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Abstract—The vestibular system plays an important role in intersensory interactions and gravitation is a nat-
ural stimulus for its receptors. Weightlessness alters the input signals of the otoliths and their effect on the pat-
tern and dynamics of changes in the vestibular function (VF), which is accompanied by development of space
adaptation syndrome (SAS) and space motion sickness (SMS). These changes occur both during the space-
flight (SF) and after returning to Earth, but the mechanisms of their development are still poorly understood
and require special studies. In total, 47 Russian cosmonauts (crewmembers of long-term International Space
Station (ISS) missions) have participated in the studies into VF before and after SF and nine of them, in
onboard studies during SF (129—215 days) as a part of the Virtual space experiment (stage 1). Electro- and
video-oculography are used to record spontaneous eye movements (SpEM), static vestibular—ocular
responses during head tilts to the right or left shoulder (static otolith—cervical—ocular reflex, OCOR), and
dynamic vestibular-ocular response during the head rotation around the longitudinal axis of the body. The
examination is accompanied by personal and questionnaire survey on subjective responses and complaints of
cosmonauts about SAS and SMS. Significant changes in SpEM (drifts of eyes, spontaneous and gaze-evoked
nystagmus, and arbitrary saccades) and a decrease in OCOR (statistically significant decrease in the ampli-
tude of ocular counter-rolling in response to head tilts up to its absence or inversion, an atypical OCOR) are
observed during SF. An atypical OCOR is observed at the beginning of adaptation to weightlessness in seven
of the nine cosmonauts (the first one to two weeks of SF) and repeatedly throughout the flight in all cosmo-
nauts regardless of whether it is their first flight or not. Atypical vestibular responses after SF, similar to the
responses during SF, are observed in several cosmonauts by day 9 after flight. It has been shown that atypical
OCOR variants are more frequently observed in the subjects lacking any previous space experience, as well as
a more pronounced decrease in this response with a concurrent increase in the response of the semicircular
canals. It is also demonstrated that repeated SFs lead to a considerable shortening in the after-flight readap-
tation to terrestrial conditions and a considerable decrease in the degree of vestibular disorders. In the initial
period of SF, the changes in VF are correlated with the complaints and manifestations of SAS and SMS; how-
ever, the complaints and the corresponding symptoms are unobservable during the further flight despite sig-
nificant changes in the VF state. The patterns of the VF disorders associated with the impact of weightlessness
and observed during and after SF are very similar, allowing these disorders to be regarded as SAS and SMS
of different severities (intensities).

Keywords: static torsion otolith—cervical—ocular reflex, dynamic vestibular-ocular responses, spontaneous
eye movements, space adaptation syndrome, space motion sickness, weightlessness, repeated spaceflight
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A retrospective analysis of the results of sponta-
neous oculomotor and illusory responses and the
responses induced by their optokinetic and vestibular
stimulation in weightlessness in the Mir and Salyut
space stations and after space flights (SFs) performed
under the programs of Russian experiments
(ANKETA, OPTOKINEZ, and OKULOSTIM),
Bulgarian—Russian (LABIRINT and LABIRINT-2),
Austrian—Russian (OPTOVERT and OPTOVERT-2),
and German—Russian (VOG) [1—3] experiments has
made it possible to systematize for the first time the
phenomenology of the symptoms of atypical senso-

motoric responses of the body to new environment
and ascribe them to a specific “space” adaptation syn-
drome (SAS) or to space motion sickness (SMS).

The very first studies of the effect of weightlessness
on the human vestibular function (VF) were per-
formed by Young et al. [4], von Baumgarten et al. [5],
Watt et al. [6], Clement et al. [7], Thornton et al. [8],
Kornilova et al. [1, 2, 9], Moore et al. [10], Reschke
et al. [11], and Clarke et al. [12]. However, the results
were obtained for the groups not exceeding four astro-
nauts as well as were rather contradictory and allowed
neither assessment of statistical significance of the
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observed changes nor any concept of the effect of
long-term weightlessness on VF; in addition, the effect
of repeated SFs was not considered and the patterns
and dynamics of VF function during weightlessness
and after SF during readaptation were not compared,
in particular, the changes in otolith-ocular and canal-
ocular reflexes as well as their association with SAS
and SMS.

All these facts determine an undiminished interest
of researchers to this area and the need in conducting
the first stage of space experiment named Virtual in
the Russian segment of the International Space Sta-
tion (ISS).

The goals of the first stage of the experiment were

—to study the effect of long-term weightlessness
on the state of VF during SF and readaptation to ter-
restrial conditions;

—to assess the effect of repeated SFs on the VF
characteristics during the flight and postflight readap-
tation;

—to analyze and compare the dynamics of the
changes in VF in weightlessness and post-SF readap-
tation to terrestrial conditions;

—to analyze and compare the static otolith—ocular
and dynamic canal—ocular reflexes after long-term
SFs; and

—to analyze and compare the changes in VF and
subjective complaints about SMS during adaptation to
weightlessness, SFs, and readaptation to terrestrial
conditions.

METHODS

According to the program of the Virtual space
experiment (stage 1), 47 Russian cosmonauts, crew-
members of long-term ISS missions (SFs of 129 to 215
days), were examined. Nine of the 47 cosmonauts
were examined onboard during SF along with the pre-
and post-SF examinations (age of the subjects from 35
to 50 years old; average age, ~44 years).

The examined subjects were divided into two
groups: group I comprised 26 subjects experiencing
weightlessness for the first time (four of them partici-
pated in the onboard examination) and group Il com-
prised 21 subjects with the previous SF experience
(five of them participated in the onboard examina-
tion).

All subjects were examined two times before SF
(background); nine of them, during SF on days 2, 5,
15, and 30 and then on a monthly basis (each subject
was examined eight to nine times during SF); and all
of them were examined on days 1-2, 4—5, and 8—9
after landing (in some cases, also on days 13—19).

The VF state was assessed according to vestibular-
ocular reflexes using video-oculography (VOG). In
some cases, electro-oculography (EOG) was addi-
tionally used during pre- and post-SF examinations.

KORNILOVA et al.

VOG was used to examine spontaneous eye move-
ments (SpEM), static torsion otolith-cervical-ocular
reflex (OCOR), dynamic vestibular—cervical—ocular
reflex (VCOR), and vestibular reactivity (VR).

SpEM were recorded when the head was in an
upright vertical position fixed using a cervical collar.
Drift and saccadic eye movements were recorded, as
well as spontaneous nystagmus with the central posi-
tion of the eyeballs and their rightward—leftward and
upward—downward shifts after an audio signal. The
eyes were kept at each position for 7 s.

OCOR was assessed according to the amplitude of
the compensatory torsional ocular counter-rolling in
response to head tilt after the audio signal alternatively
to the right and left shoulders to an angle of 30°. In
order to exclude any dynamic effects on the static
reflex, the tilt position of the head was retained for
16 s. The tilt angle was controlled with specialized
angle meter and recorded with helmet detectors of the
VOG complex.

VCOR was assessed according to the gain as the
ratio of the velocity of compensatory horizontal ocular
counter-rolling to the velocity of the head rotation
along the body longitudinal axis at a frequency of
0.125 Hz with the eyes open and closed. The examined
subject initially held the head maximally turned to the
right shoulder. After the audio signal, the subject
slowly (during the entire signal, 4 s) moved the head to
the left shoulder to the leftmost position. When the
signal tone changed, the subject turned the head to the
right shoulder during the entire signal (4 s) to reach the
initial position. The number of the head movements
was six to nine depending on the subject’s well-being.

VR was estimated according to the duration and
intensity of vestibular-induced nystagmus on the
background of the response of horizontal compensa-
tory ocular counter-rolling during the head rotation
around the longitudinal body axis with a frequency of
0.125 Hz. The presence of solitary nystagmic beats
during the test taking up to 15% of its duration indi-
cated a normal VR, while an increase or absence of
nystagmus suggested an increase or a decrease in VR.

The questionnaire (ANKETA) was used when
examining the cosmonauts to assess their subjective
state relative to the set of SMS symptoms. The SMS
symptoms comprised the complaints about orienta-
tion illusions, dizziness, discoordination, and difficul-
ties in fixation and tracing visual objects, nausea, and
vomiting. The set, intensity, and duration of these
responses were assessed using the classification
accepted in Russia [2, 3]: 0, no complaints of SMS
symptoms; 1, complaints of moderately pronounced
and rather short SMS syndrome; and 2, complaints of
pronounced and long SMS syndrome with strong diz-
ziness, vomiting, and discoordination.

A VOG complex (Chronos Vision ETD, Berlin,
Germany) [9, 12], was used to record the horizontal,
vertical, and torsional eye movements. A helmet
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equipped with high-frequency infrared video cameras
(for recording eye movements) and angular velocity
sensors and accelerometers (for recording head move-
ments) was put on the subject’s head. The eye move-
ments were recorded in the range of up to 55° horizon-
tally and to 35° vertically. The video-oculography
recording rate was 200 fps. The VOG records were
processed with the help of the ETD IrisTracker soft-
ware with a recognition accuracy of <0.05°.

The following characteristics were evaluated when
processing the VOG recordings: the amplitude of
compensatory torsional ocular counter-rolling at a
static head position after a tilt to the shoulder (the
amplitude was estimated at 14—16 s after the tilt); gain
of OCOR (ratio of the amplitudes of the torsional ocu-
lar counter-rolling and head tilt, gOCOR); nystagmic
response of spontaneous eye movements during the
head rotation long the longitudinal body axis (time,
amplitude, velocity, and frequency characteristics of
nystagmus, including the amplitude of nystagmus
rapid phase, 4y, (angular degrees); velocity of nystag-
mus slow phase; V), (degrees per second); nystagmus
frequency, Fy, (hertz); and nystagmus relative dura-
tion Ty, (percent); i.e., the ratio of total duration of
nystagmic cycles to total test duration).

The quantitative estimate and comparative analysis
of VF characteristics were performed by parametric
and nonparametric ANOVA and correlation analysis.
Mathematical expectation, variance, variation range,
and variation coefficient were assessed for each char-
acteristic. The critical level of significance o was 0.05
for all cases of statistical hypothesis testing (normality
of distribution, homogeneity of variance, statistical
significance of differences, etc.). The following meth-
ods were used to test the hypotheses on the presence of
statistically significant differences in the characteris-
tics before, during, and after SF: the Ftest (ANOVA)
with Tukey’s multiple (pairwise) comparisons; Fried-
man test (ANOVA) with pairwise comparisons by Wil-
coxon’s test with Bonferroni’s adjustment; and U test
(Mann—Whitney test) for between-group comparison.

Normality of distributions was verified by Kolmog-
orov—Smirnov Lilliefors test and homogeneity of vari-
ances, by Levene’s test.

RESULTS

Spontaneous eye movements (SpEM). Before SF,
gaze-evoked nystagmus was recorded only in one cos-
monaut of group I (first SF) (4y, = 2.5 £0.3° Vy, =
4.3 £0.8°/s; Fy, = 0.5 £ 0.04 Hz).

The dynamics of SpEM and SMS are shown in
Table 1. As is evident from Table 1, all subjects dis-
played SpEM disturbances during the initial period of
adaptation to weightlessness (days 2—15 of SF), which
appeared either as spontaneous nystagmus in the case
of the central gaze and gaze-evoked nystagmus when
looking aside or as an increase in saccadic activity,
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prevalently of a quadrangular shape, the so-called
square-wave jerks. On days 2—5 of adaptation to
weightlessness, cosmonauts reported development of
SMS symptoms of different degrees, (1) or (2).

No differences were observed in the SpEM patterns
in the subjects without and with previous SF experi-
ence. The SpEM of only six of the nine examined cos-
monauts on day 30 of SF were the same as before the
flight (background). In the subsequent SF period,
either an increase in SpEM or typical and atypical nys-
tagmus was observed in the subjects that displayed
normalization, i.e., adaptation was replaced by a
period of disadaptation. However, any SMS symptoms
were unobservable during disadaptation periods. No
dependence of SpEM on the previous SF experience
was detected. Cyclic patterns of adaptation/disadapta-
tion periods in the subjects were individual and inde-
pendent on whether the flight was the first or not.

Figure 1 shows the native curves illustrating SpEM
before and after SF.

The native curves in Fig. 1 show a drastic increase
in SpEM during SF to appearance of the cycles of
spontaneous nystagmic eye movements.

Analysis of SpEM after SF demonstrated statisti-
cally significant differences between the groups of cos-
monauts without and with previous SF experience.

The evaluation of SpEM and SMS symptoms
before and after SF in groups I and II is detailed in
Table 2.

As is evident from Table 2, 22% of the subjects of
group I (first SF) on days 1—2 after SF displayed nor-
mal SpEM; 33%, an increase in SpEM as slow wave
drifts or saccadic eye movements (square wave jerks);
and the remaining 45%, spontaneous nystagmus
(Ap, = 3.8 £0.6% Vy, = 6.5 £ 0.8°s; Fy, = 1.5 £
0.1 Hz; Ty, = 18.6 £ 7.1%) and gaze-evoked nystag-
mus (Ay, = 3.1 £0.7° Vy, = 3.7£0.8°/s; Fy, = 0.6 £
0.1 Hz; Ty, = 34.9 £ 12.5%). On days 1-2 of readap-
tation period, 69% of the subjects in this group com-
plained of SMS symptoms, moderate or pronounced.

As for group II (subjects that repeatedly experi-
enced long-term SF), 58% displayed normal SpEM
on days 1-2 after flight; 21%, increase in SpEM; and
remaining 21%, spontaneous nystagmus (4, = 4.1 £
0.9° Vy, = 6.2 £ 1.0°s; Fy, = 1.3 £ 0.1 Hz; Ty, =
12.3 + 8.6%) and gaze-evoked nystagmus (A4, = 3.3 £
0.8% Vy, = 3.8 £0.9°s; Fy, = 0.7 £ 0.1 Hz; Ty, =
224+ 9.0%). Moderate SMS symptoms were
observed on days 1—2 of readaptation in 33% of group
II subjects.

It is evident from Table 2 that the most pronounced
and longest retained SpEM changes were observed in
the group of cosmonauts after their first SF versus the
group II of the subjects previously experienced SF
(79% displayed SpEM restoration as early as day 4
after SF).
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Table 1. Dynamics of SpEM and SMS disorders in space flight

Days of testing (L, baseline and F, days of flight)
Cosmonaut
L-60—-30 F-2 F-5 F-15 F-30 F-60 F-90 F-120 F-150
First SF (n =4)

Cl Sp Ny Sp Ny + - Sp Ny Sp Ny - +
() (1) 0) 0) 0) 0) (0) (0)

Ior, + Sp Ny Sp Ny + Sp Ny — + —
_ (H (H ©0) ©0) ©0) 0) 0) (0)

3 Sp Ny Sp Ny Sp Ny - - - Sp Ny -
2 () ) ) ©0) 0) 0) 0)

Cc4 Sp Ny + — — + + — _
(1) (1) 0) 0) 0) 0) (0) (0)

Repeated SF (n = 5)

Cs Sp Ny Sp Ny — + - - — —
(H (H 0) 0 ) 0) 0) (0)

c6 + Sp Ny Sp Ny — — Sp Ny — +
(1) (1) 0) 0) 0) 0) 0) (0)

c7 _ Sp Ny Sp Ny + - + + — —
(H (H ©0) ©0) ©0) 0) 0) 0)

cs + Sp Ny - + Sp Ny - - -
(H (H ©0) 0 ©0) 0) 0) 0)

c9 + + + — — + — —
(1) (1) 0) 0) 0) (0) (0) (0)

(=) Norm, no abnormalities; (+) increase in saccadic activity, mainly, eye square-wave jerks, drifts, and “gliding” gaze; Sp Ny, sponta-
neous nystagmus; and (0)—(2) scores of complaints about SMS (for classification, see Methods).

Table 2. Assessment of SpEM and SMS symptoms before and after space flights

Days of testing (L, baseline and R, days after flight)

Group of cosmonauts

L —60-30

R+ 1=-2

R+4-5

R+8-9

Group I (n = 26)

Group II (n = 21)

Normal, 96%
Increased SpEM, 4%

Normal, 100%

Normal, 22%
Increased SpEM, 33%
Spontaneous Ny, 45%
SMS symptoms, 69%
Normal, 58%
Increased SpEM, 21%
Spontaneous Ny,21%
SMS symptoms, 33%

Normal, 50%
Increased SpEM, 28%
Spontaneous Ny, 22%
SMS symptoms, 22%
Normal, 79%
Increased SpEM, 21%
SMS symptoms, 0%

Normal, 67%
Increased SpEM, 33%
SMS symptoms, 0%

Normal, 100%
SMS symptoms, 0%

Static torsion otolith—cervical—ocular reflex
(OCOR). All cosmonauts before SF displayed OCOR
within the physiological norm.

The dynamics of gain of OCOR (gOCOR) during
SF is detailed in Table 3.

Atypical OCOR responses (the absence or inver-
sion of the otolith-ocular reflex) on day 2 of weight-
lessness were recorded in 55% of the subjects; on days
5—15, in 44%; on day 30, in 11%; on day 60, in 22%;
on day 90, in 40%; and on day 120 an atypical otolith

reflex was absent in all subjects but its statistically sig-
nificant decrease was observed. The pattern and
dynamics of the changes in OCOR were similar for
both groups (the first SF and repeated SFs).

The OCOR asymmetry in the head tilts to the right
or left shoulder on days 15, 30, and 60 of SF reached
30% and was almost absent on the remaining days of
examination.

The dynamics of changes in gOCOR before,
during, and after SF is shown in Fig. 2. As is evident,
HUMAN PHYSIOLOGY  Vol. 43
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Fig. 1. Fragments of SpEM native curves before and after space flight, SF (the ordinate shows the amplitude of eye movements,
°, and the abscissa, time, s): (1) horizontal and (2) vertical eye movements.

gOCOR throughout SF decreased significantly but
restored to its background level by day 8 after SF.

The native curves illustrating the development of
atypical OCOR variants (the absence or inversion of
the torsional ocular counter-rolling during the head
tilt to the shoulder) during and after SF are shown in
Fig. 3.

The native curves in Fig. 3 convincingly demon-
strate that a head tilt to the shoulder before SF causes
the torsional ocular counter-rolling in the range of 4—
6°. In SF (days 5 and 90) and after SF (day 1), the tor-
sional ocular counter-rolling in response to head tilt to
the shoulder is either absent (the eye returns to initial
zero position, which means the absence of OCOR) or
changes its direction to that of the head tilt (OCOR
inversion).

Note that, although no between-group differences
were detectable among the participants of the Virtual
experiment (stage 1), the analysis of the groups after
SF, namely, the subjects after their first SF (group I,
26 cosmonauts) and after repeated SFs (group II,
21 cosmonauts) demonstrated statistically significant
differences in the OCOR and SpEM characteristics
and their dependence on the previous SF experience.

In group I, 33% of the subjects displayed no OCOR
on days 1-2 after SF; 22%, OCOR inversion; and
the remaining 45%, a statistically significant decrease
(2- to 2.5-fold) in the amplitude of ocular counter-
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rolling. In addition, 69% of the subjects of this group
complained of SMS symptoms on days 1—2 of the
post-SF examination.

On days 4—5 after SF, normal OCOR was recorded
in 45% of the group I subjects and a decreased reflex,
in 55%. On days 8—9 after SF, normal OCOR was
recorded in 72% of the subjects, while 28% displayed
a decreased reflex to days 13—14 after SF. Statistical
analysis demonstrated a significant decrease in
gOCOR in group I on days 1—-2 and 4—5 after SF as
compared with the background and the data for
days 8—9.

In group 11, 29% of the subjects on days 1—2 after
SF displayed normal OCOR; 64%, a statistically sig-
nificant decrease in OCOR; and 7%, absence of
OCOR. In addition, 33% of the subjects in this group
had SMS symptoms during the first days of post-SF
examination.

On days 4—5 after SF, normal OCOR was observed
in 79% of the group 11 subjects and a decreased reflex
in 21%; on days 8—9 after SF, all group II subjects had
a normal OCOR.

Thus, an atypical OCOR (inversion or absence of
the torsional ocular counter-rolling) after SF was
mainly characteristic of the group I cosmonauts, who
had no previous SF experience.

A comparative analysis of the coefficient of varia-
tion for gOCOR in groups I and II demonstrated that
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Table 3. Dynamics of gain of OCOR (gOCOR) in space flight

Days of testing (L, baseline and F, days of flight)
Cosmonaut
L-60-30 F-2 F-5 F-15 F-30 F-60 F-90 F-120 F-150
First SF (n =4)

Cl 0.21-r Inv 0.02-r 0.03-r 0.04-r 0.04-r - 0.04-r 0.06-r
0.22-1 Inv 0.03-1 0.05-1 0.02-1 0.03-1 — 0.04-1 0.05-1

Vo) 0.23-r 0.01-r — — 0.05-r 0.06-r 0.05-r 0.03-r 0.08-r
0.23-1 0.02-1 — — 0.06-1 0.05-1 0.04-1 0.05-1 0.06-1

3 0.21-r — Inv 0.06-r — 0.04-r 0.06-r 0.06-r 0.07-r
0.20-1 — Inv 0.03-1 — 0.05-1 0.06-1 0.07-1 0.05-1

ca 0.22-r 0.03-r 0.05-r 0.02-r 0.04-r Inv 0.02-r 0.06-r 0.04-r
0.22-1 0.01-1 0.06-1 0.03-1 0.03-1 Inv 0.03-1 0.06-1 0.04-1

Repeated SF (n = 5)

Cs 0.21-r Inv Inv 0.04-r 0.05-r 0.03-r 0.04-r — 0.05-r
0.21-1 Inv — 0.06-1 0.05-1 0.04-1 0.06-1 — 0.05-1

c6 0.19-r — 0.03-r — 0.07-r 0.06-r — 0.04-r 0.07-r
0.20-1 — 0.02-1 — 0.05-1 0.06-1 — 0.05-1 0.07-1

c7 0.24-r — Inv Inv 0.05-r 0.06-r Inv 0.06-r 0.04-r
0.22-1 Inv Inv Inv 0.05-1 0.08-1 — 0.06-1 0.06-1

cs 0.21-r 0.02-r 0.03-r 0.07-r 0.04-r — 0.05-r 0.05-r 0.07-r
0.23-1 0.01-1 0.03-1 0.07-1 0.06-1 — 0.03-1 0.02-1 0.05-1

C9 0.21-r 0.01-r 0.05-r — 0.06-r 0.07-r - Inv 0.08-r
0.23-1 0.03-1 0.05-1 — 0.06-1 0.07-1 - Inv 0.07-1

(=) No OCOR; Inv, OCOR inversion; 0.19-r and 0.20-1 are the gOCOR values of 0.19 and 0.20 for the head tilt to the right and left

shoulders, respectively.

the gOCOR variance in group II was 1.5- to 2-fold
smaller as compared with group 1. A statistically sig-
nificant increase in the coefficient of variation for
gOCOR after SFs was observed in both groups to days
8—9 after SF.

The between-group comparison of gOCOR
(Mann—Whitney test) demonstrates statistical signifi-
cance of the difference in OCORaf between groups I
and II to days 8—9 after SF.

Dynamic horizontal vestibular—cervical—ocular
reflex (VCOR) and vestibular reactivity (VR). The gain
of VCOR (gVCOR) before SF fell within the physio-
logical norm (0.4—0.5) in all cosmonauts who partici-
pated in the Virtual experiment (stage 1).

After SF, the cosmonauts of group I were divided
into two subgroups according to the gVCOR pattern.
In subgroup 1 (10 subjects), gVCOR was increased to
0.7—0.8 starting from days 1—2 after SF and all cos-
monauts complained of SMS symptoms on day 1. In
subgroup 2 (16 subjects), gVCOR was drastically
decreased to 0.1—0.15 or was almost zero as was
demonstrated by the absence of compensatory hori-
zontal ocular counter-rolling response. Only the cos-
monauts (30%) who displayed both the vestibular
rotatory nystagmus and compensatory ocular counter-

rolling (increase in VR) complained of the SMS
symptoms. Statistically significant changes in gVCOR
in both subgroups of group I were observable to days
8—9 after SF.

A normal gVCOR was observed in 14 cosmonauts
(~70%) of group II starting from days 1—2 after SF;
five subjects of this group had an increased gVCOR
and two subjects, a decreased gain. In this group, 33%
complained of SAS symptoms; they displayed an
increase in VR (pronounced nystagmus on the back-
ground of compensatory ocular counter-rolling).

Analysis of the coefficient of variation of gVCOR
demonstrated that both groups displayed a statistically
significant increase in the gVCOR variation to days 8—
9 after SF. Note that the most pronounced increase in
the coefficient of variation after SF was observed in
the group I subjects with a decreased gVCOR.

The dynamics of post-SF changes in gVCOR and
vestibular-induced nystagmus superimposing the
compensatory ocular counter-rolling response to the
head rotation around the longitudinal body axis are
shown in Table 4.

In group I, 69% of the subjects on days 1-2 after
SF displayed an increase in the vestibular nystagmus
in response to head rotation; 50%, on days 4—5; and
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Fig. 2. Gain of the otolith-cervical-ocular reflex (20COR) before, during, and after SF. The ordinate shows gOCOR (ratio of the
amplitude of torsional ocular counter-rolling to head tilt angle) and the abscissa, days of examination (L, baseline F, days in
flight; and R, days after flight).
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Fig. 3. Fragments of OCOR native curves before, during, and after space flight, SF (the ordinate shows the amplitude of eye
movements, °, and the abscissa, time, s): (1) horizontal, (2) vertical, and (3) torsion eye movements. Arrow shows the beginning
of head tilt to the shoulder.

12%, on days 8—9. Nystagmus was recorded both in
the presence of a normal VCOR and on the back-
ground of a drastic decrease in the amplitude of com-
pensatory ocular counter-rolling (Fig. 4).

The fragments of native curves recorded during
head rotation around the body longitudinal axis

HUMAN PHYSIOLOGY Vol.43 No.5 2017

(Fig. 4) before SF demonstrate an almost complete
absence of the vestibular nystagmus on the back-
ground of compensatory horizontal ocular counter-
rolling. On day 1 after SF did the group I subjects dis-
play a pronounced nystagmus both on the background
of compensatory ocular counter-rolling and in its
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Table 4. Dynamics of post-flight changes in gain of VCOR and VR

Days of testing (L, baseline and R, days after flight)
Characteristics of dynamic
-60— +1— +4— +8—
vestibular-ocular responses L£-60-30 RH1=2 R4S R+8-9
M=*o Mto Mto Mto
First SF (n = 26)
Increase in gVCOR 0.71 £ 0.12* 1 0.78 £ 0.15%7 0.55 % 0.16
(10 cosmonauts)
- 0.45+£0.06
Decrease in gVCOR 0.10 £ 0.04* | 0.31 £0.11% | 0,42 +0.09
(16 cosmonauts)
Vestibular nystagmus, T, % 473+£10.1* T 32.9 £ 12.2*% 25.6 £ 14.3
9 &l 0
Ny (18 cosmonauts) (13 cosmonauts) (3 cosmonauts)
Vestibular nystagmus, Fy., Hz 3.2+0.6%T 29 £0.7* 3.0£0.9
ke - (18 cosmonauts)  |(13 cosmonauts, 50%) | (3 cosmonauts, 12%)
Vestibular nystagmus, A, © 11.1+£34%7T 9.4 +2.8% 8.7+t4.1
>Ny (18 cosmonauts) (13 cosmonauts) (3 cosmonauts)
Vestibular nystagmus, Vy., /s 15.6 £7.0¢ T 12.4 £+ 8.3* 13.6 £ 6.0
TN (18 cosmonauts) (13 cosmonauts) (3 cosmonauts)
Repeated SF (n = 21)
Increase in gVCOR 0.62 % 0.11 0.59 % 0.11 0.51 £ 0.08
(5 cosmonauts)
Normal gVCOR 0.44 % 0.07 0.53 £ 0.1 0.50 £ 0.15 0.46 £ 0.10
(14 cosmonauts)
Decrease in gVCOR 0.22 % 0.06 0.39 % 0.1 0.43 £ 0.12
(2 cosmonauts)
Vestibular nystagmus, Ty, % 283276%1 191541
9 & (4
ystag Ay (7 cosmonauts) (4 cosmonauts)
Vestibular nystagmus, Fy,, Hz 28£05* 1 3108
YSIagIis, Ly (7 cosmonauts) (4 cosmonauts)
Vestibular nystagmus, A4, © 10.0+4.1% 7T 1.9+3.7%
ySIagmns, 2ny (7 cosmonauts) (4 cosmonauts)
Vestibular nystagmus, Vy,, °/s 117£567 13.1+6.2%
YSIagmus, Vay (7 cosmonauts) (4 cosmonauts)

* and T denote statistically significant changes as compared with the baseline or, respectively, the pervious testing (p < 0.05); Ty, Fyy,
A Ny and VNy are characteristics of vestibular nystagmus (see Methods).

absence. As for the group II subjects, the nystagmic
responses to head rotation were less pronounced in a
statistically significant manner.

An increase in VR was observed in cosmonauts to
days 8—9 after SF. In group I, 69% of the subjects who
displayed an increase in nystagmus on the background
of compensatory ocular counter-rolling complained
of SAS symptoms on days 12 after SF.

In group I1, an increase in VR and distinct nystag-
mus were observed in 33% of the subjects on days 1—2
after SF and in 19% on days 4—5. The VR of remaining

cosmonauts matched the background during the
entire post-SF period.

The duration of nystagmus (7,) after SF in group
I was 1.5- to 2-fold longer as compared with group I1.

Correlation analysis of the vestibular function char-
acteristics and SAS/SMS symptoms in weightlessness
and after space flight. Correlation analysis of the
results of the Virtual space experiment (stage 1)
demonstrated a strong correlation between SpEM,
OCOR, and SMS characteristics in 63% of the cosmo-
nauts in the beginning (SF days 2—5) of adaptation to
weightlessness and between SpEM and OCOR char-
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Fig. 4. Fragments of native curves for the head rotation around the longitudinal body axis before and on day 1 of space flight (SF)
in the cosmonauts in their first SF (group I) and repeated SF (group II). The ordinate shows the amplitude of head and eye move-

ments (°) and the abscissa, time (s): (1) eye movements (electro-oculography) and (2) head movements.

acteristics during the entire weightlessness period (r
varying from about —0.55 to —0.93, p < 0.05).

A strong correlation between SpEM, OCOR, and
SMS observed in the cosmonauts in weightlessness on
days 2—5 of SF suggests deep and tight interactions
between the central and peripheral parts of the vestib-
ular system as well as the association between the ves-
tibular and vegetative systems.

After SF (days 1-2), the group I subjects also dis-
played a strong correlation between SpEM, OCOR,
and SMS. However, characteristic of this group was a
negative correlation between the OCOR and
VCOR/VR parameters starting from days 1—2 after SF
(r=-0.81, p <0.05) to days 4—5 (r=—0.62, p < 0.05).

The subjects of group II (with previous SF experi-
ence) displayed statistically significant changes in the
state of VF and a weak negative correlation between
OCOR and VCOR/VR characteristics only on days 1—
2 after SF (r=—0.38).

DISCUSSION

The studies of the VF involving 47 cosmonauts
after SF (nine were additionally examined during SF
on board of ISS) have revealed typical responses of the
vestibular system both during SF and after landing.

An increase in SpEM (appearance of spontaneous
nystagmus in typical and atypical forms, as square-
wave jerks) observed during and after SF is associated
with the central mechanisms of the vestibular system
and reflects the changes in the function of the vestib-
ular nuclei, midbrain reticular formation, and cerebel-
lar flocculus [13—16].
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No.5 2017

Under conditions of SF, the cosmonaut’s otolith
apparatus responds to the change in gravito-inertial
environment, i.e., weightlessness. Either a drastic
decrease in the amplitude (even to zero) of the com-
pensatory torsional ocular counter-rolling during a
static change in the head position or its inversion was
characteristic of the recorded changes in OCOR
during and after SF. Presumably, these changes are
determined by both the reflex (weakening of the oto-
lith afferent activity and retention of the cervical pro-
prioceptive input) and central mechanisms (changes
in the vestibular structures and the central structures
interacting with them).

It is known that the interaction between two affer-
ent flows, vestibular and cervical proprioceptive ones,
underlies the OCOR. The passive cervical—ocular
reflex is always accompanied by anticompensatory eye
movements unlike the compensatory ocular counter-
rolling of the vestibular—ocular reflex [17, 18]. The
OCOR inversions observed during and after SF are
most likely determined by the retention of cervical
afferentation.

The results obtained in the experiments with pri-
mates, namely, those demonstrating that suppression
or the absence of otolith-ocular reflex (OOR) as well
as the changes in the excitability of the central vestib-
ular structures demonstrated by a direct recording of
the neuronal activity of the vestibular nerve and nuclei
[16, 19] is the source of VF disorder, confirm that the
peripheral part of the vestibular system and the central
mechanisms are involved in the mechanism of atypical
spontaneous and otolith-ocular responses under
weightlessness conditions.
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The absence of OCOR or its inversion in weight-
lessness and after long-term SFs, earlier demonstrated
in the Russian space experiments [9, 20], were unob-
servable in the four astronauts who participated in the
Neurolab (STS-90) mission [10]. The absence of
OOR changes in these astronauts is most likely associ-
ated with that the VF was tested in a centrifuge both
onboard and after SF. However, testing the OOR of 26
cosmonauts using a centrifuge only during the post-
SF examination demonstrated a statistically signifi-
cant decrease in the OOR amplitude [21].

The changes in SpEM and OCOR characteristics
recorded in the Virtual space experiment during the
initial adaptation to weightlessness (days 2—15) were
periodically recorded during the entire SF; i.e., the
adaptation (compensation) period was followed by
disadaptation (decompensation) period. This alterna-
tion of compensation and decompensation periods
during a long-term weightlessness has been earlier
recorded by Russian researchers [2, 3]. The alterna-
tion of compensation and decompensation periods in
the cosmonauts during SF was individual. No
between-group differences in the VF characteristics
were observed for the cosmonauts during their first or
repeated experience of weightlessness. Comparison of
the data on OCOR with the data on SpEM during SF
revealed a strong correlation between these character-
istics, which was independent of the presence or
absence of the previous SF experience.

The alternation of compensation and decompensa-
tion periods during a long-term SF is another confir-
mation for the involvement of the central vestibular
structures (vestibular nuclei, nuclei of the reticular
formation, midbrain tegmentum nuclei, and vestibu-
lar cerebellar nuclei), which function in weightlessness
at a different level as compared with the terrestrial
conditions. There are no doubts that the cerebellum is
involved in the adaptation (compensation) and disad-
aptation (decompensation) processes, since numerous
pseudo-clinical cerebellar syndromes (square-wave
jerks) were recorded when studying SpEM [22]. The
results of model experiments (horizontal “dry”
immersion) [23] also confirm the involvement of cen-
tral mechanisms in development of atypical sponta-
neous and otolith—ocular responses.

Comparison of the results of VF examination of the
cosmonauts for the first time in SF with the corre-
sponding data for the cosmonauts after repeated SFs
during the readaptation to terrestrial gravitation [24]
demonstrated that (1) the repeated experience of a
long-term SF shortened the period of VF adaptation
in a statistically significant manner; (2) atypical VF
disturbances (inversion or the absence of OCOR and
the absence of VCOR) were characteristic of the sub-
jects without any previous experience of long-term
SFs; and (3) a drastic decrease in the level of tonic
(static) vestibular excitability accompanied by an
increase in the dynamic reactivity of the vestibular sys-
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tem was characteristic of the subjects without any pre-
vious long-term weightlessness experience.

The cosmonauts with previous experience of
weightlessness (group II) displayed statistically signif-
icant changes in the VF state only on days 1—2 after
flight and almost no atypical vestibular responses.

Thus, the post-SF data demonstrate that the adap-
tation to weightlessness is accompanied by central
deep and long-term OCOR suppression, which
requires a certain period to restore upon landing when
the otolith function readapts to gravitation conditions.

The phenomenon of a decrease in static torsional
ocular counter-rolling or its disappearance, observed
in weightlessness and after SF, agrees with the histo-
logical data for the rats exposed to weightlessness. His-
tological examination demonstrated morphological
signs of the hypofunction of utricle receptor cells, a
decrease in the afferent input to vestibular nuclei, and
signs of vestibular inflow to the cerebellar flocculus
[25—28]. Morphological examination of multipolar
neurons in the reticular formation [29—31] demon-
strated a disturbance of the evolutionarily formed
intersensory circuits in the central nervous system and
formation of new circuits more adequate for spatial
orientation in weightlessness.

The changes in gVCOR after SF suggests distur-
bance in the coordinated eye and head movements.
This gain grew in some individuals and decreased
down to zero in others. However, Cohen et al. [15, 16]
observed suppression of gVCOR by 15—50% in pri-
mates during SFs; this decrease was retained to day 11
after SE. A decrease in gVCOR can be associated with
either a decrease in or the absence of compensatory
ocular counter-rolling, determined by disturbed oto-
lith-canal interactions (associated with the central
deafferentation of otolith signal) or inhibition (rejec-
tion) of the vestibular nuclei that lost their adequacy
via the cerebellar control mechanism [22].

A drastic increase in the intensity of vestibular nys-
tagmus in response to horizontal head rotation,
observed in many cosmonauts after SF, suggests an
increase in the dynamic excitability of the vestibular
input. An increase in the dynamic component in
weightlessness was earlier observed in the experiments
with frog vestibular receptors [32]. Gualtierotti [32]
succeeded in recording an increase in the dynamic
neuronal excitability in the vestibular nerve during the
first 12 h of SF and in revealing the trend of transfor-
mation of the initially tonic activity type of these neu-
rons into a phasic type. Thus, it was for the first time
demonstrated that some static receptor cells in weight-
lessness could function as dynamic ones [32].

The otoliths after SF and landing are again subject
to the gravity and the response of the semicircular
canals supposedly should be weakened in the case of a
reciprocal pattern of the otolith-canal interaction [33,
34]. Nonetheless, this is unobservable, which can be
explained by the central deafferentation of the otolith
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signal, which appeared during SF and retained in the
initial readaptation period.

The observed negative correlation between OCOR
and vestibular reactivity (VCOR/VR) characteristics
suggests reciprocal relationships between the otoliths
and semicircular canals in the examined group of cos-
monauts after SF; in other words, an increase in the
dynamic reactivity of the vestibular system is observed
on the background of a decrease in the level of static
vestibular excitability.

However, weightlessness can influence the otolith
function and the function of semicircular canals both
directly because of the loss of gravitational impact and
in an indirect manner because of removal of the sup-
port afferentation and a decrease in proprioceptive
afferentation via the central integrative multisensory
structures in the central nervous system, involved in
convergence of afferent signals of different sensory
modalities (first and foremost, visual, vestibular, sup-
porting, and locomotor). The experiments with simu-
lated weightlessness (“dry” horizontal immersion)
demonstrated appearance of spontaneous nystagmus
during the first days after immersion as well as the
absence or inversion of OCOR [23].

The observed identical VF disturbances during the
first days of adaptation to weightlessness (days 2—5 of
SF) and readaptation to terrestrial conditions (days 1—
4 after SF) were accompanied by complaints of SAS
and SMS symptoms of various intensities. However,
the onboard examinations during SF and completion
of readaptation recorded no complaints of SAS and
SMS symptoms although the changes in VF charac-
teristics were recorded.

Thus, dizziness, spatial illusions, orientation dis-
turbances, and atypical spontaneous and vestibular-
ocular responses observed in the initial SF period as
well as on days 0 and 1 after landing were not charac-
teristic of certain individuals but rather the regular
responses of body sensor systems under conditions of
altered gravity. This confirms the development of
SAS, which transformed to SMS on reaching a clinical
level [35, 36].

CONCLUSIONS

The studies in the framework of the Virtual space
experiment (stage 1) demonstrate that weightlessness
causes the following phenomena also observable
during the post-SF readaptation:

1. A decrease in or complete elimination of the
tonic (static) component in the vestibular-ocular
responses (the absence or inversion of torsional ocular
counter-rolling) because of central deafferentation,
“rejection” of the vestibular signal from the systems
controlling eye movements changed in weightlessness
during adaptation and initial readaptation.

2. An increase in the dynamic reactivity of the
semicircular canals of the vestibular system (a decrease
HUMAN PHYSIOLOGY Vol. 43
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in the threshold and an increase in the intensity of the
nystagmus during head rotation) on the background of
decreased tonic component;

3. Significant changes in the VF in weightlessness,
which were independent of the previous SF experi-
ence;

4. Regular patterns of the VF character and dynam-
ics, namely, alternation of adaptation and disadapta-
tion periods in weightlessness; and

5. Significant changes in the VF after landing,
which depended on the pervious SF experience,
namely, the subjects without previous weightlessness
experience had longer readaptation period and more
pronounced VF disorders.

The VF disorders observed during the first days of
SF and after SF were very similar and the recorded
parameters displayed pronounced correlation, sug-
gesting that these disorders can be regarded as SAS
and SMS manifestations.
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