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Abstract: Changes in cardiovascular system (CVS) under conditions of hypogravity simulated using 7- and 21-day ortho- and 
antiorthostatic hypokinesia at different angles were studied. The aim of the experiment was selection of informative CVS 
parameters most sensitive to these conditions. Simultaneous recording of 26 CVS parameters on a 
spiroartheriocardiorythmograph showed that the most sensitive parameters were blood pressure (BP) variability indexes in 
functional tests: differences in groups with varying degrees of orthostatic hypokinesia (+ 9.6˚ and + 15˚) were observed starting 
from the first week of the experiment. By day 21, pronounced changes in the total spectral power of diastolic BP variability were 
noted in the group exposed to constant antiorthostasis. This parameter significantly surpassed the corresponding value in the 
groups with milder conditions. Significant increase in the LF component of diastolic BP in groups exposed to severe 
antiorthostasis and orthostasis was detected. Presumably, autonomic mechanisms affecting the systolic and diastolic BP under 
conditions of hypogravity simulation are different, at least partially. 

Keywords: Systolic and Diastolic Blood Pressure, Simulated Hypogravity, Bed Rest, Heart rate Variability,  
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1. Introduction 
Processes of adaptation to hypogravity and hypokinesia 

occur during space flights and under conditions of their 
terrestrial modeling. The most obvious effect of hypogravity 
on the human body is displacement of liquid media to the 
upper part of the body, which triggers the mechanisms 
providing long-term adaptation to the new conditions. These 
changes primarily affect the function of the cardiovascular 
system (CVS) and respiratory system (RS), which necessitates 
their continuous monitoring under conditions of hypogravity. 
For evaluation of the adaptation processes in CVS and RS, 
parameters of the autonomic balance and activity of the 
segmental and suprasegmental compartments of the 
autonomic nervous system that are responsible for adaptation 
to environmental changes, in particular, to weightlessness [1, 
2, 4].  

The autonomic balance of CVS is usually assessed by heart 

rhythm variability (R-R intervals). However, heart rhythm 
oscillations are closely related to respiratory rate and both 
these systems determine variability of systolic and diastolic 
pressure (blood pressure variability; BPV) [5-9]. Hence, the 
data on HRV and BPV cannot be interpreted in the absence of 
synchronous respiration recording [3]. In our study, we used a 
spiroarteriocardiorhythmograph (SACR) allowing parallel 
recording of the respiratory and cardiovascular variability. 

As a part of a complex study on theoretical and 
experimental validation of the model the physiological effects 
of hypogravity on austronauts during their stay on the lunar 
surface, hypogravity was simulated using ortho- and 
antiorthostatic hypokinesia (OH and ANOH). 

In the part of the study described in this article, we focused 
on the analysis of a wide range of CVS and RS parameters 
under conditions of hypogravity simulation to identify the 
most important parameters characterizing the differences 
between the experimental groups. 
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2. Materials and Methods 
OH and ANOH experiments were performed on male 

volunteers in hospital settings. The experiments were 
performed in 7- and 21-day variants. The research procedures 
and methods were approved by the Commission on 
Biomedical Ethics at the Federal Research and Clinical Center 
of Specialized Medical Care and Medical Technologies, 
Federal Medico-Biological Agency of Russia; all volunteers 
signed Informed consent for participation in the study. 

The 7-day experiment included 8 male volunteers (19-39 
years) that were distributed into 2 groups (4 volunteers per 
group) and exposed to continuous 7-day head-up tilt bed rest 
(7-day OH) at an angle of +9.6˚ (group 1; +9.6˚ OH) or +15˚ 
(group 2; +15˚ OH). 

The 21-day experiment included 11 volunteers 
(19-39-year-old men) that also were distributed into 2 groups. 
The first group (5 volunteers) was subjected to 21-day 
tilt-down bed rest at an angle of -6˚ (ANOH group) (Fig. 2); 
these conditions simulated weightless space flight to the Moon 
with subsequent lunar orbiting. The second group (Selena; 6 
volunteers) simulated space flight to the Moon with 
subsequent stay on the lunar surface. These volunteers were 
subjected to tilt-down bed rest (ANOH; -6˚) on days 1-5 of the 
experiment followed by alternation of daytime orthostatic bed 
rest at an angle of +9.6˚ (from 7 am to 11 pm) and nighttime 
horizontal bed rest (0˚; from 11 pm to 7am) on days 6-21 of 
the experiment (Fig. 2). 

2.1. Spiroarteriocardiorhythmography: Principles and 
Instruments 

Individual functional sufficiency of the cardiorespiratory 
system was evaluated using a Spiroarteriocardiorhythmograph 
instrument complex (SACR, recommended by Ministry of 
Health Care and Social Development of the Russian 
Federation for clinical use; registration certificate 
#29/03020703/5869-04, St. Petersburg) allowing 
simultaneous recording of the heart, vascular, and respiratory 
rhythms. The method makes it possible to calculate the 
relative contribution of sympathetic and parasympathetic 

autonomic nervous system (ANS) into heart rate (HR) and 
blood pressure (BP) regulation, integrated values of 
cardiogram intervals, parameters of lung ventilation, 
baroreflex parameters, etc. 

Electrocardiogram (ECG) was recorded in standard lead I 
over 2 minutes. The time-amplitude parameters of PQRST 
complex and heart rhythm variability (HRV) were evaluated 
using statistic, geometric, and spectral parameters. HRV 
power in different frequency bands determined using 
Fourier-transform analysis characterizes ANS activity and the 
function of the central mechanisms of heart rate regulation. 
Three frequency bands can be distinguished in the spectra: 
very low frequency (VLF, 0-0.04 Hz), low frequency (LF, 
0.04-0.15 Hz), and high frequency (0.15-0.4 Hz), which are 
measured in absolute values of power (ms2). These values can 
also be presented in standardized units (LFn, HFn) calculated 
as the ratio of each spectral component to their sum. Index of 
autonomic balance (AB=LF/HF) and index of centralization 
(C=(VLF+LF)/HF) were calculated from HRV spectral 
parameters.  

Peripheral systolic and diastolic blood pressure (SBP and 
DBP, respectively) and their variability were measured on 
middle phalanx using the method of Penaz. From the 
parameters of BP pulse wave, hemodynamic parameters, 
stroke volume, and cardiac output were calculated using phase 
analysis of cardiac cycle and BP. Spontaneous arterial 
baroreflex sensitivity (BRS=LFM/LFSBP) was also evaluated. 
From geometric parameters of HRV (mode, mode amplitude, 
amplitude of oscillations, etc.), autonomic balance index, 
parameter of adequacy of regulation processes, autonomic 
rhythm index, and regulatory system strain index (SI) were 
calculated. 

The only analogs of Spiroarteriocardiorhythmograph, 
Finapress Medical System [10] and its portable modification 
Portapress [11] manufactured by TNO company (the 
Netherlands) have no measuring spirometric channel, which 
makes impossible simultaneous analysis of respiration and 
circulation, but these options are successfully realized in the 
Spiroarteriocardiorhythmograph. 

 

Figure 1. Design of the 7-day experiment. 



50 Anton Cherepov et al.:  The Choice of Informative Parameters of the Cardiovascular System for Assessment of Physiological  
Effects of Hypogravity 

 

Figure 2. Design of the 21-day experiment. 

 

Figure 3. SACR recording. 

 

Figure 4. BP dynamics during hypogravity modeling (mean±SE).  
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Figure 5. TPD and TPS during mask-off recording and two functional tests throughout the observation period. (the data are presented as median and 25%-75%). 
* - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilcoxon matched-pair test 

2.2. Conditions and Schedule of SACR Measurements 

2.2.1. In 7-day experiment 
The first measurement was performed one day before OH 

simulation and then on days 1 and 7 of bed rest (time points 0, 
I, and II, respectively) (Fig. 1). All measurements were 
performed in the morning (from 9 to 11 am). 

2.2.2. In 21-Day Experiment 
The measurements were performed 2 days before the start 

of ANOH modeling and then on days 3, 8, and 21 of bed rest 
(time points 0, I, II, III, IV, respectively) (Fig. 2). All 
measurements were performed at 9-11 am. It should be noted 
that Selena group volunteers on days 6-21 of bed rest were 
examined in 2-4 h after transition from the horizontal (0˚) to 
orthostatic (+9.6˚) position. 

The examination was carried out in the supine position 
(either horizontal or at the tilt prescribed by the experimental 
protocol; Fig. 3) and consisted of 3 continuous 2-min SACR 
recordings: 1) without respiratory masks and respiration 
recording (mask –); 2) with respiratory mask (functional test 
with increased "dead space", which according Trukhanov et al. 
[12], leads to redistribution of HR variability spectrum 
towards an increase in the high-frequency (HF) component) 
(mask +); 3) functional test or controlled respiration at a 
frequency of 0.1 Hz with the use of respiratory mask and 
respiration recording (CR6). Breathing with a frequency of 6 
times per minute induces significant BP shifts due to blood 
deposition in the lungs during inspiration followed by 
pronounced HR and BP baroreflex response [14]. 

Statistics. The data were expressed as means ± SE or 
median with percentiles 25-75%. Repeated measures ANOVA 
was used for evaluation of differences between the groups. For 
data not conforming normal distribution the nonparametric 
Mann-Whitney and Wilcoxon matched-pairs tests were used. 

3. Results 
The most striking and significant between-group 

differences were found for BP and its autonomic regulation in 
the 21-day experiment (between ANOH and Selena groups). 

Figure 4 illustrates significant between-group differences in 

the dynamics of DBP and SBP (ANOVA for repeated 
measures). The significance of differences were p=0.003 for 
DBP and p=0.03 for SBP. 

To answer the question in which period of our experiment 
these differences were significant, we should exclude 
between-group differences preceding the tilt changes in both 
groups (day 6). CVS and RS parameters were recorded in the 
following time points: 0 - 2 days before bed rest, I - day 1 of 
the experiment, II - day 3 of the experiment, III - day 8 of the 
experiment, IV - day 21 of the experiment (see experimental 
protocol). To exclude between-group differences preceding 
the tilt changes, we divided the study period into 2 intervals: A 
- from point I to point II (inclusively), when the tilt was the 
same in ANOH and Selena groups (-6°); B – from point III to 
point IV, when the tilts were different in these groups. 

The results presented in Table 1 show that significant 
differences in the dynamics of DBP appeared during interval 
B and were absent during interval A, when the examinees 
were under the same conditions.  

In ANOH and Selena groups, SBP changed more rapidly 
than DBP in response to transition from antiorthostatic to 
orthostatic position between days 3 and 8 of bed rest, which 
can be seen from the analysis of between-group differences in 
SBP on days 3-21. ANOVA revealed significant differences 
between the ANOH and Selena groups during this period: F(8, 
72)=2.4117, p=0.0229*. 

Based on this result, we analyzed changes in autonomic 
regulation of BP by assessing DBP and SBP variability using 
spectral analysis of BP rhythms. Figure 5 shows the dynamics 
of the total power of DBP and SBP spectra over the entire 
observation period. 

The total power of DBP variability spectrum (TPD) 
significantly increased on day 21 of bed rest in the ANOH 
group exposed to invariable and more rigid conditions than 
Selena group. This increase in TPD was observed on day 21 
during both mask-on and mask-off recording and especially 
during controlled respiration. No significant differences in the 
total power of SBP spectra (TPS) were found.  

Further, we present the results of the analysis of intra- and 
intergroup differences in the frequency components of BP 
variability (HFD/S, LFD/S, VLFD/S) during morning 
measurements. 
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Analysis of the HF component of SBP and DBP variability 
(HFS/D) revealed significant intra- and intergroup differences 
in HFS (Fig. 6). In the ANOH group, the HF component of 
SBP variability (HFS) significantly increased by day 8 in 
comparison with the results of examination 2 days before the 

experiment (time point 0) and in comparison with the 
corresponding value in Selena group. These differences were 
more pronounced during mask-off recording (mask-) (Fig. 6). 
Similar changes were detected for HFD, but they were 
statistically insignificant. 

Table 1. Between-group differences (ANOVA for repeated measures) in absolute BP values before and after ANOH tilt change (multivariate analysis) 

Compared groups 
Time interval 
Total observation period (days 1-21) Interval A (days 1-3) Interval B (days 8-21) 

DBPANOH vs DBPSelena F(11, 99)=2,8460, p=0,00281* F(5, 45)=0,12573, p=0,98568 F(5, 45)=4,8511, p=0,000124* 
SBPANOH vs SBPSelena F(11, 99)=2,1070, p=0,02642* F(5, 45)=0,45271, p=0,80908 F(5, 45)=1,2787, p=0,28977 

* - p<0,05 

 
Figure 6. HFD and HFS during mask-off recording and two functional tests throughout the observation period. (the data are presented as median and 25%-75%). 
* - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilcoxon matched-pair test. 

Table 2. Between-group differences (ANOVA for repeated measures) in standardized BP values before and after ANOH tilt change (multivariate analysis) 

Compared groups 
Time interval 

Total observation period (days 1-21) Interval A (days 1-3) Interval B (days 8-21) 

stDBPANOH vs stDBPSelena F(11, 99)=3,0975, p=0,00129* F(5, 45)=0,57644, p=0,71769 F(5, 45)=4,8233, p=0,00129* 

stSBPANOH vs stSBPSelena 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 variability 
(LFS/D) revealed significant intra- (ANOH–ANOH) and 
intergroup (ANOH–Selena) differences only for LFD.  

In the ANOH group, the LF component of DBP variability 
(LFD) significantly increased by experimental day 21 in 
comparison with both day 1 (time point I) and corresponding 
value in the Selena group. This increase was most pronounced 
during functional test with controlled respiration. 

In the range of very low frequencies (VLFD/S) (Fig. 8), a 
significant increase was observed for VLF component of DBP 
(VLFD) by day 21 of the experiment in the ANOH group in 
comparison with day 1 in the same group and in comparison 
with Selena group; these differences reached the level of 
statistical significance in the mask-off measurement (Fig. 8). 

Comparison of the results the 7-day experiment in +9.6˚ OH 
and +15˚ OH groups revealed significant intergroup 
differences in the parameters of autonomic regulation of both 
SBP (Fig. 9) and DPB (Fig. 10). 

Figures 9 and 10 illustrate the increase in total power of 
SBP and DBP spectra (TPS and TPD, respectively) for the 
+9.6˚ OH group in comparison with the +15˚ OH group, 
especially in the mask-on functional test. Since in these 
experiments significant differences in BP variability were 

found only during functional tests (mask-on and controlled 
respiration), we further discuss only these parameters (Fig. 9 
and 10). 

The greatest contribution into TPS increase in the +9.6˚ OH 
group was made by the HF component (HFS) and in the 
mask-on test – by the VLF component (VLFS) (Fig. 9). The 
greatest contribution into TPD increase in the +9.6˚ OH group 
was made by HF and LF components (HFD and LFD) (Fig. 
10). These findings attest to the involvement of different 
levels of SBP and DBP regulation into this autonomic shift. 

In order to avoid distortion of changes due to individual 
variability in the 7-day experiment, we used standardized 
values (Figures 9 and 10 show deviations of the parameters 
from the values obtained on day 1 of the experiment).  

It should be noted that in the 21-day experiment, the 
changes in standardized BP (stBP) and absolute BP were 
similar (Table 1 and 2). stDBP and stSBP were calculated as 
the ratio of absolute parameters to DBP and SBP values on day 
1 of the experiment (time point I; see Fig. 2). Significant 
between-group differences for stDBP were observed during 
the period from day 8 to day 21 (interval B). 

ANOVA revealed significant differences in stSBP between 
the ANOH and Selena groups during the period from 3 to day 
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21 (time points II-IV; see experimental protocol): F(8, 
72)=2.5211, p=0.01779*. 

 

 

Figure 7. LFD, LFS, and LF during mask-off recording and two functional tests throughout the observation period. (the data are presented as median and 
25%-75%). * - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilcoxon matched-pair test. 

 

Figure 8. VLFD and VLFS during mask-off recording and two functional tests throughout the observation period. (the data are presented as median and 
25%-75%). * - p<0,05, Mann-Whitney test; - - - - p<0,05, Wilcoxon matched-pair test. 
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Figure 9. TPS and its components HFS, LFS, and VLFS before and day 7 hypogravity simulation in mask-on and controlled respiration tests (the data are 
presented as median and 25%-75%). * - p<0,05, Mann-Whitney test. 

 

Figure 10. TPD and its components HFD, LFD, and VLFD before and day 7 hypogravity simulation in mask-on and controlled respiration tests (the data are 
presented as median and 25%-75%). * - p<0,05, Mann-Whitney test. 

4. Discussion 
The most pronounced SBP spectral power variability and 

drastic changes in this parameter in response to orthostatic 
exposure were observed by A. P. Isaev et al. in their survey of 

young athletes [13]. Moreover, the total power of oscillations 
consistently increased only during recording of pulse wave 
amplitude in small vessels of the toe under conditions of both 
active and passive orthostasis in contrast to opposite 
oscillation spectra in large vessels (tibial vessels and aorta) in 
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response to active or passive orthostasis. This agrees with our 
findings on BP variability in response to modulation of 
chronic orthostasis conditions (tilt change or transition from 
antiorthostasis to orthostasis) under similar conditions of BP 
recording on finger vessels in the supine position. 

Rhythmic changes in SBP and, hence, in TPS are primarily 
related to variability of the pumping function of the heart [14] 
and TP of HR as the main indicator of this variability; this 
explains the absence of pronounced concordant changes in 
TPS (Fig. 5) in the examinees and agrees with the absence of 
significant intra- and intergroup differences in TP of their HR 
throughout the 21-day experiment. This can be explained by 
individual variability of changes in HR under conditions of 
ANOH and OH in the examinees, in particular, TP and other 
parameters of HR variability [15].  

High-frequency BP modulations have more pronounced 
effect on the systolic component of BP variability (HFS) than 
on its diastolic component. It is known that this frequency 
range is mainly determined by respiration rate and via the 
vagus nerve modulates HR and shifts the variability spectrum 
towards HF range, which, in turn, affects SBP variability in 
the same frequency range (HFS) [16]. HFS attained 
significant intra- and intergroup differences only on day 8 of 
the 21-day experiment; however, no significant changes in the 
HF component of HR variability were revealed due to great 
individual variability. A similar picture was observed in the 
7-day experiment. 

Significant increase in the integral index of DBP (but not 
SBP) variability (TPD) under conditions of long-term ANOH 
agrees with the fact that this parameter is closely related to the 
tone, rigidity, and myogenic activity of smooth muscle cells in 
the peripheral vessels [15, 17], and its significant changes 
logically reflect the consequences of long-term antiorthostatic 
and orthostatic hypokinesia (redistribution of body fluids, 
changes salt-water balance, etc.) [18, 19]. 

The LF component of DBP variability (LFD) demonstrated 
most pronounced changes under conditions of orthostasis, 
especially in the respiration tests (mask-on recording or 
controlled respiration at a frequency of 0.1 Hz). The blood 
flow or pressure oscillation component in this frequency range 
was sensitive to various factors [20, 21]. Physiological 
mechanisms of slow (~0.1 Hz) HR and BP oscillations are 
elusive, but it is quite clear that slow HR oscillations are 
secondary, reflectory, and cannot be determined by a single 
cause [22]. Moreover, according to Cevese et al., BP 
fluctuations are determined by changes in the vascular 
resistance, but not changes in HR and cardiac contractility 
[23]. Variability of the skin microvasculature blood filling in 
humans also demonstrates oscillations at a frequency of 0.1 
Hz [24] and, according to some authors, these fluctuations at 
the capillary level have myogenic origin [25, 26]. Cooley et al. 
have demonstrated that slow HR and BP oscillations have 
different nature [27]. This agrees with the results of our 
experiments: no significant differences between ANOH and 
Selena groups and between +9.6˚ OH and +15˚ OH groups 
were observed in the spectral power of HR variability in 
contrast to BP variability (in particular, DBP). The most 

pronounced intergroup differences were observed in the LFD 
component (Fig. 7), when the rhythm with a frequency of 0.1 
Hz corresponding to LF range was set by controlled 
respiration. These differences are most likely associated with 
long-term blood redistribution in the body and changes in 
peripheral (capillary) blood supply [19], but not with rhythmic 
changes in HR. Other stimuli, e.g. stimuli from afferent veins, 
interoceptors responding to organ displacement in the 
abdominal cavity, and vestibular apparatus closely related to 
the sympathetic nervous system seem to contribute to 
potentiation of slow waves, such as BP and HR [28, 29, 30] 
(which was seen from enhancement of LF component of HR 
variability spectra; Fig. 7), but do not reflect the differences in 
the status of examinees exposed to different of chronic 
orthostasis modes. 

Intergroup changes in BP variability in the VLF range 
(VLFS/D) in our experiments are contradictory, as well as the 
assumption on the nature of waves in HR and BP variability in 
this range [19]. These changes could hardly be attributed to 
the direct effects of chronic anti- and orthostasis. However, 
bearing in mind the hypothesis proposed by Baevsky et al. on 
suprasegmental (hypothalamic and higher levels) nature of 
these oscillations [31-33], we can assume that they are related 
to psycho-emotional stress affecting the cardiovascular 
system, but this assumption requires additional analysis. 

It can be concluded that the most sensitive parameters were 
BP variability indexes in functional tests that differed in 
groups with varying degrees of orthostatic hypokinesia (+ 9.6˚ 
OH and + 15˚ OH) starting from the first week of the 
experiment. This confirms high information value of these 
parameters in studies of orthostatic and antiorthostatic 
hypokinesia. By day 21 of the experiment, pronounced 
changes in TPD were noted in the group exposed to constant 
antiorthostasis (ANOH). This parameter significantly 
surpassed the corresponding value in the Selena group with 
milder OH conditions. Autonomic mechanisms affecting the 
SBP and DBP under conditions of hypogravity simulation are 
different, at least partially. This is seen from significant 
increase in the LF component of DBP in groups exposed to 
severe antiorthostasis and orthostasis (ANOH and +15˚ OH 
groups). Autonomic regulation of SBP varied earlier (by 7-8 
days) and primarily affected HFS, while this imbalance was 
leveled by day 21 (in contrast to LFS). 
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