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Introduction. Research into the microvasculature as an integral component of the cardiovascular system is particularly relevant in space medicine for identifying
adaptive changes to weightlessness and developing new diagnostic criteria for assessing the functional state of an astronaut’s body in long-duration space flights.
Objective. To study the process of microcirculation and its regulation in various skin areas in healthy volunteers under conditions of 21-day head-down (-6°)
bed rest (HDBR).

Materials and methods. The experiment involved six male volunteers aged 26-34 years. To simulate translocation of liquid media and physical inactivity, the
subjects remained in an antiorthostatic position for 21 days. Microcirculation was studied by laser Doppler flowmetry using LAZMA PF portable laser analyzers
(SPE “LAZMA” Ltd, Russia). Participant examination was conducted two days prior the onset of the study, on the 3rd, 7th, 15th, 18th, and 20th day of experi-
mental exposure, as well as two days after the completion of HDBR. Statistical data analysis was performed using the Statistica 13.0 software (IBM, USA).
Results. On day 3 of HDBR exposure, a statistically significant decrease in basal perfusion and the amplitude of myogenic oscillations in the skin of the
forehead and shin was observed. The analysis of functional tests on the forearm showed a decrease in the respiratory test index by 10.87% throughout the
experimental period. On day 3 of hypomobility, a decrease in the venuloarteriolar response by an average of 10.64% and an increase by 91.82% in the capillary
blood flow reserve were noted, with the latter persisting throughout the entire exposure.

Conclusions. The effect of HDBR is expressed in a decrease in skin perfusion against the background of increased tone of terminal arterioles and precapil-
lary sphincters in the forehead and lower legs, which may indicate microcirculation shift toward larger vessels. Despite the skin perfusion stability in the fore-
arm area at rest, the conducted functional tests showed the probability of changes in vasomotor function under the action of HDBR.
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PEMMOHAPHbI KOXXHbII KPOBOTOK Y 300POBbIX OECJIEQYEMbIX B YC/TIOBUSAX 21-CY TOYHOW
AHTUOPTOCTATUYECKOW MMNOKNHE3NUN

[.B. Nawkosa™, tO.A. MNonoga', A.A. efoposny™?, A.B. LLInakos'
"VIHCTUTYT MeauKo-bruonorudeckmx npobnem Poccuiickoin akagemmn Hayk, Mockea, Poccus

2 HaupoHanbHbIi MeQULMHCKNIA MCCNeaoBaTeNbCKUn LIEHTP Tepanuu 1 NpodunakTuyeckor MeamumHel MuHMCTepcTBa 3apaBooxpaHeHns Poccuinckonm
depepaunmn, Mocksa, Poccust

BBepeHue. /IccnenoBaHvie MUKPOLMPKYISTOPHOMO 3BeHA Kak 3NeMeHTa CepreyHO-COCYANCTON CUCTEMbI MPUMEHUTENBHO K KOCMUYECKON MeauLIMHE ak-
TyanbHO Kak ANs BbIABAEHVS afanTauyoHHbIX M3MEHEHWIN K HEBECOMOCTM, TaK M MOUCKa HOBbIX ANArHOCTUHECKNX KPUTEPUEB OLEHKN (DYHKLMOHANBHOMO
COCTOSIHMS OpraHn3Ma KOCMOHaBTa B MePCneKTUBE AalbHNX KOCMUYECKNX MONETOB.

Llenb. /13y4eHne MUKPOKPOBOTOKA 1 €r0 Perynsumm B pasnmyHbix 061acTsax KOXXM y 300POBbIX JOOPOBOJLLEB B YCNOBUSAX 21-CyTOYHOM aHTUOpTOCTaTYe-
CcKoW (-6°) rmnokmHeaun (AHOI).

MaTtepuanbl 1 MeTogbl. B akcnepymMeHTe NpuHANM ydactue 6 My>K4H-06poBOsbLEB B Bo3pacTe 26—-34 neT. [ns MOAeNnMpOBaHMA TpaHCNOKaLMM XXIA-
KWX CPEeS, M rvnoavHaMmm UCnbITyeMble HAXOAWINCh B aHTMOPTOCTATUHECKOM MOMOXEHUN B TeveHre 21 cyT MUKPOLIMPKYASLMIO MCCNefoBan C MOMOLLBIO
MeTOoa NnadepHo AoNNepOBCKOM hNoyMeTpun ¢ NCnosb3oBaHNEM NOopTaTVBHbIX nasepHbix aHanmdatopos «/TASMA Md» (OO0 HIIM «JTASMA», Poccus).
Viccnepgosanne nposoamnu 3a 2 cyT Ao Hadana AHOT, Ha 3, 7, 15, 18 1 20 cyT 9KCNepnMEeHTanbHOro BO3AENCTBYSA, a TakxKe 4epes 2 CyT NMoc/e OKOHYaHus
AHOT. CtaTtucTnyieckuii aHanma aaHHbIX NPOBeAeH C MCronb3oBaHeM NporpamMmMHoro obecneveHns Statistica 13.0 (IBM; CLLA).

Pe3ynbraTbl. O6Hapy>XEHO CTATUCTUHECKM 3HAYMMOE CHKEHWE 6adanbHOM Nepdysnm 1 aMnanTyAbl MUOTEHHBIX KoflebaHnii B 061acTn KXW n6a 1 roneHmn
Ha 3 CyT B YCOBUSX aHTUOPTOCTATUYECKOWM MMNOKMHE3UW. AHANN3 pPedynsTaTtoB (DyHKLIMOHAbHBIX MPO6 Ha Npeanneybe nokasdan yMeHbLUeHe nHaekca
ObixaTenbHor Npobbl Ha 10,87% Ha NPOTSXEHWM BCEro SKCNEPUMEHTaNbHOIO NePUOAA, CHKEHNE BEHYNO-apTEPVONSPHON peakLmmn Ha 3 CyT rMnoKMHe3mn
B cpeaHemM Ha 10,64% v yBennyeHve Ha 91,82% pesepBa KanuansipHOro KpoBOTOKa Ha 3 CyT, COXpaHstoLLeecst Ha NMPOTSXKEHUM BCEro BO3AENCTBYS.
BbiBoabl. OPdexT Bo3aenctama AHOI BbipaXkeH B CHUXKEHUN KOXHOWM Nepdy3nn Ha hoHe YBENMYEHHOrO TOHyca TePMUHAIbHBIX apTePUON 1 NpeKanwn-
NAPHbIX CHMHKTEPOB B 061aCTN N6a 1 rONEeHEN, YTO MOXET yKasblBaTb Ha pacnpefeneHne MYMKPOKPOBOTOKA B CTOPOHY 60siee KPyrHbIX COCyaoB. HecMoTps
Ha cTabubHOCTb Nepdy3nn B 061aCTV KOXM NPeanieYdbs B MOKOe, MPoBeAeHHble (DyHKLOHaNbHbIe MPobbl Mokasanu, 4To, BeposTHO, yenosus AHOT npu-
BOAAT K N3MEHEHMNIO Ba3OMOTOPHOM PYHKLMN.
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CooTBeTCTBME NPMHUMUNAM 3TUKW: UCCNELOBaHME NPOBELEHO B COOTBETCTBUM C NPUHLMNAMUN XeNbCUHKCKOM feknapaLmn. Bce obcneayemMble NPOXOAUM
MeanUMHCKMin 0T6op BpadebHoM akcnepTHol komuccurelt MHL PO — MBI PAH, B xoge KOToporo 3abofieBaHnii 1 NaTonoruin, NpensaTCTBYOWMNX yHaCTUIO
B 9KCMepUMeEHTE, BbISIBNIEHO He 6bino. Bce y4acTHVKM nognucany o6poBofibHOe MHDOPMMPOBaHHOE Cornacue Ha y4acTue B ccnegoBanum. Viccnepnosa-
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INTRODUCTION

Weightlessness is known to be a significant factor affecting
the state of the cardiovascular system (CVS) during space
flights (SF). Its effects are mainly caused by blood redistri-
bution toward the cranial direction. In addition, SF condi-
tions trigger such changes in the cardiovascular system as
fluid movement from intravascular compartments toward
intracellular spaces, a decrease in the total circulating
blood volume, myocardial mass loss, decreased vascular
resistance, increased venous return, and orthostatic intol-
erance after returning to gravity [1-2].

The prospects of long-duration space flights, e.g., to the
Moon, Mars, etc., with the possibility of landing on their
surface poses the challenge of solving arising medical is-
sues without timely support from the Earth. In this connec-
tion, assessment of the functional state of the circulatory
system at both macro- and micro-levels can provide the
necessary information about the overall adaptational ca-
pacity of the body and its resilience to external influences.
From this standpoint, the microcirculatory bed as the pri-
mary element of the cardiovascular system that responds
to environmental changes presents particular research in-
terest [3]. The skin is one of the most accessible objects for
studying blood microcirculation; however, account should
taken of the cutaneous blood flow being directly involved in
thermoregulation [4].

According to N. Charkoudian, the skin microcircula-
tion reacts to heat or cold stress [5], while scientific data
in available publications may differ due to the variety of
methods used to assess the overall thermal effect [6, 7].
Thus, according to Fedorovich et al. [6], a 30-day stay in
a hermetic object at a temperature of +30-38 °C and a
humidity of 30-50% did not result in an increase in tissue
perfusion recorded by laser Doppler flowmetry (LDF) on
the forearm. This was explained by the specifics of skin
angioarchitectonics and the depth of sensing by measur-
ing equipment. Examination of the skin microcirculatory
bed by Yuan et al. using the LDF method in an experiment
with 180-day isolation in temperature- and humidity-neutral
conditions revealed a decrease in the blood flow response
to an acetylcholine test, which indicated the manifestation
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of endothelial dysfunction [8]. The study of skin micro-
hemocirculation in SF conditions was undertaken in two
experiments. In the first study [9], the authors evaluated
cutaneous blood flow and endothelium-dependent va-
sodilation at the forearm level using LDF in combination
with acetylcholine iontophoresis during a three-week SF
at the Tiangong-2 station in two taikonauts. The authors
observed a slight decrease in basal perfusion during and
directly after SF, as well as signs of endothelial dysfunction.
In the second study [10], conducted on board the ISS with
the participation of one space tourist and one professional
cosmonaut, a decrease in tissue perfusion and an increase
in vascular tone were found on days 2 and 3 of SF in the
skin of the first toe and the temporal region of the head. In
addition, functional differences were found in the indices of
skin perfusion of the upper and lower extremities between
the examined astronauts, which the authors attributed to
the use of a preventive blood redistribution agent in one of
the study participants [10].

The complexity of organizing space experiments and
the limited sample of the astronauts being examined, giv-
en multicomponent SF factors, impede a comprehensive
study of the microcirculatory link and its regulation in these
conditions. Earth model experiments can be used to evalu-
ate the effect of weightlessness, including inactivity, lifting
of the support load, and redistribution of liquid media in the
cranial direction. One of such experiments is head-down
bed rest (HDBR) used for modeling the redistribution of
body fluids toward the cranial direction.

In this article, we report a study undertaken to investi-
gate microcirculation and its regulation in various areas of
the skin in healthy male volunteers under conditions of 21-
day head-down bed rest.

MATERIALS AND METHODS

The experiment was conducted on six healthy male volun-
teers (average age 30.3 + 5.2 years; weight — 72.8 + 7.7 kg;
height — 1771 £ 6.3 cm) using a hypogravitation bench
at the Institute of Biomedical Problems (Russia). The vol-
unteers were placed in an antiorthostatic position with an
angle of inclination of the body relative to the horizon of
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—6° without the use of preventive physical exercises and a
moderate restriction of motor activity for 21 days. The sub-
jects were verticalized for short-term hygiene procedures
(once daily), as well as for passive orthostatic testing (on
days 6, 14, and 19) and a lower body negative pressure
(LBNP) on day 19. For medical reasons, one of the subjects
was allowed to participate in the experiment with restric-
tions: provided that stress tests, including orthostatic ones,
were excluded. A detailed description of experimental con-
ditions can be found in [11].

The method of laser Doppler flowmetry (LDF) was used
to assess the state of the skin microcirculatory bed. This
method is based on probing the area under study using
laser radiation and analyzing the reflected signal from red
blood cells moving in the bloodstream. The exclusion crite-
ria for this study of the skin microcirculatory bed (MCB) us-
ing the LDF method were: age over 40 years, the presence
of additional exposure factors (breathing with hyperoxic
mixtures, etc.), the presence of nevi and tattoos in the area
of sensor application in the subjects. All six participants in
the experiment were included in the study group according
to these criteria.

To register microcirculation parameters using the LDF
method, three LAZMA PF portable laser analyzers (SPE
“‘LAZMA” Ltd, Russia) with the wavelength of the probing
radiation of 850 nm were used. One sensor was placed on
the non-dominant arm in the Zakharin—-Ged area: along the
median line of the forearm, 3—4 cm above the ulnar and ra-
dial styloid. The second sensor was placed on the anterior-
inner surface in the lower third of the shin. The third sensor
was applied on the central area of the forehead (Fig. 1).

The analyzers were fixed using medical tubular elastic
bandages. The total examination duration was 45 min. At
the first stage, basal perfusion was recorded at rest: the
subject was in a relaxed lying position, calmly breathing

Forehead

Forearm

Shin

Figure prepared by the authors using data from an open online source

Fig. 1. Placement of portable laser analyzers during the study

in a waking state. Following 10 min, functional tests were
performed in the forearm area: respiratory and occlusive
(venous and arterial) tests. The respiratory test includes
a breath-holding maneuver (for 15 sec after rapid deep
inhalation through the mouth), allowing assessment of
the functional state of sympathetic vasomotor regulation.
Venous occlusion was created by increasing pressure
in the shoulder cuff to 40 mmHg followed by its main-
tenance at this level for 2 min. This artificially created an
increase in postcapillary pressure, without obstacles to
arterial blood flow, to assess the venuloarteriolar constric-
tor response without involving sympathetic regulation.
Arterial occlusion was used to determine the reserve of
capillary blood flow, for which pressure was pumped into
the shoulder cuff at a level of 30-50 mmHg above the
individual systolic pressure and maintained at this level for
3 min, followed by parameter registration in the period of
postocclusive hyperemia. The use of these tests allowed
us assess the state of the regulation mechanisms of tis-
sue blood flow, as well as the general functional state of
the microcirculatory bed in the forearm skin according to
the accepted methodology [12, 13].

The Lazma specialized software (SPE “LAZMA” Ltd,
Russia) was used to calculate the basal perfusion level (M)
in perfusion units (PU), as well as the amplitude—frequency
spectrum of blood flow oscillations based on wavelet anal-
ysis. Thus, the maximum amplitudes of vasomotion were
determined in the appropriate frequency ranges, i.e., Ae,
An, Am, Av, Ac (endothelial, neurogenic, myogenic, venu-
lar (respiratory), and cardiac components of microvascular
tone formation, respectively). When performing functional
tests, the following indicators were evaluated: BHI as an
index of breath holding test, VAR as an venuloarteriolar re-
sponse, CFR as capillary blood flow reserve (according to
the LDF of the forearm skin).

The microcirculatory bed was examined two days prior
to the onset of experimental exposure (background study);
on days 3, 7, 15, 18, and 20 during HDBR exposure; as
well as two days after the completion of exposure (afteref-
fect period). The studied parameters were recorded prior
to and following the HDBR period in the prone position of
the subject (15 min after adaptation to the horizontal po-
sition). During HDBR exposure, the participants were ex-
amined in an antiorthostatic position. The study prior to
and following exposure was performed in laboratory con-
ditions with a constant microclimate: ambient tempera-
ture — 24.33 + 2.58 °C; humidity — 57.83 + 6.97%; atmo-
spheric pressure — 741.17 + 16.57 mmHg. Under HDBR
conditions, the study was conducted in a room with the
following environmental parameters: ambient tempera-
ture — 23.36 + 1.34 °C; humidity — 54.57 + 3.03%; atmo-
spheric pressure — 744.57 + 17.08 mmHg.

A statistical analysis of the datasets obtained was car-
ried out using the STATISTICA 13.0 statistical software
package (IBM, USA) using principal component analysis
and the Wilcoxon criterion [14].

RESULTS

When analyzing the data obtained, the study sample
of six people was checked for uniformity using principal
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component analysis for all parameters recorded during the
experiment. The results obtained recorded the uniformity
of the group, with the values not exceeding two standard
deviations.

On day 3 of HDBR stay, the conducted statistical
analysis revealed a decrease in the basal perfusion level
(p = 0.05, Wilcoxon criterion) by 32.84% in the forehead
skin and 22.52% in the shin skin (Fig. 2). In addition, a de-
crease in this parameter in the shin skin was noted on days
15 and 18 of exposure, amounting to 31.64% and 34.68%,
respectively. This may be related to the cyclogram of the
experiment, which included an orthostatic test. It should
be noted that, by day 3 of hypokinesia, the participant
who was not allowed to undergo an orthostatic test and
an LBNP test during the HDBR period, showed a 7.02%
decrease in blood perfusion in the forehead skin; during
the entire HDBR, the downward trend in this parameter
persisted and had reached the maximum difference with
the background (34.21%) by day 20 of exposure. It could
be assumed that changes in skin perfusion might be
associated with temperature changes, since the skin is
an essential component of the human thermoregulatory
system [4].

In our study, the ambient temperature during the expo-
sure period was kept at 23.36 + 1.34 °C, being close to the
temperature of the laboratory room in which the studies
were conducted before and after HDBR (24.33 + 2.58 °C).
In addition, the temperature of the study area was mea-
sured using a sensor built into the LDF analyzer, with
the parameter remaining around the same level during
the entire experiment. The average temperature was
32.88 + 1.36 °C in the forehead skin and 32.73 + 1.38 °C
in the shin skin. The humidity level in the rooms during the
study practically did not differ between sessions: during
the procedure, the windows were closed, and the air con-
ditioning system was turned off before (15 min before the
start of the measurement) and during the study. Around
15 min before the onset of the experiment, the partici-
pants were not covered with a blanket, the examined skin
areas were open (freed from clothing) to adapt to envi-
ronmental conditions. According to subjective feelings, all
volunteers felt comfortable in these conditions. Thus, the
effect of fluctuations in environmental parameters on our
results was minimal.

A decrease in the amplitude of myogenic oscillations
by 51.15% and 41.94% was found in both the forehead and
shin skin areas at an early stage of the body’s adaptation
to HDBR conditions (day 3). It should be noted that in the
head area, the Am value remained below the background
(measured 2 days prior to exposure) and decreased relative
to the background by 57.03% on day 7, by 47.23% on day
15, and by 47.71% by day 18 (Fig. 3).

When analyzing the data obtained during functional
tests, changes were found in both the VAR during the
breath holding test, and in the VAR and CFR during venous
and arterial occlusion, respectively (Fig. 4). However, these
changes were multidirectional: when the VAR and BHI
decreased, the CFR increased throughout the exposure.
Moreover, VAR had a reduced value of relative background
exposure on days 3 and 15 of HDBR, BHI — throughout
the entire exposure.
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DISCUSSION

It is known that bed rest models primarily simulate such
an effect of weightlessness as the redistribution of body
fluids toward the cranial direction. In our series of experi-
ments, part of which was the current study, the authors [11]
showed that, due to HDBR exposure, the central hemo-
dynamics showed an average daily decrease in heart rate
and blood pressure. Previous studies found a decrease in
total peripheral resistance [15] and, concerning the periph-
eral hemodynamics, a decrease in blood flow in the lower
extremities [16].

The results obtained in our study indicate that HDBR
conditions with an inclination angle of —6° lead to chang-
es in skin microcirculation, which are manifested in a de-
crease in basal perfusion in the shin and forehead at an
early stage of the body’s adaptation (day 3 of exposure).
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Fig. 2. Basal perfusion changes in HDBR conditions
Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.
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Fig. 3. Changes in the amplitude of myogenic oscillations (Am) under the
conditions of head-down bed rest.

Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.

In other words, the changes are unidirectional in both the
skin of the lower extremities and the scalp. These data are
consistent with the results of a study conducted by Britt et
al. [17], who observed a decrease in blood perfusion in the
neck area under HDBR conditions.

In an experiment by Kurazumi et al. [18], the subjects
briefly placed in an antiorthostatic position demonstrated
a decrease in cutaneous blood flow in the cheek area dur-
ing 10-min antiorthostasis with a body tilt angle of —30°,
against which a significant increase in vascular resistance
in this area was detected.

In our study, against the background of decreased per-
fusion, a decrease in the amplitude of myogenic oscillations
was noted both in the lower extremities and in the forehead
skin. This indicates an increase in vascular tone in the skin
microcirculatory bed of these regions. Due to the relatively
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Fig. 4. Parameter dynamics of functional tests in the conditions of head-down
bed rest

Note: the graphs show the average values and the interquartile range; on the
X-axis: —2 and +2 are the days before and after head-down bed rest; * p < 0.05.

increased tone of the arterioles, the microvascular lumen
narrows, which reduces skin blood flow in the studied ar-
eas. It can be assumed that the decrease in the amplitude
of myogenic vasomotions in the forehead skin may reflect
protective mechanisms in the basin of the internal carotid
artery (including for the capillaries of the brain) from an ex-
cessive increase in hydrostatic pressure in conditions of in-
creased arterial blood flow and obstructed venous outflow
(myogenic autoregulation of the cerebral vascular bed). It
is the myogenic tone that is the last regulatory link at the
entrance to the capillary. An increase in the level of tissue
perfusion in the forehead skin may be a consequence of
activation of other regulatory mechanisms or a contribu-
tion to the overall spectral power of the reflected signal of
the venular component (venular fullness) against the back-
ground of venous outflow difficulty from the head in HDBR
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conditions. The restoration of the blood perfusion level in
the forehead skin on days 7, 15, and 20 of HDBR back
to the initial background level is probably due to the con-
sequence of temporary verticalization of the subjects on
the eve of the study session associated with the passive
orthoprobe (days 6, 14, and 19) and the LBNP test (day 19).

The detected changes (decreased perfusion and am-
plitude of myogenic oscillations) on days 3 and 18 may in-
dicate the redistribution of blood from the skin of the shin
and forehead into larger vessels against the background of
centralization of blood flow. It was previously shown that
during space flight conditions, the main volume of extra-
cellular fluid, according to bioimpedance measurements, is
observed in the abdominal region [19].

It was found that the changes in skin perfusion in the
forehead and lower leg area under HDBR conditions are
similar to those recorded in a study of microcirculatory tis-
sue systems by the LDF method on the International Space
Station [10]. In comparison with the LDF results under con-
ditions of a three-week SF, indicating a slight decrease in
basal perfusion in the forearm skin throughout the flight
[20], our study under similar-duration conditions revealed
no changes in the LDF parameter in the forearm skin.

Nevertheless, the analysis of the above functional tests
showed that HDBR exposure leads to changes in the va-
somotor function of the vessels of the forearm skin, which
may be indicated by both a decrease in VAR and a decrease
in IDP. This, hence, states a decrease in the microvascular
response to both types of constrictor stimuli. The steadily
reduced value of IDP throughout the entire period of HDBR
indicates that the degree of shortening of smooth muscle
cells during activation of the sympathetic adrenergic system
decreases either due to changes in the sensitivity of myo-
cytes to norepinephrine, or due to increased muscle tone.
In this regard, it can be assumed that the tone of myocytes
is increased on the forearm (the higher the initial tone, the
lower the degree of muscle shortening and, consequently,
the lower the amplitude of the recorded signal). However,
according to the amplitude-frequency wavelet analysis, we
did not register a significant decrease in the amplitude of
myogenic vasomitations. The constrictor reaction in venous
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