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Abstract: The primary aim of the study was to assess cerebral circulation in healthy young subjects
during an ultra-short (45 min) session of ground-based microgravity modeled by “dry” immersion
(DI), with the help of a multifunctional Laser Doppler Flowmetry (LDF) analyzer. In addition, we
tested a hypothesis that cerebral temperature would grow during a DI session. The supraorbital area
of the forehead and forearm area were tested before, within, and after a DI session. Average perfusion,
five oscillation ranges of the LDF spectrum, and brain temperature were assessed. Within a DI session,
in the supraorbital area most of LDF parameters remained unchanged except for a 30% increase in
respiratory associated (venular) rhythm. The temperature of the supraorbital area increased by up to
38.5 ◦C within the DI session. In the forearm area, the average value of perfusion and its nutritive
component increased, presumably due to thermoregulation. In conclusion, the results suggest that
a 45 min DI session does not exert a substantial effect on cerebral blood perfusion and systemic
hemodynamics in young healthy subjects. Moderate signs of venous stasis were observed, and brain
temperature increased during a DI session. These findings must be thoroughly validated in future
studies because elevated brain temperature during a DI session can contribute to some reactions to DI.

Keywords: microgravity; “dry” immersion; weightlessness; Laser Doppler Flowmetry (LDF); blood
perfusion; cerebral circulation; temperature

1. Introduction

Several ground-based models of microgravity are currently widely used to mimic
the effects of real weightlessness, e.g., supine bed rest, free-fall machines, unilateral lower
limb suspension, parabolic flights, and “wet” and “dry” immersion (DI) [1–3]. Among
these models, the condition of DI is regarded as one of the most relevant and close to the
condition of real weightlessness [4]. DI stands for immersion in fresh warm water without
direct contact with water, and it is induced by the conditions of supportlessness, uniform
compression of the body, and hypokinesia [4]. In turn, these physical effects provoke
such physiological phenomena as redistribution of body fluids in bottom-up direction
and “deafferentation”. Either real microgravity or its ground-based models exert a strong
effect on the physiological systems of a human organism, primarily on the musculoskeletal,
nervous, and cardiovascular systems [4–7].

Typically, longer-term sessions of DI (from 3 days to 2–3 weeks) are chosen to study
the effect of ground-based microgravity on the organism [8–10] because they generally
correspond with the time period of a short-term space flight. Several studies are found
in the field of the early (hours) effects of DI on the organism [11,12]. Only a few stud-
ies present data on the effect of an ultra-short DI session (less than one hour) on the
cardiovascular [13,14] or neuromuscular systems [15].

Sessions of microgravity, which last for hours, days, and weeks, either onboard a space
vehicle or modeled, induce an increase in intracranial pressure, increase of jugular vein flow,
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and modification in cerebrovascular autoregulation [1,4,12,16–19]. The cerebral circulation
during ultra-short DI sessions (less than one hour) has not yet been assessed. Based on the
aforementioned studies, one can suppose that some initial signs of modification in cerebral
perfusion could well have taken place even within the first hour of DI. It seems important to
study cerebral circulation in such shorter DI sessions because shorter space flights (within
one hour) are increasingly planned and even taking place due to space tourism industry
development. In addition, ultra-short DI sessions are already applied for rehabilitation
purposes in neurology and sport medicine [4,13–15].

Several studies have shown that fluid shifts to the upper part of the body during
a DI session [2–4]. Theoretically, such a shift must have led to the increase in cerebral
temperature. There are several reasons for brain temperature to increase in healthy and
diseased conditions [20]. Several studies have shown that hyperthermia, either during
exercise-induced heat stress or passive heating, exerts an effect on the neuromuscular
and cardiovascular systems [21–26]. For example, heat stress can reduce central nervous
activation of muscles and impair afferent feedback from them [21]. These effects are
consistent with the concept of “deafferentation” during microgravity and, thus, they can
directly contribute to the decrease of muscle tone, which is readily seen under the conditions
of DI or spaceflight. From the thermoregulatory point of view, the decrease in muscle
tone during hyperthermia is beneficial as it helps blood pumping to the skin vasculature
for further heat loss, rather than to skeletal muscles [21,22]. In our earlier study [13]
we argued that the condition of DI at 32 ◦C cannot be regarded as an efficient thermal
stimulus. However, brain temperature was not measured in those studies. Altogether, we
hypothesize that brain temperature may still have increased during a DI session and it
would have contributed to the hypotonic neuromuscular effect of microgravity.

On the whole, the primary aim of the study was to assess cerebral circulation in healthy
young human subjects during an ultra-short DI session. In addition, we aimed to test the
hypothesis that cerebral temperature would grow during an ultra-short DI session. Laser
Doppler Flowmetry (LDF) is acknowledged as a reliable method to assess local cerebral
blood flow [27]. In addition, LDF allows the non-invasive measurement and evaluation
of cerebral perfusion, which is essential in the condition of DI. Therefore, in this study we
measured cerebral blood flow and brain temperature with LDF in young healthy subjects
during a single 45 min DI session.

2. Materials and Methods
2.1. Participants

The study group was formed in accordance with previously published criteria for
safe use under the conditions of DI [13,14]. Volunteers were invited to participate in the
study, and the purpose of the study and the methods used were explained to them. The
subjects who accepted the invitation were then checked for the exclusion criteria (chronic
diseases including, for example, arterial hyper- or hypotension, thrombophlebitis, acute
inflammatory diseases, a history of traumatic brain injury, and cardiac arrhythmia) [13–15].
In addition, some basic examinations were conducted (body temperature and blood pres-
sure (BP), heart rate (HR), body weight, height). Participants were selected based on the
uniformity of their body mass index (BMI) to exclude overweight and older participants.

The study enrolled 11 apparently healthy individuals aged 18–31 years old (mean
age 20.7 ± 3.5 years) without chronic diseases. The anthropometric characteristics of
participants are presented in Table 1.

None of the subjects had a history of traumatic brain injuries, including those related
to sports activities such as boxing and football. An exhaustive verbal explanation was
provided to all participants, and written informed consent was obtained from each of them.
The protocol of the study was approved by the Joint Ethics Committee of the Ministry of
Health of the Republic of Karelia and Petrozavodsk State University (Statement of Approval
No. 31, 18 December 2014).



Pathophysiology 2023, 30 211

Table 1. Anthropometric characteristics of the participants at the time of their inclusion in the study.

Parameter Men (n = 4) Women (n = 7)

Body Mass, kg 72.3 ± 3.4 57.9 ± 6.4
Height, m 1.81 ± 0.03 1.67 ± 0.05

BMI 1 22.1 ± 0.7 20.7 ± 2.7
1 BMI, body mass index.

Prior the DI session, all subjects underwent an active orthostatic tolerance test [13,14,28].
The cardiovascular reactivity during this test indicates the baroreflex sensitivity [13,14,28].
To evaluate the active orthostatic test, BP and HR were first measured at the 15th min in
subjects lying supine. After that, BP and HR were measured in subjects in a standing posi-
tion, on the 5th min of standing. HR increased by 4–10 beats per minute, and diastolic BP
was slightly (4–6 mm Hg) increased. This implies that none of the subjects had orthostatic
hypotension. All subjects were instructed to avoid exhaustive physical activity, alcohol
consumption, and nights shifts the day prior to the study.

2.2. The DI Session

The condition of DI was induced with help of the “Medical Facility of Artificial
Weightlessness” (MEDSIM, Center for Aerospace Medicine and Technologies, State Scien-
tific Center of Russian Federation “Institute of Biomedical Problems,” Moscow, Russia),
which is located at Petrozavodsk State University. The DI procedure was previously de-
scribed in detail in our earlier papers [13–15]. MEDSIM is a 2 m3 bath filled with fresh
water. The bath was covered with a thin waterproof film of a large size, which allowed
for the body of a subject to be wrapped. Additionally, each subject was wrapped in an
individual cotton sheet for more comfort, and to avoid direct contact with rubber material
of the film. To provide safety and instant monitoring of subject’s condition, at least two
investigators were present in the laboratory room during the whole DI procedure.

To conduct the DI procedure, the subject was immersed in the water using a movable
platform, which was driven by an electric motor. The subject was immersed with their head
and upper body “out of water”. The subject’s arms were freely lying non-flexed, to provide
circulation. More information about the physics and the DI procedure can be found in the
previous studies [2,4,8,14]. At the end of the DI procedure, the movable platform raised the
subject back to a position above water level.

The room temperature was 23–24 ◦C and the water temperature in the bath was
set at 32 ◦C. Prior to the procedure, the subjects were allowed to drink 200 mL of fresh
water and visit the toilet, as DI has strong diuretic effect. Then, the subjects, wrapped
for convenience in a cotton sheet, laid supine on the platform for 15 min to familiarize
themselves with the conditions of the experiment. BP was measured at the 10th minute of
the preparatory period (UA-767, A&D Company Ltd., Toshima City, Japan). The beginning
of the DI procedure was approved if the BP was no higher than 140/95 mmHg. Then, the
subjects were immersed in water for 45 min, with the possibility to abandon the procedure
at their request.

2.3. Outcome Measures

Data were collected at the following study points: before (baseline test—preDI), on
the 15th, 30th, 40th min of DI session (15′DI, 30′DI and 40′DI, correspondingly), and 3 min
after DI (postDI). Systolic and diastolic BP and HR were measured at these study points.
ECG was monitored in standard lead II with a “VNS-Spektr” device (Neurosoft Ltd.,
Ivanovo, Russia).

To evaluate microcirculation, LDF measurements were conducted with the help
of a multifunctional portable laser blood microcirculation analyzer “LASMA PF” (SPE
LAZMA Ltd., Moscow, Russian Federation, http://www.lazma.ru (accessed on 30 March
2023)) [29,30]. For LDF measurements, four separate identical telemetric devices, “LASMA
PF”, were used. Two devices were fixed on the forehead on the left and right supraor-

http://www.lazma.ru
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bital regions over the brow skin areas, corresponding to a branch of the internal carotid
(ophthalmic) arteries, which supplies blood to the supraorbital artery from the internal
carotid artery (Figure 1) [31–33]. Two other devices were fixed on the outer surface of
the forearm 5 cm proximal to the wrist. LDF signals were measured up to 300 s with
time step 1t = 0.05 s. These devices allowed the recording of three kinds of signals: blood
perfusion, skin temperature, and motion. The system was supplied with a wireless data
acquisition module.
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Figure 1. Device “LASMA PF” placement for LFD measurements of supraorbital regions.

After data acquisition, the rhythms of oscillations were computed using the built-in
wavelet analysis module. Microcirculation was characterized by the LDF signal in arbitrary
perfusion units (p.u.), using the software supplied with the LDF analyzer. Mathematical
processing of the results included evaluation of the following parameters for each frag-
ment: the average value of perfusion (M), the standard deviation (σ), and the coefficient
of variation KV = (σ/M)100%. Nutritive (MNUTR) and shunt (MSHUNT) components of
perfusion were also obtained [34]. In addition, the maximal amplitude of oscillations in
five frequency domains was computed for assessing the main mechanisms affecting micro-
circulation [29,32,35,36]: the endothelial activity, 0.0095–0.021 Hz (AE); neurogenic activity,
0.021–0.052 Hz (AN); myogenic activity of vascular smooth muscles, 0.052–0.145 Hz (AM);
respiratory-associated rhythm (venular), 0.145–0.6 Hz (AR); and cardiac activity, 0.6–2 Hz
(AC). Data obtained from the right and left side of the studied areas were averaged.

2.4. Statistical Analysis

Data were analyzed using IBM SPSS Statistics 21.0 software (SPSS, IBM Company,
Chicago, IL, USA). Within the DI session, ANOVA, followed by post-hoc comparisons
(Duncan test), was applied to compare LDF and hemodynamic parameters among study
points. The significance was considered at p < 0.05.

3. Results
3.1. Hemodynamics during a DI Session

At baseline condition (preDI), systolic and diastolic BP was 94–116 and 58–72 mm Hg,
respectively, and HR was 59–72 min−1 (Figure 2). During the DI session, BP and HR
values remained stable. Nevertheless, a slight decrease in both systolic and diastolic BP by
4–5 mm Hg was recorded. The hemodynamic data obtained in men and women did not
differ from each other, and therefore were combined them into one common study group.
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Figure 2. Blood pressure in subjects during “dry” immersion session (median and interquartile
range). Study points: before (baseline test—preDI); on the 15, 30, 40 min of DI session (15′DI, 30′DI
and 40′DI, correspondingly); and 3 min after DI (post-DI). SBP, systolic blood pressure; DBP, diastolic
blood pressure. The significance of ANOVA *** p < 0.001; the difference from preDI value # p < 0.001
(Duncan post-hoc test).

3.2. LDF Measurements in the Forehead Supraorbital Area during a DI Session

The parameters of LDF measurements in the forehead area are presented in Table 2. In
the forehead area in preDI condition, the average value of perfusion (M) was in the range of
12–17 p.u. During the DI session, there was a tendency towards an increase of the average
value of perfusion, though it was not significant. The nutritive and shunt components of
perfusion (MNUTR and MSHUNT), as well as the overall perfusion variability (σ and KV),
corresponded with regulatory mechanisms of perfusion and remained stable.

Table 2. LDF parameters of the supraorbital area in subjects during a DI session (Mean ± SD).

Parameter PreDI 15′DI 30′DI 30′DI PostDI Significance 1

M, p.u. 15.14 ± 4.58 18.48 ± 4.22 18.45 ± 3.95 * 19.01 ± 4.68 18.45 ± 4.59 * 0.064
MNUTR, p.u. 6.66 ± 3.31 8.66 ± 3.67 7.74 ± 3.67 9.07 ± 3.28 9.48 ± 4.33 0.153

MSHUNT, p.u. 8.48 ± 3.95 9.81 ± 4.30 10.71 ± 3.42 9.95 ± 2.85 9.00 ± 4.64 0.440
σ, p.u. 1.55 ± 0.455 1.59 ± 0.42 1.69 ± 0.32 1.53 ± 0.28 1.61 ± 0.42 0.703

KV 10.68 ± 3.23 8.87 ± 2.61 9.47 ± 2.14 8.55 ± 2.76 8.96 ± 2.12 0.117
AE, W2 0.43 ± 0.17 0.36 ± 0.30 0.41 ± 0.18 0.31 ± 0.14 0.37 ± 0.21 0.475
AN, W2 0.47 ± 0.15 0.40 ± 0.22 0.59 ± 0.23 0.47 ± 0.18 0.48 ± 0.18 0.048
AM, W2 0.54 ± 0.22 0.66 ± 0.31 0.65 ± 0.22 0.69 ± 0.21 0.76 ± 0.32 0.177
AR, W2 0.34 ± 0.11 0.48 ± 0.17 * 0.48 ± 0.13 * 0.47 ± 0.14 ** 0.51 ± 0.19 ** 0.008
AC, W2 0.82 ± 0.30 1.023 ± 0.29 1.06 ± 0.26 1.02 ± 0.25 1.06 ± 0.36 0.075

T, ◦C 34.84 ± 1.04 38.05 ± 0.31 *** 38.40 ± 0.26 *** 38.45 ± 0.32 *** 38.36 ± 0.35 *** 0.000
1 Study points: before (baseline test—preDI); on the 15, 30, 40 min of DI session (15′DI, 30′DI and 40′DI, cor-
respondingly); and 3 min after DI (post-DI). M, average value of perfusion; MNUTR, average value of nutritive
perfusion; MSHUNT, average value of shunt perfusion; σ, standard deviation; KV, coefficient of variation; AE,
endothelial activity; AN, neurogenic activity; AM, myogenic activity; AR, respiratory associated activity; AC,
cardiac activity; T, temperature. The significance is based on ANOVA with further post-hoc comparisons (Duncan
test); the difference from the baseline condition: * p < 0.05, ** p < 0.01, *** p < 0.001.

Frequency domain analysis revealed a significant increase in respiratory modulated ac-
tivity (AR), which corresponds to oscillations in the venous vascular bed. In addition, minor
changes in the neurogenic (AN) and cardiac (AC) LDF frequency ranges were revealed.

3.3. LDF Measurements in the Forearm Area during a DI Session

Values of LDF parameters of the forearm area are presented in Table 3. In preDI
condition, the average value of perfusion (M) was in the range of 3–7 p.u. During the
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DI session, there was a significant increase in the average value of perfusion (M) and
nutritive component of perfusion (MNUTR). The shunt component of perfusion (MSHUNT)
remained unchanged. The overall perfusion variability (σ) slightly increased, while KV did
not change.

Table 3. LDF parameters of the forearm area in subjects during a DI session (Mean ± SD).

Parameter PreDI 15′DI 30′DI 30′DI PostDI Significance 1

M, p.u. 4.46 ± 1.08 6.94 ± 2.71 8.56 ± 4.48 ** 9.50 ± 5.33 ** 8.69 ± 3.35 * 0.005
MNUTR, p.u. 2.39 ± 1.71 3.47 ± 1.69 5.10 ± 4.30 * 5.41 ± 3.84 5.23 ± 2.71 0.038

MSHUNT, p.u. 1.31 ± 0.83 2.68 ± 0.94 3.01 ± 1.91 3.38 ± 1.97 3.04 ± 1.57 0.241
σ, p.u. 0.43 ± 0.10 0.59 ± 0.36 0.84 ± 0.57 * 0.76 ± 0.46 0.70 ± 0.36 0.067

KV 9.78 ± 2.13 8.32 ± 1.66 9.71 ± 3.21 8.24 ± 3.49 8.07 ± 2.00 0.205
AE, W2 0.16 ± 0.15 0.14 ± 0.11 0.19 ± 0.12 0.15 ± 0.14 0.17 ± 0.09 0.789
AN, W2 0.18 ± 0.11 0.22 ± 0.17 0.25 ± 0.18 0.26 ± 0.22 0.19 ± 0.09 0.593
AM, W2 0.20 ± 0.09 0.26 ± 0.13 0.39 ± 0.38 0.36 ± 0.26 0.34 ± 0.19 0.178
AR, W2 0.13 ± 0.06 0.17 ± 0.08 0.22 ± 0.12 * 0.23 ± 0.12 0.22 ± 0.10 0.047
AC, W2 0.20 ± 0.05 0.34 ± 0.20 0.40 ± 0.26 0.38 ± 0.21 * 0.39 ± 0.25 0.067

T, ◦C 32.74 ± 1.12 35.75 ± 1.25 *** 36.36 ± 1.18 *** 36.44 ± 1.17 *** 36.42 ± 1.18 *** 0.000
1 Study points: before (baseline test—preDI); on the 15, 30, 40 min of DI session (15′DI, 30′DI and 40′DI, cor-
respondingly); and 3 min after DI (post-DI). M, average value of perfusion; MNUTR, average value of nutritive
perfusion; MSHUNT, average value of shunt perfusion; σ, standard deviation; KV, coefficient of variation; AE,
endothelial activity; AN, neurogenic activity; AM, myogenic activity; AR, respiratory associated activity; AC,
cardiac activity; T, temperature. The significance is based on ANOVA with further post-hoc comparisons (Duncan
test); the difference from the baseline condition: * p < 0.05, ** p < 0.01, *** p < 0.001.

Frequency domain analysis revealed a significant increase in respiratory modulated
(AR) and cardiac (AC) activity.

3.4. Temperature Measurements during a DI Session

The temperature dynamics in the studied areas is shown in Figure 3 and mean values
are presented in Tables 2 and 3. During a DI session, in the suborbital area the temperature
varied within a narrow range of 36.8–38.5 ◦C, while in the forearm area it varied over a
wider range of 34.2–38.0 ◦C.
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Figure 3. The temperature of the suborbital area (a) and forearm area (b).

4. Discussion

Primarily, in this study we aimed to evaluate cerebral circulation in healthy young
human subjects during an ultra-short 45 min DI session. In addition, we tested a hypothesis
that cerebral temperature would grow during an ultra-short DI session in heathy subjects.
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It was found that only a few parameters of the LDF signal had indeed modified within
a 45 min session of DI, while others had not. More specifically, the amplitude of the
respiratory (AR) component of the LDF spectrum had significantly increased by roughly
30% in comparison to the pre-DI condition. The myogenic (AM), endothelial (AE), and
cardiac (AC) components of the LDF spectrum in the supraorbital area did not change
within the DI session. The mean value of perfusion (M) increased from 15 p.u. before DI up
to 19 p.u. by the end of the DI session, though non-significantly. It has been found that the
temperature, measured in the supraorbital area, indeed increased during the DI session.
As for the forearm area, its perfusion was initially significantly lower by three times and
it significantly increased within a DI session. Furthermore, in the forearm area nutritive
perfusion increased during DI. Thus, there was a distinct difference in the reactivity of the
two studied areas.

The dynamics of BP in young healthy individuals is consistent with our earlier re-
sults [13,14] as well as data from other studies [16,37], which reported a 5 mm decrease
in diastolic BP associated with a 7% decrease in total peripheral vascular resistance. This
indicates a high reproducibility of the effect of a short DI session on hemodynamics.

The data obtained indicate, in general, the stability of the cerebral blood flow during a
DI session because most of LDF parameters did not change. Oscillations in the respiration
dependent frequency range predominantly indicate the venous blood flow because the
respiratory system is one of the major drivers for venous return to the heart [38,39]. The res-
piratory component of LDF is believed to increase during venous stasis [34,35]. Therefore,
as this component of the LDF spectrum increased, one can conclude that minor venous
stasis still took place during a 45 min DI session. These findings largely correspond with
previous studies, which evidenced venous stasis and growth of intracranial pressure in
subjects during longer-term DI sessions (3 to 5 days) [4,18,19]. As for the changes in the
neurogenic dependent frequency range of the LDF signal, they were non-significant in the
forearm area and were on the border of significance in the forehead area. This suggests
that the neurogenic dependent oscillations of the LDF signal were relatively stable during
45 min DI session.

In the forearm area, unlike the forehead area, the most notable change was the increase
of the average value of perfusion (M) and nutritive component of perfusion (MNUTR). Such
a big, almost double, increase in perfusion corresponds with hyperemia, which in turn may
be induced for the purpose of thermoregulation, more specifically, for the purpose of heat
loss [40]. This assumption is supported by the growth of hand skin temperature during the
DI session.

Brain temperature in vivo cannot be directly measured without invasive probes. Most
direct measurements of brain temperature were obtained during neurosurgical opera-
tions [41]. Therefore, most of the information on brain temperature was obtained with the
help of indirect methods, e.g., its computation based on whole-brain magnetic resonance
spectroscopy (MRS) [41]. The MRS method of temperature calculation is acknowledged
as reliable [42]. Even so, this method is science-intensive and expansive. In addition, this
method is not suitable for the monitoring of brain temperature in subjects positioned in
a special environment or device (DI bathtub). Brain temperature can be noninvasively
measured with an infrared thermography of the eyeballs [43], which reliably indicates the
central body temperature. However, this method is also indirect and it is not yet clear
whether it measures the temperature of the retina or cornea. Therefore, since the LDF
device used in our study provided thermal data during the DI session, we used it as the
most reliable method of temperature monitoring.

Brain temperature is usually higher than that of the “core” and it ranges in healthy
subjects from 36.1 to 40.9 ◦C (mean brain temperature 38.5 ± 0.4 ◦C), depending on age,
time of day, and hormonal status [41]. In the present study, in normal healthy subjects
the temperature grew within a 45 min DI session in the supraorbital area, and lay within
normal range. In all subjects, the dynamics of supraorbital skin temperature was largely the
same, which indicates the high reproducibility of the effect of DI. We regard this finding as
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important because brain temperature as a part of the thermal “core” of the organism must
be subjected to thermal homeostasis. Growth of brain temperature during DI, therefore,
can theoretically contribute to some well-known effects of DI, for example, skeletal muscle
hypotonia. The interactive effects of temperature and gravity on muscle tone is currently
under discussion in academic community (we). Furthermore, we aware of the fact that
supraorbital temperature strongly relates to brain temperature, but it is not necessarily
identical with it. We assume that this finding must be validated in further studies with help
of diverse methods of temperature measurement.

Several limitations to the study can be identified. First, brain temperature was eval-
uated with help of an LDF device in the supraorbital area of forehead. An MRS-based
measurement of brain temperature would be more relevant. Due to necessity of constantly
monitoring brain temperature, the LDF-based method was chosen. In addition, we did not
assess whether the horizontal position per se contributed to the outcome. In our future
studies, we plan to elucidate this issue. Finally, the temperature of deep and superficial
areas of the brain varies, which was not considered in the study.

5. Conclusions

In conclusion, our results suggest that an ultra-short, 45 min long, DI session does not
exert substantial effects on cerebral blood perfusion in young healthy subjects. Systemic
hemodynamics seen from BP were also stable. Nonetheless, some moderate signs of venous
stasis of cerebral perfusion were observed.

In addition, it was found, in accordance with the working hypothesis, that brain
temperature indeed increased in the course of a 45 min DI session. This finding must
be thoroughly validated in future studies because elevated brain temperature during a
DI session could well have contributed to some typical reactions to DI, e.g., decreased
muscle tone.

These findings can be additionally tested with help of other models of Earth-based
microgravity, e.g., during bed rest.

Author Contributions: Conceptualization, L.G.-M. and A.M.; methodology, L.G.-M. and A.M.;
validation, L.G.-M. and A.M.; formal analysis, L.G.-M., M.G., A.S. and E.S.; investigation, L.G.-M.,
M.G., A.S. and E.S.; resources, A.M.; data curation, L.G.-M., M.G., A.S. and E.S.; writing—original
draft preparation, L.G.-M. and A.M.; writing—review and editing, L.G.-M. and A.M.; visualization,
L.G.-M.; supervision, L.G.-M.; project administration, A.M.; funding acquisition, A.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the joint Ethics Committee of the Ministry of Health care of the Republic
of Karelia and Petrozavodsk State University (Statement of approval No. 31, 18 December 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the subjects for their participation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kermorgant, M.; Nasr, N.; Czosnyka, M.; Arvanitis, D.N.; Hélissen, O.; Senard, J.M.; Pavy-Le Traon, A. Impacts of Microgravity

Analogs to Spaceflight on Cerebral Autoregulation. Front. Physiol. 2020, 11, 778. [CrossRef] [PubMed]
2. Pandiarajan, M.; Hargens, A.R. Ground-Based Analogs for Human Spaceflight. Front. Physiol. 2020, 11, 716. [CrossRef] [PubMed]
3. Watenpaugh, D.E. Analogs of microgravity: Head-down tilt and water immersion. J. Appl. Physiol. 2016, 120, 904–914. [CrossRef]

[PubMed]
4. Tomilovskaya, E.; Shigueva, T.; Sayenko, D.; Rukavishnikov, I.; Kozlovskaya, I. Dry Immersion as a Ground-Based Model of

Microgravity Physiological Effects. Front. Physiol. 2019, 10, 284. [CrossRef] [PubMed]

https://doi.org/10.3389/fphys.2020.00778
https://www.ncbi.nlm.nih.gov/pubmed/32719617
https://doi.org/10.3389/fphys.2020.00716
https://www.ncbi.nlm.nih.gov/pubmed/32655420
https://doi.org/10.1152/japplphysiol.00986.2015
https://www.ncbi.nlm.nih.gov/pubmed/26869710
https://doi.org/10.3389/fphys.2019.00284
https://www.ncbi.nlm.nih.gov/pubmed/30971938


Pathophysiology 2023, 30 217

5. Demontis, G.C.; Germani, M.M.; Caiani, E.G.; Barravecchia, I.; Passino, C.; Angeloni, D. Human Pathophysiological Adaptations
to the Space Environment. Front. Physiol. 2017, 8, 547. [CrossRef]

6. Jirak, P.; Mirna, M.; Rezar, R.; Motloch, L.J.; Lichtenauer, M.; Jordan, J.; Binneboessel, S.; Tank, J.; Limper, U.; Jung, C. How
spaceflight challenges human cardiovascular health. Eur. J. Prev. Cardiol. 2022, 29, 1399–1411. [CrossRef] [PubMed]

7. Liphardt, A.M.; Fernandez-Gonzalo, R.; Albracht, K.; Rittweger, J.; Vico, L. Musculoskeletal research in human space
flight—unmet needs for the success of crewed deep space exploration. NPJ Microgravity 2023, 9, 9. [CrossRef]

8. Navasiolava, N.M.; Custaud, M.A.; Tomilovskaya, E.S.; Larina, I.M.; Mano, T.; Gauquelin-Koch, G.; Gharib, C.; Kozlovskaya, I.B.
Long-term dry immersion: Review and prospects. Eur. J. Appl. Physiol. 2011, 111, 1235–1260. [CrossRef]

9. Demangel, R.; Treffel, L.; Py, G.; Brioche, T.; Pagano, A.F.; Bareille, M.-P.; Beck, A.; Pessemesse, L.; Candau, R.; Gharib, C.; et al.
Early structural and functional signature of 3-day human skeletal muscle disuse using the dry immersion model. J. Physiol. 2017,
595, 4301–4315. [CrossRef]

10. Treffel, L.; Dmitrieva, L.; Gauquelin-Koch, G.; Custaud, M.A.; Blanc, S.; Gharib, C.; Millet, C. Craniomandibular System and
Postural Balance after 3-Day Dry Immersion. PLoS ONE 2016, 11, e0150052. [CrossRef]

11. Genin, A.M.; Modin, A.; Shashkov, V.S. Status of human hemodynamics during water immersion in different postures of
immersion. Kosm. Biol. Aviakosm. Med. 1988, 22, 7–10. [PubMed]

12. Arbeille, P.; Avan, P.; Treffel, L.; Zuj, K.; Normand, H.; Denise, P. Jugular and Portal Vein Volume, Middle Cerebral Vein Velocity,
and Intracranial Pressure in Dry Immersion. Aerosp. Med. Hum. Perform. 2017, 88, 457–462. [CrossRef] [PubMed]

13. Gerasimova-Meigal, L.; Meigal, A.; Sireneva, N.; Saenko, I. Autonomic Function in Parkinson’s Disease Subjects across Repeated
Short-Term Dry Immersion: Evidence from Linear and Non-linear HRV Parameters. Front. Physiol. 2021, 12, 712365. [CrossRef]
[PubMed]

14. Gerasimova-Meigal, L.; Meigal, A.; Sireneva, N.; Gerasimova, M.; Sklyarova, A. Heart Rate Variability Parameters to Evaluate
Autonomic Functions in Healthy Young Subjects during Short-Term “Dry” Immersion. Physiologia 2023, 3, 119–128. [CrossRef]

15. Meigal, A.Y.; Tretjakova, O.G.; Gerasimova-Meigal, L.I.; Sayenko, I.V. Program of seven 45-min dry immersion sessions improves
choice reaction time in Parkinson’s disease. Front. Physiol. 2021, 11, 621198. [CrossRef]

16. Ogoh, S.; Hirasawa, A.; de Abreu, S.; Denise, P.; Normand, H. Internal carotid, external carotid and vertebral artery blood flow
responses to 3 days of head-out dry immersion. Exp. Physiol. 2017, 102, 1278–1287. [CrossRef]

17. Ogoh, S.; Sato, K.; de Abreu, S.; Denise, P.; Normand, H. Arterial and venous cerebral blood flow responses to long-term
head-down bed rest in male volunteers. Exp. Physiol. 2020, 105, 44–52. [CrossRef]

18. Du, J.; Cui, J.; Yang, J.; Wang, P.; Zhang, L.; Luo, B.; Han, B. Alterations in Cerebral Hemodynamics During Microgravity: A
Literature Review. Med. Sci. Monit. 2021, 27, e928108. [CrossRef]

19. Guillon, L.; Kermorgant, M.; Charvolin, T.; Bonneville, F.; Bareille, M.-P.; Cassol, E.; Beck, A.; Beaurain, M.; Péran, P.; Lotterie, J.-A.;
et al. Reduced Regional Cerebral Blood Flow Measured by 99mTc-Hexamethyl Propylene Amine Oxime Single-Photon Emission
Computed Tomography in Microgravity Simulated by 5-Day Dry Immersion. Front. Physiol. 2021, 12, 789298. [CrossRef]

20. Yulug, B.; Velioglu, H.A.; Sayman, D.; Cankaya, S.; Hanoglu, L. Brain temperature in healthy and diseased conditions: A review
on the special implications of MRS for monitoring brain temperature. Biomed. Pharmacother. 2023, 160, 114287. [CrossRef]

21. Ball, D. Contrasting effects of heat stress on neuromuscular performance. Exp. Physiol. 2021, 106, 2328–2334. [CrossRef] [PubMed]
22. Nybo, L. Hyperthermia and fatigue. J. Appl. Physiol. 2008, 104, 871–878. [CrossRef] [PubMed]
23. Périard, J.D. Hyperthermia and supraspinal fatigue. Exp. Physiol. 2016, 101, 1323–1324. [CrossRef] [PubMed]
24. Todd, G.; Butler, J.E.; Taylor, J.L.; Gandevia, S.C. Hyperthermia: A failure of the motor cortex and the muscle. J. Physiol. 2005,

563 Pt 2, 621–631. [CrossRef]
25. Tucker, R.; Rauch, L.; Harley, Y.X.; Noakes, T.D. Impaired exercise performance in the heat is associated with an anticipatory

reduction in skeletal muscle recruitment. Pflugers Arch. 2004, 448, 422–430. [CrossRef]
26. Meigal, A.; Gerasimova-Meigal, L. Cold for gravity, heat for microgravity: A critical analysis of the “Baby Astronaut” concept.

Front. Space Technol. 2022, 3, 981668. [CrossRef]
27. Mauritzon, S.; Ginstman, F.; Hillman, J.; Wårdell, K. Analysis of laser Doppler flowmetry long-term recordings for investigation

of cerebral microcirculation during neurointensive care. Front. Neurosci. 2022, 16, 1030805. [CrossRef]
28. Gerasimova-Meigal, L.I.; Sireneva, N.V.; Meigal, A.Y. Estimation of the effect of the course of short-term sessions “dry” immersion

on autonomic regulation in patients with parkinsonism. Hum. Physiol. 2021, 47, 51–57. [CrossRef]
29. Sidorov, V.V.; Rybakov, Y.L.; Gukasov, V.M.; Evtushenko, G.S. A Device for Comprehensive Noninvasive Diagnostics of the Tissue

Microcirculation System of Human Skin. Biomed. Eng. 2021, 4, 232–235. [CrossRef]
30. Fedorovich, A.A.; Loktionova, Y.I.; Zharkikh, E.V.; Gorshkov, A.Y.; Korolev, A.I.; Dadaeva, V.A.; Drapkina, O.M.; Zherebtsov,

E.A. Skin microcirculation in middle-aged men with newly diagnosed arterial hypertension according to remote laser Doppler
flowmetry data. Microvasc. Res. 2022, 144, 104419. [CrossRef]

31. Anisimova, A.V.; Krupatkin, A.I.; Sidorov, V.V.; Zacharkina, M.V.; Yutskova, E.V.; Galkin, S.S. Laser Doppler flowmetry in the
assessment of the microcirculation in patients with acute and chronic cerebrovascular insufficiency. Reg. Krovoobrashhenie I
Mikrocirk. 2014, 3, 31–37.

32. Goltsov, A.; Anisimova, A.V.; Zakharkina, M.; Krupatkin, A.I.; Sidorov, V.V.; Sokolovski, S.G.; Rafailov, E. Bifurcation in
Blood Oscillatory Rhythms for Patients with Ischemic Stroke: A Small Scale Clinical Trial using Laser Doppler Flowmetry and
Computational Modeling of Vasomotion. Front. Physiol. 2017, 8, 160. [CrossRef] [PubMed]

https://doi.org/10.3389/fphys.2017.00547
https://doi.org/10.1093/eurjpc/zwac029
https://www.ncbi.nlm.nih.gov/pubmed/35148376
https://doi.org/10.1038/s41526-023-00258-3
https://doi.org/10.1007/s00421-010-1750-x
https://doi.org/10.1113/JP273895
https://doi.org/10.1371/journal.pone.0150052
https://www.ncbi.nlm.nih.gov/pubmed/3361839
https://doi.org/10.3357/AMHP.4762.2017
https://www.ncbi.nlm.nih.gov/pubmed/28417833
https://doi.org/10.3389/fphys.2021.712365
https://www.ncbi.nlm.nih.gov/pubmed/34690794
https://doi.org/10.3390/physiologia3010010
https://doi.org/10.3389/fphys.2020.621198
https://doi.org/10.1113/EP086507
https://doi.org/10.1113/EP088057
https://doi.org/10.12659/MSM.928108
https://doi.org/10.3389/fphys.2021.789298
https://doi.org/10.1016/j.biopha.2023.114287
https://doi.org/10.1113/EP088191
https://www.ncbi.nlm.nih.gov/pubmed/32608071
https://doi.org/10.1152/japplphysiol.00910.2007
https://www.ncbi.nlm.nih.gov/pubmed/17962572
https://doi.org/10.1113/EP085883
https://www.ncbi.nlm.nih.gov/pubmed/27800667
https://doi.org/10.1113/jphysiol.2004.077115
https://doi.org/10.1007/s00424-004-1267-4
https://doi.org/10.3389/frspt.2022.981668
https://doi.org/10.3389/fnins.2022.1030805
https://doi.org/10.1134/S0362119721040046
https://doi.org/10.1007/s10527-021-10108-9
https://doi.org/10.1016/j.mvr.2022.104419
https://doi.org/10.3389/fphys.2017.00160
https://www.ncbi.nlm.nih.gov/pubmed/28386231


Pathophysiology 2023, 30 218

33. Seiyama, A.; Miura, T.; Sasaki, Y.; Okahashi, S.; Konishi, N.; Cassim, M. Characterization of forehead blood flow bias on NIRS
signals during neural activation with a verbal fluency task. Neurosci. Res. 2023, 186, 43–50. [CrossRef] [PubMed]

34. Krupatkin, A.I. Evaluation of the parameters of total, nutritive, and shunt blood flows in the skin microvasculature using laser
Doppler flowmetry. Hum. Physiol. 2005, 31, 98–102. [CrossRef]

35. Krupatkin, A.I.; Sidorov, V.V. Laser Doppler Flowmetry of Blood Microcirculation: A Guide for Doctors; Medicina: Moscow, Russia,
2005; p. 256.

36. Saha, M.; Dremin, V.; Rafailov, I.; Dunaev, A.; Sokolovski, S.; Rafailov, E. Wearable Laser Doppler Flowmetry Sensor: A Feasibility
Study with Smoker and Non-Smoker Volunteers. Biosensors 2020, 10, 201. [CrossRef] [PubMed]

37. Navasiolava, N.; Yuan, M.; Murphy, R.; Robin, A.; Coupé, M.; Wang, L.; Alameddine, A.; Gauquelin-Koch, G.; Gharib, C.;
Li, Y.; et al. Vascular and microvascular dysfunction induced by microgravity and its analogs in humans: Mechanisms and
countermeasures. Front. Physiol. 2020, 11, 952. [CrossRef] [PubMed]

38. Bernjak, A.; Stefanovska, A. Importance of wavelet analysis in laser Doppler flowmetry time series. Annu. Int. Conf. IEEE Eng.
Med. Biol. Soc. 2007, 2007, 4064–4067. [CrossRef]

39. Kralj, L.; Lenasi, H. Wavelet analysis of laser Doppler microcirculatory signals: Current applications and limitations. Front.
Physiol. 2023, 13, 1076445. [CrossRef]

40. Tansey, E.A.; Johnson, C.D. Recent advances in thermoregulation. Adv. Physiol. Educ. 2015, 39, 139–148. [CrossRef]
41. Rzechorzek, N.M.; Thrippleton, M.J.; Chappell, F.M.; Mair, G.; Ercole, A.; Cabeleira, M.; Rhodes, J.; Marshall, I.; O’neill, J.S. A

daily temperature rhythm in the human brain predicts survival after brain injury. Brain 2022, 145, 2031–2048. [CrossRef]
42. Schwenke, M.; Strehlow, J.; Demedts, D.; Haase, S.; Romero, D.B.; Rothlübbers, S.; von Dresky, C.; Zidowitz, S.; Georgii, J.; Mihcin,

S.; et al. A focused ultrasound treatment system for moving targets (part I): Generic system design and in-silico first-stage
evaluation. J. Ther. Ultrasound. 2017, 5, 20. [CrossRef] [PubMed]

43. Gulias-Cañizo, R.; Rodríguez-Malagón, M.E.; Botello-González, L.; Belden-Reyes, V.; Amparo, F.; Garza-Leon, M. Applications of
Infrared Thermography in Ophthalmology. Life 2023, 13, 723. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neures.2022.09.012
https://www.ncbi.nlm.nih.gov/pubmed/36191681
https://doi.org/10.1007/s10747-005-0013-4
https://doi.org/10.3390/bios10120201
https://www.ncbi.nlm.nih.gov/pubmed/33297337
https://doi.org/10.3389/fphys.2020.00952
https://www.ncbi.nlm.nih.gov/pubmed/32973543
https://doi.org/10.1109/IEMBS.2007.4353226
https://doi.org/10.3389/fphys.2022.1076445
https://doi.org/10.1152/advan.00126.2014
https://doi.org/10.1093/brain/awab466
https://doi.org/10.1186/s40349-017-0098-7
https://www.ncbi.nlm.nih.gov/pubmed/28748092
https://doi.org/10.3390/life13030723
https://www.ncbi.nlm.nih.gov/pubmed/36983878

	Introduction 
	Materials and Methods 
	Participants 
	The DI Session 
	Outcome Measures 
	Statistical Analysis 

	Results 
	Hemodynamics during a DI Session 
	LDF Measurements in the Forehead Supraorbital Area during a DI Session 
	LDF Measurements in the Forearm Area during a DI Session 
	Temperature Measurements during a DI Session 

	Discussion 
	Conclusions 
	References

