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Abstract In order to evaluate the vegetative regulation of blood circulation and 

assess individual health risks under conditions of the 520 day isolation, 

used was an analysis of the heart rate variability (HRV). The most 

significant changes in the HRV values against the background data were 

reported in the second half of the said experiment. At that time, the heart 

rate (HR) values showed some reductions, the standard deviation of 

normal-to-normal beats (SDNN) was increased, and the simultaneous 

activation of all regulation members (pNN50 – parasympathetic regulation, 

IC and VLF – the sympathetic and neurohumoral regulation) occurred. The 

period of “the Mars orbiting”, the time of the crew dividing and “the 

landing to Mars” featured the highest level of the tension of the regulatory 

systems and the significant increase in the health risks. An assessment of 

the functional state of the organism and the adaptation level according to 

the degree of the tension (DT) of the regulatory systems and their 

functional reserve (FR) made it possible not only to confirm the presence 

of the changes identified by the commonly used HRV, but to make them 

more apparent as well. An assessment of group risks of adaptation 

disorders at all stages of the experiment provided support that on the 

average the risk category did not exceed the safe levels, and the 

functional state of the crew individuals remained within the zone of the 

physiological norm.  
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Introduction 

Among the main tasks of the ground-simulated experiment Mars-500, the task of obtaining 

experimental data on the health state and the operational capability of an individual staying for 

a long time under conditions of the isolation and confinement, with simulating the major 

specific features of the space mission to Mars, came to the forefront. The information of this 

sort is required for a better understanding of the dynamics of the adaptation abilities of the 

human organism affected by various factors, including isolation and staying of the crew in a 

confined space for a long period of time. In the circumstances, the mechanisms of regulation 

of physiological functions, which are responsible for setting and adjustment of different 

systems of the organism to a functioning level that fits the environment adequately, are 

gaining in importance. The experience of long-term studies in the field of space medicine 

shows that it is just the method of the heart rate variability analysis that is capable of 

delivering the most valuable information with respect to the investigation of the regulatory 

systems being in response to space flight factors [1,2,3]. Space medicine is one of the first 

areas both in science and in practice where the HRV analysis has been successfully applied to 

produce new scientific data and solve problems of medical monitoring and control over a 

human who performs his work under extreme conditions [4]. At present, the HRV analysis has 

found a wide use in a great diversity of the areas in medicine and applied physiology [5]. 

The studies were conducted before starting the isolation and every month in the morning 

hours in a sealed ground-based isolation facility simulating a space ship. The simulated mission 

crew was international. The crew was composed by 6 individuals (males). Their average age 

was 32±3,7 years. The occupations of the experiment participants were as follows: physicians, 

engineers and computer science experts. Every research participant signed his informed 

written consent. The study & research reports were duly approved by the authorized Bioethics 

Board. The experiment duration was 520 days. The work and rest schedule of the crew was 

chosen similar to that used in the orbital space flights (a 7 day week with two days-off). The 

scope of the activity of the crew included the following: the normal operations and procedures 

(medical monitoring & control over the health, physical training procedures, inspection and 

maintenance of the equipment systems, control of the Mars landing module, etc.), conduction 

of scientific investigations, completion of sanitary and hygienic procedures, etc. The 

experiment covered 4 main stages as listed below: background studies, the beginning of the 

isolation (June to November 2010), preparation and implementation of “landing to Mars”, 

dividing of the crew into groups (December 2010 to February 2011), the return journey to 

Earth, finishing of the experiment (March to November 2011). During the experiment, two off-

nominal situations were simulated (1 - 2 December 2010: imitation of an onboard fire 
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emergency, 18-25 April 2011: simulated loss of communication with the Earth with an 

absolutely autonomous space flight).  

The menu of food items for the crew members’ nutrition was identical to that usually 

consumed by cosmonauts in the International Space Station. The crew operated in the artificial 

atmospheric environment at normal barometric pressure. 

The studies of the HRV were conducted with use of the hardware & software system Ecosan 

in the crew individuals at rest. The HRV analysis was carried out in accordance with the 

relevant Russian national and international standards [5,6] applied for evaluation of 

autonomous regulation by the HRV parameters. For an assessment of individual risks of 

adaptation disorders, utilized were methods which had been previously developed for an 

application in the space flight environment, based on the HRV analysis. In accordance with the 

said analysis, the level of adaptation should be evaluated by the ratio between the functional 

reserves (FR) and the degree of tension (DT) [3,7,8,]. The results were also analyzed with use 

of classification of the functional states by the HRV data applying the probabilistic approach in 

order to calculate the probability of occurrence of one of the four probable functional states 

which might be as follows: the state of physiological norm, the prenosological state, the 

premorbid state and the pathological state. An individual functional state was identified to 

belong to a certain class of the above functional states by the maximum likelihood, considering 

at the same time the likelihood to belong to any other classes. Probabilities of occurring of the 

prenosological and premorbid states (or a reduction in the probability of occurring of the 

physiological norm state) serve as a quantitative measure of an assessment of the risk of the 

adaptation disorder. For that purpose, used were 10 conventional risk categories. 

A comparison of the dynamics of the data obtained in the experimental group due to a small 

sample size was carried out with an application of non-parametric Friedman test and 

Wilcoxon’s criterion. Kendall's coefficient of concordance was used for assessing an intra-group 

agreement of changes in the separate HRV values in their dynamics. The data given in the 

tables below are presented with indicated mean values (M) and mean square errors (m). 

 

Results and discussion 

Table 1 offers monthly-based mean values of basic statistics and spectral HRV parameters 

related to 6 crew members that were taken before the experiment and during the latter. The 

application of the Friedman test made it possible to detect the presence of significant changes 

in the following parameters: HR, pNN50 and SI (p≤0,02). The Kendall's coefficient of 

concordance related to the above parameters was at a level of 0,3 and showed statistical 

significance bearing witness to the intra-group concordance of the changes of the parameters 
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in question. On days 56-58 in the experiment, a moderate increase in the heart rate with the 

significant reduction in the heart rate variability (the TP and parasympathetic activity indicator 

pNN50) was observed. It could be treated as a moderate tension of the regulatory systems 

connected with an adaptation to a new environment. The same tendency was revealed in other 

studies, too [9]. Later on, (on days 89-91), an activation of the parasympathetic member of 

the regulation was reported: a reduction in the SI parameter was significantly identified that 

might be considered as a response to the completion of the period of the initial (acute) 

adaptation. At a later time, starting with days 115-117, an increase in the heart rate was 

observed (p≤0,05) followed by a reduction in the parasympathetic activity (p≤0,05 for 

parameter pNN50) (on days 148-150). 

The most significant changes in the HRV parameters were reported in the second half of the 

experiment (the return journey period). During the said period of time, it was significantly 

established that periodically a decrease in the heart rate (HR) occurred, the parameter of the 

standard deviation of normal-to-normal beats (SDNN) was increased, and the simultaneous 

activation of all members of the regulation (pNN50 – parasympathetic regulation, and IC – 

sympathetic and neurohumoral regulation) took place. 

Table 1. Mean values of HRV parameters for the group during the 520 day isolation. 

Day / month of isolation 
HR, beats/ 

min. 
pNN50, % SDNN, µsec. 

SI, conventional 

units 

IC, conventional 

units 
TP, µsec.² 

Before isolation 63,5±2,4 23,19±6,63 69,6±9,5 45,6±8,82 4,3±1,37 3648±1013 

The beginning of the isolation 

29-31 June 2010 62,4±4,3 22,26±9,72 70,4±10,9 60,6±22,2 3,3±0,82 5824±2214 

56-58 July 2010 66,5±4,2 *18,72±7,28 62,7±8,9 73,3±21,6 3,9±1,3 *3490±1285 

89-91 August 2010 59,3±3,5 25,30±11,09 70,8±13,3 *55,2±16,3 3,3±0,86 5670±1870 

115-117 September 2010 *62,2±3,9 24,57±9,02 65,1±8,1 54,8±12,4 3,7±1,36 3307±735 

148-150 October 2010 *70,3±3,6 *12,28±7,78 57,8±9,6 77,1±17,5 5,3±1,61 4828±2388 

180-182 November 2010 64,2±4,6 21,11±8,28 61,4±8,6 66,7±20,5 5,1±1,37 3986±1727 

Preparation and landing to Mars 

217-219 December 2010 67,3±3,6 15,35±6,96 61,0±9,9 72,2±21,9 4,8±1,30 3290±1033 

235-237 January 2011 *68,1±3,9 15,20±8,22 58,2±10,1 85,1±22,8 5,3±1,45 4203±1768 

Return journey to Earth, finishing of the experiment 

274-276 March 2011 63,4±5,7 *26,17±10,7 63,2±12,1 79,6±26,2 *2,7±0,81 4063±1837 

303-305 April 2011 *58,0±3,8 *31,01±10,1 *85,3±15,4 *47,1±15,8 *4,4±1,02 6920±3173 

333-335 May 2011 *59,4±4,9 29,96±13,17 83,32±15,1 *40,2±12,2 8,07±5,03 5884±1838 

373-375 June 2011 *63,8±4,9 30,44±10,28 79,72±15,3 63,3±33,3 5,58±1,63 5614±2337 

401-403 July 2011 61,9±3,8 26,52±11,08 83,11±13,2 39,26±10,8 5,57±1,16 6823±1779 

431-433 August 2011 62,8±4,2 26,01±13,35 *64,0±12,1 *75,0±31,8 6,03±2,2 *3969±1739 

507-509 October 2011 60,9±4,1 27,62±9,56 86,36±13,3 48,19±15,8 4,56±0,76 6062±1614 

Note: * - significant differences (p<0,05) from one of the two previous measurements 
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It is common knowledge that the HRV spectrum reflects the state of various members of the 

HRV regulation and permits of judging which of the regulatory mechanisms is dominating at 

every stage of the adaptation; therefore, an analysis of individual components of the said 

spectrum is of great importance for different stages of the isolation. 

In the above experiment, it was reported that the relative power of the high-frequency 

oscillations of the spectrum (HF%) was reduced since the end of October 2010 (days 148-150 

in isolation). That was in correspondence with the growth of activity of the over-segmentary 

parts of the regulatory mechanism involved in the regulation of energetic-metabolic processes 

(VLF%), and the ratio VLF/HF, as of on days 180-182, differed significantly from the 

background values that was an evidence in support of the growth of the activity of the 

sympathetic member of the regulation (the reaction of tension). In the described case, the 

activity of the centers of the blood vessel tonicity regulation (LF%) was stepped down, that 

resulted likely from the reduced physical activity of the crew (s. Fig. 1 below herein). 

 

 

 
Figure 1. Dynamics of HRV spectral components (high-

frequency (HF) oscillations, low-frequency (LF) oscillations 

and very-low-frequency (VLF) oscillations) 

 
 

The revealed dynamics of the HRV parameters confirms the known facts about the multi-

stage nature of the process of a long-term adaptation: upon an acute period of the adaptation 

to the space flight environment, there comes the period of re-arrangement or re-configuration 

of all vital functions (space flight months 1 to 3), thereupon the period of a relatively stable 

adaptation begins (from space flight month 4) with a progressive enhancement of the activity 

of the regulatory systems, especially the activity of the central loop of the regulation [10, 11]. 

Upon the period of the relatively stable adaptation (from space flight month 3 till space flight 

month 5), in order to preserve an acceptable adaptation of the organism to the microgravity 

environment, it is required for the organism to provide an additional mobilization of the 
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functional reserves and a supplementary activation of the regulatory systems. In the 

experiment with the 520 day isolation it took place after starting the simulated return journey 

to the Earth (April 2011). 

The applied phase plane method capable of evaluating the functional state of the organism 

and the level of the adaptation by plotting a coordinate plane with axes being the values of the 

degree of the tension of the regulatory systems (DT) and their functional reserve (FR) enabled 

us not only to lend credence to the changes revealed by the commonly accepted HRV 

parameters, but to display them more apparently as well (s. Fig. 2). 

 

 

 
Figure 2. Phase tracking of functional state of the Martian crew 

under conditions of isolation and confinement. 

 
 

From June 2010 till February 2011 the functional state of the members of the Mars mission 

crew under conditions of the isolation remained within the physiological norm. There was a 

tendency for a DT growth accompanied by a gradually decrease in the FR and moving of the 

functional state closer to prenosology zone, particularly in the period from December 2010 till 

the end of February 2011. From March 2011 till the end of the isolation, the functional state 

was optimized within the zone of the physiological norm. In the probabilistic assessment of the 

functional state of the crew individuals it was detected that the mean probability of the 

prenosological state throughout the experiment (except for January 2011) did not exceed 

20%, and the group risk of the adaptation disorder was reported to be under category 2.  

The mechanisms of adaptation, particularly the hearth rhythm regulation, show their high 

plasticity and mutual dependence. The aim of the adaptation is not only a mere adjustment or 

“a new setting” to the changed environment, but the maintenance of the required homeostatic 

equilibrium of the organism to be consistent to the external environment as well, that may be 
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achieved by activation of different regulatory mechanisms. As compared with the conditions of 

the real space mission, the 520 day isolation experiment was a simulation only, where human 

subjects did not experience such a powerful factor like exposure to real or artificial 

microgravity, that was noted by other researches, too [11]. From the very beginning of the 

isolation, the intra-group dispersion of all HRV parameters was almost doubled (s. Table 1). It 

indicated a high individualization of the adaptation processes considering both the time 

requirement and the response intensity that might hinder an evaluation of common 

tendencies. 

In order to analyze the specific features of the adaptation of the crew individuals at different   

stages of the 520 day isolation experiment, the HRV analysis data were grouped by formal 

criteria of the experiment management as follows: 1) background studies, 2) the beginning of 

the isolation (June - November 2010), 3) preparation and implementation of “landing” to Mars, 

dividing the crew into groups (December 2010 – February 2011), and 4) the return journey to 

Earth, experiment finishing (March - November 2011). 

The most pronounced changes were reported to be associated with the preparation and 

implementation of the simulated landing to the Red Planet and the final stage of the 

experiment (s. Table 2 below herein). The identified tendencies of the month-by-month 

dynamics of the HRV parameters became more clear-cut. 

 

Table 2. Dynamics of some HRV parameters at main stages of the experiment (М±m) 

HRV parameters 
Stage 1, before 
the experiment 

Stage 2, June – 
November 2010, 

simulated traveling to 
Mars 

Stage 3, December 2010 – 
February 2011, landing to 

Mars 

Stage 4, March –
November 2011, 
return journey to 

Earth 

HR, beats per 
min. 

63,25±2,45 64,18±1,65 66,32±2,48 61,12±1,68**,*** 

SDNN, µsec. 69,63±9,48 64,75±3,87 60,83±5,85 80,78±5,51**,*** 

CV, % 7,30±0,87 6,65±0,27 6,40±0,43 7,92±0,45*** 

VLF/HF 1,35±0,39 1,57±0,18 1,94±0,36 2,74±0,63*,** 

RSAI, 
conventional 

units. 
3,50±0,71 3,97±0,30 3,89±0,48 4,47±0,25** 

Risk, scored 1,00±0 1,31±0,96 1,72±0,21* 1,11±0,68*** 

Note: significant differences (p<0,05) *difference from stage 1, **difference from stage 2,  

***difference from stage 3. 

 

The changes occurred in the initial period of the isolation (June - November 2010), as 

described above, are primarily related to the adaptive re-configurations of the regulatory 

mechanisms and fluctuations in the autonomous balance. Therefore, the changes in the 



 Open access journal  
CARDIOMETRY 

Practice  

 

 

 www.cardiometry.net No.2 May, 2013 69 
 

 

 

vegetative regulation of the hearth rhythm within the entire group in general were falling short 

of the significance. It might depend on the fact that the probable adverse effect of the entire 

complex of the experiment conditions (isolation and confinement, social and cultural 

differences, changes in nutrition, loading, etc.) was not substantial, and it was balanced out by 

such an important factor as the work-and-rest scheduling, i.e., by more stable conditions as 

compared with the usual way of life. 

During the period of simulation of orbiting Mars, dividing the crew into groups and landing 

to the Mars surface, observed was a tendency for the vegetative regulation to be shifted 

towards strengthening of the sympathetic activity and decreasing that of the parasympathetic 

(an increase in the VLF/HF index as the ratio between the low-frequency and the high-

frequency components of the spectrum; they were the highest HR values on record within the 

whole experiment period). Hence, even such not appreciably remarkable shifts of the 

vegetative regulation produce a significant increase in the mean group category risk of the 

adaptation disorders. 

As mentioned above, the most pronounced changes of this sort were recorded in the final 

period of the experiment. Significantly identified was the following: the heart rate (HV) values 

were falling, the integrated variability of the heart rhythm (SDNN, CV) was increasing, and 

observed was the simultaneous activation of the parasympathetic regulation (a decrease in the 

HR and an increase in the variability) and the sympathetic and neurohumoral regulation (an 

increase in the VLF/HF ratio). As against the simulated traveling time, the preparation and the 

landing to the Mars surface, the functional state of the system of the vegetative regulation of 

the heart rhythm at the final stage of the experiment was the most favorable, and the risk of 

the adaptation disorder was reported to be at its minimum, but it was achieved due to 

strengthening of the activity of all members of the regulatory mechanism (the significant 

growth of the RSAI, the regulatory system activity indicator), most notably the central loop of 

the control (a significant increase in the VLF/HF). A similar dynamics of the mechanisms of the 

homeostasis regulation was demonstrated by other researches, too [12,13]. 

Some individual peculiarities of the processes of the adaptation of the crew members during 

the simulated space mission to Mars were described by us before [14]. The said peculiarities 

should be analyzed in more details, considering the nature of the activity and psychological 

reactions of every crew individual. It is important to note in this case that an individual 

assessment of the adaptation risks at different stages of the 520-day isolation experiment has 

not only confirmed the presence of the individual specific features in the adaptation for every 

crew member, but it also has made possible to evaluate the adaptation burden and the actual 

physiological “cost” thereof at every stage in the experiment. Figure 3 displays some individual 
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category cases of the risk of adaptive health changes for each crew member separately, 

covering the entire experiment. 

 

 

 
Figure 3. Changes of individual risk categories in their dynamics 

under conditions of the Martian crew isolation (1, 2, 4, 6 – the Nos. of 

crew individuals, the risks of crew individuals Nos. 3 and 5 were 

reported to be under category 1). 

 
 

Prior to the experiment, the risk category of all crew members was the least (category 1). 

Within the first half of the simulated space mission, before approaching the Red Planet, an 

increase in some individual risks was reported for two members of the crew only: they were 

individuals under Nos.1 and 6, whereby No.1 was the crew Commander. During the period of 

the simulated landing to the Mars surface, an increase in the individual risks was reported even 

for four crew individuals of the six, and at the final stage it was just the crew Commander only 

who showed an increase in his individual adaptation risk.  

The individual risk distribution of this sort is an important fact in support of a series of our 

hypotheses at once, which were formulated by us before the experiment and which were used 

as the basis for the definition of the problems of the study of the vegetative regulation of the 

heart rhythm under conditions of the 520-day isolation and interplanetary expedition 

simulation. 

 

Conclusions 

In the first place, high informativity of the HRV analysis methodology for the assessment of the 

functional state and the adaptability of a human under changed conditions has been 
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successfully demonstrated. The data obtained thereon allow judging not only the group-related 

dynamics of the functional state that is of prime importance for extended space expeditions, 

but the individual adaptive reactions as well, along with the individual risks of the adaptation 

disorders. The observed dynamics of the vegetative regulation and the adaptive abilities 

according to the HRV data are consistent with the experiment’s results related to the blood 

system, human immunity, metabolic changes, adaptive and psychological states of the crew 

members [9, 11, 13, 14-19]. 

In the second place, the HRV analysis under conditions of the long-term isolation in 

simulated space mission to Mars has revealed that, in general, no serious changes in the 

functional state are available, and the adaptive reactions of the crew individuals have been 

adequate in most cases. The group assessment of the functional state dynamics has 

demonstrated that the functional state throughout the period of the survey has been found to 

be within the physiological norm. When applying the probabilistic approach, a weak tendency 

for a growth of the prenosological states has been detected. The methodology of the 

assessment of the adaptation risks to health shows that the above prenosological state growth 

tendency does not lead to an increase in the risk above risk category 2. When applying the risk 

classification scored from 1 to 10, the foregoing category should be treated as a very weak risk 

of progression of adaptive disorders for health.  

In the third place, the analysis of the results of the studies confirm the presence of some 

individual specific features of the adaptation to the experiment environment that might be 

associated with typological, specific traits of personality and some other features, including the 

job functions assigned in the crew.  

As a result of the conducted studies, unique materials have been obtained which describe 

the effects of the long-term isolation and confinement on the status of the vegetative 

regulation of blood circulation. An efficiency of the application of the HRV analysis method and 

the probabilistic approach to the assessment of the obtained data in particular for this purpose 

has been reinforced. The study has made apparent that during the simulated space mission to 

Mars, the 520-day isolation has not caused any serious changes in the functional state of a 

human, and the risk of progression of any pathological deviations has not exceeded the safe 

limits. 

The experience acquired in the studies with use of the sealed ground-based facility 

simulating the space ship mission enables us to carry out new long-term investigations in 

further experiments in a more efficient way. New technologies approved during the 520-day 

isolation and confinement study can be effectively used in researches of effects of space 

mission factors on the organism. The outcomes of the completed studies can be applied to 
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preparation of medical and technical requirements for a medical support system to be provided 

for future interplanetary space missions, specifically for an individual prenosological control 

system and an assessment of the of adaptation disorders in interplanetary space flights. 
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