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THE ROLE OF FAST RUNNING IN PREVENTION OF NEGATIVE EFFECTS OF PROLONGED EXPOSURE
TO WEIGHTLESSNESS

Fomina EV B2, Senatorova NA, Bakhtereva VD, Yarmanova EN,

State Scientific Center of Russian Federation — Institute of Biomedical Problems RAS, Moscow, Russia
The prospects of deep space exploration necessitate modification of the principles and methods underlying the system designed to prevent negative impact of
weightlessness on the human body. This work aimed to determine how fast running, as part of locomotor training during a space flight (SF), helps maintain physical
ability of a person. The study involved 10 cosmonauts; their physical performance was assessed at all stages of the SF with the help of the Individual Strategies
Test (IST). The parameters registered when the participants were doing the IST included heart rate (HR), gas exchange, capillary blood lactate concentration.
The cosmonauts were divided into two groups based on the differences in the mean distance covered while fast running on a treadmill (single session). Group A
(n = 4) run 949 m/day on average, group B (n = 6) — 2669 m/day. After SF, HR in group A increased at speeds from 5 to 8 km/h (p < 0.05), pulmonary ventilation
indicators grew at speeds from 8 to 15 km/h (p < 0.05), and the capillary blood lactate concentration measured during the post-test recovery period increased
by 37% (p = 0.03). Moreover, after SF, the pulse sum recorded under load and during recovery was 14% (p = 0.02) and 15% (p = 0.03) in group A, respectively,
while in group B we registered no differences. Thus, our hypothesis that fast running triggers sensory reactions simulatingEarth conditions for the body, which
consequently activates physiological mechanisms counteracting the negative effects of weightlessness, has been confirmed in a space experiment.
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POJ1b BEbICTPOIO BEIA B NMPEAOTBPALLEHUN HEFATUBHbIX BNUSAHUIA NPEBLIBAHUA
YEJIOBEKA B HEBECOMOCTHU

E. B. ®omnHa B, H. A. Ceratoposa, B. [l. Baxtepesa, E. H. fipmarosa, /1. B. Kosnosckasi|

[ocynapCTBeHHbIN HayqHbIN LIeHTp Poccuinckon ®egepauim — VIHCTUTYT Meguko-6ronormdecknx npobnem Poccuiickon akagemmn Hayk, Poccus, Mocksa
[NepcnekTBa 0CBOEHWS AanbHEro KocMoca onpefenseT HeobXoAMMOCTb MOANMUKALWN NPUHLMMOB 1 METOLOB CUCTEMbI MPOMUNAKTVIKV HEraTUBHOMO BAMSIHIS
HEBECOMOCTU Ha OpraHnam Yenoseka. Llenbto nccnenosaHnst 66110 onpefenuTb Posib 6era C BbICOKOW CKOPOCTLIO BO BPEMST IOKOMOTOPHbIX TPEHNPOBOK,
BbIMNOJHAEMbIX B X0fe kocMudeckoro noneta (Kr), B CoxpaHeHnn ypoBHA (h13NHeCKon paboTOCMOCOBHOCTY Yenoseka. B nccnegosaHnn NpuHAmm yqactue
10 kocMmoHaBToB. OleHka usmydeckolr paboTocnocobHOCTY npoBoannack Ha Becex atanax Kl Ha ocHose TecTa «/HamBuayanbHble ctpateriv» (TVIC). Bo
Bpemst BbinonHeHus TVIC perncTprpoBanivch HYacToTa cepaeqHbix cokpalleHmin (HCC), napameTpbl ra3oobMeHa, KOHLEHTpaLWs nakTaTa B KanuinisipHo KpoBU.
KocMmoHaBTbI 6binn pa3aeneHbl Ha ABe rpynnbl Ha OCHOBE Pasinyni B CpeaHeM 0bbeme 6era C BbICOKOM CKOPOCTLIO B XOAe OAHOM TPEHNPOBKMN Ha JOPOXKKE.
B rpynne A (n = 4) cpeaHsas auctaHums bbicTporo 6era coctasuna 949 m/aeHb, B rpynne b (n = 6) — 2669 m/neHb. YCC B rpynne A nocne KI yBenuymnnach Ha
CTyneHsix oT 5 00 8 kM/M (p < 0,05). MNoBbllweHWe nerovHo BeHTUNsAUMK nocne K Habntoganock B rpynne A Ha CTyneHsx Harpyaku ot 8 fo 15 kv/d (p < 0,05).
[Mocne KN KOHLEeHTpaums flaktaTa B KanuaispHOM KPOBI B MepUoae BOCCTAHOBIEHNS NMOce TecTa B rpynne A yBenndmnace Ha 37% (o = 0,03). Mynscosast cymma
paboThl 1 BOCCTAHOBNEHMS OKasanvch Bbille nocne KM B rpynne A Ha 14% (p = 0,02) 1 15% (p = 0,03) COOTBETCTBEHHO, B TO BpeMsi Kak B rpynne b pasnnyunin He
0BHapy>keHo. TakM 06pa3om, Hallia rmnoTesa O TOM, YTO 6er C BbICOKOW CKOPOCTHIO BOCMPON3BOANT CEHCOPHbIA MPUTOK, COMOCTaBVMbIA C YCAOBUAMI 3emnu,
1, KaK CrneacTaume, obecrneymBaeT BKIIOHEHUE (PU3NONOMMHECKIX MEXAHN3MOB, MPOTUBOAENCTBYIOLLVIX HEraTUBHOMY BIUSIHUIO HEBECOMOCTU, NMOATBEPXAEHA B
KOCMUYECKOM 3KCMEPUMEHTE.
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Development of methods of preservation of health and physical
ability of cosmonauts during long space flights is a key task for
space medicine [1-4]. Preparation for Moon and Mars missions,
or survival scenarios in the event the ship lands in an unplanned
place, substantiate the quest for ways to maintain high levels of
cosmonauts' performance , to support functional reserves and
reliability of their bodies, to ensure effectiveness of their actions
when discharging complex extravehicular tasks on the surface.
Prolonged exposure to weightlessness affects cardiovascular
[6-10], respiratory [11], and musculoskeletal [12—-14] systems;
thus, prevention of the negative effects thereof should be
aimed to all of them. Data collected during space flights and
from simulations indicate that in axial unloading, translates
into sensory deprivation degrading regulation of the support
afferentation, which subsequently leads to atony, muscle
fiber atrophy, and compromises the vestibular system [14, 15].
Proprioceptive and tactile inputs enable postural control,
therefore, activating the respective systems and keeping them
"tuned" to maintaining vertical balance with the help of running
in zero gravity can help improve the ability to perform functional
tasks after the flight [16, 17]. Thus, intensive physical training
designed to counteract the weightlessness-induced negative
changes in the functioning of gravity-dependent physiological
systems is a mandatory component of medical support during
long space flights [16, 18-20].

Previously, we determined the values of axial load and the
volume of locomotion needed to move treadmill in the passive
mode using leg strength, which translates into an effective
locomotor training during space flight [21]. This study aimed
to assess the role of fast running on a moving treadmill in the
context of locomotor training effectiveness. In our opinion,
countermeasures to the negative impact of weightlessness
can take form of the work that simulates keeping weight
elevated or moving it in the conditions of the Earth. It can be
said that the preventive efficacy of the method revolves around
mechanical work that creates conditions reproducing the
effects of gravity and generates the respective sensory inputs.
In weightlessness and with lack of mechanical loading, only
intensive exercising activates metabolic and functional systems
to the levels comparable to those specific to Earth conditions.
The purpose of this study was to determine the role of fast
running in maintaining a person's physical performance during
a long-term space flight.

METHODS
Characteristics of the examined individuals

The article presents results of the Profilaktika-2 experiment
conducted during a space flight. The study involved 10
cosmonauts (age 44 + 6 years, weight 84 + 6 kg, duration
of space flights 173 + 33 days). The inclusion criteria were
gender (male), and space flight duration (about 6 months).
The exclusion criteria were incomplete or untimely completion
of the experiment sessions, and significant deviations from
training protocols designed for the space flight.

Prevention of negative effects of weightlessness
during space flight

The method for prevention of the negative effects of
weightlessness relies mainly on physical training. During the
space flight, they consumed 2.5 hours a day on average,
including preparations and hygienic procedures. According
to the onboard documentation, the cosmonauts did two

physical training sessions every day. BD-2 treadmill (Institute of
Biomedical Problems; Russia) was used on a daily basis, and
VB-3M ergocycle (Institute of Biomedical Problems; Russia)
and ARED exercise device (NASA; USA) were alternated every
other day.

Treadmill sessions are a key element of the countermeasures
against hypogravity disorders developed for Russian
cosmonauts. The on-board treadmill training protocols for a
four-day microcycle were compiled based on the simulations
run in the Earth conditions [22]. After introduction of the
BD-2 treadmill, they were modified slightly, but still suggested
alternating intervals of high-intensity running and walking.
Strictly speaking, in accordance with the existing classification
of training methods, all exercises under the protocols imply a
pattern that alternates different maximum running speeds and
physical exercise levels conditioned by the proportion of time
when the treadmill is in passive-mode, i.e., it is rotated only
by the strength of the cosmonaut's legs. BD-2 treadmill can
work in active mode, i.e., it is driven by a motor, and in passive
mode, when it is rotated by strength of the cosmonaut's legs.

All treadmill training protocols prescribed a warm-up of
4 minutes, which is running at 7 km/h, then — physical loading
with the treadmill in passive mode, which is walking and two
2-minute sessions of running at 6-8 km/h.

The final component included 2 minutes of walking at
5 km/h, then running for 2 minutes at 8 km/h with treadmill
in the active mode, then walking in the passive mode for
1 minute.

The main partof the treadmill training protocol changed on
different days of the microcycle:

Day one — four 1-minute fast running takes (at 14 km/h),
alternating with 2-minute walks.

Day two — two 2-minute passive mode running takes (at
8 km/h), one active mode running take (at 12 km/h), alternating
with 2-minute walks.

Day three — 4-minute running takes (at up to 13 km/h),
alternating with 2-minute walks.

There were no exercises prescribed for day 4, except for
individual locomotor training.

Most of the participants followed the above-described
protocols in their prevention activities; on the fourth day, four
cosmonauts did not abstain from physical activity but started
the microcycle anew, two cosmonauts worked out under
individual protocols (interval training), and two more preferred
to rest. Two cosmonauts who were in space for the fourth time
followed a individuallocomotor training program that spanned 7
days, with the last day being Sunday, a day of rest.

The parameters of each training session during the long-
term SF were analyzed based on the weekly ergometric and
physiological data, the analysis yielding further treadmill training
recommendations. The response of the cardiovascular system
to locomotor loads was registered as reflected in the heart
rate (HR) recorded during training. When the flight was over,
we calculated the mean values of each type of locomotion,
monthly and overall (entire flight). Among the participating
cosmonauts, the main parameters of treadmill training — the
magnitude of axial load, the ratio of passive and active treadmill
modes, the distance covered in a day — varied only slightly.
The recommended axial load value was 70% of the body
weight or more, and, for the most part, the participants took
this recommendation into account. As for the modes, the share
of passive mode varied through the microcycle and amounted
to 30% over three days. One cosmonaut, who followed an
individual training program, run with the treadmill in passive
mode only for 8.2% of the total daily training time, while for
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all the other participants this value ranged from 23 to 41%.
The distance covered during a session also varied through the
microcycle and ranged from 3000 to 6000 m on different days.

For the strength training part enabled by ARED, all the
cosmonauts had individual protocols. Initially, the load factored
in the cosmonaut's body weight before flight, and during the
flight it was adjusted to make the training process wavelike.
Specialists supervising the program of countermeasures
against negative effects of microgravity received information
about exercises on ARED every week, and adjusted the
workout routines.

As reported by the crew, they trained on the ergocycle
following guidance from the on-board documentation, that is,
alternating intervals of various intensity. Currently, there are no
systems enabling transmission of objective information about
the magnitudes of loads and the response of cardiovascular
system to physical exercise on the ergocycle.

Experimental groups

The cosmonauts were divided into two groups based on the
duration of fast running intervals. Pre-flight, locomotor tests
revealed no differences between the groups.

During the flight, in group A (n = 4), the average distance
covered while running fast, with treadmill in the active mode,
was 949 m per day, while group B (n = 6) covered 2669 m per
day under similar conditions.

Test procedures

The cosmonauts' physical performance was assessed on the
basis of the IST 30 days before the flight, 3-4 times during the
flight (42-68, 83-113, 115-131 and 140-156 days thereof), and
10 + 2 days after its completion [23]. The IST followed a standard
protocol and employed the BD-2 treadmill in active mode; the
components thereof were a warm-up with alternating intervals
of walking at 3 km/h and 6 km/h in a pseudo-randomized
sequence, and an interval of growing load, from 3 km/h to
15 km/h, with the speed increasing for 1 km/h every 30 seconds.

During the test, heart rate was recorded using Polar (Polar;
Finland) and Cardiocassette-2010 (Institute of Biomedical
Problems; Russia). Ergospirometry (Earth conditions) was
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enabled by Oxycon Mobile (Jaeger; Germany), "breath-
by-breath" method. The lactate content in capillary blood
was measured using the Lactate-2 kit (Institute of Biomedical
Problems; Russia), at rest before the test, then at the first and
fifth minutes of the post-test recovery period.

The functional reserves of the cardiovascular system
were assessed based on the total heart rate under load (area
under the heart rate curve for the entire IST) and that during the
recovery period (area under the heart rate curve reflecting the
5 minutes of recovery after the test). The said totals were sums of the
heart rate values, which were registered every 10 seconds during
the test and through the 5 minutes of the subsequent recovery.

The "heart rate deficiency" value was calculated as the
difference between the number of recovery period heartbeats
and that peculiar to relative rest [24]. This indicator reflects
the post-exercise physiological and metabolic changes in the
body. We also calculated the delta heart rate that shows the
difference between maximum heart rate and resting heart rate.

Statistical data processing was performed using Minitab
19.1 (USA); it included checking the distribution in samples with
the help of the Shapiro-Wilk test, calculating indicator means
and variance (one-way ANOVA). The results were considered
significant at p < 0.05 under the Fisher test or the Tukey test.
We considered only the significant differences in the results.

RESULTS

Before the space flight, the groups were similar in all the
studied indicators. Compared to the pre-flight data, heart rate
increased significantly in group A at each load increment from
5 km/h to 8 km/h post flight. No such changes were registered
in group B (Fig. 1). The post-flight IST did not reveal differences
in heart rate between groups A and B.

In group A, compared to the pre-flight values, we registered
a significant growth of pulmonary ventilation at each load
increment from 8 km/h to 15 km/h (Fig. 2). In group B, this
parameter was higher than before the flight only at the load
increments of 9 km/h and 10 km/h. Compared at each load
increment, the groups exhibited no differences in terms of
pulmonary ventilation post-flight.

Comparing the respective pre-flight and post-flight data,
we registered increased capillary blood lactate concentration
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Fig. 1. Heart rate as registered with the IST before and after the space flight. * — compared to the preflight level in the group, p < 0.05
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Fig. 2. Pulmonary ventilation before and after the space flight, as registered with the IST. * — compared to the preflight level in the group, p < 0.05

during the first minute of recovery (5.3 + 1.6 before flight and
8.5 + 3.4 mmol/L after flight, p = 0.03) in group A, and in group
B these values did not differ significantly (5.3 + 2.7 before flight
and 6.7 + 3.4 mmol/l after flight). We believe that higher capillary
blood lactate concentration indicates flaws in utilization of this
metabolite during exercise in group A, which means their level
of physical ability was lower after the flight (Fig. 3).

At the final stage of the flight (days 140-156), we registered
intergroup differences in the total heart rate values: they
were 19.4% (17,897 + 529) higher in group A than in group B
(14,678 + 3148) (p = 0.009).

Post-flight, the total heart rate value in group A was higher
than the background value recorded before the space mission:
16,475 + 1257 and 19,143 + 1972, respectively (p = 0.02).
In group B, the differences in this indicator were insignificant:
14,983 + 1572 before the flight and 16,148 + 2651 after the
flight (Fig. 4).

At the final stage of the flight, the total recovery heart rate
value was higher in group A than in group B: 2838 + 188 and
2181 + 490, respectively (p = 0.009) (Fig. 5).

Post-flight, the total recovery heart rate value in group A
was 3027 + 405, which is higher than what was registered in
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Fig. 3. Capillary blood lactate concentration, first minute of recovery after the IST.
* — compared to the pre-flight level in the group, p < 0.05; 1 — days 42-68,
2 — days 83-113, 3 — days 115-131, and 4 — days 140-156

this group before the flight (2575 + 326, p = 0.03) and more
than seen in group B after the flight (2599 + 350, p = 0.02).

Analysis of the heart rate deficiency, oxygen consumption,
carbon dioxide release and maximum respiratory rate before
and after the flight revealed no significant differences between
the groups and within them.

DISCUSSION

We hypothesized that the effectiveness of prevention of the
negative effects of weightlessness depends on the degree of
reproduction of action of gravity. If the preventive measures
bring around internal and external sensory inputs comparable
to those peculiar to the Earth conditions, the body's gravity-
dependent systems function nearly as if it had weight. The
respective effects are reproduced most accurately when a
cosmonaut is running on a treadmill in the special training suit
that simulates 60-70% of his Earth body weight, exerting the
load along the vertical axis. A person standing or performing
locomotions on a treadmill works out, but the intensity of this
training in space flight conditions is significantly lower than on
Earth, mainly because the magnitude of axial load usually does
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Fig. 4. Total heart rate value registered during the IST. * — p < 0.05 compared to
the background value in the group; @ — p < 0.05 in comparison with the value of
the same flight period in group A; 1 — days 42-68, 2 — days 83-113, 3 — days
115-131, and 4 — days 140-156 of the flight
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not exceed 70% of that person's body weight on Earth. We
have previously shown that running at the speed of 7 km/h
in space triggers response from the body's support systems
consistent with its weight at 1G [21]. Thus, in order to launch the
physiological mechanisms governing muscular activity, and to
have the respective vegetative system functioning in the mode
resembling that peculiar to the Earth conditions, it is necessary
to run at high speed. Obviously, the greater the physical load,
the higher the physiological load. If a person's body is not only
held upright, countering gravity simulated with the training suit,
but also moves, then the physiological load increases, and the
preventive effect is more pronounced. Based on the above, it
was suggested that the proportion of fast running will play a
role in maintaining the cosmonauts' physical performance after
a long exposure to weightlessness.

Earlier, we have shown that alternating intensity in a training
session (intervals of fast running and walking) is more effective
from the prevention standpoint than running at a constant speed
[25], the result consistent with a study that involved cosmonauts
[26] and the present study, which registered a higher level of
capillary blood lactate concentration at the 1 recovery minute
after a locomotor load in the group that had fewer fast running
intervals during the space flight. The mentioned higher lactate
concentration indicates that the subject is in an unstable
metabolic state that shifts the acid-base balance, which may
be associated disruptions of operation of nerve centers, lower
level of activity of enzyme systems, and, consequentially,
inhibition of muscles [27-29]. In the group that had more fast
running spans in the protocols, concentration of lactate in
the capillary blood during the post-test recovery period was
at the pre-flight level, which, according to the concepts of
sports physiology, means healthy functioning of the aerobic
mechanisms supplying energy to muscles, and retention of the
ability to utilize lactate [30]. Protocols with a greater proportion
of fast running launched physiological mechanisms that
preserve the aerobic system supplying energy to the muscles,
and, as a result, anaerobic mechanisms were triggered at the
later stages of the incremental loading test. Accordingly, there
was no significant accumulation of lactate, which is a product
of the glycolytic system supporting muscle activity.

Increased pulmonary ventilation registered at days 10 + 2
post-flight during the test at increments from 8 km/h to
15 km/h, compared to the pre-flight data, accords with higher
capillary blood lactate concentration and indicates an overstrain
of the oxygen transport system in the group that had fewer fast
running intervals during the space flight. Other studies have
also reported increased pulmonary ventilation registered with
an ergocycle test in astronauts on the 10th day after a long-
term space flight [18, 31].

The results of this study clarify the concepts of mechanisms
countering the negative effects of weightlessness. Fast
transition from low- to high-intensity locomotor training
activates the vegetative systems supporting muscle activity,
which underpins the efficacy of the alternating load method
described previously [25]. In this study, we factored in only
the distance traveled at a speed of more than 9 km/h, and
the transitions from low-intensity to high-intensity activity were
disregarded. We assume that fast running with an axial load of
about 70% of the Earth body weight effectively prevents the
adverse influence of weightlessness, since this load, in terms
of energy consumption and sensory inputs, is comparable with
maintaining the body in an upright position or walking slowly
under the Earth's gravity. Thus, running at a speed of more than
9 km/h, as we believe, triggers gravity-dependent physiological
mechanisms by simulating the Earth weight conditions.
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There is a number of obvious limitations to a comparative
analysis of the efficacy of countermeasures against adverse
effects of weightlessness. Itis possible to conduct aretrospective
analysis of the effectiveness of training machines that were
used earlier; such knowledge valuable, since some of them
are still kept in the ISS as backups [32]. Earth-side simulations
reproducing some effects of a space flight offer more extensive
opportunities. One of such simulations is antiorthostatic
hypokinesia (ANOG), which implies a supine position with the
subject's head tilted down by 6°; ANOG simulations yield data
on prevention of the negative effects of hypokinesia [33, 34]. A
90-day ANOG simulation experiment has shown that the most
effective training program includes treadmill sessions with a
vertical axial load of about 80% of the body weight and 80-
90% of the maximum oxygen consumption, combined with
high-intensity resistance training [34], which is consistent with
results of our space experiment.

Our study identified new prognostic indicators in the IST,
namely, the total heart rate value under load and the total
recovery heart rate value; when these values were high during
the space flight, the cosmonaut's physical ability post-flight
was hindered. Countermeasures against negative effects of
weightlessness will be more effective if these indicators are
taken into account in the context of training supervision. In the
interests of deep space exploration missions, it is planned to
conduct studies investigating readaptation to Earth conditions
in the earlier post-flight period and identifying the degree of
applicability of the prevention methods used for an orbital flight.

CONCLUSIONS

Countermeasures against negative effects of prolonged exposure
to weightlessness may be more effective if the cosmonaut has
more sessions of fast running (speed of 9 km/h or faster).

The standard incrementally increasing locomotor load
with the treadmill in active mode that allows registering the
cardiorespiratory system's parameters provides data enabling
prediction of the level of physical ability post-flight.

New predictors of the cosmonaut's physical ability after a
long-term space flight are suggested, namely, the total heart
rate value under load and the total recovery heart rate value, as
registered with the help of a standard incrementally increasing
locomotor load test.
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