be sufficient to induce 
this systemic inflammatory response. Indeed, a peripheral 
heat stimulus that only moderately changes Tcore (~ 0.6 °C) 
(Kaldur et al. 2016) can also acutely elevate plasma IL-6 
concentration.

Despite the promising evidence for heat therapy as a 
health intervention, hot water immersion can be uncomfort-
able and can result in a negative perceptual response (Hoek-
stra et al. 2018) similar to that of high-intensity exercise 
(Jung et al. 2014; Hoekstra et al. 2017). Hedonic theory 
states that behaviour is more likely to be repeated if it is 
associated with pleasure, hence, the affective response for 
a given activity is associated with adherence to it (Ekkeka-
kis et al. 2008). In the absence of such long-term evidence 
for heat therapy, it has been shown that affective responses 
during exercise can predict the adherence to physical activ-
ity 6 and 12 months later (Williams et al. 2008). In anal-
ogy, adjustments to current passive heating protocols may 
improve the affective response, and as a result, promote 
uptake and increase adherence to heat therapy. Naturally, 
elevations of Tcore and skin temperature (Tskin) are observed 
during hot water immersion; both have been shown to nega-
tively affect thermal comfort (Frank et al. 1999). However, 
it has also been demonstrated that thermal comfort during 
hot water immersion can be improved using short bouts of 
fanning that decrease Tskin (Kato et al. 2001), which there-
fore represents a promising intervention to positively impact 
perceptions for interventions of a longer duration.

It is important to ensure that such adjustments to existing 
protocols do not interfere with heat therapy-induced health 
benefits. It is, therefore, crucial to assess the effectiveness 
of interventions that may be perceived as less challenging, 
but more enjoyable, as a reduced challenge might reduce 
the acute inflammatory response. For example, the acute 
cytokine response is dependent on the physiological stressor 
in a dose-dependent manner, supported by evidence obtained 
during both exercise (Pedersen and Febbraio 2008) and hot 
water immersion (Oehler et al. 2001; Whitham et al. 2007; 
Laing et al. 2008; Faulkner et al. 2017; Hoekstra et al. 2018, 
summarised in Hoekstra et al. 2020). Further, the adrena-
line response to an intervention that is perceived as more 
comfortable may be dampened, adrenaline being a rough 
measure for the extent of the physiological challenge and a 
marker of sympathetic activation. This, in turn, might impact 
the inflammatory response, as adrenaline can independently 
increase plasma IL-6 concentration (Steensberg et al. 2001). 
Finally, adjustments to hot water immersion protocols that 
lead to blunting of the Tcore increase may limit the potential 
of temperature-related benefits.

Therefore, the primary aim of this study was to investi-
gate the effect of localised upper-body cooling on the per-
ceptual, IL-6 and adrenaline responses to lower-limb hot 

water immersion. It was hypothesised that localised cool-
ing would reduce perceived heat stress and result in a more 
positive perceptual response, whilst not reducing the heat 
stimulus to an extent that would attenuate the acute increase 
in plasma IL-6 concentration.

Methods

Participants

Data of nine healthy males (age: 22 ± 1  years, body 
mass: 83.4 ± 9.4 kg; height: 180 ± 5 cm, weekly exercise 
6.7 ± 3.4 h) were analysed in this study. Participants gave 
written informed consent after being instructed about the 
procedures of the study, which were approved by the Local 
Ethical Committee, in accordance with the Declaration of 
Helsinki and its later amendments. Data from a tenth par-
ticipant were discarded as resting IL-6 plasma concentra-
tion varied considerably between the three visits (0.58, 3.59, 
and 6.55 pg·ml−1) and exceeded 9 standard deviations of the 
group mean for the two visits displaying the above-average 
values. The sample size chosen was based on Hoekstra et al. 
(2018), who detected a highly significant trial x condition 
interaction in the acute IL-6 plasma concentration response 
(effect size 1.71, P < 0.001) in a repeated measures design 
and in conditions similar to the HWI and CON conditions 
investigated in the current study.

Procedures

Participants were invited to the laboratory for three visits in 
randomised order: hot water immersion (HWI; water temper-
ature 42.0 ± 0.2 °C), hot water immersion with simultaneous 
cooling using a fan (FAN; water temperature 42.0 ± 0.1 °C), 
and thermoneutral water immersion (CON; water tempera-
ture 36.0 ± 0.1 °C). Participants were seated in an upright 
position immersed up to the belly button for 60 min and were 
allowed to drink water ad libitum. During FAN, a fan was 
placed at a distance of 1 m from the participants, pointing 
at their upper body; wind speed (1.3 ± 0.2 m  s−1) was meas-
ured at head height with a Kestrel 4400 monitor (Nielsen-
Kellerman, Boothwyn, PA, US). Immersion was followed 
by a 60-min recovery period of seated rest in the laboratory. 
Visits were separated by a minimum of 48 h and were com-
pleted within 14 days. Participants refrained from exercise, 
consumption of alcohol and caffeine, and standardised their 
diet using a food diary for 24 h before visits. All trials started 
between 11:00 and 14.30, with the same starting time for 
each individual to account for a possible circadian rhythm 
in any of the outcome measures. Ambient air temperature 
did not differ between conditions (HWI 21.6 ± 0.5 °C, FAN 
21.8 ± 0.6 °C, CON 21.3 ± 0.4 °C, P = 0.78).
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For each visit, upon arrival, participants inserted a rectal 
probe for the measurement of Tcore (YSI 400 series; YSI, Yel-
low Springs, US). Skin thermistors (iButton DS1922 L-F5 
thermochron data logger, Homechip Ltd, Milton Keynes, 
UK) were applied at four sites (posterior upper arm, chest, 
anterior thigh, anterior calf; Choi et al. 1997) for the meas-
urement of Tskin. Height and nude body mass were measured. 
Pre-immersion measurements were then taken after 30 min 
of seated rest. At pre- and post-immersion, heart rate (HR) 
was recorded (Polar RS400; Polar, Kempele, Finland), and 
systolic and diastolic blood pressure (SBP and DBP; Micro-
life BP3AC1-1; Microlife, Cambridge, UK) were measured 
in duplicate on the arm at the level of the heart. On comple-
tion of immersion, nude body mass was measured again, 
and sweat loss was calculated by subtracting the post-body 
mass from the pre-body mass, taking water consumption 
into account. Skin temperature was recorded continuously, 
five-minute averages are reported; Tcore was recorded in 
15-min intervals. Mean Tskin was calculated using the Ram-
anathan-4 W calculation (Choi et al. 1997), which was then 
used to calculate heat storage in combination with Tcore 
(Havenith et al. 1995). Before, immediately upon comple-
tion of immersion, and 60 min post immersion venous blood 
samples were taken by venipuncture.

Perceptions were reported at pre immersion, every 15 min 
during immersion, and at 30 min and 60 min post immer-
sion. Basic affect was measured using the Feeling Scale 
(Hardy and Rejeski 1989), for which lower scores indicate 
decreasing feelings of pleasure and subsequently a more 
negative affective response. Additional perceptual responses 
were reported using scales for thermal comfort and thermal 
sensation (Epstein and Moran 2006). The thermal comfort 
scale shows satisfaction with the thermal environment from 
− 4 (very uncomfortable—cold) to + 4 (very uncomfort-
able—hot), zero being comfortable, whereas the thermal 
sensation scale reflects the perception of the thermal envi-
ronment on a scale from 1 (very cold) to 9 (very hot), zero 
being neutral.

Upon completion of the third visit, participants were 
given a perception evaluation sheet to indicate their fondness 
for each condition using a 9-point scale and chose a favourite 
condition, giving up to 3 reasons explaining their choice.

Biochemical analyses

Blood was collected in tripotassium EDTA  (K3EDTA) mon-
ovettes. The  K3EDTA tubes were centrifuged immediately 
for 10 min at 1500g and 4 °C, and plasma was stored at 
− 80 °C until batch analysis. Plasma IL-6 (high-sensitivity; 
R&D Systems, Abingdon, UK) and adrenaline (Tecan UK 
Ltd, Reading, UK) concentrations were determined using 
enzyme-linked immunosorbent assay (ELISA) kits, accord-
ing to the manufacturers’ instructions using a microplate 

reader (Varioskan Flash, ThermoScientific, Waltham, US). 
Intra-assay coefficients of variation were determined for IL-6 
and adrenaline through duplicates analysis and were 4.0% 
and 6.2% respectively.

Statistical analyses

All values are given as means ± SD. Normality of data was 
checked using the Shapiro–Wilk test, and a logarithmic 
transformation was performed for IL-6 data for which non-
normality was detected. A repeated-measures analysis of 
variance (ANOVA) was then performed for IL-6, adrenaline 
and body temperature measures, using Bonferroni-corrected 
post hoc pairwise comparisons. If Mauchly’s test statistic 
was significant, a Greenhouse–Geisser correction was used. 
Individual time points were evaluated using repeated meas-
ures ANOVAs for normally distributed data (Tcore, Tskin, and 
heat storage). For thigh Tskin, HR, DBP, water consumed, 
and sweat rate, normality could not be achieved after a 
logarithmic transformation and related-samples Wilcoxon 
signed-rank test were performed to compare individual time 
points between conditions. P values for individual time point 
analyses are reported without a Bonferroni correction (Per-
neger 1998). Friedman tests were used to assess perception 
scale data over time and between conditions. Finally, an 
exploratory correlations analysis was conducted, investigat-
ing bivariate relationships between temperature and ther-
mal perception variables, as well as temperature and plasma 
markers measured at the end of the immersion period of the 
HWI trial, reporting Spearman’s Rho. The 25th version of 
the statistical package SPSS Statistics (SPSS, Chicago, Illi-
nois, US) was used for all analyses; statistical significance 
was accepted at P < 0.05.

Results

Inflammatory response

Plasma IL-6 concentration increased over time 
(P < 0.001). Higher IL-6 concentrations were found for 
HWI (P = 0.006; 95% confidence interval for difference 
(CI) 0.25–1.39  pg·ml−1) and FAN (P = 0.003; 95% CI 
0.02–0.84 pg·ml−1) when compared with CON, however, 
HWI and FAN did not differ from each other (P = 0.22; 95% 
CI − 0.18–0.95 pg·ml−1; Fig. 1a). Plasma adrenaline con-
centration increased from pre to post (P < 0.001; 95% CI 
22.9–39.6 ng·ml−1), however, no significant effect of condi-
tion (P = 0.30) or time x condition interaction were found 
(P = 0.31; Fig. 1b).
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Perceptions

For both HWI and FAN, thermal sensation, thermal comfort 
and basic affect changed over time (P < 0.001), which was 
not the case for CON (P > 0.39, Table 1). Thermal sensation 
differed between all conditions at all time points of immer-
sion; highest scores were reported during HWI, followed by 
FAN and CON (P < 0.05, Table 1). In the first thirty min-
utes of immersion, thermal comfort scores were higher for 
HWI when compared with the other conditions (P < 0.01), 
whilst FAN and CON did not differ at 15 min (P = 0.16) 
and at 30 min (P = 0.06) of immersion. In the second half of 
immersion, thermal comfort differed between all conditions 

(P < 0.05), and was in the range of + 3 (“uncomfortably hot”) 
for HWI, and in the range of − 1 to + 1 (“comfortable”) for 
FAN and CON. Basic affect was lower for HWI at 30 min, 
45 min and 60 min when compared with FAN and CON 
(P < 0.05). During HWI, basic affect was in the range of 3 
(“fairly bad”), whilst it was in the range of 0–1 (“neutral” 
to “fairly good”) during FAN and CON. There were no dif-
ferences in the affective responses between FAN and CON 
throughout the immersion period (P > 0.06 for all compari-
sons). None of the perception measures differed in the recov-
ery period (P > 0.11 for all comparisons).

Fondness scores were higher for FAN (6.0 ± 1.3) and 
CON (5.9 ± 1.6) than for HWI (2.4 ± 0.9; P < 0.01). There 

Fig. 1  Acute changes in plasma 
IL-6 (a) and adrenaline (b) con-
centration in response to water 
immersion. HWI, hot water 
immersion; FAN, hot water 
immersion with simultane-
ous cooling using a fan; CON, 
control condition. Data reported 
as mean and standard deviation. 
*Significant difference between 
conditions. †Significantly higher 
than Pre (P < 0.05)
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was no difference in fondness between FAN and CON 
(P = 0.90). FAN was selected as favourite condition by N = 5, 
CON by N = 4, and HWI by N = 0. Qualitative feedback fol-
lowing the intervention to support this choice included: 
“HWI is too uncomfortable”; “HWI too hot”; “HWI was 
dreadful”; “FAN is comfortable”; “FAN neutralises hot 
temperature”; “FAN means you sweat less”; “FAN is much 
more bearable”, “CON was too cold”; and “CON was 
slightly cool”.

Thermophysiology

A main effect of time (P < 0.001), condition (P < 0.001) 
and a time x condition interaction (P < 0.001) indicated a 
differential Tcore increase between conditions with largest 
increases observed during HWI, followed by FAN (Fig. 2a). 
Similarly, a main effect of time (P < 0.001), condition 
(P < 0.001), and time × condition interaction (P < 0.001) 
was found for heat storage (Fig. 2b). Arm and chest Tskin 
were higher for HWI than for FAN over large parts of the 
intervention (P < 0.05, Fig. 2c, d). In contrast, thigh and calf 
Tskin during HWI and FAN did not differ (P > 0.48) and were 
higher than during CON (P < 0.05, Fig. 2e, f).

Bivariate relationships

Core temperature was significantly correlated with basic 
affect (R = 0.68, P = 0.046), chest Tskin was significantly cor-
related with basic affect (R = 0.80, P = 0.018) as well as with 
thermal sensation (R = 0.79, P = 0.020). All other relation-
ships between perception and temperature variables did not 

reach significance (P > 0.05). Likewise, adrenaline and IL-6 
plasma concentrations were not significantly correlated with 
temperature variables (P > 0.05).

Cardiovascular response and hydration

Heart rate during immersion differed between all condi-
tions (P < 0.01); highest values were found during HWI and 
lowest values during CON. A time × condition interaction 
(P = 0.003) indicated a higher SBP during HWI compared 
with CON during immersion (P = 0.04). A main effect of 
time (P < 0.001) indicated a reduction in DBP during immer-
sion, with no difference between conditions (P = 0.07).

Water consumption differed between all conditions 
(P < 0.001), highest values were found during HWI and low-
est values during CON. Sweat loss was higher during HWI 
and FAN when compared with CON (P < 0.001). However, 
sweat loss did not differ between HWI and FAN (P = 0.67, 
Table 2).

No trial order effects were observed for inflammatory 
responses (P > 0.14), perceptions (P > 0.08) or thermophysi-
ology (P > 0.15).

Discussion

The main findings of this study were: (1) The local cooling 
applied during FAN did not reduce the acute IL-6 eleva-
tions to passive heat exposure; (2) FAN was associated 
with improved basic affect, thermal comfort and thermal 
sensation, indicating a reduction in perceived heat stress 

Table 1  Perceptions in response to water immersion

Data reported as mean ± SD
Significant differences are highlighted in bold
HWI hot water immersion, FAN hot water immersion with simultaneous cooling using a fan, CON control condition
*Effect of time (P < 0.001), †different from other two conditions (P < 0.05)
†† Different from other two conditions (P < 0.01)

Parameter Condition Time point

Pre 15’ 30’ 45’ 60’ Post + 30’ Post + 60’

Thermal sensation
1 (very cold) to 5 (neutral) to 9 (very hot)

HWI* 4.6 ± 0.5 7.1 ± 0.3†† 7.7 ± 0.7† 7.3 ± 0.9† 7.8 ± 0.4†† 5.1 ± 0.6 4.8 ± 0.4
FAN* 5.1 ± 0.6 5.9 ± 0.9† 6.1 ± 0.9† 6.3 ± 0.5† 6.2 ± 0.4†† 4.8 ± 0.4 4.9 ± 0.3
CON 4.9 ± 0.6 5.0 ± 0.7† 4.7 ± 0.7† 4.6 ± 0.9† 4.3 ± 0.7†† 4.8 ± 0.7 4.8 ± 0.4

Thermal comfort
− 4 (very uncomfortable, cold) to Zero 

(comfortable) to + 4 (very uncomfort-
able, hot)

HWI* − 0.1 ± 0.3 1.9 ± 0.9† 2.4 ± 0.7†† 2.6 ± 1.1† 3.0 ± 1.0†† 0.2 ± 0.4 0.1 ± 0.3
FAN* 0.0 ± 0.0 0.2 ± 0.4 0.7 ± 0.7 0.9 ± 0.6† 0.7 ± 0.7† 0.0 ± 0.0 0.0 ± 0.0
CON − 0.1 ± 0.3 0.0 ± 0.0 0.0 ± 0.3 − 0.1 ± 0.8† − 0.2 ± 0.7† 0.0 ± 0.0 0.0 ± 0.0

Basic affect
− 5 (negative) to Zero (neutral) to + 5 

(positive)

HWI* 1.1 ± 1.7 0.3 ± 1.8 − 1.1 ± 2.3† − 1.4 ± 1.9† − 1.8 ± 2.0† 1.2 ± 1.7 1.4 ± 2.1
FAN* 1.1 ± 1.5 0.8 ± 1.5 0.2 ± 1.5 0.0 ± 1.5 0.2 ± 1.6 1.0 ± 1.4 1.1 ± 1.5
CON 1.1 ± 1.5 1.1 ± 1.5 0.9 ± 1.7 0.9 ± 1.8 1.0 ± 2.1 1.4 ± 2.1 1.3 ± 1.8
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compared with HWI; (3) Fondness ratings for FAN were 
higher when compared with HWI.

Inflammatory response

Higher rates of evaporative and convective heat loss dur-
ing FAN reduced overall heat load, resulting in an attenu-
ated Tcore increase during FAN (~ 1.0 °C) when compared 
with HWI (~ 1.5 °C). Similarly, heat storage during FAN 
was attenuated (~ 5 J∙g−1) compared with HWI (~ 8 J∙g−1). 
However, despite the reduced overall heat load during FAN 
when compared with HWI, the acute IL-6 response did 
not differ between HWI and FAN. This may seem coun-
ter-intuitive, given that a body of research investigating a 
range of temperatures and intervention durations implies a 
dose–response relationship between heat stimulus and the 
inflammatory response (Oehler et al. 2001; Whitham et al. 
2007; Laing et al. 2008; Faulkner et al. 2017; Hoekstra 
et al. 2018, summarised in Hoekstra et al. 2020). However, 
whole-body passive hyperthermia experiments that report 
systemic IL-6 elevations during more modest (~ 0.6 °C) Tcore 
increases (Kaldur et al. 2016) question whether pronounced 
Tcore increases are a requirement for an acute IL-6 response. 
Other lines of enquiry that investigate the acute hyperther-
mia-induced inflammatory response, therefore, place the 
focus on peripheral tissue temperature, rather than Tcore. For 
example, muscle tissue is a producer of IL-6 during hyper-
thermia, as shown by isolated myotubes that increase IL-6 
mRNA and protein secretion when heated (Welc et al. 2012). 
This may have been an important mechanism explaining the 
systemic IL-6 concentration increase during HWI and FAN, 
the conditions during which the lower body was immersed in 
hot water, increasing peripheral tissue temperature. Indeed, 
the potential role of peripheral tissue temperature in the 
inflammatory response provided the rationale for the FAN 
protocol design of the current study, aiming to heat the large 
muscle mass of the lower extremities to a similar extent as 
during HWI whilst reducing upper body Tskin.

Lower extremity Tskin serves as a proxy measure for 
peripheral tissue temperature, however, we must highlight 
that deep tissue temperature during FAN was possibly lower 
than for HWI: previous research documents a higher super-
ficial than deep tissue temperature in the first hour of a HWI 
intervention (Rodrigues et al. 2020). In addition, in the pre-
sent study, the lower Tcore during FAN suggests that blood 
supplying the lower extremities was colder during FAN 

than HWI, potentially causing some further reductions in 
lower extremity deep tissue temperature (Raccuglia et al. 
2016). Nonetheless, the acute increase in systemic IL-6 
concentration was not affected by this possible peripheral 
tissue cooling. The potential of FAN to mount an inflam-
matory response, therefore, encourages further investigation 
of FAN–like protocols in chronic studies, as the repeated 
acute inflammatory response has been suggested to decrease 
low-grade inflammation resulting from both chronic exercise 
training (Gleeson et al. 2011) or regular bouts of passive 
hyperthermia (heat therapy) (Hoekstra et al. 2020). Indeed, 
pronounced Tcore elevations during heat therapy may not be 
a requirement for reductions of markers of chronic low-grade 
inflammation, as such reductions have been reported fol-
lowing daily hot water immersion at 40 °C for only 10 min 
(Oyama et al. 2013), a duration unlikely to lead to large 
elevations of Tcore. This again adds to the evidence that with 
respect to the inflammatory response, increases in Tskin and 
peripheral tissue temperature may be more important than 
Tcore elevations.

We assessed the adrenaline response because the acti-
vation of the autonomic nervous system is mechanistically 
linked to the inflammatory response: adrenaline can inde-
pendently increase IL-6 concentration (Steensberg et al. 
2001), and acute increases in IL-6 plasma concentration are 
blunted in cervical spinal cord injury, a condition accom-
panied with autonomic dysfunction (Paulson et al. 2013). 
Further, thermal clamp experiments show that Tcore impacts 
the acute increase in the concentration of adrenaline (Rhind 
et al. 2004), a finding confirmed in hot water immersion 
studies (Laing et al. 2008; Leicht et al. 2019). Whilst the 
present study also reports increases in plasma adrenaline 
concentration, these did not differ between any of the inves-
tigated conditions. It is possible that the heat stimulus dur-
ing HWI and FAN was not large enough to mount a greater 
adrenaline response than during CON for the healthy young 
males included in the present study, and that the observed 
changes are an artefact of the adrenaline circadian rhythm 
(Åkerstedt and Fröberg 1979). It is also possible that immer-
sion to the waist induces a lower adrenaline response when 
compared with the aforementioned studies, in which a larger 
part of the body was immersed (Laing et al. 2008; Leicht 
et al. 2019). Finally, despite no change in Tcore during CON 
in the present study, a positive heat storage was found dur-
ing this condition, which may have contributed to adrena-
line concentration elevations following CON. Notably, the 
finding of an IL-6 response in the absence of an adrenaline 
response supports previous data in spinal cord injury mod-
els, demonstrating that hyperthermia can mount an acute 
cytokine response despite sympathetic dysfunction (Leicht 
et al. 2015; Hashizaki et al. 2018). This suggests that the 
heat stimulus during passive hyperthermia may be a more 
potent trigger of the IL-6 response than adrenaline. Our 

Fig. 2  Acute changes in rectal temperature (a), heat storage (b) and 
skin temperatures for arm (c), chest (d), thigh (e) and calf (f) in 
response to water immersion. HWI, hot water immersion; FAN, hot 
water immersion with simultaneous cooling using a fan; CON, con-
trol condition. Data reported as mean and standard deviation. Signifi-
cant difference between *HWI and CON, #FAN and CON and †HWI 
and FAN (P < 0.05)

◂
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findings are further in line with exercise studies demonstrat-
ing dramatic elevations in IL-6, but only moderate elevations 
in adrenaline concentration following long-lasting endurance 
events (Nieman et al. 2001), pointing out that adrenaline 
may be of relatively small influence to the IL-6 response in 
certain contexts.

Summarising the findings on the inflammatory response, 
the present study demonstrates that HWI and FAN exhibited 
an altered acute IL-6 response compared with CON, despite 
a differential Tcore response between trials, and despite no 
difference in the adrenaline response between trials. Impor-
tantly, local cooling did not affect the IL-6 response to pas-
sive heating.

Perceptions

Whilst the IL-6 response to HWI and FAN is comparable 
to previous studies investigating 60 min of HWI inducing a 
1–2 °C Tcore change (Leicht et al. 2015; Faulkner et al. 2017; 
Hoekstra et al. 2018), the present study further addresses 
an important issue that has often been overlooked in previ-
ous research: perceptions during passive heat stress. The 
observed effectiveness of a fan to reduce perceived heat 
strain and the decline in basic affect during passive heat-
ing is encouraging for the advancement and promotion of 
heat therapy. For instance, the affective response during 
exercise has previously been shown to be a determinant for 
future exercise participation (Williams et al. 2008). There-
fore, FAN-like protocols may lead to better adherence rates 
in chronic interventions when compared with whole-body 
forms of passive heating, or they might lead to longer self-
selected exposure durations.

Thermal perceptions are strongly influenced by Tskin; 
local cooling during heat exposure can significantly 
improve local, and more importantly, whole-body ther-
mal comfort (Kato et al. 2001; Nakamura et al. 2008). 
This is supported by correlation analyses of the HWI trial 
of the current study, in which chest Tskin was found to be 

correlated to measures of perception. The airflow onto the 
upper body and the face during FAN is therefore likely a 
key aspect for the improved perceptions. Indeed, while 
Tskin of the immersed part of the body was comparable 
between HWI and FAN, Tskin of the exposed upper body 
was significantly reduced during FAN compared with 
HWI. Interestingly, sweat loss did not differ between HWI 
and FAN, implying a higher cooling capacity of the sweat 
produced during FAN. This is reflected in the qualitative 
statement “Fan means you sweat less”; whilst not physi-
ologically accurate, the participant likely made this state-
ment as higher rates of sweat evaporation during FAN 
decreased the sensation of sweat on the skin. Given the 
relationship between skin wettedness and thermal percep-
tions (Fukazawa and Havenith 2009) this may have further 
contributed to the improvements in basic affect and ther-
mal comfort.

Whilst it is debatable to which extent the increases in 
SBP and HR contributed to the perceived discomfort dur-
ing HWI, the model of teleoanticipation, linking central 
output, afferent sensations, and perceptions would sup-
port this notion (Hampson et al. 2001). Indeed, drawing on 
exercise literature, subjective scales such as the Borg scale 
of perceived exertion have originally been designed as a 
proxy measure of HR (Borg 1982), and linear relationships 
between exertion and HR are frequently reported (Borg et al. 
1987). More importantly, perhaps, the reduced cardiovascu-
lar strain during FAN makes this condition a good alterna-
tive to HWI should thermal therapy be considered for at-risk 
populations, including hypertensive individuals. A further 
practical consideration rooted in the present findings can be 
drawn from the net fluid loss following heat exposure. Nota-
bly, ad libitum water consumption during FAN was reduced 
compared with HWI, despite similar sweat rates. This might 
be explained by the lower levels of heat perceptions during 
FAN, in turn reducing thirst sensations—a suggestion that 
has previously been put forward for exercise in cool environ-
ments (Maughan et al. 2005). It is important, therefore, to 

Table 2  Cardiovascular 
response and hydration during 
water immersion

Data reported as mean ± SD
Significant differences are highlighted in bold
HWI hot water immersion, FAN hot water immersion with simultaneous cooling using a fan, CON control 
condition, HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure
*Effect of time; significant difference to #CON and †HWI (P < 0.05)

Parameter HWI FAN CON

Pre Immersion Pre Immersion Pre Immersion

HR (beats∙min−1) 66 ± 9 107 ± 19# 66 ± 6 90 ± 15#† 66 ± 12 62 ± 13
SBP (mmHg) 128 ± 7 135 ± 13# 125 ± 10 125 ± 11 130 ± 13 119 ± 9
DBP (mmHg)* 68 ± 6 57 ± 6 66 ± 5 56 ± 6 70 ± 5 60 ± 6
Water consumed (ml) N/A 651 ± 311# N/A 421 ± 174#† N/A 144 ± 233
Sweat loss (ml) N/A 907 ± 258# N/A 815 ± 325# N/A 63 ± 78



1589European Journal of Applied Physiology (2021) 121:1581–1591 

1 3

ensure adequate rehydration during heat therapy, especially 
when simultaneous local cooling is applied, as this appears 
to reduce the stimulus to drink.

Future directions

The present study, demonstrating an acute IL-6 response in 
combination with an improved perceptual response during 
FAN, provides a solid foundation for future chronic heat 
therapy studies. Such studies could investigate whether 
chronic use of FAN-like interventions are as potent as tra-
ditional heat therapy interventions (Oyama et al. 2013) to 
reduce chronic low-grade inflammation, or indeed other 
aspects of health: it has yet to be determined whether the 
observed attenuated increase in SBP and HR during FAN 
reduces or prevents the positive cardiovascular adaptations 
to hot water immersion as described previously (Brunt et al. 
2016). Further, whilst the results indicate improved percep-
tual responses, it is currently unknown whether these indeed 
translate to better adherence rates in chronic interventions. 
Finally, as mentioned in previous reports on heat therapy 
(Hoekstra et al. 2020), future studies must make an effort to 
diversify the populations investigated—indeed, some cer-
ebral responses to heat stimuli are sex and age dependent 
(Chao et al. 2007). In addition, women have been reported to 
be more sensitive to deviations from an optimally comfort-
able thermal environment than men (Karjalainen 2012), it is, 
therefore, possible that the improved perceptual responses 
seen in the present study may differ between genders. Fol-
low-up investigations should also investigate thermal per-
ceptions in patient populations that may particularly benefit 
from the health benefits of heat therapy. This is especially 
pressing in populations in which perceptions might be 
impacted, for example because of neuronal damage (e.g., 
spinal cord injury, stroke).

Conclusion

This study shows that negative perceptual responses during 
HWI can be attenuated using local cooling without inhib-
iting the acute inflammatory response. Since perceptual 
responses may impact long-term adherence, these results can 
help develop heat therapy protocols that are more likely to 
be adhered to, which in turn may positively impact chronic 
disease risk.

Acknowledgements This report is independent research supported 
by the National Institute for Health Research Leicester Biomedical 
Research Centre. The views expressed are those of the authors and not 
necessarily those of the NHS, the National Institute for Health Research 
Leicester BRC or the Department of Health. 

Authors’ contribution SH and CL conceived and designed research. 
All authors conducted the experiments. RM and CL analysed data and 
wrote the manuscript. All authors read and approved manuscript.

Availability of data and material Original data will be made 
available on request.

Compliance with ethical standards 

Conflict of interest Authors declares that they have no conflict of in-
terest.

Ethics approval R18-P138.

Consent to participate Written informed consent was provided by all 
participants.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Åkerstedt T, Fröberg JE (1979) Sleep and stressor exposure in relation 
to circadian rhythms in catecholamine excretion. Biol Psychol 
8:69–80. https ://doi.org/10.1016/0301-0511(79)90005 -X

Borg GA (1982) Psychophysical bases of perceived exertion. Med Sci 
Sports Exerc 14:377–381

Borg G, Hassmen P, Lagerstrom M (1987) Perceived exertion related 
to heart rate and blood lactate during arm and leg exercise. Eur J 
Appl Physiol Occup Physiol 56:679–685. https ://doi.org/10.1007/
BF004 24810 

Brunt VE, Howard MJ, Francisco MA et al (2016) Passive heat therapy 
improves endothelial function, arterial stiffness, and blood pres-
sure in sedentary humans. J Physiol 594:5329–5342. https ://doi.
org/10.1113/JP272 453

Brunt VE, Wiedenfeld-Needham K, Comrada LN, Minson CT (2018) 
Passive heat therapy protects against endothelial cell hypoxia-
reoxygenation via effects of elevations in temperature and circu-
lating factors. J Physiol 596:4831–4845. https ://doi.org/10.1113/
JP276 559

Chao C-C, Hsieh S-T, Chiu M-J et al (2007) Effects of aging on contact 
heat-evoked potentials: the physiological assessment of thermal 
perception. Muscle Nerve 36:30–38. https ://doi.org/10.1002/
mus.20815 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0301-0511(79)90005-X
https://doi.org/10.1007/BF00424810
https://doi.org/10.1007/BF00424810
https://doi.org/10.1113/JP272453
https://doi.org/10.1113/JP272453
https://doi.org/10.1113/JP276559
https://doi.org/10.1113/JP276559
https://doi.org/10.1002/mus.20815
https://doi.org/10.1002/mus.20815


1590 European Journal of Applied Physiology (2021) 121:1581–1591

1 3

Choi JK, Miki K, Sagawa S, Shiraki K (1997) Evaluation of mean skin 
temperature formulas by infrared thermography. Int J Biometeorol 
41:68–75. https ://doi.org/10.1007/s0048 40050 056

Ekkekakis P, Hall EE, Petruzzello SJ (2008) The relationship between 
exercise intensity and affective responses demystified: to crack the 
40-year-old nut, replace the 40-year-old nutcracker! Ann Behav 
Med 35:136–149. https ://doi.org/10.1007/s1216 0-008-9025-z

Epstein Y, Moran DS (2006) Thermal comfort and the heat stress indi-
ces. Ind Health 44:388–398

Faulkner SH, Jackson S, Fatania G, Leicht CA (2017) The effect of pas-
sive heating on heat shock protein 70 and interleukin-6: a possible 
treatment tool for metabolic diseases? Temperature 4:292–304. 
https ://doi.org/10.1080/23328 940.2017.12886 88

Frank SM, Raja SN, Bulcao CF, Goldstein DS (1999) Relative contri-
bution of core and cutaneous temperatures to thermal comfort and 
autonomic responses in humans. J Appl Physiol 86:1588–1593. 
https ://doi.org/10.1152/jappl .1999.86.5.1588

Fukazawa T, Havenith G (2009) Differences in comfort perception 
in relation to local and whole body skin wettedness. Eur J Appl 
Physiol 106:15–24. https ://doi.org/10.1007/s0042 1-009-0983-z

Gibson OR, Tuttle JA, Watt PW et al (2016) Hsp72 and Hsp90α mRNA 
transcription is characterised by large, sustained changes in core 
temperature during heat acclimation. Cell Stress Chaperones 
21:1021–1035. https ://doi.org/10.1007/s1219 2-016-0726-0

Gleeson M, Bishop NC, Stensel DJ et al (2011) The anti-inflammatory 
effects of exercise: mechanisms and implications for the preven-
tion and treatment of disease. Nat Rev 11:607–615. https ://doi.
org/10.1038/nri30 41;10.1038/nri30 41

Hampson DB, St Clair Gibson A, Lambert MI, Noakes TD (2001) The 
influence of sensory cues on the perception of exertion during 
exercise and central regulation of exercise performance. Sports 
Med 31:935–952. https ://doi.org/10.2165/00007 256-20013 
1130-00004 

Hardy CJ, Rejeski W (1989) Not what, but how one feels—the meas-
urement of affect during exercise. J Sport Exerc Psychol 11:304–
317. https ://doi.org/10.1123/jsep.11.3.304

Hashizaki T, Nishimura Y, Teramura K et al (2018) Differences in 
serum IL-6 response after 1 °C rise in core body temperature in 
individuals with spinal cord injury and cervical spinal cord injury 
during local heat stress. Int J Hyperth 35:541–547. https ://doi.
org/10.1080/02656 736.2018.15118 38

Havenith G, Luttikholt VG, Vrijkotte TG (1995) The relative influ-
ence of body characteristics on humid heat stress response. Eur J 
Appl Physiol Occup Physiol 70:270–279. https ://doi.org/10.1007/
BF002 38575 

Hoekstra SP, Bishop NC, Leicht CA (2017) Can intervals enhance the 
inflammatory response and enjoyment in upper-body exercise? 
Eur J Appl Physiol 117:1155–1163. https ://doi.org/10.1007/s0042 
1-017-3602-4

Hoekstra SP, Bishop NC, Faulkner SH et al (2018) The acute and 
chronic effects of hot water immersion on inflammation and 
metabolism in sedentary, overweight adults. J Appl Physiol 
125:2008–2018. https ://doi.org/10.1152/jappl physi ol.00407 .2018

Hoekstra SP, Bishop NC, Leicht CA (2020) Elevating body termpera-
ture to reduce low-grade inflammation: a welcome strategy for 
those unable to exercise? Exerc Immunol Rev 26:42–55

Jung ME, Bourne JE, Little JP (2014) Where does HIT fit? an examina-
tion of the affective response to high-intensity intervals in compar-
ison to continuous moderate- and continuous vigorous-intensity 
exercise in the exercise intensity-affect continuum. PLoS ONE 
9:1–18. https ://doi.org/10.1371/journ al.pone.01145 41

Kaldur T, Unt E, Ööpik V et al (2016) The acute effects of passive heat 
exposure on arterial stiffness, oxidative stress, and inflammation. 
Med 52:211–216. https ://doi.org/10.1016/j.medic i.2016.06.001

Karjalainen S (2012) Thermal comfort and gender: a litera-
ture review. Indoor Air 22:96–109. https ://doi.org/10.111
1/j.1600-0668.2011.00747 .x

Kato M, Sugenoya J, Matsumoto T et al (2001) The effects of facial 
fanning on thermal comfort sensation during hyperthermia. 
Pflugers Arch Eur J Physiol 443:175–179. https ://doi.org/10.1007/
s0042 40100 681

Laing SJ, Jackson AR, Walters R et al (2008) Human blood neutro-
phil responses to prolonged exercise with and without a thermal 
clamp. J Appl Physiol (Bethesda, Md 1985) 104:20–26. https ://
doi.org/10.1152/jappl physi ol.00792 .2007

Leicht CA, Kouda K, Umemoto Y et al (2015) Hot water immersion 
induces an acute cytokine response in cervical spinal cord injury. 
Eur J Appl Physiol 115:2243–2252. https ://doi.org/10.1007/s0042 
1-015-3206-9

Leicht CA, James LJ, Briscoe JHB, Hoekstra SP (2019) Hot water 
immersion acutely increases postprandial glucose concentrations. 
Physiol Rep 7:e14223. https ://doi.org/10.14814 /phy2.14223 

Maughan RJ, Shirreffs SM, Merson SJ, Horswill CA (2005) Fluid and 
electrolyte balance in elite male football (soccer) players train-
ing in a cool environment. J Sports Sci 23:73–79. https ://doi.
org/10.1080/02640 41041 00017 30115 

Nakamura M, Yoda T, Crawshaw LI et al (2008) Regional differ-
ences in temperature sensation and thermal comfort in humans. 
J Appl Physiol (Bethesda, Md 1985) 105:1897–1906. https ://doi.
org/10.1152/jappl physi ol.90466 .2008

Nieman DC, Henson DA, Smith LL et al (2001) Cytokine changes after 
a marathon race. J Appl Physiol (Bethesda, Md 1985) 91:109–114

Oehler R, Pusch E, Zellner M et al (2001) Cell type-specific variations 
in the induction of hsp70 in human leukocytes by feverlike whole 
body hyperthermia. Cell Stress Chaperones 6:306–315. https ://
doi.org/10.1379/1466-1268(2001)006%3c030 6:ctsvi t%3e2.0.co;2

Oyama J-I, Kudo Y, Maeda T et al (2013) Hyperthermia by bathing in 
a hot spring improves cardiovascular functions and reduces the 
production of inflammatory cytokines in patients with chronic 
heart failure. Heart Vessels 28:173–178. https ://doi.org/10.1007/
s0038 0-011-0220-7

Paulson TAW, Goosey-Tolfrey VL, Lenton JP et al (2013) Spinal 
cord injury level and the circulating cytokine response to strenu-
ous exercise. Med Sci Sports Exerc 45:1649–1655. https ://doi.
org/10.1249/MSS.0b013 e3182 8f9bb b

Pedersen BK, Febbraio MA (2008) Muscle as an endocrine organ: 
focus on muscle-derived interleukin-6. Physiol Rev 88:1379–
1406. https ://doi.org/10.1152/physr ev.90100 .2007

Perneger TV (1998) What’s wrong with Bonferroni adjustments. BMJ 
316:1236–1238. https ://doi.org/10.1136/bmj.316.7139.1236

Raccuglia M, Lloyd A, Filingeri D et al (2016) Post-warm-up muscle 
temperature maintenance: blood flow contribution and external 
heating optimisation. Eur J Appl Physiol 116:395–404. https ://
doi.org/10.1007/s0042 1-015-3294-6

Rhind SG, Gannon GA, Shephard RJ et al (2004) Cytokine induction 
during exertional hyperthermia is abolished by core temperature 
clamping: neuroendocrine regulatory mechanisms. Int J Hyper-
thermia 20:503–516. https ://doi.org/10.1080/02656 73041 00016 
70651 

Rodrigues P, Trajano GS, Wharton L, Minett GM (2020) Muscle 
temperature kinetics and thermoregulatory responses to 42 °C 
hot-water immersion in healthy males and females. Eur J Appl 
Physiol. https ://doi.org/10.1007/s0042 1-020-04482 -7

Steensberg A, Toft AD, Schjerling P et al (2001) Plasma interleukin-6 
during strenuous exercise: role of epinephrine. Am J Physiol 
Physiol 281:C1001–C1004

Welc SS, Phillips NA, Oca-Cossio J et  al (2012) Hyperthermia 
increases interleukin-6 in mouse skeletal muscle. Am J Physiol 
Physiol 303:C455–C466. https ://doi.org/10.1152/ajpce ll.00028 
.2012

https://doi.org/10.1007/s004840050056
https://doi.org/10.1007/s12160-008-9025-z
https://doi.org/10.1080/23328940.2017.1288688
https://doi.org/10.1152/jappl.1999.86.5.1588
https://doi.org/10.1007/s00421-009-0983-z
https://doi.org/10.1007/s12192-016-0726-0
https://doi.org/10.1038/nri3041;10.1038/nri3041
https://doi.org/10.1038/nri3041;10.1038/nri3041
https://doi.org/10.2165/00007256-200131130-00004
https://doi.org/10.2165/00007256-200131130-00004
https://doi.org/10.1123/jsep.11.3.304
https://doi.org/10.1080/02656736.2018.1511838
https://doi.org/10.1080/02656736.2018.1511838
https://doi.org/10.1007/BF00238575
https://doi.org/10.1007/BF00238575
https://doi.org/10.1007/s00421-017-3602-4
https://doi.org/10.1007/s00421-017-3602-4
https://doi.org/10.1152/japplphysiol.00407.2018
https://doi.org/10.1371/journal.pone.0114541
https://doi.org/10.1016/j.medici.2016.06.001
https://doi.org/10.1111/j.1600-0668.2011.00747.x
https://doi.org/10.1111/j.1600-0668.2011.00747.x
https://doi.org/10.1007/s004240100681
https://doi.org/10.1007/s004240100681
https://doi.org/10.1152/japplphysiol.00792.2007
https://doi.org/10.1152/japplphysiol.00792.2007
https://doi.org/10.1007/s00421-015-3206-9
https://doi.org/10.1007/s00421-015-3206-9
https://doi.org/10.14814/phy2.14223
https://doi.org/10.1080/02640410410001730115
https://doi.org/10.1080/02640410410001730115
https://doi.org/10.1152/japplphysiol.90466.2008
https://doi.org/10.1152/japplphysiol.90466.2008
https://doi.org/10.1379/1466-1268(2001)006%3c0306:ctsvit%3e2.0.co;2
https://doi.org/10.1379/1466-1268(2001)006%3c0306:ctsvit%3e2.0.co;2
https://doi.org/10.1007/s00380-011-0220-7
https://doi.org/10.1007/s00380-011-0220-7
https://doi.org/10.1249/MSS.0b013e31828f9bbb
https://doi.org/10.1249/MSS.0b013e31828f9bbb
https://doi.org/10.1152/physrev.90100.2007
https://doi.org/10.1136/bmj.316.7139.1236
https://doi.org/10.1007/s00421-015-3294-6
https://doi.org/10.1007/s00421-015-3294-6
https://doi.org/10.1080/02656730410001670651
https://doi.org/10.1080/02656730410001670651
https://doi.org/10.1007/s00421-020-04482-7
https://doi.org/10.1152/ajpcell.00028.2012
https://doi.org/10.1152/ajpcell.00028.2012


1591European Journal of Applied Physiology (2021) 121:1581–1591 

1 3

Whitham M, Laing SJ, Jackson A et al (2007) Effect of exercise with 
and without a thermal clamp on the plasma heat shock protein 72 
response. J Appl Physiol (Bethesda, Md 1985) 103:1251–1256

Williams DM, Dunsiger S, Ciccolo JT et al (2008) Acute affective 
response to a moderate-intensity exercise stimulus predicts 
physical activity participation 6 and 12 months later. Psychol 
Sport Exerc 9:231–245. https ://doi.org/10.1016/j.psych sport 
.2007.04.002

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.psychsport.2007.04.002
https://doi.org/10.1016/j.psychsport.2007.04.002

	Local cooling during hot water immersion improves perceptions without inhibiting the acute interleukin-6 response
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Procedures
	Biochemical analyses
	Statistical analyses

	Results
	Inflammatory response
	Perceptions
	Thermophysiology
	Bivariate relationships
	Cardiovascular response and hydration

	Discussion
	Inflammatory response
	Perceptions
	Future directions

	Conclusion
	Acknowledgements 
	References




