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Abstract 

Background 

Passive heat therapies have been reported to have similar effects on the cardiovascular system 

as exercise.  Studies supporting these findings in healthy populations have predominantly 

been done with men using warm water immersions or traditional saunas, rather than newer 

infrared-based saunas.   

Objective 

To explore short-term thermal and cardiovascular responses in women using an infrared 

sauna as compared to moderate-intensity exercise.  

Study design 

Randomised controlled crossover trial with balanced allocations.  
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Setting 

Brisbane, Australia (August 2019 - March 2020) 

Participants 

Ten healthy women (36 ± 9 years) 

Interventions 

45 minutes of resting, infrared sauna or indoor bicycling 

Primary outcome measures 

tympanic/skin temperatures; respiratory rate; blood pressure; arterial stiffness; heart rate 

variability 

Results 

Tympanic temperatures were elevated during infrared sauna as compared to both control 

(mean diff = +1.05
o
C ± SEM 0.12

 o
C, 95% C.I.: 0.73 – 1.36, p < 0.0005) and exercise (mean 

diff = +0.79
o
C ± SEM 0.12

 o
C, 95% C.I.: 0.49 – 1.08, p<0.0005).  Respiratory rates were 

higher during exercise as compared to both control (mean diff = +7.66 ± SEM 1.37, 95% 

C.I.: 4.09 – 11.23, p < 0.0005) and infrared sauna (mean diff = +6.66 ± SEM 1.33, 95% C.I.: 

3.20 – 10.11, p < 0.0005).  No significant differences in non-invasive measures of blood 

pressure, arterial stiffness or heart rate variability were detected between any of the 

interventions.   

Conclusions 

These findings suggest the physiological effects of infrared sauna bathing are underpinned by 

thermoregulatory-induced responses, more so than exercise-mimetic cardiorespiratory or 

cardiovascular activations.   

Highlights 

 Physiological responses to infrared sauna and exercise were compared in women. 
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 Tympanic temperatures with infrared sauna were higher compared to moderate 

exercise. 

 Exercise reduced back skin-surface temperatures more than sauna. 

 Unlike exercise, infrared sauna use did not increase breathing rates. 

 Blood pressure, arterial stiffness and HRV responses were similar.   

 

Keywords:  

Infrared sauna, Exercise, Pulse wave analysis, Heart rate variability, Thermal responses 

Abbreviations
1
 

1. Introduction 

Habitual lifestyle practices involving whole-body heat exposures (saunas, steam rooms, hot 

springs, etc.) have been used for centuries to promote good health and feelings of wellbeing.  

Exercise is the lifestyle activity most endorsed by health authorities for preventive health and 

for its anti-inflammatory, anti-aging and disease-mitigating effects when performed 

regularly.
1-3

  The most established clinical benefits of frequent sauna use, especially low 

humidity forms such as Finnish and/or infrared-based sauna, involve improvements in 

cardiovascular disease (CVD) outcomes.
4-6

  The habit of Finnish sauna bathing at least 4 

times weekly has been associated with reductions in sudden cardiac death by 63% and 

reduced all-cause mortality by 40% in men.
5
  These findings are remarkably similar to the 

benefits demonstrated in large cohort studies, correlating habitual exercise with a 35% 

                                                 
1
 AIx75 - augmentation index - adjusted to HR 75 bpm, measure of arterial stiffness; ANS - autonomic nervous 

system; AugPress - central augmented pressure, measure of arterial stiffness; CHF - congestive heart failure; 

COVID-19 - coronavirus disease of 2019; CVD - cardiovascular disease; HRV - heart rate variability; LF/HF 

ratio - low frequency-to-high frequency ratio, measure of HRV; IR - infrared sauna; PWA - pulse wave 

analysis; RRMSD - square root of mean squared differences in successive R wave-to-R wave intervals, measure 

of HRV; Ttymp - tympanic body temperature; USG - urine specific gravity 
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reduction in CVD and a 33% reduction in all-cause mortality.
7
  Similar physiological 

mechanisms proposed to explain these long-term benefits for both activities include 

improvements in endothelium-dependent vascular dilatation, reduced arterial stiffness, 

modulations of the autonomic nervous system (ANS), changes in circulating inflammatory 

markers and lipid profiles, as well as lowering of blood pressure.
6, 8-12

 

Newer non-invasive measures of arterial stiffness and heart rate variability (HRV) have been 

gaining reliability as clinical indicators of CVD.
13, 14

  Arterial stiffness is a biomarker of 

vascular aging and is claimed to be a more dynamic measure of blood vessel alterations, more 

so than resting blood pressure (BP).
15, 16

  Heart rate variability (HRV), analysed in both time 

and frequency domains, is interpreted as a cardiac barometer of the ANS.
14, 17

  Higher HRV is 

associated with a greater capacity of the cardiovascular system to respond to stressed 

conditions, both mental and physical.
18, 19

 

Several studies involving single and/or repeat sessions of thermal therapy have measured 

arterial stiffness responses of passive water-based heating (water perfusion suits or warm 

water immersions) as compared to exercise,
20-22

 but fewer have focused on dry heat-based 

(sauna) interventions as compared to exercise.
23, 24

  HRV parameters have been measured 

after single and/or repeated sessions of sauna bathing (humid and dry forms), either as a sole 

intervention or pre/post-exercise, but predominantly in men.
25-35

  Evidence in these studies 

could be improved firstly, by recruiting more female participants; secondly, by using a 

crossover design; thirdly, by including adequate washout periods; and finally, by 

incorporating control groups or interventions.  These considerations were integrated into this 

study’s design. 

To further investigate the physiological effects of increasingly popular infrared sauna 

bathing
36, 37

, inclusive of these newer clinical markers of CVD more thoroughly studied with 

exercise, a controlled crossover trial in women was conceived.  The clinical protocol 
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compared thermal responses, arterial stiffness and heart rate variability within premenopausal 

women before, during and after interventions of infrared sauna, exercise or controlled resting.  

It was hypothesised that similar thermal and cardiovascular-related responses would be seen 

for the sauna and exercise activities, both as compared to control. 

2. Methods 

2.1 Study design 

This was a randomised, controlled crossover trial adhering to the Consolidated Standards of 

Reporting Trials (CONSORT) 2010 guidelines with extension for randomised crossover trials 

section, which was added in 2019.
38, 39

 (Fig.1)  The parameters of the three interventional 

visits (control, exercise and infrared sauna) were designed to enable comparisons with the 

duration and intensity of typical sauna bathing sessions.
4, 36, 40, 41

  All visits were conducted at 

least 48 hours apart.  The first visit for all participants was the control intervention, at which 

time they were randomly assigned by the same researcher (JH) to the exercise and sauna 

interventions (random draws.com/au/random-sequence-generator) to ensure balanced 

allocation of intervention order.  Data were collected from August 2019 to March 2020, at the 

indoor research gym of the Queensland Academy of Sport in Brisbane, Australia.  The 

COVID-19 pandemic restrictions instituted mid-March 2020 in Brisbane prematurely closed 

the clinical trial.   Jo
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Assessed for eligibility (n=37) 

Excluded (n= 27) 

   Not meeting inclusion criteria (n=14) 

   Declined to participate (n=11) 

   COVID-19 pandemic restrictions 

prevented participation (n=2) 

Analysed (n=5) 

Excluded from analysis (n=0) 

Lost to follow-up (n=0) 
Discontinued intervention (n=0) 

Allocated to crossover group I:  
(n=5) 
2nd experimental visit = infrared 
3rd experimental visit = exercise 

Lost to follow-up (n=0) 
Discontinued intervention (n=0) 

Allocated to crossover group II: 
(n=5) 
2nd experimental visit = exercise 
3rd experimental visit = infrared 

Analysed (n=5) 
Excluded from analysis (n=0) 
 

Allocation 

Analysis 

Follow-Up 

Attended 1st experimental (control) visit (n=10); 

randomized to one of two crossover groups 

Enrollment 

 
 

Figure 1 CONSORT Flow diagram 

 

2.2 Participants, Recruitment and Inclusion/Exclusion Criteria 

Participants were recruited from the general population using social media and various public 

advertisement postings.  Prospective study participants were screened by the same researcher 

(JH) via telephone/email.  All participants were assessed with pre-specified inclusion criteria 
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to be premenopausal, non-pregnant women, ≥ 18 years old, non-smokers, regular exercisers 

(non-elite), non-frequent (< 6-monthly) sauna bathers, not diagnosed with any medical 

disorders, not taking any medications regularly (except hormonal contraceptives), and 

generally considered healthy, within normal BMI range (BMI < 30.0 and ≥18.5 kg/m
2
).  

Anyone with a history of atrial fibrillation and/or Raynaud’s syndrome (or phenomenon) 

were excluded due to contraindications with the pulse wave analysis testing.  Baseline 

demographic and clinical characteristics of participants are presented in Table 1. 

Table 1. Baseline demographic and clinical characteristics of participants by crossover sequence 

group and entire cohort (total) 

 Crossover Sequence for Experimental Visits 

Characteristic Group I: 

Control visit, followed 

by IR, then EX (n = 5) 

Group II: 

Control visit, followed 

by EX, then IR (n = 5) Total (n =10) 

Age, yrs 39.8 ± 8.7 33.0 ± 9.8 36.4 ± 9.4 

Weight, kg 58.6 ± 9.9 53.8 ± 3.0 56.2 ± 7.3 

Height, cm 167.1 ± 5.0 163.7 ± 3.7 165.4 ± 4.5 

BMI, kg/m
2
 21.1 ± 3.7 20.1 ± 1.8 20.6 ± 2.8 

 C IR Ex C Ex IR  

Washout time 

(range - no. of days after 

preceding interventional visit) 

N/A 3-14 7 -28 N/A 2- 8 2 -42  

Menstrual status  

(range - no. of days after 

LMP) 

2 -21 1-15 6 -30 2 -27 7-25 6 -31  

Legend for Table 1: 

Values are means ± SD.  C = control; IR = infrared sauna; EX = exercise; LMP = last menstrual period; N/A = 

not applicable.   

 

2.3 Ethics 

All subjects provided written informed consent before participation.  Study procedures were 

conducted in concordance with approval granted by the RMIT University Human Research 

Ethics Committee (no. 21191).  This study was registered with the Australian New Zealand 

Clinical Trials Registry (ANZCTR no. 12618000679280). 
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2.4 Interventions 

Each participant completed only one of three interventions at each designated visit, with the 

control intervention being the first visit for all participants. The control intervention involved 

resting for three 15-minute sessions.  The room temperature (temp) was adjusted to 

participant comfort, at ~ 25
o
C, for all the visits.  In the exercise intervention, participants 

engaged in three sessions of moderate intensity aerobic exercise on a standard bicycle 

ergometer, with 5-min cool-down breaks at room temp between sessions.  A finger 

pulsoximeter was worn during bicycling to help guide participants to maintain pulse rates 

associated with moderate intensity exercise (55 - 70% of maximal heart rate, HRmax).
42

  

HRmax was calculated for each participant based upon the equation: HRmax = 220 – (age in 

years).
42

 

The sauna intervention utilised a full-spectrum infrared cabin (Clearlight Jacuzzi™ Sanctuary 

2 Unit, Berkeley, CA, U.S.A.).  The sauna was maintained at 60
o
C, < 20% RH for the three 

sessions.  The 5-min cool-downs were experienced at room temp.   

2.5 Outcome Measures 

2.5.1 Vital signs and thermal measurements 

Body weight was measured using medical-grade scales with ± 0.1 kg accuracy (Salter Kent, 

U.K.).  Height was determined using a stadiometer (QuickMedical, Warwick, RI).  Urine 

specific gravity (USG) was measured by manual reading of Roche™ Combur-10 Roche 

urinalysis test strips.  Tympanic body temperatures (Ttymp) were assessed using a diagnostic-

grade thermometer (Microlife Ear, Taipei, Taiwan) and skin temperatures were obtained at 

the forehead, back and both inner forearms using an infrared-based surface thermometer 

(Microlife Non-Contact, Taipei, Taiwan).  Respiratory rate (RR) measurements involved 

counting the observations of chest movements timed over 1 min.  O2 saturations (O2 sat) and 
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pulse rates (PR) were measured using a medical pulsoximeter (NONIN 9590 Vantage, Heal 

Force Bio-Meditech Holdings Ltd, Shenzhen, China).   

2.5.2 Blood Pressures and Pulse Wave Analysis (PWA)   

Systolic/diastolic blood pressure (SBP/DBP), mean arterial pressure (MAP) as well as PWA-

derived variables including central blood pressures and heart rate (HR) were obtained from 

participants sitting upright, using a brachial cuff-based electronic sphygmomanometer/ laser 

microprocessor - SphygmoCor XCEL (AtCor Medical Pty,Ltd, Sydney, NSW, Australia), as 

validated in prior studies.
13, 43-45

  (Table 2) 

2.5.3 Heart Rate Variability (HRV)   

Continuous 10-min measurements of heart rate (ECG-based) and breathing rate (motion-

based) were obtained from subjects resting and positioned supine on a massage table, using 

the Zephyr™ bioharness3 device (Medtronic, Boulder, CO, USA).  HRV data was extracted 

using Zephyr™ software (Medtronic, Boulder, CO, USA), then filtered and analysed in time 

and frequency domains with Kubios HRV Premium software (v3.3.1, University of Kuopio, 

Kuopio, Finland).
46

  Table 3 summarises the key HRV parameters used in this study.   

2.6 Experimental Protocol 

For 24 hours prior to each visit, participants abstained from using over-the-counter medicines 

or topical skin preparations.  Each participant fasted overnight and remained fasting until the 

assigned interventional visit was complete.  All experimental visits occurred in the mornings 

and were completed within 3 hours.  

Each study visit entailed outcome measures taken before (T0), during (T1, T2) and/or after 

(T3, T4) the interventions, as detailed in Table 4.  Room temp and relative humidity (RH) 

were monitored throughout visits with an indoor hygrometer (ThermoPro, TP-50, 

Guangdong, China).  Participants were encouraged to drink water ad libitum throughout 

experimental sessions.   
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For clinical safety and risk mitigation purposes, participants were visually monitored by a 

registered medical practitioner (JH) throughout all interventions.  Additionally, participants 

were verbally polled with fit-for-purpose questionnaires after each 15-min interventional 

session and at the end of visits.  These questionnaires assessed symptoms associated with 

dehydration and other commonly reported complications of sauna or exercise in clinical 

studies.
36, 47

 

 

Table 2. SphygmoCor XCEL algorithm-generated PWA parameters with cardiovascular-

related definitions/validations 

Parameter Description Cardiovascular-related definitions 

AIx
§ 
(%) Augmentation 

Index 

The ratio of AP (central augmented pressure) to C-PP (central aortic 

pulse pressure*), indicating the combined influences of large artery 

pulse wave velocity, peripheral pulse wave reflection and inherent 

vascular function.
48

 

AIx75
α 

(%) Augmentation 

Index, corrected to 

HR of 75 bpm 

 

Since AIx (augmentation index) varies with heart rate, it is commonly 

adjusted to a standard heart rate of 75 bpm.
49

 

AugPress
§
(mmHg) Central augmented 

pressure 

The difference between two pressure peaks: the initial peak detected as 

central aortic systolic pressure and then a second peak as aortic central 

pressure reading increased by the pulse wave reflected back towards the 

heart from the periphery, which adds to (or ‘augments’) the central 

aortic pressure in late systole.
43

 

   

Legend for Table 1: 
§
Both AIx and AugPress are validated measures that approximate ‘arterial stiffness’ for clinical settings.

13, 43, 44
 

*Aortic pulse pressure >50 mmHg has been independently associated with adverse cardiovascular outcomes.
50

 
α
AIx @HR 75 is a widely researched index of PWA, with several studies indicating that AIx is independently 

predictive of adverse cardiovascular events.
45, 50

  

 

Table 3. Summary of key HRV parameters and associated physiological origins 
HRV Parameter Description Associations with ANS Responses 

Time-domain 

RRMSD (ms) Square root of the mean squared 

differences between successive R wave-

to-R wave intervals on ECG*
14

 

Reflects vagal tone 

(parasympathetic nervous system 

activities)
51

 

Jo
ur

na
l P

re
-p

ro
of



Frequency-domain 

LF power (ms
2
)

 ∞
 Signal energy filtered into ECG 

components of rhythms with oscillations 

between 0.04 and 0.15 Hz (low 

frequencies)
14

 

Produced by both sympathetic and 

parasympathetic nervous system 

influences on primarily baroreflex 

activities
19, 51

 

HF power (ms
2
)

 ∞
 Signal energy filtered into ECG 

components of rhythms with oscillations 

between 0.15 and 0.40 Hz (high 

frequencies)
14

 

Reflects primarily respiratory-

mediated vagal influences 

(parasympathetic nervous system 

activities)
51, 52

 

LF/HF ratio Ratio of LF power to HF power
14

 Estimates the mix of sympathetic 

and vagal (parasympathetic) 

activities
51, 52

 

Legend for Table 2: 

ms = milliseconds; ECG = electrocardiogram, a recording of graphed voltage versus time electrical activity of the heart using 

electrodes placed on the skin; Hz = 1/sec. 

*Mean HR, Min HR and Max HR computed by Kubios HRV software using N beat moving average or default value of N = 

5, with minimum 5 minute segments46. 
∞Power is the signal energy found within one frequency band.  Fast Fourier transform (FFT) was utilized with our 

frequency-domain measurements, expressed as ms (milliseconds) squared divided by cycles per second (ms2 /Hz) 51 

 

 

Table 4. Time Points of Outcome Measures 

Parameters T0 I Rest-

T1 

I Rest-

T2 

I T3 T4 

Height & Age         

Body weight         

Tympanic/Skin temps         

Respiratory rate         

Pulsoximetry         

Blood pressure         

Pulse wave analysis         

Heart rate variability         
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Parameters T0 I Rest-

T1 

I Rest-

T2 

I T3 T4 

Control or 

Exercise or 

Infrared sauna 

        

Time to sweat         

Urine samples         

Legend for Table 3:  

T0=before intervention; T1=post 15 min intervention; T2=post 30 min intervention;T3=post 45 min 

intervention; T4=post 30min recovery; I = intervention. 
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 Pre-Intervention Questionnaire completed. 

Pre-intervention body weight obtained. 

Participant collected pre-intervention urine sample 

Temperatures measured: core tympanic and forehead/forearms/back surface skin temps. 

Finger pulsoximetry: pulse rate and O2 saturations measured. 

Respiratory rate measured clinically. 

Temperatures measured: core tympanic and forehead/forearms/back surface skin temps. 

Finger pulsoximetry: pulse rate and O2 saturations measured. 

Respiratory rate measured clinically. 

 

15-min Intervention 

Temperatures measured: core tympanic and forehead/forearms/back surface skin temps. 

Finger pulsoximetry: pulse rate and O2 saturations measured. 

Respiratory rate measured clinically. 

15-min Intervention 

15-min Intervention 

Temperatures measured: core tympanic and forehead/forearms/back surface skin temps. 

Finger pulsoximetry: pulse rate and O2 saturations measured. 

Respiratory rate measured clinically. 

Participant collected post-intervention urine sample 

Post-intervention body weight obtained. 

Post-Intervention Questionnaire completed. 

Snacks eaten; discussed findings of intervention with participant. 

Figure 2 - Experimental Protocol Flow Chart 
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2.7 Sample Size 

A power analysis for primary variables of interest (body temperatures, heart rate variability 

and pulse wave analysis), specifying repeated measures, using conventional α = 0.05 and β = 

0.80 (G*power software v.3.1.9.4
53

), determined a minimum sample size of 9 participants 

necessary to detect within-subject changes.   

2.8 Statistical Analyses 

Data were compiled with Microsoft Excel (Office 365, 2019) and statistically analysed using 

IBM SPSS Statistics 26.0 (SPSS, Chicago, IL).  Datasets were assessed for normality using 

Kurtosis/Skewness values, Shapiro-Wilk testing and plotted histograms.  Variance-

covariance matrices were explored using principal components analysis to determine the 

variables suitable for MANOVA.   

Data were expressed as mean with standard deviation (SD) or standard error or means 

(SEM), or as median with 25th-75th interquartile range (IQR), depending on the distribution 

of the data.  One-way ANOVA/MANOVA repeated measures with the repeated factors of 

time (within subjects, 2 - 4 time points) were used to analyse measurements across the 

interventions.  In the event of significant time-by-intervention interactions (α = 0.05), post-

hoc Bonferroni analyses were performed to report multiple pairwise differences.   

3. Results 

Of 37 individuals assessed for eligibility, 10 women enrolled and completed the three 

interventional visits in their allocated order.  There were no dropouts in the study.  Adjusted 

indoor environmental settings were mean room temp 25.4
o
C ± SD 0.9

o
C and mean RH 50 % 

± SD 10 %.  The women presented and departed the study visits in states of adequate 

hydration (USG < 1.025
54

) with pre/post USG median (IQR) of crossover group I = 1.005 

(0.005)/ 1.005 (0.005); and of crossover group II = 1.000 (0.000)/ 1.008 (0.008).   
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3.1 Thermal responses 

Tympanic and skin temperatures were measured at T0 (baseline), T1 (15 min), T2 (30 min) 

and T3 (45 min).  The first two participants, both by chance assigned to Crossover Group I, 

do not have control-T3 data, as this time point was not included in the original protocol.  It 

was added by HREC amendment after these participants completed their 1
st
 visit.  

(Supplementary Tables 1 and 2) 

Significant intervention-based effects with Ttymp were detected (Wilks’ Lambda = 0.116, 

F(6,46) = 14.824, p<0.0005, multivariate η
2
 = 0.659).  Post-hoc analysis revealed increases 

with sauna as compared to both control (mean diff = +1.05
o
C ± SEM 0.12

 o
C, 95% C.I.: 0.73 

– 1.36, p<0.0005) and exercise (+0.79 ± 0.12
 o

C, 95% C.I.: 0.49 – 1.08, p<0.0005), at 15 min, 

30 min, 45min (all p<0.0005).  A similar trend towards increased Ttymp with exercise as 

compared to control was noted but did not reach statistical significance (+0.26 ± 0.12
 o

C, 

95% C.I.: - 0.05 – 0.58, p=0.127).  (Fig.2)   

Analysis of skin temperatures (forehead, wrist, back) measured at the same time points 

revealed the back temperatures showed the clearest differences across time/interventions 

(Wilks’ Lambda = 0.399, F(6,46) = 4.470, p=0.001, multivariate partial η
2
 = 0.368).  Post-

hoc comparisons indicated both sauna- and exercise-related back temps were lower than 

respective control measures: mean diff ± SEM control/sauna (-0.48 ± 0.12
o
C, 95% C.I.: - 

0.17 to - 0.79, p=0.002) at 30 min and 45 min; and greater differences comparing 

control/exercise (-0.84 ± 0.12
o
C, 95% C.I.: - 0.53 to – 1.15, p<0.001) at all time points. (Fig. 

3)  Post-hoc differences were also detected comparing sauna/exercise (- 0.36 ± 0.11
o
C, 95% 

C.I.: - 0.07 to – 0.66, p=0.012), with exercise back temps lower than sauna, but only at 15 

min.   
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34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

oC 

baseline  15 min   30 min   45 min   

Ttymp - Control 

34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

baseline  15 min*   30 min*   45 min* 

Ttymp - IR Sauna* 

p < 0.0005 
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Figure 3 (in colour)  

Tympanic temperature measurements (
o
C) 

Measurements in subjects (n = 10) taken over time with control, infrared sauna and exercise interventions, 

color-coded by individual. Color-participant designations in Trellis graphs are maintained across all the figures. 

*Mean diff ± SEM were significant between infrared sauna and control = +1.05
o
C ± 0.12

 o
C, 95% C.I.: 0.73 – 

1.36, p < 0.0005) and between infrared sauna and exercise = +0.79
o
C ± 0.12

 o
C, 95% C.I.: 0.49 – 1.08, p < 

0.0005), at time points 15 min, 30 min, 45min, but not between exercise and control. 

 

34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

baseline  15 min   30 min    45 min   

Ttymp -Exercise 
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34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

baseline 15 min 30 min  45 min

oC 

Back Temp - Control 

34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

38.0

baseline 15 min 30 min* 45 min*

Back Temp - IR Sauna* 
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Figure 4 (in colour) 

Skin temperature measurements at the back (
o
C) 

Measurements taken at the back in subjects (n = 10) over time with control, infrared sauna and exercise 

interventions, colour-coded by individual.  * Mean differences ± SEM were significant between exercise and 

control (-0.84
o
C ± 0.12

o
C, 95% C.I.: - 0.53 to – 1.15, p < 0.001) and between sauna and control (-0.48

o
C ± 

0.12
o
C, 95% C.I.: - 0.17 to - 0.79, p = 0.002) at indicated time points, as shown by an asterisk on the axis label.  

Post-hoc differences between sauna and exercise (- 0.36
o
C ± 0.11

o
C, 95% C.I.: - 0.07 to – 0.66, p = 0.012) 

were detected, but only at the 15-min time point. 

 

3.2 Respiratory responses – RR and O2sat 

Respiratory rate (RR) and O2 saturation (O2 sat) measurements were obtained at time points 

(T0 – T3) as detailed above, with the same two participants missing control-T3 data. An 

additional participant is missing sauna-T2 data (Supplementary Table 3) due to equipment 

difficulties.  Significant time-by-intervention differences were found with RR (Wilks’ 

Lambda = 0.381, F(6,44) = 4.541, p=0.001, multivariate partial η
2
 = 0.382) but not with O2 

sat.  Post-hoc comparisons revealed increased RR at 15 min, 30 min and 45 min with exercise 

as compared to both control (mean diff = +7.66 ± SEM 1.37 breaths/min, 95% C.I.: 4.09–
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11.23, p<0.0005) and sauna (+6.66 ± 1.33 breaths/min, 95% C.I.: 3.2–10.11, p<0.0005).  No 

differences in RR were detected with sauna/control comparison (+1.01 ± 1.41 breaths/min, 

95% C.I.: - 2.65 – 4.66, p=1.000). (Fig.4) 
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Figure 5 (in colour) 

Respiratory rate (RR) in breaths/min. 

Measurements taken in subjects (n = 10) over time points with control, infrared sauna and exercise 

interventions, color-coded by individual *Mean differences in RR were significant across time between exercise 

and control interventions (mean diff = +7.66 breaths/min ± SEM 1.37 breaths/min, 95% C.I.: 4.09 – 11.23, p < 

0.0005) and between exercise and infrared sauna (+6.66 breaths/min ± 1.33 breaths/min, 95% C.I.: 3.20 – 

10.11, p < 0.0005) at specified time points*.   

 

3.3 Basic cardiovascular responses: HR, SBP, DBP, MAP 

Measurements of HR, SBP/DBP and MAP were obtained at baseline (T0), post intervention 

(T3), and during recovery (T4).  Two participants are missing control-T4 data due to early 

adjustments made to the clinical protocol. 

Consistent with the study design, HR significantly changed over time-intervention: (Wilks’ 

Lambda = 0.383, F(4,48) = 7.389, p<0.0005, multivariate partial η
2
 = 0.381).  Post-hoc 

analysis indicated increased HR with exercise/control comparisons (mean diff = +17.5 bpm ± 

SEM 4.7 bpm, 95% C.I.: 5.5–29.4, p=0.003) at post intervention and at recovery, but not with 

exercise/sauna (-7.9 ± 4.4 bpm, 95% C.I.: – 19.1 – 3.41, p=0.257), nor with sauna/control 

(+9.6 ± 4.7 bpm, 95% C.I.: -2.4–21.6, p=0.151).   

Of the blood pressures, only systolic blood pressure (SBP) demonstrated a downwards trend 

over time with both sauna and exercise as compared to control (Wilks’ Lambda = 0.635, 

F(4,48) = 3.060, p=0.025, multivariate partial η
2
 = 0.203).  However, these trends were not 

demonstrated with post-hoc analysis at any of the three timepoints. (Supplementary Fig.1) 

3.4 Pulse Wave Analysis (PWA) responses 

Both indices of arterial stiffness derived from the SphygmoCor XCEL PWA system - Central 

Augmented Pressure (AugPress) and Augmentation Index (AIx75) - were measured pre/post 

interventions (T0, T3) and during recovery (T4).  Two participants are missing control-T4 

data due to the early adjustments in the clinical protocol.  Trends were detected across 
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time/intervention in the repeated measures of AIx75 (Wilks’ Lambda = 0.549, F(4,48) = 

4.201, p=0.005, multivariate partial η
2
 = 0.259), however none were demonstrated 

statistically with post-hoc testing (mean diff ± SEM) : -4.5 ± 7.9 %mmHg, 95% C.I.: – 24.7 – 

15.7, p = 1.000 (exercise/control); -6.7 ± 7.9 %mmHg, 95% C.I.: – 26.9 – 13.6, p = 1.000 

(sauna/control), and +2.2 ± 7.4 %mmHg, 95% C.I.: – 16.9 – 21.2, p = 1.000 (exercise/sauna).  

(Supplementary Fig.2)  Inspection of estimated marginal means plots (not shown) suggested 

higher arterial stiffness trended with exercise and sauna (both compared to control) at post 

intervention (T3) but resolved by recovery (T4).  No differences were detected with repeated 

measures of AugPress: Wilks’ Lambda = 0.728, F(4,48) = 2.068, p=0.100, multivariate 

partial η
2
 = 0.147).  (Supplementary Fig.2) 

3.5 HRV responses 

Two key indices of HRV, namely RRMSD and LF/HF ratio, were calculated pre (T0) and 

post (T3) intervention.  Missing data included the control-T3-RRMSD value for participant 8 

and the control- and sauna-T0-LF/HF values for participant 2 due to inadequate capture of 

data from the Zephyr™ device and/or difficulties transforming the data with the external 

software package.  No differences in pre/post HRV responses between control, sauna and/or 

exercise were demonstrated (MANOVA - Wilks’ Lambda = 0.793, F(4,22) = 0.678, p=0.615, 

multivariate partial η
2
 = 0.110).  (Supplementary Fig.3) 

3.6 Adverse Events 

Three participants experienced adverse events during the study sessions, none of whom 

required medical intervention.  One participant experienced a brief episode of nausea and 

dizziness immediately following the exercise intervention.  Another participant complained 

of bicycle seat irritation during the first 15 minutes of the exercise intervention, but this 

resolved promptly with adjustment of the bicycle seat.  The third participant experienced mild 

dizziness after completing the infrared sauna intervention.  At follow up, she reported 
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developing a migraine headache later that same day, which resolved with rest and without the 

use of any medications.   

4. Discussion 

We report physiological findings whereby ten healthy women underwent sessions of infrared 

sauna (IR) as compared to moderate-intensity exercise and control resting sessions, utilising a 

crossover design.  Significantly higher Ttymp responses during and immediately after IR were 

experienced by the women, as compared to exercise and control. These women also 

responded with higher RR during and immediately after exercise as compared to IR and 

control. Contrary to our expectations, no significant differences in the measures of blood 

pressures, arterial stiffness or HRV were demonstrated. 

The rise in Ttymp with IR vs control (+1.05 ± 0.12
 o

C, p<0.0005) was expected.  Other studies 

have demonstrated similarly elevated core body temperatures in both men and women with 

other forms of passive heating such as Finnish/traditional saunas (15–30 min exposures at 

73–100
o
C, 5-40% RH)

27, 55-58
 or warm water immersions (1-hr exposures at 39–40

o
C 

water).
59, 60

  Only studies involving healthy athletic men and/or participants with medical 

conditions (CHF, depression, fibromyalgia) have reported such findings with infrared sources 

of whole-body heat, which generally involve lower ambient temperatures than traditional 

Finnish saunas.
61-66

  Our findings confirm these thermal relationships with infrared sauna use 

in healthy women, despite our participants being at various stages of their menstrual cycle 

during data collections, as recorded in Table 1.  This is noteworthy since premenopausal 

women are understood to have more variable body temperatures, depending upon their 

menstrual phase.
67-69

  This also suggests infrared sauna and traditional Finnish sauna 

activities may involve similar hormesis-type physiological responses, crossing 

thermoregulatory thresholds at different points along a theorized U-shaped response pattern.
70
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In measures of surface skin temperatures, we found contrasting results (as compared to 

tympanic temperatures) of lower skin temperatures at the back (Fig.4), wrists and forehead, 

most markedly with exercise.  Participants were also noted to sweat more profusely during 

the sauna vs exercise interventions, and regionally more at the back compared to the forehead 

and wrists.  The functional cooling effects of sweating plausibly explain these findings.  

These observations are consistent with studies of sweat distribution documented around 

exercise in both men and women.
71

  

The higher sauna-associated Ttymp compared to matched levels of exercising (+ 0.79 ± 

0.12
o
C, p<0.0005) is intriguing.  This concurs with findings of a study in male athletes that 

demonstrated higher core body temperatures with passive heating (infrared whole-body 

capsules at 65˚C - 80˚C) as compared to a matched group engaging in similar timing of 

exercise (interval training).
62

  This may have implications for better understanding sauna 

bathing’s purported pain-relieving and anti-inflammatory effects, similar to exercise.   

Recent discussions in the literature suggest the skeletal muscle ‘heat’ generated with exercise 

and the resultant thermoregulatory and immune-mediated responses via myokines might be 

responsible for its anti-inflammatory benefits.
60, 72

  Exercise-associated mechanisms proposed 

to support this hypothesis include the upregulation of heat shock proteins (i.e., HSP70, 

HSP72, HSP 90)
73

, altered levels of various interleukins (IL-6, IL-10, IL-1 receptor 

antagonists)
72, 74-76

 and improvements in cutaneous microvascular function via increased 

nitric oxide-dependent vasodilation,
77-80

 which have all been demonstrated to occur to the 

same degree or more with passive heat exposure.
9, 81, 82

  Distinguishing the mechanisms 

during acute engagement (i.e., our study) versus adaptive responses of habitual exposures of 

either passive heat and/or exercise, complicates comparisons and requires further study. 

The marked rise in participants’ breathing rates with exercise compared to control (+7.66 ± 

1.37 breaths/min, p<0.0005) was expected; however, absence of this during sauna compared 
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to control (+1.01 ± 1.41 breaths/min, p=1.000) is worth highlighting.  Given the rise in Ttymp 

with sauna vs control (+1.05 ± 0.12
o
C, p<0.0005), it was expected that evidence of thermal-

induced hyperpnea would be observed, as has been previously reported in the literature.
83

  

This increased respiratory drive with exercise but not sauna hints towards differences in not 

just thermoregulatory mechanisms but also differential O2 metabolism perturbations on a 

cellular (mitochondrial) or more pleotropic level, potentially involving the greater production 

of damaging reactive oxygenated species (ROS) with exercise.
84-86

   

Based on numerous prior studies, beneficial cardiovascular responses such as decreases in 

SBP/DBP and arterial stiffness were expected to be observed with the sauna and exercise 

activities.
32, 40, 55, 87-89

  Of note, these referenced studies were conducted predominantly with 

men and often involved CVD risk-afflicted populations.
32, 40, 55, 87, 88

  Yet the blood pressure 

and arterial stiffness responses of our female participants were not significantly different 

across all three interventions, including control.  However, we did not measure BPs during 

the interventions (only at baseline, immediately afterwards and post-recovery), unlike a 

recent study which tracked increases in HR and BP during a 25-min session of Finnish-style 

sauna (93
o
C, 13% RH), followed by sustained decreases in BP afterwards.

40
   

Several possibilities might explain the absence of BP and arterial stiffness differences in this 

study.  Firstly, the intensities of both the infrared heat exposure and the bicycling may have 

been too mild to induce the necessary levels of physiological stress required to modulate 

arterial compliance.  Many of the interventional studies reporting passive heat exposures 

reducing arterial stiffness (measured using multiple techniques which is a confounder) 

employed the use of traditional saunas, hot water immersions or water-immersion suits, 

representing higher thermoregulatory loads than infrared saunas.
10, 21, 23

  Secondly, the control 

activity might have resulted in unintended beneficial modulations of arterial stiffness, similar 

in degree to the effects of the sauna and exercise.  Thirdly, these results might reflect 
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differences in study populations.  The infrared sauna-based studies reporting vascular 

outcomes generally involved non-healthy populations and repeated treatments.
24, 90-93

  

Likewise, the studies demonstrating exercise-induced changes in arterial compliance involved 

athletes or the opposite spectrum – metabolically challenged populations.  This interrelates 

with findings of other studies suggesting the magnitude of heat-induced or exercise-induced 

improvements is mediated more by baseline stiffness measures (the higher the baseline 

arterial stiffness, the better the improvements) as opposed to the intensity level of 

heat/exercise.
94, 95

  These findings may also be influenced by gender, as indicated by a recent 

study demonstrating healthy young men display greater changes in arterial stiffness to aerobic 

exercise interventions than matched healthy young women.
96

   

Similar explanations may apply to our study’s unremarkable HRV findings.  We found 

minimal change (in RRMSD) or confoundingly multidirectional changes (in LF/HF ratio) 

both intra- and inter-individually.  (Supplementary Fig.3)  In the literature, episodic bouts of 

either aerobic exercise or intense heat in healthy individuals (mostly men) have been 

associated with decreased (↓) parasympathetic and increased (↑) sympathetic responses 

during the performance of these activities, as detected by HRV measurements and ANS-

blocking drug studies.
97-99

  When combined in a single session, exercise and heat stress can 

result in even greater vagal withdrawal (↓RRMSD).
100

  What happens to HRV after these 

activities (single session or repeated) in the recovery period is more controversial: ↓LF/HF 

ratio after repeated Waon infrared therapy and predominantly in men
101, 102

; ↑LF/HF ratio 

during and after Finnish sauna 
29, 30, 33, 103

; or ↑LF/HF/ ↓RRMSD during a Finnish sauna, 

followed by ↓LF/HF/ ↑RRMSD in the recovery
25

; or no changes in pre/post LF/HF ratio but 

↑RRMSD after a combination sauna (Finnish, steam and warm water immersion).
32

   

Results of other studies are difficult to compare to ours due to variations in sauna protocols 

(types/ temp/ humidity/ exposure times/ timing of outcome measures) and inconsistencies 
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with the use of control groups.  It can also be argued HRV may not be an accurate way to 

measure cardiac ANS responses due to its overly interdependent relationship with HR.
104

   

4.1 Strengths and Limitations 

Despite the small sample size, prematurely limited by COVID-19 pandemic restrictions, the 

strength of this study was its robust crossover design with participants serving as their own 

controls in outcome comparisons.  This is important since clinically validated ‘normal range’ 

values for the specialised outcome measures of arterial stiffness and HRV are still in 

development. 

We acknowledge several study limitations.  Conducting the crossover trial over 8 months 

presents the risk of overlooking seasonal effects, with outdoor temperatures in Brisbane 

ranging 13
o
C – 27

o
C over the study period.  Indoor temperature settings were catered to the 

individual participant; however, humidity levels were not so easily manipulated (range: 30 – 

75% RH) and could have impacted thermoregulatory responses.  The minimum washout 

period of 48 hours was sufficient to avoid crossover effects (by most of our statistical 

findings) yet the lack of a consistent washout period across all participants introduced 

potential time period differences.  A circadian bias was associated with conducting the 

experimental procedures in the mornings.  Although many people exercise first thing in the 

morning, fewer are known to typically engage in infrared sauna activities at this time of 

day.
36

  Another limitation was incorporating so few post-interventional time points for 

outcome assessment.  On hindsight, such omission prevented capturing the full extent (i.e., 

estimated to be hours) of physiological end-effects resulting from various ‘stress’-related 

gene expressions, as suggested by researchers studying the transcriptomic responses of blood-

based mononuclear cells, obtained from healthy volunteers passively exposed to a 15-min 

Finnish sauna session.
82

  Interestingly, the Saudi Arabian participants of this referenced study 

were reported as perceiving the sauna session as a nocebo intervention.  Even though our 
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study was conducted in a warm climate, all participants reported perceiving the sauna as a 

favorable activity, which may reflect cultural bias and placebo effects.  As well, the same 

researcher collected all the data, which might have unintendingly incorporated bias.   

4.2 Future Considerations 

The infrared sauna exposure of our study reproduced some of the thermoregulatory but not all 

the hemodynamic or ANS-associated results found with other passive heat studies.  This 

highlights the need for a more nuanced approach to evaluating clinical studies of passive 

heat, by not assuming all forms of thermal heat therapy will have equivalent cardiovascular 

or metabolic effects, especially regarding women.
57, 105

  Measuring metabolic and enzymatic 

parameters along with sweating rate and other systemic physiological measurements in 

clinical studies will also guide further understanding of mechanistic differences.  Clarifying 

such distinctions in the future will help to determine which passive heat activities are most 

beneficial for specific health-related outcomes, especially CVD-related outcomes. 

4.3 Conclusions 

The results of this study suggest the health effects of infrared sauna are driven by 

thermoregulatory adaptations, more so than exercise-mimetic hemodynamic, respiratory, or 

cardiac ANS responses.  

 

Acknowledgements 

The authors are grateful to the research participants whose valuable time and efforts made 

this study possible.  Queensland Academy of Sport and Queensland Sport Activities Centre 

are thanked for generously allowing us to access and utilise their Water Recovery Centre and 

research gym facilities for the study.  Clearlight Infrared Saunas International (Berkeley, CA 

USA) along with the local distributing company Jacuzzi Saunas Australia (Mullumbimby, 

NSW Australia) were generous in providing loaned use of a ‘Sanctuary 2’ full-spectrum 

Jo
ur

na
l P

re
-p

ro
of



infrared sauna cabin for the study.  The company and its representatives did not participate in 

designing the research, nor in collecting, analysing or interpreting the data, and were not 

involved in the manuscript preparation.  Dr Alice Johnstone of RMIT University Statistical 

Services is kindly acknowledged for her advice and guidance with the statistical methods 

used in this study.  

Funding and Disclosures 

Dr Joy Hussain received PhD scholarship funding from the Jacka Foundation and RMIT 

University in Australia.   

Author Contributions 

JH, MC and RG conceived and designed the study; JH recruited participants and 

collected/analyzed the data; JH, CJO, NM. and RG interpreted results of the experiments; JH 

drafted the original manuscript and prepared the tables/ figures; JH, MC, CJO, and RG edited 

and revised the manuscript. 

Declaration of Interest:  

none 

Conflict of Interest 

The authors declare that they have no conflict of interest. 

Appendix A - supplementary data 

See attached file. 

References 

1. Garatachea N, Pareja-Galeano H, Sanchis-Gomar F, et al. Exercise attenuates the major 

hallmarks of aging. Rejuvenation Research. 2015;18(1): 57-89. 

Jo
ur

na
l P

re
-p

ro
of



2. Moore SC, Patel AV, Matthews CE, et al. Leisure time physical activity of moderate to 

vigorous intensity and mortality: a large pooled cohort analysis. PLoS Med. 2012;9(11): e1001335. 

3. Vina J, Sanchis‐Gomar F, Martinez‐Bello V, Gomez‐Cabrera M. Exercise acts as a drug; the 

pharmacological benefits of exercise. British journal of pharmacology. 2012;167(1): 1-12. 

4. Hussain J, Cohen M. Clinical effects of regular dry sauna bathing: a systematic review. 

Evidence-Based Complementary and Alternative Medicine. 2018;2018: 1857413. 

5. Laukkanen T, Khan H, Zaccardi F, Laukkanen JA. Association between sauna bathing and 

fatal cardiovascular and all-cause mortality events. JAMA Internal Medicine. 2015;175(4): 542-548. 

6. Laukkanen JA, Laukkanen T, Kunutsor SK. Cardiovascular and other health benefits of sauna 

bathing: a review of the evidence. Mayo clinic proceedings. 93. Elsevier; 2018:1111-1121. 

7. Nocon M, Hiemann T, Müller-Riemenschneider F, Thalau F, Roll S, Willich SN. Association 

of physical activity with all-cause and cardiovascular mortality: a systematic review and meta-

analysis. European Journal of Cardiovascular Prevention & Rehabilitation. 2008;15(3): 239-246. 

8. Kunutsor SK, Laukkanen T, Laukkanen JA. Longitudinal associations of sauna bathing with 

inflammation and oxidative stress: the KIHD prospective cohort study. Annals of Medicine. 

2018;50(5): 437-442. 

9. Behzadi P, Gravel H, Neagoe P-E, Barry H, Sirois MG, Gagnon D. Impact of Finnish sauna 

bathing on circulating markers of inflammation in healthy middle-aged and older adults: a crossover 

study. Complementary Therapies in Medicine. 2020;52: 102486. 

10. Gravel H, Behzadi P, Cardinal S, et al. Acute vascular benefits of Finnish sauna bathing in 

patients with stable coronary artery disease. Canadian Journal of Cardiology. 2021;37(3): 493-499. 

11. Gryka D, Pilch W, Szarek M, Szygula Z, Tota Ł. The effect of sauna bathing on lipid profile 

in young, physically active, male subjects. International Journal of Occupational Medicine and 

Environmental Health. 2014;27(4): 608-618. 

12. Pilch W, Szyguła Z, Klimek A, et al. Changes in the lipid profile of blood serum in women 

taking sauna baths of various duration. International Journal of Occupational Medicine and 

Environmental Health. 2010;23(2): 167-174. 

13. Mackenzie I, Wilkinson I, Cockcroft J. Assessment of arterial stiffness in clinical practice. 

Quarterly Journal of Medicine. 2002;95(2): 67-74. 

14. Malik M. Heart rate variability - standards of measurement, physiological interpretation, and 

clinical use: task force of the European Society of Cardiology and the North American Society for 

Pacing and Electrophysiology. Annals of Noninvasive Electrocardiology. 1996;1(2): 151-181. 

15. Boutouyrie P, Bruno R-M. The clinical significance and application of vascular stiffness 

measurements. American Journal of Hypertension. 2018;32(1): 4-11. 

16. Franklin SS. Beyond blood pressure: arterial stiffness as a new biomarker of cardiovascular 

disease. Journal of the American Society of Hypertension. 2008;2(3): 140-151. 

17. Billman GE, Huikuri HV, Sacha J, Trimmel K. An introduction to heart rate variability: 

methodological considerations and clinical applications. Frontiers in Physiology. 2015;6: 55. 

18. Forte G, Casagrande M. Heart rate variability and cognitive function: a systematic review. 

Frontiers in Neuroscience. 2019;13: 710. 

19. Roberto C, Attilio C. Heart rate variability: An overview and a few immediate/short-term 

assessments. Heart and Mind. 2018;2(4): 111-118. 

20. Caldwell AR, Robinson FB, Tucker MA, et al. Effect of passive heat stress and exercise in 

the heat on arterial stiffness. European Journal of Applied Physiology. 2017;117(8): 1679-1687. 

21. Brunt VE, Howard MJ, Francisco MA, Ely BR, Minson CT. Passive heat therapy improves 

endothelial function, arterial stiffness, and blood pressure in sedentary humans. The Journal of 

Physiology. 2016;594(18): 5329-5342. 

22. Schlader ZJ, Okada Y, Best SA, Fu Q, Crandall CG. Arterial stiffness during whole‐body 

passive heat stress in healthy older adults. Physiological Reports. 2019;7(9): e14094. 

Jo
ur

na
l P

re
-p

ro
of



23. Lee E, Laukkanen T, Kunutsor SK, et al. Sauna exposure leads to improved arterial 

compliance: findings from a non-randomised experimental study. European Journal of Preventive 

Cardiology. 2018;25(2): 130-138. 

24. Imamura M, Biro S, Kihara T, et al. Repeated thermal therapy improves impaired vascular 

endothelial function in patients with coronary risk factors. Journal of the American College of 

Cardiology. 2001;38(4): 1083-1088. 

25. Laukkanen T, Lipponen J, Kunutsor SK, et al. Recovery from sauna bathing favorably 

modulates cardiac autonomic nervous system. Complementary Therapies in Medicine. 2019;45: 190-

197. 

26. Stanley J, Halliday A, D’Auria S, Buchheit M, Leicht AS. Effect of sauna-based heat 

acclimation on plasma volume and heart rate variability. European Journal of Applied Physiology. 

2015;115(4): 785-794. 

27. Zalewski P, Zawadka-Kunikowska M, Słomko J, et al. Cardiovascular and thermal response 

to dry-sauna exposure in healthy subjects. Physiology Journal. 2014;2014: 106049. 

28. Kihara T, Biro S, Ikeda Y, et al. Effects of repeated sauna treatment on ventricular 

arrhythmias in patients with chronic heart failure. Circulation Journal. 2004;68(12): 1146-1151. 

29. Gayda M, Bosquet L, Paillard F, et al. Effects of sauna alone versus postexercise sauna baths 

on short-term heart rate variability in patients with untreated hypertension. Journal of 

Cardiopulmonary Rehabilitation and Prevention. 2012;32(3): 147-154. 

30. Kunbootsri N, Janyacharoen T, Arrayawichanon P, et al. The effect of six weeks of sauna on 

treatment - autonomic nervous system, peak nasal inspiratory flow and lung functions of allergic 

rhinitis Thai patients. Asian Pacific Journal of Allergy and Immunology. 2013;31(2): 142-147. 

31. Miwa C, Kawahara Y. Effect of isotonic exercise on energy metabolism, body temperature 

and cardiovascular functions during mist sauna bathing in humans. Autonomic Neuroscience: Basic 

and Clinical. 2016;201: 72-75. 

32. Corsini A, Capogrosso M, Perini R. Effects of spa treatment on cardiac autonomic control at 

rest in healthy subjects. Sport Sciences for Health. 2015;11: 181-186. 

33. Kontaxis S, Bailón R, Rapalis A, et al. Abstract in Conference  IEEE - Institute of Electrical 

and Electronics Engineers 8 - 11 September 2019: Autonomic nervous system response to heat stress 

exposure by means of heart rate variability. Computing in Cardiology. 2019;45: 197. 

34. Imamura T, Kinugawa K, Nitta D, Komuro I. Real-time assessment of autonomic nerve 

activity during adaptive servo-ventilation support or Waon therapy. International Heart Journal. 

2016;57(4): 511-514. 

35. Bruce-Low SS, Cotterrell D, Jones GE. Heart rate variability during high ambient heat 

exposure. Aviation, space, and environmental medicine. 2006;77(9): 915-920. 

36. Hussain JN, Greaves RF, Cohen MM. A hot topic for health: results of the Global Sauna 

Survey. Complementary Therapies in Medicine. 2019;44: 223-234. 

37. Beever R. Far-infrared saunas for treatment of cardiovascular risk factors: summary of 

published evidence. Canadian Family Physician. 2009;55(7): 691-696. 

38. Schulz KF, Altman DG, Moher D. CONSORT 2010 Statement: updated guidelines for 

reporting parallel group randomised trials. BMJ. 2010;340: c332. 

39. Dwan K, Li T, Altman DG, Elbourne D. CONSORT 2010 statement: extension to randomised 

crossover trials. BMJ. 2019;366: l4378. 

40. Ketelhut S, Ketelhut R. The blood pressure and heart rate during sauna bath correspond to 

cardiac responses during submaximal dynamic exercise. Complementary Therapies in Medicine. 

2019;44: 218-222. 

41. Vuori I. Sauna bather's circulation. Annals of clinical research. 1988;20(4): 249-256. 

42. Norton K, Norton L, Sadgrove D. Position statement on physical activity and exercise 

intensity terminology. Journal of Science and Medicine in Sport. 2010;13(5): 496-502. 

43. Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and risk of atherosclerotic 

events. Arteriosclerosis, Thrombosis, and Vascular Biology. 2003;23(4): 554-566. 

Jo
ur

na
l P

re
-p

ro
of



44. O'Rourke MF, Pauca A, Jiang XJ. Pulse wave analysis. British Journal of Clinical 

Pharmacology. 2001;51(6): 507-522. 

45. Weber T, Auer J, O'Rourke MF, et al. Increased arterial wave reflections predict severe 

cardiovascular events in patients undergoing percutaneous coronary interventions. European Heart 

Journal. 2005;26(24): 2657-2663. 

46. Tarvainen MP, Niskanen J-P, Lipponen JA, Ranta-Aho PO, Karjalainen PA. Kubios HRV–

heart rate variability analysis software. Computer Methods and Programs in Biomedicine. 

2014;113(1): 210-220. 

47. Siquier-Coll J, Bartolomé I, Pérez-Quintero M, Grijota F, Muñoz D, Maynar-Mariño M. 

Effect of heat exposure and physical exercise until exhaustion in normothermic and hyperthermic 

conditions on serum, sweat and urinary concentrations of magnesium and phosphorus. Journal of 

thermal biology. 2019;84: 176-184. 

48. Crilly M, Coch C, Bruce M, Clark H, Williams D. Indices of cardiovascular function derived 

from peripheral pulse wave analysis using radial applanation tonometry: a measurement repeatability 

study. Vascular Medicine. 2007;12(3): 189-197. 

49. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb DJ. The influence of 

heart rate on augmentation index and central arterial pressure in humans. The Journal of Physiology. 

2000;525(1): 263-270. 

50. Roman MJ, Devereux RB, Kizer JR, et al. High central pulse pressure is independently 

associated with adverse cardiovascular outcome: the Strong Heart Study. Journal of the American 

College of Cardiology. 2009;54(18): 1730-1734. 

51. Shaffer F, Ginsberg J. An overview of heart rate variability metrics and norms. Frontiers in 

Public Health. 2017;5: 258. 

52. Laborde S, Mosley E, Thayer JF. Heart Rate Variability and Cardiac Vagal Tone in 

Psychophysiological Research - Recommendations for Experiment Planning, Data Analysis, and Data 

Reporting. Front Psychol. 2017;8: 213. 

53. Faul F, Erdfelder E, Lang A-G, Buchner A. G* Power 3: A flexible statistical power analysis 

program for the social, behavioral, and biomedical sciences. Behavior Research Methods. 2007;39(2): 

175-191. 

54. Kenefick RW, Cheuvront SN. Hydration for recreational sport and physical activity. Nutrition 

Reviews. 2012;70(suppl_2): S137-S142. 

55. Laukkanen T, Kunutsor SK, Zaccardi F, et al. Acute effects of sauna bathing on 

cardiovascular function. Journal of Human Hypertension. 2018;32(2): 129-138. 

56. Pilch W, Szygula Z, Torii M. Effect of the sauna-induced thermal stimuli of various intensity 

on the thermal and hormonal metabolism in women. Biology of Sport. 2007;24(4): 357-373. 

57. Pilch W, Piotrowska A, Czerwińska-Ledwig O, et al. Changes in selected physiological 

indicators and thermal stress assessment under the influence of baths in a dry and wet sauna in young 

healthy women. Medycyna pracy. 2019;70(6): 701-710. 

58. Leppäluoto J, Tuominen M, Väänänen A, Karpakka J, Vuor J. Some cardiovascular and 

metabolic effects of repeated sauna bathing. Acta physiologica scandinavica. 1986;128(1): 77-81. 

59. Larson EA, Ely BR, Francisco MA, et al. Abstract in Experimental Biology Conference 4 - 7 

April 2020: Sex differences in hemodynamic response to acute passive heat exposure. The FASEB 

Journal. 2020;34(S1): 3491. 

60. Hoekstra SP, Bishop NC, Faulkner SH, Bailey SJ, Leicht CA. Acute and chronic effects of 

hot water immersion on inflammation and metabolism in sedentary, overweight adults. Journal of 

Applied Physiology. 2018;125(6): 2008-2018. 

61. Tei C, Imamura T, Kinugawa K, et al. Waon therapy for managing chronic heart failure–

results from a multicenter prospective randomized WAON-CHF study. Circulation Journal. 

2016;80(4): 827-834. 

62. Zapara MA, Dudnik EN, Samartseva VG, Kryzhanovskaya SY, Susta D, Glazachev OS. 

Passive whole-body hyperthermia increases aerobic capacity and cardio-respiratory efficiency in 

amateur athletes. Health. 2020;12(1): 14-26. 

Jo
ur

na
l P

re
-p

ro
of



63. Tei C, Horikiri Y, Park J-C, et al. Acute hemodynamic improvement by thermal vasodilation 

in congestive heart failure. Circulation. 1995;91(10): 2582-2590. 

64. Hanusch K-U, Janssen CH, Billheimer D, et al. Whole-body hyperthermia for the treatment of 

major depression: associations with thermoregulatory cooling. American Journal of Psychiatry. 

2013;170(7): 802-804. 

65. Janssen CW, Lowry CA, Mehl MR, et al. Whole-body hyperthermia for the treatment of 

major depressive disorder: a randomized clinical trial. JAMA Psychiatry. 2016;73(8): 789-795. 

66. Romeyke T, Stummer H. Multi-modal pain therapy of fibromyalgia syndrome with 

integration of systemic whole-body hyperthermia–effects on pain intensity and mental state: a non-

randomised controlled study. Journal of Musculoskeletal Pain. 2014;22(4): 341-355. 

67. Charkoudian N, Hart ECJ, Barnes JN, Joyner MJ. Autonomic control of body temperature 

and blood pressure: influences of female sex hormones. Clinical Autonomic Research. 2017;27(3): 

149-155. 

68. Baker FC, Waner JI, Vieira EF, Taylor SR, Driver HS, Mitchell D. Sleep and 24 hour body 

temperatures: a comparison in young men, naturally cycling women and women taking hormonal 

contraceptives. The Journal of Physiology. 2001;530(3): 565-574. 

69. Stachenfeld NS, Silva C, Keefe DL. Estrogen modifies the temperature effects of 

progesterone. Journal of Applied Physiology. 2000;88(5): 1643-1649. 

70. Mattson MP. Hormesis defined. Ageing research reviews. 2008;7(1): 1-7. 

71. Havenith G, Fogarty A, Bartlett R, Smith CJ, Ventenat V. Male and female upper body sweat 

distribution during running measured with technical absorbents. European Journal of Applied 

Physiology. 2008;104(2): 245-255. 

72. Petersen AMW, Pedersen BK. The anti-inflammatory effect of exercise. Journal of Applied 

Physiology. 2005;98(4): 1154-1162. 

73. McClung JP, Hasday JD, He J-r, et al. Exercise-heat acclimation in humans alters baseline 

levels and ex vivo heat inducibility of HSP72 and HSP90 in peripheral blood mononuclear cells. 

American Journal of Physiology-Regulatory, Integrative and Comparative Physiology. 2008;294(1): 

R185-191. 

74. Steensberg A, Fischer CP, Keller C, Møller K, Pedersen BK. IL-6 enhances plasma IL-1ra, 

IL-10, and cortisol in humans. American Journal of Physiology-Endocrinology and Metabolism. 

2003;285(2): E433-437. 

75. Starkie R, Ostrowski SR, Jauffred S, Febbraio M, Pedersen BK. Exercise and IL‐6 infusion 

inhibit endotoxin‐induced TNF‐α production in humans. The FASEB Journal. 2003;17(8): 1-10. 

76. Masuda A, Miyata M, Kihara T, Minagoe S, Tei C. Repeated sauna therapy reduces urinary 

8-epi-prostaglandin F2α. Japanese Heart Journal. 2004;45(2): 297-303. 

77. Brunt VE, Eymann TM, Francisco MA, Howard MJ, Minson CT. Passive heat therapy 

improves cutaneous microvascular function in sedentary humans via improved nitric oxide-dependent 

dilation. Journal of Applied Physiology. 2016;121(3): 716-723. 

78. Goto C, Higashi Y, Kimura M, et al. Effect of different intensities of exercise on 

endothelium-dependent vasodilation in humans: role of endothelium-dependent nitric oxide and 

oxidative stress. Circulation. 2003;108(5): 530-535. 

79. Shinsato T, Miyata M, Kubozono T, et al. Waon therapy mobilizes CD34+ cells and improves 

peripheral arterial disease. Journal of Cardiology. 2010;56(3): 361-366. 

80. Fujita S, Ikeda Y, Miyata M, et al. Effect of Waon therapy on oxidative stress in chronic heart 

failure. Circulation Journal. 2011;75(2): 348-356. 

81. Hunt AP, Minett GM, Gibson OR, Kerr GK, Stewart IB. Could heat therapy be an effective 

treatment for Alzheimer’s and Parkinson’s diseases? A narrative review. Frontiers in Physiology. 

2019;10: 1556. 

82. Bouchama A, Aziz MA, Al Mahri S, et al. A model of exposure to extreme environmental 

heat uncovers the human transcriptome to heat stress. Scientific Reports. 2017;7(1): 9429. 

83. White MD. Components and mechanisms of thermal hyperpnea. Journal of Applied 

Physiology. 2006;101(2): 655-663. 

Jo
ur

na
l P

re
-p

ro
of



84. Sies H, Jones DP. Reactive oxygen species (ROS) as pleiotropic physiological signalling 

agents. Nature Reviews Molecular Cell Biology. 2020;21: 363-383. 

85. Zinchuk V, Zhadzko D. Sauna effect on blood oxygen transport and prooxidant-antioxidant 

balance in athletes. Medicina Sportiva: Journal of Romanian Sports Medicine Society. 2012;8(3): 

1883-1889. 

86. Zinchuk V, Zhadko D. The effect of a sauna on blood oxygen transport and the prooxidant-

antioxidant balance in untrained subjects. Human Physiology. 2012;38(5): 548-554. 

87. Kukkonen-Harjula K, Oja P, Laustiola K, et al. Haemodynamic and hormonal responses to 

heat exposure in a Finnish sauna bath. European Journal of Applied Physiology and Occupational 

Physiology. 1989;58(5): 543-550. 

88. Podstawski R, Borysławski K, Clark CC, Choszcz D, Finn KJ, Gronek P. Correlations 

between repeated use of dry sauna for 4 x 10 Minutes, physiological parameters, anthropometric 

features, and body composition in young sedentary and overweight men: health implications. BioMed 

Research International. 2019;2019: 7535140. 

89. Crandall CG, Wilson TE. Human cardiovascular responses to passive heat stress. 

Comprehensive Physiology. 2015;5(1): 17-43. 

90. Kihara T, Biro S, Imamura M, et al. Repeated sauna treatment improves vascular endothelial 

and cardiac function in patients with chronic heart failure. Journal of the American College of 

Cardiology. 2002;39(5): 754-759. 

91. Ohori T, Nozawa T, Ihori H, et al. Effect of repeated sauna treatment on exercise tolerance 

and endothelial function in patients with chronic heart failure. The American Journal of Cardiology. 

2012;109(1): 100-104. 

92. Sobajima M, Nozawa T, Ihori H, et al. Repeated sauna therapy improves myocardial 

perfusion in patients with chronically occluded coronary artery-related ischemia. International 

Journal of Cardiology. 2013;167(1): 237-243. 

93. Kubozono T, Miyata M, Kihara T, et al. Abstract: Effect of repeated thermal therapy on 

arterial stiffness in patients with chronic heart failure. Journal of Cardiac Failure. 2006;12(8): S184. 

94. Ganio MS, Brothers RM, Shibata S, Hastings JL, Crandall CG. Effect of passive heat stress 

on arterial stiffness. Experimental Physiology. 2011;96(9): 919-926. 

95. Moyen N, Ganio M, Burchfield J, et al. Effect of passive heat stress on arterial stiffness in 

smokers versus non-smokers. International Journal of Biometeorology. 2016;60(4): 499-506. 

96. Doonan RJ, Mutter A, Egiziano G, Gomez Y-H, Daskalopoulou SS. Differences in arterial 

stiffness at rest and after acute exercise between young men and women. Hypertension Research. 

2013;36(3): 226-231. 

97. Brenner IK, Thomas S, Shephard RJ. Autonomic regulation of the circulation during exercise 

and heat exposure. Sports Medicine. 1998;26(2): 85-99. 

98. Kukkonen-Harjula K, Oja P, Vuori I, et al. Cardiovascular effects of atenolol, scopolamine 

and their combination on healthy men in Finnish sauna baths. European Journal of Applied 

Physiology and Occupational Physiology. 1994;69(1): 10 -15. 

99. Yamamoto S, Iwamoto M, Inoue M, Harada N. Evaluation of the effect of heat exposure on 

the autonomic nervous system by heart rate variability and urinary catecholamines. Journal of 

Occupational Health. 2007;49(3): 199-204. 

100. Leicht AS, Halliday A, Sinclair WH, et al. Heart rate variability responses to acute and 

repeated postexercise sauna in trained cyclists. Applied Physiology, Nutrition, and Metabolism. 

2018;43(7): 704-710. 

101. Kominami K, Noda K, Takahashi N, Izumi T, Yonezawa K. Cardiovascular reactions for 

whole-body thermal therapy with a hot pack and Waon therapy. International Journal of 

Hyperthermia. 2020;37(1): 184-191. 

102. Kuwahata S, Miyata M, Fujita S, et al. Improvement of autonomic nervous activity by Waon 

therapy in patients with chronic heart failure. Journal of Cardiology. 2011;57(1): 100-106. 

Jo
ur

na
l P

re
-p

ro
of



103. Radtke T, Poerschke D, Wilhelm M, et al. Acute effects of Finnish sauna and cold-water 

immersion on haemodynamic variables and autonomic nervous system activity in patients with heart 

failure. European Journal of Preventive Cardiology. 2016;23(6): 593-601. 

104. Boyett M, Wang Y, D'Souza A. CrossTalk opposing view: heart rate variability as a measure 

of cardiac autonomic responsiveness is fundamentally flawed. The Journal of Physiology. 

2019;597(10): 2599. 

105. Pilch W, Szygula Z, Palka T, Pilch P, Cison T, Wiecha S. Comparison of physiological 

reactions and physiological strain in healthy men under heat stress in dry and steam heat saunas. 

Biology of Sport. 2014;31(2): 145. 

 

Highlights 

 Physiological responses to infrared sauna and exercise were compared in women. 

 Tympanic temperatures with infrared sauna were higher compared to moderate 

exercise. 

 Exercise reduced back skin-surface temperatures more than sauna. 

 Unlike exercise, infrared sauna use did not increase breathing rates. 

 Blood pressure, arterial stiffness and HRV responses were similar.   
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