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Abstract In the present study, we investigated the effect exiting each tunnel, subjects were asked to report their per- 
 

of weightlessness on the ability to perceive and remember 

self-motion when passing through virtual 3D tunnels that 

curve in different direction (up, down, left, right). We asked 

cosmonaut subjects to perform the experiment before, dur-

ing and after long-duration space ight aboard the Interna -

tional Space Station (ISS), and we manipulated vestibular 

versus haptic cues by having subjects perform the task either 

in a rigidly xed posture with respect to the space station 

or during free-oating, in weightlessness. Subjects were 

driven passively at constant speed through the virtual 3D 

tunnels containing a single turn in the middle of a linear seg-

ment, either in pitch or in yaw, in increments of 12.5°. After 
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ception of the turn’s angular magnitude by adjusting, with a 

trackball, the angular bend in a rod symbolizing the outside 

view of the tunnel. We demonstrate that the strong asymme-

try between downward and upward pitch turns observed on 

Earth showed an immediate and signicant reduction when 

free-oating in weightlessness and a delayed reduction 

when the cosmonauts were rmly in contact with the oor 

of the station. These effects of weightlessness on the early 

processing stages (vestibular and optokinetics) that underlie 

the perception of self-motion did not stem from a change in 

alertness or any other uncontrolled factor in the ISS, as evi-

denced by the fact that weightlessness had no effect on the 

perception of yaw turns. That the effects on the perception 

of pitch may be partially overcome by haptic cues reects 

the fusion of multisensory cues and top-down inuences on 

visual perception. 

 
Keywords Weightlessness · Asymmetry · Pitch · 

Perception 

 
 
Introduction 

 
The ability of humans to perceive and remember self-motion 

as they navigate through a 2D or 3D environment relies 

upon the integration of multimodal sensorimotor informa-

tion, including static or dynamic visual cues, propriocep-

tion, vestibular cues, and corollary discharge (Mittelstaedt 

1983,1999; Berthoz 1991, Glasauer and Mittelstaedt 1998; 

Vidal and Bülthoff 2009). It is reasonable to assume that 

these same sensory cues might contribute to the perception 

of what the physical environment offers in terms of potential 

motor actions (Sciutti et al. 2012). Addressing the question 

of how the CNS integrates spatial information from multiple 

 



 

sensory cues is fundamental to understanding the workings 

of the human brain (Pozzo et al. 1998). 

In this study, we examined the role of gravitational infor-

mation in the perception of self-motion in 3D. We used a 

paradigm in which a human subject observed visual stimuli 

corresponding to what they would see as they moved through 

a curved tunnel. The tunnel could turn in the horizontal 

plane to the right or to the left, or it could bend upward or 

downward in the sagittal plane. The task for the subject was 

to indicate the amplitude of the turn, based on the visual 

information provided. This task is of interest for the study 

of the macroscopic properties of sensorimotor integration 

because it requires a succession of processing: (1) temporal 

integration of the sensory input (spatial updating) during the 

transit through the tunnel, (2) working memory related to 

the perceived angle, and (3) retrieval (recall) of this angular 

information. 

Previously, such a task revealed a signicant asymme -

try in pitch-induced perception on Earth. Downward stimuli 

  
or are any modications to the perception brought about by 

the differing affordances and consequences of actions that 

occur in the unique conditions of weightlessness?” 

 
 
Methods 

 
Figure 1 illustrates the experimental task. Subjects looked 

straight ahead through a form-tting face mask and a cylin -

drical barrel frame at the screen of a laptop computer onto 

which the images of virtual movements were displayed. 

The screen was centered on the line of gaze at a distance of 

~30 cm from the eyes. The barrel had a diameter of 16.5 cm, 

yielding a circular eld of view subtending 30° in all direc -

tions. The form-tting mask, the barrel, and, if necessary, 

turning off the lights in the room prevented any external 

 

produced a stronger pitch perception than upward, while 

leftward and rightward yaw turns were perceived equally 

(Vidal et al. 2006). This up-down asymmetry was also 1 

observed when subjects observed a static image of the tun- 
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nel (Vidal et al. 2006) and is similar to asymmetrical esti- 2 

mates of the slope of a hillside viewed either from above or 

from below (Proftt et al. 1995). To address the question of 
 

what reference frames are used to carry out the task, Vidal A 

et al. (2006) recorded responses from human subjects who 

performed the tasks on Earth in either an upright, seated 

posture or while lying on their side. In doing so, the inves-

tigators decoupled the local, egocentric reference frame C 

dened by the subject’s body from the external, Earth-xed 

reference frame dened by gravity and somatosensory cues 

from the environment. They showed that (1) the up-down 

pitch asymmetry could arise in either reference frame, (2) 

asymmetries in OKN responses and the orientation with 

respect to gravity interacted to determine the response, and 

(3) the affordances offered by the visual scene could also 

interact with the sensory cues themselves to determine the 

perceived angle, depending on the orientation of the body 

with respect to gravity. 

In the experiments reported here, we extended this study 

by testing the effects of gravity, or lack thereof, on the 

perception of the angle of the turn. We asked cosmonaut 

subjects to perform the experiment before, during and after 

long-duration space ight, and we manipulated vestibular 

versus haptic cues by having subjects perform the task in 

weightlessness, either in a rigidly xed posture with respect 
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to the space station or during free-oating. We addressed two 

specic questions with these experiments, that is, “Does the 

lack of gravity or graviceptor input alter the sensory process-

ing underlying the perception of self-motion?” and, if so, “Is 

it the lack of sensory signal per se that causes the disruption, 

 

Fig. 1 Simulation of passive self-motion inside a tunnel with a bend 

in an upward or downward (a–c) and leftward or rightward (b–d) 

direction. a, b Response indicator in the form of a schematic out-

side view of the tube, viewed from the side for pitch (a) and from the 

top for yaw (b); c, d entry (1), bend (2), and exit (3) images for turn 

angle of 25° for pitch (c) and for yaw (d) 

 

 



 

visual distractions and removed all external visual refer-

ences (Cheron et al. 2006). 

Subjects observed on the laptop screen a visual ow 

corresponding to simulation of passive self-motion inside 

tunnels in the form of a pipe of constant circular cross sec-

tion, with stone-textured walls. Each tunnel contained an ini-

tial linear segment, a single turn in the middle, either in pitch 

or in yaw (Fig. 1), with one of 6 possible turn angles ranging 

from 25° to 87.5° in increments of 12.5° and a nal linear 

segment. Subjects were driven passively at constant speed 

through the virtual 3D tunnel structure. Images were non-

stereoscopic but included perspective cues generated by the 

OpenGL graphics libraries. Using a typical subject height 

of 1.75 m as a reference, the visual ow corresponded to a 

virtual speed of 2.21 m/s (around 8 km/h), corresponding 

to a fast walking speed for humans. (Additional comments 

on the realism of the virtual motion can be found in Vidal 

et al. 2003). After exiting each tunnel, subjects were asked 

to report their perception of the turn’s angular magnitude by 

adjusting a response indicator depicting an outside view of 

a tube on the laptop screen that could be bent by manipulat-

ing a trackball. The tube was viewed from the side for pitch 

turns and from the top for yaw turns (Fig. 1a, b). The tube 

was initially presented at 0° (corresponding to a straight tun-

nel), and the subjects were instructed to bend the tube to 

the perceived turn amplitude by rolling the trackball. They 

pressed a button to indicate when they had reproduced the 

deviation angle corresponding to the angle perceived during 

the simulated movement. After a pause of 5 s, subjects could 

initiate the subsequent trial with the push of a button. 

An experimental session consisted of 48 trials, divided 

into four uninterrupted blocks of 12 trials. A given block 

included either exclusively pitch turns or exclusively yaw 

turns. All subjects began with a block of pitch turns, and 

then alternated, for a block sequence of pitch-yaw-pitch-

yaw. Each of the 6 possible amplitudes and two possible 

directions (leftward and rightward for yaw and upward or 

downward for pitch) occurred just once and in a random 

order in each block. At the end of a block, feedback about 

the subject’s performance was displayed before a short 

pause. This feedback was the error (in degrees) measured 

between the real turn angle and the reported response, aver-

aged over all trials in the block. Through this score, subjects 

were made aware of overall performance but received no 

information about what specic errors were committed. The 

experiment was preceded by four practice trials: two trials 

with pitch turns and two trials with yaw turns. During these 

trials, subjects learned how to use the computer interface, 

but received no feedback about performance. The full exper-

iment lasted approximately 50 min for a complete session, 

which included the instructions and practice trials. 

On Earth, subjects performed the experiment while sit-

ting on a chair of adjustable height facing the computer/ 

 

 

barrel/mask that was placed on a table. During space ight, 

cosmonauts performed the experiment in two conditions. In 

the attached condition, cosmonauts used belts, foot straps, 

and a tabletop to maintain a sitting like posture in front of 

the laptop, like the one used on Earth. In the free-oating 

condition, subjects held the experimental apparatus (laptop 

computer and tunnel) in their hands with an elastic band 

holding the mask against the face. An assisting cosmonaut 

then positioned the subject in the center of the free work-

ing volume within one of the space station modules. The 

subject was released, and both subject and apparatus oated 

free from any contact with the station. The assisting cos-

monaut ensured that no contact with the walls of the sta-

tion occurred. To accomplish this, the assistant applied short 

tugs on the clothing of the subject to adjust the position try-

ing to avoid giving strong directional cues. Very few such 

corrections (1–2 per session per subject) were required. 

Figure 2 shows the testing schedule for the cosmonauts. 

Each cosmonaut was tested on 5 successive periods. Prior to 

ight, cosmonauts were tested on Earth in 2 pairs of sessions 

over the 2 months preceding liftoff (BF1, BF2). The two ses-

sions within each period were separated by at least 1 day. 

These subjects were then tested on 2 days over the course of 

their spaceight aboard the ISS, with at least 1 day between 

sessions. Additionally, subjects performed the experiment 

twice on each day of testing on orbit, once in each of the two 

different experimental conditions (“attached” (A) and “free-

oating” (FF)). The order of passage for the two postural 

conditions was counterbalanced across subjects. After their 

return from ISS, cosmonauts were tested on Earth again, on 

two different days during the week immediately following 

the landing (PF1) and two more times 1–3 weeks later (PF2). 

Seven male cosmonauts (C1–C7) participated in this 

investigation. The mean age (±SD) of the cosmonauts was 

42 ±  3 years. Six cosmonauts had previous experience in 

space ight; one cosmonaut (C2) had no such experience. 

All cosmonauts were in excellent health, as regularly deter-

mined by a special space ight medical commission dur -

ing all periods of the investigation. Six out of 7 cosmonauts 

performed the two sessions within the rst week of arriv -

ing on orbit (not before ight day 2 and not after ight day 

7), and the seventh performed the experiment on ight days 

16 and 18. The duration of exposure to weightlessness var-

ied between subjects; four of whom spent 10 days on orbit 

(Russian–Belgian (ODISSEA) and Russian–Spanish (CER-

VANTES) “taxi” missions), while the other 3 cosmonauts 

spent 6 months aboard the ISS (Increments 9, 10, and 11). 

Ten naive subjects (6 men and 4 women), 34 ±  8 years 

also participated in this experiment; most were students or 

laboratory staff, and all were right handed. These control 

subjects performed experimental sessions on the ground fol-

lowing the same schedule as cosmonauts. All participants 

gave prior written consent before starting this investigation. 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Timeline of testing performed by each cosmonaut. The exper-

iment was performed at different periods: 2 before, 1 during and 2 

after ight aboard the ISS. Within each period, subjects were tested 

on two separate days, with at least 1 day in between. On each test 

day, subjects performed a total of 48 trials separated into 4 blocks 

of 12 trials each. Within each block, trials were all in pitch (up or 

 
 
 

Data analysis 

 
The perceived turn angle reported by subjects, and the 

response latencies (corresponding to the time that elapsed 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
down) or in yaw (left or right), and the order of trials was the same 

for each session (pitch-yaw-pitch-yaw). On each test day on board the 

ISS, subjects performed two sessions, one in an attached posture and 

one in free-oating. The order of these sessions on board the ISS was 

counterbalanced across subjects, with 3 performing attached rst and 

4 performing free-oating rst 

 
 
 

angles. We tested whether any changes in perception could 

be directly attributed to the lack of gravity by comparing 

the small-angle up/down asymmetry for either free-oating 

or attached with the ground baselines. We also tested for a 

between the initial presentation of the response indica- direct inuence of gravitational cues versus an indirect inu - 
 

tor and the moment that the subjects pressed the button to 

record the response) were recorded for each trial (48 trials/ 

session), distributed over 4 blocks of 12 trials each. We ana-

lyzed primarily the relative angular error as the difference 

between the real angle and the subject’s response divided by 

the real angle (see Vidal et al. 2006), signed according to the 

following convention: positive if the reproduced angle was 

overestimated (overshot) and negative if it was underesti-

mated (undershot). 

Analysis of variance (ANOVA) with repeated measures 

was used to test for statistical signicance of the observed 

response errors. First, we applied separate ANOVA to pitch 

and yaw data for control subjects and for cosmonauts from 

their rst session on the ground, with direction (up vs. down 

for pitch, left vs. right for yaw) and turn magnitude (25°, 

37.5°, 50°, 62.5°, 75°, or 87.5°) as within-subject factors. 

Then, based on an observed main effect of turn direction 

for pitch, but not for yaw turns (see Results), and on pre-

vious studies (Vidal et al. 2006), we conducted specic 

planned comparisons on the computed “up/down asymme-

try index” as the average error for pitch downward minus 

the average error for pitch upward stimuli, as a function of 

the real turn magnitude and as a function of the experimen-

tal session for each subject. Results from pre-ight tests on 

the ground showed that the up/down asymmetry was lim-

ited to the smallest stimulus angles (25°, 37.5°, 50°). We 

therefore dened the “small-angle up/down asymmetry” as 

the up/down asymmetry index averaged across these three 

ence based on haptic cues by comparing the small-angle up/ 

down asymmetry for the attached versus free-oating pos -

ture on orbit. 

 
 
Results 

 
Figure 3 illustrates the relative angular error observed for 

the different real turn magnitudes in control subjects and 

cosmonauts. Control subjects who performed the experi-

ment on the ground showed a marked asymmetry in the rela-

tive angular error for pitch (downward vs. upward) that was 

strongest for small angles and decreased progressively as 

the magnitude of the turn increased (Fig. 3a). A two-factor 

ANOVA revealed a signicant main effect of turn direction 

(F1,9 = 47.2, p < 0.001) and of turn magnitude (F5,45 = 4.03, 

p < 0.01) and a signicant cross effect between these two 

factors (F5,45 =  17.8, p < 0.0001). Scheffé’s post hoc analy-

sis showed that the difference between upward and down- 

ward response errors was signicant ( p < 0.01) for the 

smaller magnitudes (25°, 37.5°, 50°), but not for the larger 

magnitudes (p > 0.20). We assessed the stability of these 

perceptual measures across repeated sessions by comput-

ing a two-way ANOVA on the up/down asymmetry index 

from the control subjects, with turn magnitude (six levels) 

and experiment period (ve levels) as within-subject fac -

tors. We found a signicant main effect of turn magnitude 

(F5, 40 = 13.631, p < 0.001), but no main effect of experiment 

 

 



R
e
la

ti
v
e
 A

n
g
u
la

r 
E

rr
o
r 

R
e
la

ti
v
e
 A

n
g
u
la

r 
E

rr
o
r 

 
 

 

 

 

 
A 

  

 

 
D 

           
                              

Real Turn angle (degrees) 

 

 

On Earth                                                             Free-floating 
onboard ISS 

 
  

 

B C 

 
 
 

  

 

E F 
                                                                   

Real Turn angle (degrees) Real Turn angle (degrees) 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 The relative angular errors of perceived pitch (a–c) and yaw 

(d–f) turns for control subjects (a, d), cosmonauts on Earth before 

ight ( b, e), and cosmonauts free-oating in the ISS ( c, f). Gray line, 

lled circle : upward/leftward, Black line, open circle: downward/ 

 
 
 

period and no cross effect. In other words, the pattern of up/ 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rightward. Values are mean ±  SE. Stars indicate statistically signi -

cant (p < 0.05) differences between upward and downward as indi-

cated by post hoc tests 

 
 
 
 

in weightlessness (not shown). A one-way ANOVA com- 

down asymmetry was stable over time for control subjects parison across these conditions (before ight, free-oat - 
 

on the ground. The same control subjects on the ground 

showed no apparent differences between leftward and right-

ward bends (Fig. 3d), with no signicant main effects or 

interactions between the factors direction (left or right) and 

magnitude on relative angular error. 

To test for effects of gravity on the perception of self-

motion in our virtual task, we analyzed the responses of 

cosmonaut subjects before, during and after their stay in the 

International Space Station. As a control, we rst assessed 

whether the conditions of spaceight altered the subjects’ 

perception of the visual stimuli in a generic fashion, inde-

pendent of a direct or indirect inuence of gravity on the up-

down asymmetries observed on Earth. We considered the 

perception of horizontal turns as baseline and compared the 

ing, attached) for leftward and rightward turns combined; 

showed no signicant effect of these experimental condi - 

tions on relative angular error (F2, 12 =  0.1024, p =  0.90) 

even though response latencies were somewhat shorter, on 

average, for the two weightless conditions, compared to 

latencies of trials performed on the ground before ight ( F2, 

12 =  4.73, p =  0.0305). We can, therefore, conclude that 

cosmonaut’s performance on the perceptual task was not 

affected by a change in alertness or any other uncontrolled 

factor during the sessions performed in weightlessness. 

We then looked for a specic effect of gravity on per -

ceptual responses to pitch stimuli. Although somewhat less 

pronounced than for the control subjects, the cosmonauts 

manifested an up/down asymmetry in their responses on the 

performance on these stimuli on Earth before the ight to ground prior to ight (Fig. 3b). A two-way ANOVA applied 
 

weightlessness. As was the case for control subjects on the 

ground, a two-way ANOVA revealed no signicant effect 

of turn direction (left vs. right) or of turn magnitude (25°, 

37.5°, 50°, 62.5°, 75° or 87.5°) for tests performed on the 

to the cosmonaut’s responses to pitch stimuli on the ground 

showed a main effect of turn direction across all six turn 

magnitudes that was almost signicant ( F1, 6 =  5.4680, 

p =  0.05797), and a planned comparison—justied by our 

ground prior to the ight (Fig. 3e) while free-oating in          previous observations on control subjects—showed that 

weightlessness (Fig. 3f) or while in the attached condition       cosmonauts manifested a small-angle up/down asymmetry 
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index signicantly different from zero ( p < 0.002). While 

free-oating, the cosmonauts showed a qualitatively smaller 

difference between upward and downward turns (Fig. 3c). 

There was no main effect of turn direction (F1, 6 =  0.72, 

p =  0.4267) nor any cross effect (F5, 30 =  1.51, p =  0.2137) 

in a two-way ANOVA (direction ×  magnitude) applied to 

pitch data, nor did the small-angle up/down asymmetry 

index differ signicantly from 0 ( p =  0.14). Interestingly, 

the suppression of the up/down asymmetry arose because 

the relative angular error increased for upward turns in 

weightlessness compared to ground, not because the error 

decreased for downward pitch. 

To provide further statistical support for this observation, 

we looked for signicant changes in the asymmetry index 

across experimental sessions performed on ground and in 

weightlessness for the cosmonauts. To look for an imme-

diate effect of gravity on perceptual responses, before any 

adaptation of task performance to the novel environment, 

we took the rst block of trials performed by each subject in 

each of the weightless conditions. We compared these data 

  
to the rst block of trials performed in each of the periods 

performed before and after ight, so that we compared tri -

als performed with a similar level of practice within each 

period. We considered trials performed in each period on the 

ground and the attached and free-oating postures on orbit 

as separate conditions, resulting in two-factor ANOVA with 

six levels for the factor “condition” (BF1, BF2, A, FF, PF1, 

PF2) and six levels for the factor “turn magnitude.” With 

this analysis, we found the usual main effect of turn magni- 

tude (F5, 30 =  3.2028, p =  0.01959) on the up/down asym-

metry index, but we also found a signicant main effect of 

experiment condition (F5, 30` =  2.7670, p =  0.0359) and no 

cross effect. 

The main effect of experimental conditions indicates that 

the lack of gravity could have had an effect on the percep-

tual asymmetry for pitch. This was conrmed by planned 

comparisons on the small-angle up/down asymmetry. Fig-

ure 4a shows the corresponding small-angle up/down asym-

metry index before, during and after the space mission, for 

the rst block of trials performed in each condition. For 

 
 
 
Fig. 4 Small-angle up/down 

asymmetry index (downward 

minus upward for turn angles 

25°, 37.5°, and 50°, combined) 

for the rst block ( a) and 

for the last block (b) of each 

experimental session. Values are 

averaged across 7 cosmonauts 

(mean ±  SE). Stars indicate sta-

tistically signicant ( p < 0.05) 

differences from zero (lled 

stars) or between conditions 

(empty stars) 
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most conditions, the asymmetry index was signicantly dif -

ferent from zero for the small angles. The one exception is 

the trials performed in the free-oating condition on orbit. 

The small-angle asymmetry index for free-oating (mean 

index =  −1.76) was not signicantly different from zero 

(p =  0.81) and was signicantly reduced ( t test, p < 0.025) 

 

 

asymmetry disappeared only after a certain amount of time 

or practice in weightlessness (see “Discussion”). 

Finally, we note that in post-ight testing, the small-angle 

up/down asymmetry index was again statistically different 

from zero, both for the rst and for the last block of trials 

performed in each test period (or for the rst and last days 

compared to its pre-ight value (mean index =  19.68). combined), indicating the up/down asymmetry was restored 
 

Interestingly, in the attached condition, the perceptual 

asymmetry for pitch was preserved in weightlessness: the 

small-angle up/down asymmetry index in this condition 

(mean index =  26.96) was signicantly different from 

zero (p =  0.011) and did not differ from values before or 

after the ight. We also found that the small-angle up/down 

asymmetry differed signicantly between the attached and 

free-oating conditions in weightlessness ( p < 0.001). Note 

that similar statistical results for all these comparisons were 

obtained whether we considered data from just the rst 

block of trials performed during the rst day of testing in 

each condition, or whether we considered all trials (both 

blocks) performed on the rst day. 

To test whether practice had any inuence on changes in 

perceptual asymmetries either on the ground or in weight-

lessness, we then compared the rst and last blocks of tri -

als performed within each testing period. Figure 4b shows 

the small-angle up/down asymmetry for the second block 

of trials performed on the second day of testing within each 

period, that is, the most-practiced trials performed by each 

subject within each testing period and gravitational condi-

tions. On the ground, practice had little or no effect on the 

up/down asymmetry, either before or after ight, that is, 

we found no statistical differences in the small-angle up/ 

down asymmetry between the rst block and last block of 

trials performed in each pre-ight and post-ight period. 

If anything, the average asymmetry index increased from 

the rst to the second day of testing in each of these ses -

sions, although this increase was not statistically signi -

cant. Similarly, the small-angle up/down asymmetry index 

did not change between the rst and last block of trials in 

the free-oating condition on orbit; in neither case was the 

small-angle up/down asymmetry index different from zero. 

Conversely, the asymmetry diminished with repetition for 

the attached condition in weightlessness. The small-angle 

up/down asymmetry index decreased signicantly between 

on return to ground. 

 
 

Discussion 

 
In these experiments, we studied how gravitational infor-

mation inuences the perception of scene geometry and 

the perception of self-motion based on visual cues. Three 

main results emerged from these psychophysical analyses. 

(1) The strong asymmetry between downward and upward 

pitch turns observed on Earth showed an immediate and sig-

nicant reduction once in weightlessness in the free-oating 

condition but not in the attached condition. (2) On the sec-

ond test day of orbital ight, the perceptual asymmetry was 

also suppressed in the attached condition. (3) These effects 

do not stem from a change in alertness or any other uncon-

trolled factor during the ight sessions, as shown by the 

similar performance observed for yaw turns on ground and 

in ight. Taken together, these ndings provide evidence for 

two distinct mechanisms by which gravity (or the absence 

of) acts upon the perceptual asymmetry of pitch turns, 

depending on whether weightlessness is experienced within 

a stable somatosensory reference frame or not. 

 
Global performance is conserved in weightlessness 

 
The last of these results is in accordance with previous data 

(Vidal et al. 2003) showing that the accuracy to recreate an 

external image of the remembered 3D shape of the tunnel 

was not perturbed in weightlessness. Similarly, the ability 

to reproduce the orientation of a visual line was preserved 

during the same space missions (Lipshits et al. 2005). These 

results may at rst sight seem surprising in the context of 

visual sensory decits reported in early Soviet spacecraft 

mission (decrement in the ability to estimate the direction 

of line patterns, colors perception, and contrast sensitivity 

the rst (index =  29.6) and last (index =  6.0) block of tri- (Popov and Boyko 1967), alterations to the gaze holding 
 

als performed in the attached condition in weightlessness 

(p =  0.013), such that it was no longer signicantly differ -

ent from zero (p =  0.45) or from the free-oating condition 

(p =  0.83) at the end of the second day of testing. Simi-

lar results were obtained when all trials on the second day 

system (Kornilova et al. 1983; Clément et al. 1993), and 

modications to receptor physiology during spaceight 

(Fuglesang et al. 2006). Difculties in reading check -

lists onboard the Shuttle have been reported and analyzed 

(NASA’s EDOMP; Clément and Reschke 2008), but except 

of testing were compared to all trials from the rst. Thus, for contrast sensitivity, no statistically signicant modica - 
 

whereas the perceptual asymmetry for pitch was immedi-

ately diminished in free-oating and remained low through -

out the in-ight period, in the attached condition, the 

tions have been found for other parameters such as phoria, 

eye dominance, icker fusion frequency, and stereopsis. 

It should be noted, therefore, that our experiments were 

 



 

 

performed both on Earth and in the ISS in a fully controlled 

visual eld, protecting the subject from changes in visual 

environment (solar illumination and absence of atmospheric 

scattering of light). In these controlled conditions, visual 

perception per se does not appear to be substantially modi-

ed in weightlessness. 

 
If not retinal physiology, then what? 

 
It appears, then, that the processing of visual information 

originating in the retina is not the cause of either the per-

ceptual asymmetry observed on Earth or its disappearance, 

given that neither anisotropy in the perception of visual 

orientation (Lipshits et al. 2005) nor basic physiological 

function of the retina (Task and Genco 1987) appear to be 

modied in weightlessness. What mechanisms might, there -

fore, underlie our observations that tilt perception is modi-

ed in space? As in the previous ground studies, both low-

level reex processes and high-level cognitive function may 

 

 

gaze was displaced upward during the early period of ight 

(Clément 2003), indicating a possible otolith-dependent 

change in eye position. This position signal is elaborated by 

a complex network of recurrent connections (the oculomo-

tor neural integrator) performing the mathematical integra-

tion of the different velocity signals coming from vestibular, 

optokinetic, and pursuit system (Robinson 1989, Major et 

al. 2004). The vestibular–prepositus complex (Cheron et 

al. 1986a, b; Cheron and Godaux 1987) and the intersti-

tial nucleus of Cajal (Crawford and Vilis 1993) play a cru-

cial role in the gaze holding system. In addition, the OKN 

response is highly sensitive to any type of disturbance of the 

neural integrator (Cheron et al. 1986b). 

A change in the preferred vertical direction of gaze may 

also explain the reversal in vertical vestibulo-ocular reex 

(VOR) (Clarke et al. 2000) and in vertical OKN (Clément 

et al. 1986, 1993; Clément 2003) in weightlessness. 

Indeed, judgements of slope based on the observation of 

static images also evoke up/down asymmetries of percep- 

come into play. tion (Proftt et al. 1995; Vidal et al. 2006), although not as 
 

 
Eye movements 

 
In our paradigm, the optokinetic system plays a central role 

and may partly explain the vertical anisotropy in favor of 

the downward pitch. Indeed, in experiments performed on 

the ground, suppressing eye movements reduced, but did not 

eliminate, the perceptual asymmetry between upward and 

downward turns (Vidal et al. 2006). On Earth, the gain of 

the optokinetic nystagmus (OKN) with slow phases directed 

upward (corresponding to downward pitch turns in our task) 

is larger than those corresponding to the OKN with slow 

phases directed downward and may thus contribute to the 

asymmetrical perception on Earth (Clément and Reschke 

2008). It is also known that otolith stimulation greatly inu -

ences the vertical OKN (Igarashi et al. 1987; Clément and 

Lathan 1991; Gizzi et al. 1994). Interestingly, it was dem- 

strong as in the presence of OKN-inducing visual ow. In 

fact, static gaze and OKN are linked, and so it is perhaps not 

surprising to see both correlated with the perceptual asym-

metry. In accordance with Alexander’s Law, the eye veloc-

ity of the slow phase increases when the gaze is displaced 

in the direction of the beating phase of the nystagmus and 

decreases with gaze in the opposite direction (Lackner and 

DiZio 2000). An upward displacement of the OKN beating 

eld in weightlessness would produce both an increase in 

the downward slow phase velocity and a decrease in the 

upward slow phase velocity, which would invert the origi-

nal up-down asymmetry observed in terrestrial condition. 

Another neural network devoted to the velocity storage 

mechanism and related to the optokinetic after nystagmus 

(OKAN) is assumed by the commissural bers linked to the 

vestibular–prepositus complex of both sides (Godaux and 

Cheron 1991). This vestibular network is also known to be 

onstrated that the vertical OKN asymmetry recorded in ter- inuenced by gravity (Dai et al. 1991, 1994) and may inu - 
 

restrial conditions was reversed in weightlessness during the 

early period of the ight and showed a trend toward sym -

metry after 2 weeks in weightlessness (Clément et al. 1986, 

1993; Clément 2003). This vertical OKN reversal might 

explain why upward pitch turns became overestimated as 

much as downward pitch turns, leading to the suppression of 

the up/down asymmetry in the free-oating condition. 

In this context, the eye velocity of the OKN slow phase 

may be considered as an indicator of the effectiveness of 

image motion on the retina not only on the motor action of 

the eye but also on the nal perception. The otolith inputs 

play a regulating role in the vertical asymmetry by exerting 

an upward drive on eye movement (Clément and Reschke 

2008). It was also reported by the inspection of the posi-

tion of the nystagmus beating eld that the eye position of 

ence the perception of up and down. 

Modication to the control of eye position and move -

ment in weightlessness provides an attractive hypothesis to 

explain our experimental observations in weightlessness. 

The comparison of the attached and free-oating conditions 

on orbit tell us that this is not, however, the whole story. Ves-

tibular inputs to the CNS were essentially the same in these 

two conditions. Otoliths are unloaded, whatever the orienta-

tion of the head in the local environment, and any rotations 

or linear accelerations of the head in the free-oating condi -

tion were of very low amplitude, below the threshold of the 

vestibular organs. Yet, the asymmetry differed signicantly 

between the attached and free-oating postures on the rst 

day of testing in weightlessness. Vestibular drive to eye 

movement circuitry alone cannot, therefore, fully explain 

 



 

the differences in visual perception between ground and 

weightlessness. 

 
Multisensory cognitive context 

 
We argue instead for a top-down effect of cognitive context, 

based on the fusion of multisensory cues as the basis for our 

observations (cf. Vidal et al. 2006). Humans are thought to 

maintain an internal representation of the subjective vertical 

(Mittelstaedt 1983, 1999; Berthoz 1991) that results from a 

convergence of otolithic cues, somatosensory cues (haptic, 

proprioception), and visual cues about the environment’s 

vertical (trees, walls…). Due to the multisensory nature of 

this mechanism on the one hand, and to the ambiguity of 

otolith and other gravito-inertial signals during motion on 

the other, this vertical reference frame is not strictly coupled 

to gravity and may be perturbed during spaceight (Young 

et al. 1984; Parker et al. 1985). Therefore, one can imagine 

that in the absence of gravity, this subjective vertical is built 

upon the remaining cues, to the point that a clear vertical 

feeling may remain. Indeed, numerous studies have shown 

that perceptual anisotropies (Appelle 1972; Lipshits and 

McIntyre 1999; Luyat and Gentaz 2002) rely on a multisen-

sory vertical, rather than on a strict gravitational reference 

frame. 

In our experiments, subjects could rely on visual memory 

even though external visual cues were excluded from view. 

When a participant gets ready to perform these experiments, 

he or she sees the walls and the entire surrounding visual 

scene. If the subject is aware of the fact that body orientation 

will not change with respect to this initial view, as on the 

ground or in the attached position on orbit, the remembered 

visual scene can serve as a stable reference frame for ori-

entation estimation. In the free-oating condition, subjects 

could not, however, be assured that the body axis would 

remain aligned with respect to the remembered visual eld. 

The two different conditions used on orbit (attached and 

free-oating) also differed by the fact that when in a secured 

seated position subjects could rely on tactile receptors and 

the stable attachment of the body to the oor of the space 

station to perceive their body orientation, and hence the ori-

entation of the tunnel’s bend, with respect to the stable plat-

form of the ISS. Together with the remembered visual cues, 

this additional somatosensory information could be enough 

to maintain a strong sense of verticality, preserving in the 

attached condition of the perceptual asymmetry. Conversely, 

subjects in the free-oating condition had no contact with 

the stable reference frame provided by the station. In this 

situation, the subject will presumably adopt the body axis 

as the local vertical and will process pitch and yaw turns 

accordingly in this local reference frame. Nevertheless, tac-

tile or haptic cues may be critical for the interpretation of 

ambiguous otolithic signals, even on Earth (Bortolami et al. 

 

 

2006). Thus, in free-oating, up and down are ambiguous, 

leading to symmetric overshoot of perceived tunnel angle 

for pitch up and pitch down tunnels. Being locally “hori-

zontal,” one would still expect no overshoot and no asym-

metry for left or right yaw with respect to the body axis. A 

similar, multisensory argument has been applied to explain 

illusions of being inverted in weightlessness (Simons and 

Gardner 1963; Graybiel and Kellogg 1967; Lackner 1992), 

anticipation of the effects of gravity on moving objects even 

when gravity is not in play (McIntyre et al. 2001; Miller et 

al. 2008), up/down asymmetries in the perception and inter-

ception of moving objects (Senot et al. 2012; Moscatelli and 

Lacquaniti 2011; Zago et al. 2009; Le Seac’h et al. 2010), and 

differential tuning of kinematics for upward and downward 

arm movements (Le Seac’h and McIntyre 2007). Tactile 

stimulation has even been proposed as a means to combat 

sensations of spatial disorientation (Van Erp et al. 2006). 

It is fascinating to note, therefore, that the asymmetry 

effect disappeared even in the attached posture at some 

point between the rst and second time the experiment was 

performed on orbit. Note that we initially analyzed the rst 

and last block of trials performed in weightlessness, corre-

sponding to the trials performed with the least and the most 

amount of practice in each condition, respectively. We rea-

soned that subjects might quickly adapt responses to weight-

less conditions with practice. Nevertheless, the results were 

the same when we considered together all trials from the 

rst day of testing in weightlessness; that is, the asymme -

try index was reduced in weightlessness on average in the 

free-oating condition, but not in the attached condition, 

and this despite the fact that half of the subjects performed 

the attached condition rst, and the other half performed the 

free-oating condition rst. 

One might surmise, therefore, that modications to 

the perception of turn angle required a longer exposure 

to weightlessness when in the attached posture, since 

responses in the two conditions differed mainly depend-

ing on the test day. But we could not nd evidence that the 

exposure time to weightlessness, by itself, was the critical 

factor; indeed, the one subject who performed the tests rela-

tively late during the ight still showed a large asymmetry 

for his rst testing session even after spending 14 days on 

orbit. Instead, it appears that the asymmetry disappeared 

after a certain amount of practice on the task in the attached 

condition in weightlessness. One possible mechanism for 

this effect might stem from the high correlation between 

haptic and vestibular cues that usually occurs in normal 

gravity. According to recent theories, this correlation would 

be imbedded in multisensory integration networks, such 

that the CNS essentially replaces or reconstructs missing 

gravitational cues with redundant information from other 

sensory signals (Droulez and Darlot 1989; Pouget et al. 

2002; Tagliabue and McIntyre 2011). These associations 

 

 



 

between sensory signals from different modalities are pre-

sumably malleable, such that with repeated practice in the 

absence of up/down vestibular cues, the haptic cues lose sig-

nicance, eventually resulting in similar responses between 

the attached and free-oating conditions overtime. We can -

not say, however, that the only adaptation is for the haptic 

cues in the attached condition. Although still not signi -

cantly different from zero, measurements of asymmetry in 

 

 

condition, subjects could substitute stable haptic cues for 

actual graviceptor information and perceived downward 

versus upward slope accordingly, at least initially. Yaw rota-

tions, however, are benign in terms of postural stability in 

a normal gravitational eld and thus should be immune to 

this perceptual distortion when the body axis is aligned with 

the vertical. Indeed, we saw no asymmetry for yaw stimuli 

perceived either on the ground (Fig. 3d, e) or in free-oating 

free-oating on the second day of testing (Fig. 4b) showed (Fig. 3f), supporting the notion that in the absence of gravi- 
 

more inter-subject variability, the average was somewhat 

higher than on the rst day (though not signicantly), and 

the asymmetry was no longer signicantly different from 

pre-ight values. This suggests that some subjects may have 

adapted toward a return to asymmetric perception of pitch 

turns even during free-oating, perhaps based on a local ref -

erence aligned with the body (Miller et al. 2008; Dyde et 

al. 2006; Le Seac’h et al. 2010). Note that the asymmetry 

returned immediately on return to Earth, showing that clear, 

coherent graviceptor cues are sufcient to reinstate the per -

ceptual asymmetry. Still, it is intriguing to observe that our 

group of cosmonauts, 6 of whom had previous experience in 

orbital space ight, manifested a lower level of asymmetry 

than our control subjects on the ground. The effects of long-

term exposure to weightlessness might nevertheless have a 

permanent effect on this particular percept. 

 
Top-down inuences and affordances 

 
While the multisensory interpretation may explain how the 

up/down perceptual asymmetry is modulated by the pres-

ence or absence of gravity, it does not provide a direct expla-

nation as to why this asymmetry should exist in the rst 

place. The answer may lie in the analysis of sensory infor-

mation in the context of what potential actions are afforded 

by the visual scene. On Earth, humans have developed the 

capacity to stabilize their posture in the anteroposterior and 

mediolateral directions in order to overcome gravity con-

straints and prevent falling (Redfern et al. 2001; Yu et al. 

2010). For an upright stance and bipedal locomotion, the 

risk of falling on any given slope is greater when moving 

down versus moving upward. The tendency for human sub-

jects to overestimate downward slopes is, therefore, likely to 

be a manifestation of this perceived danger. The fact that the 

overestimation increases for dynamic stimuli, implying that 

the subject is in motion, is coherent with this interpretation. 

But “falling” only has meaning in a normal gravitational 

environment for which there is a stable, clearly dened up 

and down. It is, therefore, possible that subjects confounded 

“up” and “down” with respect to a body-centered vertical 

axis (see above) or perceived an equal danger for upward 

and downward slopes, in the free-oating condition, lead -

ing to the symmetric overestimation of pitch angle that 

we observed in both directions (Fig. 3c). In the attached 

tational or haptic cues, subjects adopt the body axis as the 

local vertical reference in weightlessness (Le Seac’h et al. 

2010). Yaw stimuli did, however, elicit an up/down asym-

metry both with respect to gravity and with respect to the 

body axis when subject was lying on their sides (Vidal et al. 

2006). Explaining the asymmetry in terms of affordances in 

local versus external reference frames argues, therefore, for 

top-down modulation of the low-level sensory signals that 

lead to the perception of slope. 

 
Neural pathways, self-motion perception and 

weightlessness 

 
The distinction between low-level circuits and high-level 

cognitive function is, in reality, probably not so clear-cut 

as theoretical discussions of brain function might imply. A 

more compelling question is that of where the required mul-

tisensory processing is carried out. During self-motion, the 

retina is specically activated by the optic ow (Angelaki 

and Hess 2005), and these inputs related to the directional 

velocity of the image on the retina are conducted via the 

nuclei of the optic tract (NOT) and the nuclei reticular teg-

mentum pontis (NRTP) up through the vestibular complex 

and the cerebellum and then forwarded to the vestibular cor-

tical network where the nal perception is probably elabo -

rated (Kahane et al. 2003; Indovina et al. 2005; Maffei et 

al. 2010). There are thus many loci likely to be affected by 

weightlessness. 

The convergence in the vestibular nuclei of the inputs 

related to head movement and those related to the moving 

image on the retina may be considered as a rst reasonable 

site inuenced by weightlessness. On Earth, if the head is 

xed in space, the output from this neural site is able to pro -

duce the sensation of a downward pitch only on the basis 

of upward optical ux. But the absence of head movement 

does not mean that the information from the vestibular 

afferents is not implicated in the downward pitch sensation. 

When the head is horizontal, the resting discharge pattern 

of the otolith organs of the inner ear provides a static ref-

erence; deviations from that baseline are integrated in the 

convergent vestibular network, giving rise to perception of 

body movement. In weightlessness, the otolith organs are 

unloaded, and the static otolith-spinal and otolith-oculomo-

tor inuences are missing. The loss of these anchoring cues 

 

 



might thus explain the alteration in the perception of upward 

and downward pitch. 

 
 
Conclusions 

 
With this experiment, we demonstrate that the asymmetrical 

perception of upward and downward pitch is suppressed in 

weightlessness. However, this perceptual anisotropy is ini-

tially preserved in the “attached” condition and disappeared 

only after practice in weightlessness. The reported effects 

of weightlessness on the early processing stages (vestibular 

and optokinetics) that underlie the perception of self-motion 

may, therefore, be partially overcome by haptic cues, reect -

ing the fusion of multisensory cues and top-down inuences 

on visual perception, based on the affordances of the local 

environment. 
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