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Abstract—Adaptive shifts in systemic hemodynamic parameters and energy consumption were evaluated in
15 healthy young men in response to a single procedure of passive hyperthermia (PH) and during a course of
ten such procedures. PH procedures with a duration of 40 min were performed in an infrared body heating
capsule at 65–80°C, with the head remaining outside the capsule. Heart rate, blood pressure, and SрО2 were
analyzed. Oxygen and energy consumption were measured by indirect calorimetry. The sweating rate and the
physiological strain index (PSI) were calculated. It was found that PH procedures were accompanied by an
increase in energy consumption (in comparison with placebo procedures), but without a pronounced stress
response of systemic hemodynamics. PSI values during PH corresponded to moderate heat stress. During the
course, adaptive shifts occurred in the form of a decrease in energy consumption and an increase in the sweat-
ing rate. In the tenth procedure the relationship between the degree of increase in body temperature and the
level of energy consumption was revealed.
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Adaptation to repetitive passive thermal influences
(without a combination with physical or other loads)
and acclimation can improve various body functions
in health and disease [1–3]. As an example, in a sys-
tematic review [2], it was shown that sauna bathing has
positive effects on both apparently healthy people and
patients with diseases of the cardiovascular, respira-
tory, and immune systems; chronic pain syndrome;
and depression. The neuroendocrine foundations of
the influence of thermal procedures on physical per-
formance in athletes and their rehabilitation after inju-
ries are being studied [4, 5]. There are reasons for their
use in order to increase resistance to infections,
including viral ones [1].

Physiological mechanisms of changes in the
dynamics of repeated thermal stimulation are associ-
ated with heat-induced activation of metabolism:
increased oxygen and energy consumption, cardiore-
spiratory functions, and increased peripheral blood
flow [6–9]. Anabolic processes are enhanced after the
procedures and in the delay period [5, 10].

The widespread use of this relatively cheap and
affordable method is limited by the lack of protocols
for conducting procedures with a clear justification of
the effectiveness and safety for different population
groups [1]. In order to achieve adaptive changes, it is
recommended to have at least six to seven procedures
lasting at least than 30 min, with systemic hyperther-
mia, an increase in the body core temperature, being
an important criterion for the effectiveness of the
treatment [11, 12]. Water immersions, or a supply of
moist air with a temperature of 33–42°C, or dry sauna
baths (60–90°C) [5] are used as a means of heating the
human body. Obviously, the dynamics of body tem-
perature and cardiometabolic parameters may differ
significantly under different regimens. In addition to
the rate and amplitude of the rise in the body core
temperature, the effect on peripheral thermorecep-
tors, as well as heating of the head/face, and inhalation
of hot air, may be important [13–15].

Only a limited number of rather contradictory pub-
lications on the ratio of the amount of energy con-
sumption (EC) in passive hyperthermia (PH) to the
levels of heat stress indicators, including the dynamics
161
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Fig. 1. A graphical representation of the study design. In the first and second stages, ten placebo or passive heat treatments were
performed. In the first and last procedure of each stage (indicated by arrows), indirect calorimetry was performed. 
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of cardiovascular parameters and body temperature,
are available in the literature. The amount of the
energy consumed is often evaluated according to
hemodynamic parameters by analogy with the assess-
ment of the “pulse cost” of physical activity. As an
example, according to the data in [16], in a single
sauna bath, the dynamics of cardiovascular indicators
corresponds to physical training of moderate intensity
in the range of 60–100 W. However, the data on the
correlation between EC/O2 consumption and heart
rate (HR), blood pressure (BP), and body temperature
during PH are rather contradictory. In [13], the body
core temperature, skin temperature, systolic (SBP)
and diastolic blood pressure (DBP) during dry sauna
bathing had different dynamics. When several short
sauna sessions are taken in succession, the degree and
velocity of changes in the HR, BP, and oxygen con-
sumption are also different [9].

A decrease in the heart rate increment, body tem-
perature, an increase in the sweat rate, as well as the
hypotensive effect, are considered to be typical
changes in the process of long-term thermal adapta-
tion [2, 6, 17]. Information on the dynamics of EC in
the course of a heat procedure is scarce. Some authors
claim that they did not reveal significant changes in
cardiometabolic parameters, for example, in [8] even
after 3 weeks of thermal adaptation. Others demon-
strated shifts aimed at the formation of a more eco-
nomical mode of functioning: a decrease in the resting
core temperature and in the HR increment under
stress; however, no difference in the amount of oxygen
consumed at rest was noted [12, 18–20].

Differences in experimental data are associated
with a large variability in both the methods of using
PH (methods, duration and intensity of heating, body
position during the procedure, duration of the course)
and groups of subjects (age, sex, physical fitness, state
of health, initial level of adaptation to thermal effects,
etc.).

The purpose of this study was to assess adaptive
shifts in systemic hemodynamic parameters and
energy expenditure of healthy young men for a single
procedure of intense heating, as well as in a course of
ten PH procedures.
MATERIALS AND METHODS

The design of the work was a balanced longitudinal
crossover study, which initially enrolled 23 relatively
healthy young volunteers (men, mean age 20.1 ±
2.3 years, a baseline body weight of 71.4 ± 11.6 kg, and
body length 178.3 ± 7.2 cm). All participants had an
average level of daily physical activity assessed using
the Russian version of the Global Physical Activity
Questionnaire (GPAQ). Most of them had minimal
preliminary experience of taking a sauna/steam bath:
not regularly and no more than 1–2 times a month
(eight volunteers reported taking a sauna two to three
times a month).

The experiment included two 2-week stages
(Fig. 1), during which the subjects underwent ten
pseudohyperthermic (placebo) and PH procedures,
whose order was randomized: 12 subjects first under-
went a placebo course followed by a PH course;
11 other participants started with PH procedures and
then took a placebo course.

Hyperthermic/placebo procedures were per-
formed in an Alpha Basic infrared heating capsule
(Sybaritic Inc., Minnesota, United States). During
the procedure, the subject lay in the ergonomic cap-
sule for 40 min, while his head was outside and could
be cooled with cool air by the fans installed at the head
of the capsule. The temperature in the PH capsule was
set in the range of 65–80°C based on the individual’s
tolerance determined in the test procedure. During
the placebo procedure, the comfort temperature was
set at 24–25°C. Participants were instructed to have
the sauna in the morning, at least 2 hours after a light
breakfast, in a sufficiently hydrated state, but not drink
water/other beverages 20–30 min before and during
the entire procedure. It was recommended not to
change their usual regime and not to engage in intense
physical training during the entire observation period.

Registration of physiological parameters. In the
dynamics of each procedure, the blood oxygen satura-
tion (SpO2) values were monitored using an MD300
pulse oximeter (BCE Tech, China); heart rate was
monitored by a Polar 610i chest belt (Finland). Body
temperature was assessed at baseline, after 20 min and
at the end of the procedure (AND DT-635 infrared
thermometer, AND, Japan) taking into account the
averaged data of two measurements in both axillary
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
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areas. The axillary temperature in this case reflects the
body core temperature; since heating increases the
efficiency of heat transfer between the core and the
shell the gradient between them decreases.

Before and immediately after each PH procedure,
the body weight was measured with an accuracy of 10 g
with a Tanita BC-601 portable bioimpedance meter
(Tanita, Japan); in addition, the subjects in the cap-
sule bed had their SBP and DBP measured (AND UA-
767 automatic tonometer, AND, Japan).

The physiological strain index (PSI) for a proce-
dure was calculated using the formula: PSI = 5 (Ts –

To) (39.5 – To)–1 + 5 (HRs – HRo) (180 – HRo)–1,
where Ts and HRs are the maximum values of the sub-
ject’s body temperature and HR during heat stress,
while To and HRo are the initial values of the subject’s
body temperature and HR. The range of PSI varia-
tions was from 0 (no strain), 4–6, moderate stress, to
10 (maximum heat stress) [21]. The sweat rate (SR)
was determined by the formula: SR = Δm/BSA, where
Δm is the difference in body weight measured before
and immediately after the procedure and BSA is the
subject’s body surface area.

The EС of the subjects over 40 min of the first and
tenth procedures was measured by indirect calorime-
try using a Fitmate MED gas analyzer (COSMED,
Italy). All participants in the study underwent prelim-
inarily introductory testing; the gas analyzer was auto-
calibrated before each measurement. The oxygen con-
tents in exhaled air and pulmonary ventilation were
recorded. Respiratory rate (RR, cycles/min), respira-
tory minute volume (RMV, L/min) were assessed;
oxygen consumption (VO2, mL/min) and EС were

calculated using standard metabolic formulas using a
fixed respiratory quotient equal to 0.85. In the dynam-
ics of the procedure, measurements were carried out
twice for 15 min; the data were averaged and then
recalculated for 40 min.

The results were statistically processed using Statis-
tica 11.0 software. Data in the work are presented as
the mean and the standard deviation M ± SD. The
normality of the distribution was tested using the
Kolmogorov–Smirnov test; the one-sample t-test and
the Mann–Whitney test were used to assess the signif-
icance of within- and between-group differences in
dynamics, respectively. The correlations between the
parameter shifts in the dynamics of observations and
their significance were assessed by nonparametric
Spearman’s rank correlation coefficient with the
interpretation of the coefficient values as strong (r ≥
0.6), medium-strength (r = 0.59–0.40), and weak (r =
0.39–0.20). Differences were considered significant at
p < 0.05.

RESULTS

The analysis included the results of a survey of
15 participants who completed the full cycle of proce-
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
dures (5 participants dropped out due to low adher-
ence to the study protocol and 3 left due to acute respi-
ratory disease). All subjects tolerated the PH proce-
dures satisfactorily.

By the end of the PH procedures, the body tem-
perature increased by an average of 1.5–3.2°C, while
in the first three procedures the temperature rise was
in the range of 1.4–1.8°C and subsequently increased
to 2.6–3.2°C (Fig. 2). The increase in temperature
values, starting from the fourth procedure, occurred
more intensively in the first 20 min from the beginning
of the exposure; the changes then stabilized. By the
end of the fourth and all subsequent procedures, the
body temperature reached 39.0–39.4°С and was sig-
nificantly higher than at the end of the first or second
procedures.

The SpO2 value practically did not change in the

dynamics of the first PH procedure. Later, starting
from the second procedure, significant blood desatu-
ration was noted: SpO2 reached 94.8–95.5% (Fig. 2).

During all PH procedures, a typical hemodynamic
response was observed in the form of a moderate
heart rate increase and a SBP decrease without signif-
icant shifts in DBP (Fig. 3), as described previously in
[4, 14].

The values of the PSI integrative index, which
reflect the degree of heat stress, were consistently
higher in PH compared with simulation procedures
(Fig. 4). In the course dynamics, the PSI values sig-
nificantly increased by the fifth procedure (in relation
to the values in the first one) and then stabilized,
remaining at the level of moderate heat stress indica-
tors (5–6 c.u.). SR in the dynamics of placebo proce-
dures remained minimal, while during adaptation
to PH, the SR values were expectedly higher (by 6–
8 times on average) (Fig. 4). Starting from the eighth
procedure, the SR values significantly exceeded the
data obtained during the first one.

The VO2 and EC values during the PH procedures

were higher by 36 and 29.7%, respectively, than in the
corresponding placebo procedures (Table 1). At the
same time, in the dynamics of the tenth procedure, the
VO2 and EC indicators were recorded at a significantly

lower level than in the first procedure. The activation
of metabolism during hyperthermia was accompanied
by the development of moderate hyperpnea (a signifi-
cant increase in the RMV values in relation to the pla-
cebo data), whose degree decreased in the tenth PH
procedure.

The VO2 increase in terms of an increase in body

temperature by 1°С in the first procedure averaged
49.1 ± 57.5%/1°С, and the increase in heart rate was
32.7 ± 23.1 bpm/1°С in relation to the values of the
corresponding placebo session. In the tenth PH pro-
cedure, the relative indicators were significantly lower
than in the first procedure: the increase in VO2 was
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Fig. 2. The average values of body temperature (a) and hemoglobin saturation with oxygen (SpO2) of the subjects (b) in the
dynamics of ten passive hyperthermia procedures: baseline (a), 20 min after the beginning (b), and at the end of the procedure (c).
The abscissa shows the procedure number. The graph shows the means and standard deviation. Significant differences were noted
(p < 0.05): (a) in relation to the temperature value at the corresponding stage in the first procedure; (b) in relation to the baseline
value. 
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10.9 ± 11.6%/1°C (p = 0.001), and the heart rate was

only 13.2 ± 7.1 bpm/1°C (p = 0.05).

No significant correlations were found between the

rise in body temperature and the dynamics of the ana-

lyzed metabolic parameters in the first PH procedure.

During the tenth PH procedure, correlations were

revealed between the increase in body temperature

and the volume of consumed oxygen – r(ΔT–VO2) =

0.56, p = 0.02, as well as the level of energy consump-

tion r(ΔT – EC) = 0.39, p = 0.07. No correlations were

found between the shifts in hemodynamic parameters

and the VO2 and EC levels.
DISCUSSION

As follows from the data, with the PH mode we
used the adaptive “shifts” of hemodynamic and meta-
bolic indicators for a single procedure and in the
course dynamics were different. It should be noted
that the work evaluated the thermophysiological
effects of heat adaptation in the passive mode, i.e.,
without a combination with physical activity, which is
more typical of heat acclimation [22]. In contrast to
the latter, where the effects of exogenous and endoge-
nous heat are combined, we focused on assessing the
effects of exogenous intense (65–80°C) temperature
stimuli without the heads of participants being heated.
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
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Fig. 3. The average values of systemic hemodynamic parameters in the dynamics of ten passive hyperthermia procedures:
initially (a) and at the end of the procedure (b). (a) Heart rate (HR); (b) systolic blood pressure (SBP); (c) diastolic blood pressure
(DBP). The abscissa shows the procedure number. The graph shows the means and standard deviation. Significant differences
(p < 0.05) were noted in relation to the baseline value. 
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A single passive heating procedure with a 1.4–

1.8°C increase in the body temperature of the subjects

was accompanied by an intensification of metabolic

processes, which was the expected effect and was evi-

dently due to both the triggering of neuroendocrine

mechanisms and the direct effect of heat on tissues

[12]. The activation of metabolic processes is also con-

firmed by moderate desaturation of blood with oxy-

gen, which, in addition to the effect of increased tis-
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
sue/blood temperature on hemoglobin dissociation,
may be associated with the accumulation of metabo-
lites and the development of relative acidosis [23, 24].

As judged by the dynamics of PSI values and
hemodynamic parameters, the level of induced heat
stress was moderate. The degree of heart rate increase
during acute hyperthermia (in the range of 35–50%) is
comparable to the increase in heart rate during physi-
cal exertion of moderate intensity. However, in con-
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Fig. 4. The average values in the dynamics of ten placebo (a) and passive hyperthermia procedures (b): (a) physiological strain
index (PSI); (b) sweat rate. The abscissa shows the procedure number. The graph shows the mean and standard deviation. Sig-
nificant differences (p < 0.05) were noted in relation to the value in the placebo procedure (asterisk) and in relation to the value
in the first hyperthermia procedure (hash). 
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trast to the data in [16], where a significant increase in

BP values was noted immediately after a 25-minute

sauna bath procedure, the PH procedure in our study

was accompanied by a significant decrease in SBP val-

ues. A similar hypotensive effect was noted in several

other works on the study of urgent and long-term

adaptive effects of sauna bathing [9, 17, 25]. The noted

contradictions in relation to the heat-induced dynam-

ics of blood pressure can be associated with differences

in the protocols of the PH and dry sauna procedure.

As an example, in [9], the authors believed that in the

nature of cardiovascular responses to heat stress and

the position of the body during PH (sitting/lying) is

important. Heating of the head/face and inhalation of

hot air are likely to play a significant role in the forma-

tion of the stress response [9, 15, 23]. Thus, cooling

the face with a ventilator during whole-body passive

heat stress changed the hemodynamics in the carotid

artery basin [15].
For an integral assessment of cardiometabolic

adaptive rearrangements influenced by various tem-

perature stressors, the thermal cardioreactivity and

Q10 were proposed, reflecting, respectively, the degree

of changes in heart rate and oxygen consumption with

a 1°C shift in the human body core temperature [3]. It

has been shown that, on average, with an increase in

core temperature by 1°C, the thermal reactivity index

values are 25–40 beats/min, and Q10 increases reflect-

ing a 7–8% VO2 increase in relation to rest values with

significant interindividual variability [26, 27]. It is

hypothesized that adaptive thermophysiological

effects can manifest themselves in a decrease in the

values of these indices; however, in a single work

devoted to this problem, it was found that acclimation

in heat chambers at a temperature of 25–45°С for

3 weeks did not lead to such changes [27]. We did not

determine these indices, but the data calculated for a

1°C increase in body temperature in the initial proce-

dure slightly exceed the results obtained in [3, 27], as
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
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Table 1. The pulmonary ventilation and indirect calorimetry parameters during passive hyperthermia and placebo proce-
dures, M ± SD

PH, passive hyperthermia; RR, respiratory rate; RMV, respiratory minute volume; VO2, consumed oxygen volume; *, the significance
of differences in relation to the data of the first PH procedure; #, the significance of differences between “placebo1-PH1” and “place-
bo10-PH10.”

Parameter
PH procedures Placebo procedures

first procedure tenth procedure first procedure tenth procedure

RR, cycles/min 15.9 ± 2.7 16.7 ± 3.6 15.6 ± 3.1 16.5 ± 3.2

RMV, L/min 8.8 ± 1.4
7.3 ± 2.1

*p = 0.007

6.4 ± 1.6
#p = 0.0006

6.1 ± 1.7
#p = 0.02

VO2, mL/min 283.1 ± 47.9
231.1 ± 56.5

*p = 0.009

208.3 ± 50.8
#p = 0.001

206.9 ± 57.5

Energy consumption, kcal 58.4 ± 8.9
51.1 ± 5.6

*p = 0.046

42.9 ± 8.4
#p = 0.0006

39.04 ± 8.2

*p = 0.04
#p = 0.002
well as the level of cardiac reactivity during 30-minute
sauna procedures [17].

At the end of the course, during the tenth PH pro-
cedure, despite a more pronounced increase in body
temperature, the VO2 and EC values were significantly

lower than the baseline values, which indicates an
adaptive decrease in heat-induced metabolic activity.
Similar conclusions were made in [20], where a
decrease in EC recorded at rest (but not during heat
stress as in our study) after ten PH procedures was also
noted. It is logical that the relative indicators of the
degree of the VO2 and HR increase for each 1°C rise in

body temperature decreased in contrast to the data
obtained in [27]. At the same time, the level of energy
expenditure and VO2 significantly correlated with the

degree of increase in body temperature. One explana-
tion for the above-mentioned adaptive shifts may be a
decrease in the degree of heat-induced sympathetic
activity, the level of adrenaline and cortisol, which, in
particular, was noted in the examination of healthy
volunteers after 7 days of adaptation to PH [28]. The
increase in body temperature is possibly associated
with intense vasodilation. This issue requires addi-
tional research.

We did not see any changes in the shifts in the
hemodynamic parameter values in response to PH in
the course of the procedures; each heat treatment was
accompanied by approximately the same levels of
tachycardia development and a decrease in SBP. The
dynamics of PSI also testifies to stable hemodynamic
responses to hyperthermia; its increase was noted in
the range of moderate stress in the second part of the
PH course, but mainly due to an increase in tempera-
ture, whereas the heart rate increase remained at the
same level. On the other hand, there is evidence that
during regular PH for 2 or more weeks, there is a
decrease in both blood pressure and resting heart rate
[2, 6, 17] and the degree of HR increase with repeated
HUMAN PHYSIOLOGY  Vol. 48  No. 2  2022
exercise [22]. According to [7], such dynamics is
observed only in physically prepared people (athletes).
Healthy untrained volunteers took part in our study. In
addition, it is possible that the course of adaptation to
PH was not long enough for the formation of stable
adaptive hemodynamic rearrangements under heat
stress.

An increase in SR confirms the development of
adaptation of thermoregulatory mechanisms in the
course of PH; during the tenth procedure, its values
were on average 40% higher than in the first proce-
dure, which may be associated with an improvement
in blood supply to the skin and activation of peripheral
thermoreceptors due to significant heating. In addi-
tion, the relationship between regulation of the sweat-
ing process and metabolism confirms the fact that
during heat adaptation, virtually simultaneously with
an increase in the sweat rate, the sweat composition
changes, in particular, the lactate level decreases [29].
The putative cutaneous vasodilation in PH in the con-
fined space of the capsule may be due to reflex mech-
anisms, direct exposure to heat, and the formation of
humoral regulators. The main stimuli for their release
are the shear stress of the endothelium and metabo-
lites, including those formed in the sweat glands [7,
24]. Previously, it was shown that in the process of
adaptation to PH, vascular reactivity improves, among
other things due to endothelial function, which con-
tributes to a decrease in blood pressure and an increase
in peripheral blood flow [1, 7].

CONCLUSIONS

A single PH procedure in an infrared body heating
capsule (without affecting the head) lasting 40 min
was accompanied by an increase in metabolic rate by
an average of 36% compared with the placebo proce-
dure, the development of moderate heat stress, and a
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decrease in SBP. Conducting ten PH procedures in 2
weeks caused adaptive changes in thermoregulatory
mechanisms, which are manifested by the EC incre-
ment decrease and the SR increase. We note that the
shifts in the systemic hemodynamic parameters
remained at the same level. Thus, when using the
course of PH procedures in the above mode, healthy
volunteers exhibited marked adaptive metabolic
changes with no development of a significant stress
response of systemic hemodynamics, which indicates
the effectiveness and safety of the chosen technique.
The results we obtained demonstrate the absence of a
direct correlation between the level of energy con-
sumption and indicators of systemic hemodynamics
during hyperthermic procedures.
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