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Abstract: Changes in cardiovascular system (CVS) under dondibf hypogravity simulated using 7- and 21-deth@- and
antiorthostatic hypokinesia at different angles avstudied. The aim of the experiment was seleatibmformative CVS

parameters most sensitive to these conditions.

I&ineous recording of 26 CVS parameters on a

spiroartheriocardiorythmograph showed that the nsesisitive parameters were blood pressure (BPahidity indexes in
functional tests: differences in groups with vagyitegrees of orthostatic hypokinesia (+ 9.6° ardéd% were observed starting
from the first week of the experiment. By day 2dormpunced changes in the total spectral powerasitdiic BP variability were
noted in the group exposed to constant antiorte@stahis parameter significantly surpassed theesponding value in the
groups with milder conditions. Significant increase the LF component of diastolic BP in groups esqmb to severe
antiorthostasis and orthostasis was detected. iReddy, autonomic mechanisms affecting the systnfid diastolic BP under

conditions of hypogravity simulation are differeat,least partially.

Keywords: Systolic and Diastolic Blood Pressure, Simulategétyavity, Bed Rest, Heart rate Variability,

Blood Pressure Variability

1. Introduction

Processes of adaptation to hypogravity and hypslane
occur during space flights and under conditionsthudir
terrestrial modeling. The most obvious effect opbgravity
on the human body is displacement of liquid mediahte
upper part of the body, which triggers the mechanis
providing long-term adaptation to the new condisiomhese
changes primarily affect the function of the cavdiscular
system (CVS) and respiratory system (RS), whiclessitates
their continuous monitoring under conditions of bgpavity.
For evaluation of the adaptation processes in CK RS,
parameters of the autonomic balance and activitythef
segmental and suprasegmental compartments of
autonomic nervous system that are responsibledaptation
to environmental changes, in particular, to weggghess [1,
2, 4].

The autonomic balance of CVS is usually assessdu:ant

rhythm variability (R-R intervals). However, heattythm
oscillations are closely related to respiratoryerand both
these systems determine variability of systolic drabtolic
pressure (blood pressure variability; BPV) [5-9Fride, the
data on HRV and BPV cannot be interpreted in trseabe of
synchronous respiration recording [Bj.our study, we used a
spiroarteriocardiorhythmograph (SACR) allowing pleta
recording of the respiratory and cardiovasculaiamlity.

As a part of a complex study on theoretical and
experimental validation of the model the physiotadieffects
of hypogravity on austronauts during their staytio& lunar
surface, hypogravity was simulated using ortho-
antiorthostatic hypokinesia (OH and ANOH).
theln the part of the study described in this artigle, focused
on the analysis of a wide range of CVS and RS peiams
under conditions of hypogravity simulation to idéntthe
most important parameters characterizing the diffees
between the experimental groups.

and
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2. Materials and M ethods

OH and ANOH experiments were performed on ma'%ardiogram

volunteers in hospital settings. The experimentsrewe
performed in 7- and 21-day variants. The researcbguures

49

autonomic nervous system (ANS) into heart rate (ldRJ
blood pressure (BP) regulation, integrated valuds o
intervals, parameters of lung ventilgtio
baroreflex parameters, etc.

Electrocardiogram (ECG) was recorded in standaad le

and methods were approved by the Commission Of\,er 2 minutes. The time-amplitude parameters oRED

Biomedical Ethics at the Federal Research andcali@enter
of Specialized Medical Care and Medical Technolsgie
Federal Medico-Biological Agency of Russia; all wateers
signed Informed consent for participation in thedst

The 7-day experiment included 8 male volunteers349
years) that were distributed into 2 groups (4 vtdens per
group) and exposed to continuous 7-day head-upedtrest
(7-day OH) at an angle of +9.6° (group 1; +9.6° @}#15°
(group 2; +15° OH).

The 21-day experiment included
(19-39-year-old men) that also were distributed @igroups.
The first group (5 volunteers) was subjected todag-
tilt-down bed rest at an angle of -6° (ANOH groiplg. 2);
these conditions simulated weightless space ftgtite Moon
with subsequent lunar orbiting. The second growgle(®; 6

volunteers) simulated space flight to the Moon withy

subsequent stay on the lunar surface. These veltmnteere
subjected to tilt-down bed rest (ANOH; -6°) on days of the
experiment followed by alternation of daytime ortadgic bed
rest at an angle of +9.6° (from 7 am to 11 pm) aigdhttime
horizontal bed rest (0°; from 11 pm to 7am) on déy&l of
the experiment (Fig. 2).

2.1. Spiroarteriocardiorhythmography: Principles and
Instruments

Individual functional sufficiency of the cardiorésgiory
system was evaluated using a Spiroarteriocardibrhggraph

complex and heart rhythm variability (HRV) were kaed
using statistic, geometric, and spectral parameteiRV
power in different frequency bands determined using
Fourier-transform analysis characterizes ANS aisti@nd the
function of the central mechanisms of heart ratplagion.
Three frequency bands can be distinguished in pleets:
very low frequency (VLF, 0-0.04 Hz), low frequen¢yF,
0.04-0.15 Hz), and high frequency (0.15-0.4 Hz)jclwhare
measured in absolute values of powerjmEhese values can

11  volunteers, s pe presented in standardized units (LFn, KBkulated

as the ratio of each spectral component to their. $ndex of
autonomic balance (AB=LF/HF) and index of centiatiian
(C=(VLF+LF)/HF) were calculated from HRV spectral
parameters.
Peripheral systolic and diastolic blood pressu@R%nd
BP, respectively) and their variability were measlion
middle phalanx using the method of Penaz. From the
parameters of BP pulse wave, hemodynamic parameters
stroke volume, and cardiac output were calculagioiguphase
analysis of cardiac cycle and BP. Spontaneous iarter
baroreflex sensitivity (BRS=L§/LFsgp) was also evaluated.
From geometric parameters of HRV (mode, mode aousit
amplitude of oscillations, etc.), autonomic balarindex,
parameter of adequacy of regulation processesnantc
rhythm index, and regulatory system strain indel (&ere
calculated.

The only analogs of Spiroarteriocardiorhythmograph,

instrument complex (SACR, recommended by Ministfy oFinapress Medical System [10] and its portable fization

Health Care and Social
Federation for clinical use; registration
#29/03020703/5869-04, St. Petersburg)
simultaneous recording of the heart, vascular,rasgiratory
rhythms. The method makes it possible to calcuthe
relative contribution of sympathetic and parasyrptt

certifiea

Development of the RussiaRortapress [11] manufactured by TNO company (the

Netherlands) have no measuring spirometric chanviakh

allowingnakes impossible simultaneous analysis of respiraéind

circulation, but these options are successfullyized in the
Spiroarteriocardiorhythmograph.

7-day experiment
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Figure 1. Design of the 7-day experiment.
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Figure 3. SACR recording.
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Figure 4. BP dynamics during hypogravity modeling (mean+SE).
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Figure5. TPD and TPS during mask-off recording and two fianal tests throughout the observation periode (@ata are presented as median and 25%-75%).
* - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilon matched-pair test

2.2. Conditions and Schedule of SACR Measurements the dynamics of DBP and SBP (ANOVA for repeated
, measures). The significance of differences were Qa3 for
2.2.1. In 7-day experiment DBP and p=0.03 for SBP.

The first measurement was performed one day bé&bte
simulation and then on days 1 and 7 of bed reag(points 0,
I, and IlI, respectively) (Fig. 1). All measuremeni&re
performed in the morning (from 9 to 11 am).

To answer the question in which period of our expent
these differences were significant, we should edelu
between-group differences preceding the tilt charigeboth
groups (day 6). CVS and RS parameters were recancibe
2.2.2. In 21-Day Experiment following time points: 0 - 2 days before bed réstday 1 of

The measurements were performed 2 days beforeate sthe experiment, II - day 3 of the experiment, |day 8 of the
of ANOH modeling and then on days 3, 8, and 21exf test ©XPeriment, IV - day 21 of the experiment (see expental
(time points 0, I, I, I, IV, respectively) (Fig2). Al prot(_)col). To exclud_e _between-group d!fferencescedmg
measurements were performed at 9-11 am. It shalbted the tilt cha_mges, we _lelde_d the _study period Eht_ntervals: A
that Selena group volunteers on days 6-21 of betlwere - ffom point | to point Il (inclusively), when thédt was the

examined in 2-4 h after transition from the horizdrf0°) to  S@Me in ANOH and Selena groups (-6°); B — from pbirio
orthostatic (+9.6°) position. point IV, when the tilts were different in thesegps.

The examination was carried out in the supine jossit _1he results presented in Table 1 show that sigmific
(either horizontal or at the tilt prescribed by theerimental  differences in the dynamics of DBP appeared durnigyval
protocol; Fig. 3) and consisted of 3 continuousi-®ACR B and were absent during interval A, when the exaes
recordings: 1) without respiratory masks and resjgn Were under the same conditions. _
recording (mask —); 2) with respiratory mask (fimeal test !N ANOH and Selena groups, SBP changed more rapidly
with increased "dead space”, which according Trokhiet al. than DBP in response to transition from antiortadstto
[12], leads to redistribution of HR variability speum orthostatic position between days 3 and 8 of bat mhich

towards an increase in the high-frequency (HF) camept) €an be seen from the analysis of betw_een_—groupr_d'ribes in
(mask +); 3) functional test or controlled respoatat a SBP on days 3-2IANOVA revealed significant differences

frequency of 0.1 Hz with the use of respiratory knasd between the ANOH and Selena groups during thisogeF(8,
—_ —_— *
respiration recording (G4R Breathing with a frequency of 6 72)=2.4117, p=0.0229*.

times per minute induces significant BP shifts ¢ielood Based on this result, we analyzed changes in amtano
deposition in the lungs during inspiration followesy €gulation of BP by assessing DBP and SBP vartghiing
pronounced HR and BP baroreflex response [14]. spectral analysis of BP rhythms. Figure 5 showslghreamics

Statistics. The data were expressed as means + SE 8f the total power of DBP and SBP spectra overehtre
median with percentiles 25-75%. Repeated measuiga  OPservation period. o
was used for evaluation of differences betweemthaps. For ~ 1he total power of DBP variability spectrum (TPD)
data not conforming normal distribution the nonpaegic ~ Significantly increased on day 21 of bed rest ia ANOH

Mann-Whitney and Wilcoxon matched-pairs tests wesed. ~ 9rouP exposed to invariable and more rigid condgichan
Selena group. This increase in TPD was observedagri21

3 R It during both mask-on and mask-off recording and esfig
- ResUlts during controlled respiration. No significant diféaces in the

The most striking and significant between-groug©t@l Power of SBP spectra (TPS) were found.
differences were found for BP and its autonomiaitepn in ~ Further, we present the results of the analysistod- and
the 21-day experiment (between ANOH and Selenaggiou intergroup differences in the frequency componesit8P

Figure 4 illustrates significant between-groupefiénces in  Variability (HFD/S, LFD/S, VLFD/S) during morning
measurements.
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Analysis of the HF component of SBP and DBP valitgbi
(HFS/D) revealed significant intra- and intergralifferences
in HFS (Fig. 6). In the ANOH group, the HF compoheh
SBP variability (HFS) significantly increased byyd& in
comparison with the results of examination 2 dagfete the

experiment (time point 0) and in comparison withe th
corresponding value in Selena group. These diftarenvere
more pronounced during mask-off recording (magkig. 6).
Similar changes were detected for HFD, but theyewer
statistically insignificant.

Table 1. Between-group differences (ANOVA for repeated nmesgpin absolute BP values before and after AN@itthiange (multivariate analysis)

Timeinterval

CRAETEIE S Total observation period (days 1-21)

Interval A (days 1-3) Interval B (days 8-21)

DBPanon Vs DBRsgjen;
SBPanon VS SBRelen:

F(11, 99)=2,8460, p=0,00281*
F(11, 99)=2,1070, p=0,02642*

F(5, 45)=4,8511, p=0,000124*
F(5, 45)=1,2787, p=0,28977

F(5, 45)=0,12573, p=0,98568
F(5, 45)=0,45271, p=0,80908

* - p<0,05

5.1 HFD

mm Hg'

4

mask -, mask +, CR6, mask- mask+, CR&, mask-, mask+, CRE, mask- mask+, CRE,

dayl dayl dayl day3 day3 day3 day8 day8 day8 day2l day2l day2l
light bars - ANOH, dark bars - Selena

15 T HFS

a ALl

mask -, mask +, CRE, mask- mask+, CRS, mask- mask+, CR6, mask- mask+, CRE,
dayl dayl dayl day3 day3 day3 day& dayd day8 dayZ2i day21 day21

o

light bars - ANOH, dark bars - Selena

Figure6. HFD and HFS during mask-off recording and two fioal tests throughout the observation perifide data are presented as median and 25%-75%).

* - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilon matched-pair test.

Table 2. Between-group differences (ANOVA for repeated miegkin standardized BP values before and after AN change (multivariate analysis)

Compared aroups Timeinterval
P group Total observation period (days 1-21) Interval A (days 1-3) Interval B (days 8-21)
StDBPanon VS StDBRgjen; F(11, 99)=3,0975, p=0,00129* F(5, 45)=0,57644, p=0,71769 F(5, 45)=4,8233, p=0,00129*

StSBRwon VS StSBRejen: F(11, 99)=1,9191, p=0,04558*

F(5, 45)=2,1676, p=0,07454 F(5, 45)=1,4183, p=0,23601

* - p<0,05

Analysis of the LF component of SBP and DBP vatigbi

found only during functional tests (mask-on and toated

(LFS/D) revealed significant intra- (ANOH—ANOH) and respiration), we further discuss only these paramsgt-ig. 9

intergroup (ANOH-Selena) differences only for LFD.

In the ANOH group, the LF component of DBP varidpil
(LFD) significantly increased by experimental dag i
comparison with both day 1 (time point I) and cepending
value in the Selena group. This increase was nrospinced
during functional test with controlled respiration.

In the range of very low frequencies (VLFD/S) (F8), a
significant increase was observed for VLF compoioémBP
(VLFD) by day 21 of the experiment in the ANOH gpoin
comparison with day 1 in the same group and in @ispn
with Selena group; these differences reached thel lef
statistical significance in the mask-off measurentEiy. 8).

Comparison of the results the 7-day experimeni*+OH
and +15° OH groups revealed significant
differences in the parameters of autonomic reguiadf both
SBP (Fig. 9) and DPB (Fig. 10).

Figures 9 and 10 illustrate the increase in totakgr of
SBP and DBP spectra (TPS and TPD, respectivelyther

and 10).

The greatest contribution into TPS increase inh6° OH
group was made by the HF component (HFS) and in the
mask-on test — by the VLF component (VLFS) (Fig. ®e
greatest contribution into TPD increase in the +@HB group
was made by HF and LF components (HFD and LFD). (Fig
10). These findings attest to the involvement dfedént
levels of SBP and DBP regulation into this autonoghift.

In order to avoid distortion of changes due to vidtlial
variability in the 7-day experiment, we used stadizd
values (Figures 9 and 10 show deviations of tharmpaters
from the values obtained on day 1 of the experijnent

It should be noted that in the 21-day experimehg t

intergrougchanges in standardized BP (stBP) and absolute 8f w

similar (Table 1 and 2). stDBP and stSBP were ¢aled as
the ratio of absolute parameters to DBP and SBiegain day
1 of the experiment (time point I; see Fig. 3jgnificant
between-group differences for stDBP were observathd

+9.6° OH group in comparison with the +15° OH grpupthe period from day 8 to day 21 (interval B).

especially in the mask-on functional test. Sincetliese
experiments significant differences in BP varidpilivere

ANOVA revealed significant differences in stSBPvoetn
the ANOH and Selena groups during the period fraim @ay
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21 (time points 1I-IV; see experimental protocolf(8,
72)=2.5211, p=0.01779*.
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E
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5 * |
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Figure 7. LFD, LFS, and LF during mask-off recording and tfuactional tests throughout the observation periide data are presented as median and

25%-75%). * - p<0,05, Mann-Whitney test; - - - -@85, Wilcoxon matched-pair test.
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Figure 8. VLFD and VLFS during mask-off recording and twactional tests throughout the observation peridtie (data are presented as median and
25%-75%). * - p<0,05, Mann-Whitney test; - - - -85, Wilcoxon matched-pair test.
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Figure 9. TPS and its components HFS, LFS, and VLFS befateday 7 hypogravity simulation in mask-on and eoied respiration tests (the data are
presented as median and 25%-75%). * - p<0,05, Mdfhitney test.
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Figure 10. TPD and its components HFD, LFD, and VLFD befand day 7 hypogravity simulation in mask-on and iled respiration tests (the data are
presented as median and 25%-75%). * - p<0,05, Mdfitney test.

. . young athletes [13]. Moreover, the total power séilations
4. Discussion consistently increased only during recording ofspulvave
The most pronounced SBP spectral power variakslitg amplitude in small vessels of the toe under coowiitiof both

drastic changes in this parameter in response ttwstatic 2ctive and passive orthostasis in contrast to afpos
exposure were observed by A. P. Isaev et al. iin oevey of oscillation spectra in large vessels (tibial vesseld aorta) in
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response to active or passive orthostasis. Thi&esagwith our
findings on BP variability in response to modulatiof
chronic orthostasis conditions (tilt change or $iion from
antiorthostasis to orthostasis) under similar coowlé of BP
recording on finger vessels in the supine position.

Rhythmic changes in SBP and, hence, in TPS areapijm
related to variability of the pumping function bitheart [14]
and TP of HR as the main indicator of this varidilthis
explains the absence of pronounced concordant elsaimy
TPS (Fig. 5) in the examinees and agrees with lbserece of
significant intra- and intergroup differences in dftheir HR
throughout the 21-day experiment. This can be éxgthby
individual variability of changes in HR under cotiolis of
ANOH and OH in the examinees, in particular, TP atiter
parameters of HR variability [15].

55

pronounced intergroup differences were observetdarLFD
component (Fig. 7), when the rhythm with a frequeof0.1

Hz corresponding to LF range was set by controlled
respiration. These differences are most likely eisged with
long-term blood redistribution in the body and ofj@s in
peripheral (capillary) blood supply [19], but nathwhythmic
changes in HR. Other stimuli, e.g. stimuli fromeaént veins,
interoceptors responding to organ displacement he t
abdominal cavity, and vestibular apparatus closeligted to
the sympathetic nervous system seem to contribate t
potentiation of slow waves, such as BP and HR $28,30]
(which was seen from enhancement of LF componehthof
variability spectra; Fig. 7), but do not reflecettifferences in
the status of examinees exposed to different obribr
orthostasis modes.

High-frequency BP modulations have more pronounced Intergroup changes in BP variability in the VLF gan

effect on the systolic component of BP variabi(iti~S) than
on its diastolic component. It is known that thisguency
range is mainly determined by respiration rate siadthe
vagus nerve modulates HR and shifts the varialslitgctrum
towards HF range, which, in turn, affects SBP \lity in

the same frequency range (HFS) [16].
significant intra- and intergroup differences only day 8 of
the 21-day experiment; however, no significant ¢feann the
HF component of HR variability were revealed duegteat
individual variability. A similar picture was obsexd in the
7-day experiment.

Significant increase in the integral index of DBRit( not
SBP) variability (TPD) under conditions of long+te ANOH
agrees with the fact that this parameter is clossted to the
tone, rigidity, and myogenic activity of smooth rolgscells in
the peripheral vessels [15, 17], and its significalnanges
logically reflect the consequences of long-termatitostatic
and orthostatic hypokinesia (redistribution of bofilyids,
changes salt-water balance, etc.) [18, 19].

The LF component of DBP variability (LFD) demongtch
most pronounced changes under conditions of odbisst
especially in the respiration tests (mask-on reogrdor
controlled respiration at a frequency of 0.1 HzheTblood
flow or pressure oscillation component in this fregcy range
was sensitive to various factors [20, 21]. Phygjaal
mechanisms of slow (~0.1 Hz) HR and BP oscillatians
elusive, but it is quite clear that slow HR osditbas are
secondary, reflectory, and cannot be determinea bkingle

cause [22]. Moreover, according to Cevese et aP, B

(VLFS/D) in our experiments are contradictory, adlhas the
assumption on the nature of waves in HR and BRpdity in

this range [19]. These changes could hardly bébated to
the direct effects of chronic anti- and orthostaklewever,
bearing in mind the hypothesis proposed by Baeesla}. on

HFS attainesiprasegmental (hypothalamic and higher levelsjiraabf

these oscillations [31-33], we can assume that éneyelated
to psycho-emotional stress affecting the cardiowiasc
system, but this assumption requires additionalyaisa

It can be concluded that the most sensitive pareimetere
BP variability indexes in functional tests thatfeied in
groups with varying degrees of orthostatic hypokiag¢+ 9.6°
OH and + 15° OH) starting from the first week ofeth
experiment.This confirms high information value of these
parameters in studies of orthostatic and antiotétins
hypokinesia. By day 21 of the experiment, pronounced
changes in TPD were noted in the group exposedrnstant
antiorthostasis (ANOH). This parameter significantly
surpassed the corresponding value in the Seleng gaith
milder OH conditionsAutonomic mechanisms affecting the
SBP and DBP under conditions of hypogravity simataare
different, at least partiallyThis is seen from significant
increase in the LF component of DBP in groups egdde
severe antiorthostasis and orthostasis (ANOH arisf @H
groups).Autonomic regulation of SBP varied earlier (by 7-8
days) and primarily affected HFS, while this imbeda was
leveled by day 21 (in contrast to LFS).
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