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Abstract

In this study, a heart rate variability (HRV) analysis

guided by respiration is conducted to assess changes in

autonomic nervous system (ANS) regulation during pro-

nounced heat stress induced by repetitive exposures to dry

sauna in 13 young healthy subjects. The spectral power

at the low frequency (LF) band [0.04, 0.15] Hz and at the

high frequency band centered around the mean respiratory

rate, estimated from ECG-derived respiration signals, are

studied. The mean heart rate (HR), the total power of HRV,

and the normalized LF power are also analyzed.

Results show that mean HR and normalized LF power

increase significantly after basal stage, not only during

the sauna sessions, but also at the intermediate short rest

stages and recovery phase after 30 min. A significant re-

duction in the total power of HRV during all sauna ses-

sions is observed, while an increased power in LF band is

shown only during recovery which might be related to im-

proved cardiac function (increased cardiac output and re-

duced peripheral vascular resistance) after heat exposure.

Respiratory rate does not change significantly during the

protocol but a negative trend at stress stages may indicate

a reverse reaction against an over-activation of the sympa-

thetic branch. In conclusion, exposure to heat stress shifts

sympathovagal balance of ANS toward sympathetic domi-

nance that increases HR and diminishes HRV.

1. Introduction

Heat stress, during exposure to elevated environmental

temperatures and/or exercise, results in pronounced car-

diovascular adjustments that are necessary for adequate

temperature regulation [1]. Thermal signals originated

from thermo-receptors in the skin are transmitted by neu-

rons in the preoptic area of the hypothalamus where tran-

sient receptor potential cation channels transduce skin tem-

perature into primary thermoreceptor afferent neuronal ac-

tivity that controls the autonomic thermoregulation [2].

An increment in body temperature, increases skin blood

flow (cutaneous vasodilation) and part of blood volume is

diverted from the internal organs to body peripheral parts,

where heat transfer occurs in conjunction with sweat-

ing [3]. Cardiac output is increased, which is primarily me-

diated through increases in heart rate (HR), while cardiac

stroke volume remain unchanged and minimal changes are

observed for arterial blood pressure since there is an in-

creased blood flow towards skin [4].

Autonomic nervous system (ANS) plays an important

role in cardiovascular homeostasis through the fast and

short-term regulation of HR. Heart rate variability (HRV)

has been widely used for assessing the balance between

the parasympathetic and sympathetic branch of the ANS,

by means of spectral-domain indices which are based on

the power ratio at low frequency band (LF, [0.04, 0.15] Hz)

and high frequency band (HF, [0.15, 0.4] Hz) [5].

A variety of studies have analyzed the effects of pas-

sive (i.e., non-exercising) heat stress on HRV indices, in-

volving protocols of immersion hydrotherapy, wet sauna,

and dry sauna. However, few studies have investigated

changes in sympathovagal balance at extremely high-

temperature and dry environments in healthy subjects.

Bruce et al. [6] reported that during a single sauna ses-

sion HR and sympatho-vagal ratio increased significantly

compared to pre-exposure. Zalewski et al. [7] reported an

increment in HR and sympatho-vagal ratio immediately af-

ter the exposure that lasted up to 3 hours later.

The aim of this study is to investigate ANS responses to

pronounced heat stress stimuli induced by repetitive expo-

sures to dry sauna and the respective recovery profile 30
min after the last sauna bathing. An additional novelty of

this study is the inclusion of respiratory information, esti-
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mated from an ECG-derived respiration (EDR) method, in

HRV analysis [8], since none of the previous sauna studies

have considered the potential influence of respiratory rate

on spectral-domain indices of HRV.

2. Materials and methods

2.1. Experimental protocol

Thirteen healthy subjects (all men, mean±standard

deviation age 24.61 ± 4.13 years, body mass index

24.43 ± 3.17 kg/m2) underwent a heat stress protocol

which consists of repetitive exposures to sauna character-

ized by air with a relative humidity of 30% and high tem-

perature 80 − 90 oC. Before and after sauna exposures,

participants were instructed to rest at semi Fowler’s posi-

tion in a neutral temperature environment (25 oC). The to-

tal duration of the protocol was approximately 2 hours and

20 minutes. The timeline of the study protocol is shown in

Fig. 1. The experimental procedures were approved by the

Lithuanian University of Health Sciences Kaunas Region

Biomedical Research Ethics Committee (protocol number

BE-2-9). The modified Einthoven leads of ECG (I, II, and

III leads) and the chest skin temperature were recorded by

using the Nautilus1 (BMII, Lithuania) at a sampling fre-

quency of 1000 Hz and 10 Hz, respectively.

2.2. Preprocessing

First, QRS-complexes are detected on lead II [9]. Then,

ectopic beats and misdetections are corrected by using

the heart timing signal [10]. The respiratory rate fr(t)
is estimated from three single-lead EDR signals; the up-

and down-slope of the QRS complex [11], and the slope

range [12]. EDR signals from different leads (lead II

and III) are combined to increase the robustness of res-

piratory rate estimation from EDR spectra [12].

2.3. HRV analysis

HRV is defined based on the time-varying pulse integral

frequency modulation model described in [13],

m(t) =
dHR(t)− dHRM(t)

dHRM(t)
, (1)

where m(t) is the modulating signal which consists of the

variations of the instantaneous HR dHR(t) around the mean

HR dHRM(t), obtained by low-pass filtering dHR(t), plus a

correction accounting for a time-varying mean HR.

Spectral indices are estimated from the power spec-

tral density of m(t), Sj(f), obtained by applying

Welch’s periodogram (50-s Hamming windows with

50% overlap) every 60 s in segments of length 5
minutes. For the j:th segment, the power at LF

R0 S1 R1 S2 R2 S3 R3 S4 R4

0:00 0:20 0:35 0:50 1:00 1:15 1:25 1:40 1:50 2:20

time (h:mm)

Figure 1. Timeline of the study protocol. Rest stages (R0,

R1, R2, R3, R4) and sauna sessions (S1, S2, S3, S4) are

marked in blue and red, respectively.

band, at the extended high-frequency band (eHF:

[0.15, dHRM(j)/2] Hz), and at the high-frequency band

centered around fr(j) (cHF: [fl(j), fu(j)] Hz), where the

lower limit is fl(j) = max {0.15, fr(j)− 0.15} and the

upper is fu(j) = min {fr(j) + 0.15, dHRM(j)/2}, are es-

timated and denoted as PLF(j), P
e
HF(j), and P c

HF(j), re-

spectively. Based on the above, the total spectral power is

given by PTOT(j) = PLF(j) + P e
HF(j), while the normal-

ized LF power is defined as

P c
LFn(j) = PLF(j)/(PLF(j) + P c

HF(j)), (2)

where cHF band is slightly wider than in the original

work [14]. Note that dHRM(j) and fr(j) refer to the tem-

poral mean value of the parameter in the j:th segment.

2.4. Statistical analysis

To reduce the parameters variance, the average across

segments for 10 min in each stage is used and the features

are denoted as T̄ , d̄HRM, P̄TOT, P̄LF, P̄ c
HF, and P̄ c

LFn. The

10 central minutes of the stages R0, R1, R2, R3, and S1,

while the whole stages S2, S3, and S4 are subjected to

analysis. Only the last 10minutes of the recovery phaseR4

are analyzed in an attempt to characterize the late response.

Besides HRV parameters, statistical analysis is also con-

ducted for the mean skin temperature T̄ . It should be noted

that segments where f̄r(j) ≤ 0.15 Hz are excluded for 2
subjects; 50% in S4 for the first one, while for the second

16%, 50%, and 33% in R1, R2, and R3, respectively.

A paired Wilcoxon signed-rank test is applied after nor-

mality rejection (Kolmogorov-Smirnov test) in order to as-

sess intra-subject differences in ANS regulation between

R0 and each stage of the protocol. Statistical differences

are considered when significance level is p < 0.05.

3. Results

Figure 2 illustrates the inter-subject mean and standard

deviation for all the parameters used in HRV analysis dur-

ing the whole study. Figure 3 shows an example of respi-

ratory rate estimation from EDR signals. Table 1 summa-

rizes the results of statistical analysis. Results show that

both T̄ and d̄HRM increase significantly (p < 0.001) after

basal stage R0, not only during the sauna sessions (S1, S2,

S3, and S4) but also at the intermediate rest stages (R1, R2,
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Figure 2. Inter-subject mean and standard deviation for all the parameters used in HRV analysis. (a) mean HR, (b) total

HRV power, (c) power at LF band, (d) power at cHF band, (e) mean respiratory rate, (f) normalized LF power.
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Figure 3. Respiratory rate estimation from EDR singals.

(a) Time–frequency EDR spectrum, (b)–(c) excerpts of

one EDR signal. The estimated respiratory rate is dis-

played with a red line.

and R3), and recovery phase R4. No statistically signifi-

cant differences are obtained for f̄r, although lower me-

dian values are observed during stress stages in Fig. 4.

A significant reduction in P̄TOT, P̄LF, and P̄ c
HF during

all sauna sessions is observed, while an increased P̄LF is

shown only during recovery. The values of P̄ c
LFn increase

significantly after R0 for all the stages, as it occurs with

HR. Note that P̄TOT and P̄ c
HF are also significantly lower

before last sauna session (R3, with p<0.05 and p<0.001,
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Figure 4. Boxplots of parameters used in statistical tests.

The mean (a) skin temperature, (b) respiratory rate.

respectively). No significant differences are obtained for

P̄TOT neither at R1 nor at R2. However, P̄ c
HF remains sig-

nificantly reduced during both R1 and R2 compared to R0

but with a lower significance level (p<0.05) relative to that

obtained in R3 (p<0.001).

4. Discussion

In this study, a HRV analysis guided by respiration is

conducted to assess changes in ANS regulation during pro-

nounced passive heat stress multi-stage stimuli.
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Table 1. Results of statistical analysis. The values of the intra-subject average parameters are displayed as inter-subject

median (interquartile range) and significant differences relative to R0 are marked with ∗ (p < 0.05) and ∗∗ (p < 0.001).

R0 S1 R1 S2 R2 S3 R3 S4 R4

T̄ (o C) 31.0 (2.9) 39.5 (3.7)∗∗ 33.7 (3.1)∗∗ 38.1 (2.9)∗∗ 33.4 (2.8)∗∗ 38.7 (2.4)∗∗ 34.3 (2.2)∗∗ 38.7 (2.0)∗∗ 33.3 (2.0)∗∗

d̄HRM (bpm) 50 (8) 104 (13)∗∗ 63 (18)∗∗ 118 (17)∗∗ 72 (23)∗∗ 121 (20)∗∗ 73 (22)∗∗ 133 (21)∗∗ 62 (16)∗∗

f̄r (Hz) 0.27 (0.07) 0.23 (0.12) 0.27 (0.12) 0.21 (0.14) 0.29 (0.08) 0.23 (0.14) 0.30 (0.01) 0.26 (0.12) 0.26 (0.05)
P̄TOT · 105 (n.u.) 80.2 (125.0) 24.8 (28.3)∗∗ 64.8 (84.4) 11.2 (15.3)∗∗ 58.2 (53.8) 7.6 (13.1)∗∗ 44.6 (29.1)∗ 3.7 (8.2)∗∗ 134.0 (128.0)
P̄LF · 10

5 (n.u.) 34.8 (39.3) 21.7 (22.0)∗ 42.6 (55.5) 9.1 (12.9)∗∗ 31.4 (26.4) 6.7 (10.6)∗∗ 28.3 (18.1) 3.2 (7.2)∗∗ 95.3 (62.7)∗

P̄ c
HF · 10

5 (n.u.) 45.9 (68.9) 2.1 (3.4)∗∗ 19.4 (34.4)∗ 0.9 (1.8)∗∗ 15.2 (20.9)∗ 0.7 (1.0)∗∗ 11.3 (11.7)∗∗ 0.2 (0.7)∗∗ 32.0 (44.7)
P̄ c

LFn (n.u.) 0.45 (0.12) 0.91 (0.01)∗∗ 0.69 (0.22)∗∗ 0.93 (0.06)∗∗ 0.74 (0.20)∗∗ 0.92 (0.07)∗∗ 0.75 (0.08)∗∗ 0.92 (0.06)∗∗ 0.65 (0.17)∗∗

Exposure to repetitive dry sauna sessions alternated with

a 15 minute period of rest causes to heat-stressed subjects

an increment in d̄HRM, T̄ , and P̄ c
LFn, during all stages com-

pared to basal. In this study, the mean respiratory rate most

of the times lies in the band [0.15, 0.4] Hz, and thus simi-

lar results (not shown) are obtained for the normalized LF

power using either the classical HF band [5] or eHF band.

In [6], the exposure to single sauna session led to a mi-

nor warming intervention with negligible effects on phys-

iological strain where HR was reported to be increased

from 65 to 106 bpm, while in [7] no data were collected

during the sauna. In this study, a higher increment of mean

HR (up to 133 bpm) in combination with the elevated mean

core body temperature (up to 38.7 oC) suggests that repet-

itive exposures to sauna sessions induces internal thermal

strain level meeting the criteria of severe whole-body hy-

perthermia level.

While proceeding to the next sauna exposure, a positive

trend from S1 to S4 is observed for d̄HRM, while P̄ c
HF fol-

lows a negative trend at the intermediate rest stages R1,

R2, and R3 (Table 1). The short duration of the rest in-

termediate stages do not allow full recovery, which in turn

leads to higher stress of the body in the following sauna

session. Lower respiratory rates during sauna (Fig. 4) may

be a mechanism for avoiding a potential over-activation of

the sympathetic branch. During recovery phase, a higher

P̄LF (relative to R0) might be related to improved cardiac

function after heat exposure since it has been suggested

that increased cardiac output and reduced peripheral vas-

cular resistance are the main mechanisms of action for the

health effects of frequent sauna bathing [15].

5. Conclusions

Spectral indices of HRV are able to quantify and mon-

itor shifts of sympathovagal balance toward sympathetic

dominance induced by exposure to heat stress multi-stage

stimuli with short intermediate rest stages.
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