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Abstract Perception of tilt (somatogravic illusion) in re-
sponse to sustained linear acceleration is generally
attributed to the otolithic system which reflects either a
translation of the head or a reorientation of the head with
respect to gravity (tilt/translation ambiguity). The main
aim of this study was to compare the tilt perception
during prolonged static tilt and translation between 8
and 20� of tilt relative to the gravitoinertial forces (i.e., G
and GIF, respectively) when the semicircular cues were
no more available. An indirect measure of tilt perception
was estimated by means of a visual and kinesthetic
judgment of the gravitational horizon. The main results
contrast with the interpretation regarding the tilt/trans-
lation ambiguity as the same orientation relative to the
shear forces G for the true tilt or GIF in the centrifuge
did not induce the same horizon perception. Visual
adjustment and arm pointing in the centrifuge were al-
ways above the ones observed in a G environment. Part
of the lowering of the judgment in the centrifuge may be
related to the mechanical effect of GIF on the effectors as
shown by the shift of the egocentric coordinates in the
direction of GIF. The role of the extravestibular gravi-
ceptors in the judgment of the degree of tilt of one’s own
body relative to G or GIF was discussed.

Introduction

Perception of the orientation of the body and its
movements is achieved through the integration of

information provided by several sensory systems. Body
movements stimulate the sense organs, yielding sensory
signals (e.g., signals from the semicircular canals, oto-
lithic organs, somesthetic and visual systems) that en-
code motion and orientation. Problems arise when
humans use assisted means of locomotion, such as air-
craft’s, space vehicles and ships and are exposed to
motion having angular and linear accelerations which
can differ substantially in direction, intensity or fre-
quency from those normally experienced on the ground.
Different kinds of erroneous perception of position and
movement have been described, which are embraced
within the broad definition of spatial disorientation
(Benson 1990). One of these erroneous perceptions is the
somatogravic illusion (Benson 1990; Clark and Graybiel
1949b; Clement et al. 2001; Cohen 1977): Submitted to a
linear acceleration and in the absence of relevant visual
cues, subjects feel tilted in the direction opposite to the
acceleration. This illusion is usually accompanied by
visual effects, the so-called oculogravic illusion (Clark
and Graybiel 1949a; Graybiel 1952). Visually perceived
objects appear to be above their true physical position
(Cohen 1973; Cohen et al. 2001; Graybiel 1952; Schöne
1964; Whiteside et al. 1965). Experimentally, the gravi-
toinertial modifications are usually engendered by
means of a centrifuge. The visual mislocalization of a
target set on an horizontal plane passing through the
eyes, that is, perceived to be perpendicular to the
direction of gravity (visually perceived eye level: VPEL)
generally defines the magnitude of the illusion (DiZio
et al. 1997; Li and Matin 1993, 1995; Matin and Li 1992,
1994, 1995).

This tilt illusion, which has been shown for very low
radial accelerations (0.01 m s�2; Raphel and Barraud
1994; Raphel et al. 1996), is generally attributed to the
otolith system, which responds to the gravitational for-
ces relative to the head (Fernandez and Goldberg 1976;
Loe et al. 1973) and to the inertial forces produced
during linear motion (Fernandez and Goldberg 1976).
When accelerated, the effective stimulus sent to the ot-
oliths is proportional to the vector sum of these two
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forces. Both the angle and amplitude of the resultant
(GIF) are altered relatively to gravity. Unfortunately,
the otoliths which are inertial sensors cannot differenti-
ate between the vertical linear acceleration of gravity
and other linear accelerations acting on the body. Then,
tilt illusion may arise because the angle of GIF with
respect to gravity (G) is similar to the one generated by a
head tilt (Paige and Tomko 1991).

The ability of the central nervous system (CNS) to
solve this tilt/translation ambiguity is critical to provide
an accurate representation of spatial orientation and to
elicit the appropriate sensorimotor reflexes (Seidman
et al. 1998). It has been suggested that the perception of
tilt or translation is governed by the implementation of
internal models. GIF resolution based the implementa-
tion of the internal model on the canal–otolith interac-
tion (Angelaki and McHenry 1999; Merfeld et al. 2001;
Merfeld and Zupan 2002). During head tilt, information
issued from the semicircular canal is coplanar and syn-
ergistic with otolith stimulation, while during head
translation canal and otolith stimuli are orthogonal
(Seidman et al. 1998). However, under usual conditions
the ambiguity is mainly resolved by the use of the
semicircular canal cues (Angelaki et al. 1999); it implies
that the CNS cannot make a perceptual difference be-
tween static tilt and prolonged centrifugation. Indeed,
the vestibular system and its related perceptions have the
remarkable ability to ‘‘forget’’ start-up cues after a suf-
ficient time has elapsed (Holly and McCollum 1996).
The canal response decays gradually after the initial
angular acceleration ends. For example, subjects esti-
mate angular velocity as zero when seated and spinning
on-axis for approximately 50 s after a 10-s acceleration
at 24� s-2 (Brown 1966).

In the absence of a canal–otolith interaction, it has
been stated that a separation of the GIF may occur
based on the phasic irregular otolithic afferent signal,
interpreted primarily as a linear acceleration and the
tonic regular otolithic afferent signal representing grav-
ity (Droulez and Darlot 1989; Mayne 1974). However, it
has been shown that primary otolith afferent neurons
provide identical responses during head tilts relative to
G and during translational movements (Angelaki and
Dickman 2000; Dickman et al. 1991; Fernandez and
Goldberg 1976; Fernandez et al. 1972; Loe and Werner
1973; Si et al. 1997). Another factor which may con-
tribute to solve the apparent ambiguity is the difference
in the saccular and utricular magnitude shear force
stimulation between true and simulated tilt (Curthoys
et al. 1999; MacDougall et al. 1999). Finally, assuming a
neural representation of the gravity vector ( ~̂g; Angelaki
et al. 1999; McIntyre et al. 2000; Merfeld et al. 2001,
2005a, b; Merfeld and Zupan 2002; Zupan et al. 2002), ~̂g
could be viewed as a gauge developed and enhanced
with spatial experience (Carriot et al. 2004, 2005; Long
et al. 1975). The tilt/translation resolution would then
rely on the comparison of the magnitude of the resultant
force and of ~̂g and on the evaluation of the angle be-
tween the force vector and ~̂g. However, the way

observers judge the orientation of the objects relative to
G also depends on their body tilt estimation relative to
~̂g. The perception of the body z-axis has been shown to
be influenced by the GIF (Prieur et al. 2005). This mis-
perception of the egocentric coordinates would induce
errors in the perceptual judgment of an object relative to
the geocentric information.

The main goal of this study was to compare the tilt
perception during prolonged static tilt and translation
between 8 and 20� of tilt relative to the gravitoinertial
forces (i.e., G and GIF, respectively). An indirect mea-
sure of tilt perception was estimated by means of a visual
judgment (VPEL). The VPEL requires to adjusting the
perceived gravitational horizon direction to the eye level.
The perception of the body z-axis was also investigated.
The transverse plane of the eyes (TPE; Howard and
Templeton 1966) was used as an indirect measure of the
body z-axis perception. The TPE is a purely egocentric
referenced task. It needs to set a target on the plane
passing through the socket of the eye which is subjec-
tively perceived as perpendicular to the body z-axis.

It has been shown that the subjects were less influ-
enced by an illusion when the perceptual judgment of the
egocentric horizon involved the use of whole limb
movements (Tremblay and Elliott 2003). Arm-lifting
movements provide information about orientation in
space by generating additional cues about the direction
of gravity (Guedry et al. 1978). For instance, the dy-
namic gravitational torque generated by arm movements
may be involved in limb position sense in space (Bock
1994; Gooey et al. 2000; Worringham and Stelmach
1985). It may improve a more general exocentric per-
ception about the direction of gravity (Fitger 1976;
Gentaz and Hatwell 1996; Luyat et al. 2001). In parallel,
a recent study demonstrated that during a body tilt,
horizon perception assessed visually and motor-kines-
thetically might depend on the same cognitive process
consisting in a more or less pronounced shift from an
exocentric frame of reference to a more egocentric one
(Bringoux et al. 2004). This interpretation is supported
by a work suggesting that the ego- and exocentric frames
of reference are preexisting neurophysiological struc-
tures between which subjects could switch easily,
depending on the task demand (Ghafouri et al. 2002).
Our last objective was to investigate whether the ratio
between the visual (VPEL) and the motor-kinesthetic
judgments (subjective proprioceptive horizon: SPH)
which exists during true tilt was maintained during
simulated tilt.

Methods

Subjects

Fifteen right-handed subjects (8 males and 7 females; age
ranged from 19 to 40 years) participated in this study.
They had normal vision and were free of any apparent
vestibular disorder. All of them were naive about the
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purpose of the experiment and gave informed consent in
compliance with the Huriet Law (i.e., Helsinki Con-
vention), which governs and regulates human experi-
mentation in France.

Apparatus

Two basic apparatus was used. The first one was a
centrifuge that could rotate at a constant velocity be-
tween 0 and 170� s�1. Subjects sat in a cabin in order
to sense no airflow during motion. They faced the yaw
axis of rotation; the external auditory meatus was
distant 50 cm from the axis of rotation (Fig. 1, upper
panels). When the centrifuge rotated, the gravita-
tional–inertial resultant force GIF applied on the
subjects was the vectorial sum of the radial horizontal
acceleration cr combined with gravity G. As a result,
GIF was greater than G and tilted in pitch with re-
spect to the vertical. The second apparatus was a ‘‘tilt
chair’’, capable of rotating to any angle in the sagittal
plane. As in the centrifuge, subjects sat upright facing
the axis of rotation; the external auditory meatus was
distant 50 cm from the axis of rotation. (Fig. 1, lower
panels). In both the apparatuses, subjects were

restrained in the chair by means of two straps fixed at
the level of the abdomen and shanks. The head posi-
tion was held constant with respect to the body axis by
the use of a helmet and a neck rest fixed on the chair.
Whatever the motion (centrifugation or tilt), the feel of
the apparatus was almost absent because of the high
level technical characteristics of the motors. In addi-
tion, the noise of the motion was maintained constant
by use of ear phones providing a white noise signal,
such that subjects were unaware of the experimental
manipulation which took place in the centrifuge or in
the tilt chair.

In the visual tasks (Fig. 1, right panels), a luminous
target, which was a yellow light-emitting diode (LED)
fixed on the pencil holder of an electronic plotting
board, was positioned 50 cm in front of the subjects in a
vertical position. Its accuracy of displacement was
±0.05 mm. The brightness of the LED (2.82 cd m-2

measured by a spectrascam 650) was adjusted to be
perceptible without dark accommodation. All the ele-
ments of the basic apparatus and the electronic plotting
board were painted black and installed in a dark room
so that, when the LED was switched on, subjects did not
perceive any visual reference. Subjects could move the
LED ‘‘up’’ or ‘‘down’’ using a joystick.

Fig. 1 The apparatus consisted
of a centrifuge (upper panels a
and b) and a tilting chair (lower
panels c and d) in which subjects
took place. The illustrations
show the distance between the
axis of rotation (A1) and the
axis of the subjects’ ear (A2).
The physical forces acting onto
the subjects were represented by
Fx (dorso-ventral shear force),
Fz (force along the body z axis)
and R (resultant gravitoinertial
force); a was the angle between
body z-axis and the resultant
force. In the centrifuge, Fx is the
radial acceleration cr, Fz the
gravity vector and R represents
GIF. In the tilting chair, R
represents the gravity vector.
The theoretical egocentric and
horizon localizations for the
two experimental situations are
also indicated. For the visual
judgment tasks (left panels a
and c), the electronic plotter
board, the luminous target as a
light-emitting diode (T) and the
joystick (J) are illustrated. The
arm outstretched and guided by
an aluminium pipe inserted in
the rail parallel to the body z-
axis which was used in the
kinesthetic judgment tasks is
also represented (right panels b
and d)
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In the kinesthetic tasks (Fig. 1, left panels), subjects’
right arm was maintained outstretched and guided by
means of a very thin and light aluminum black pipe. The
pipe was tapped on the arm and on the forefinger. The
pipe tip overhung the forefinger of about 20 cm and was
inserted in a rail parallel to the body z-axis. Subjects
could only move the arm in the sagittal plane. In the
starting position, the arm was laid on a starting push
button. In the left hand, subjects held a validation push
button. Three infrared-emitting markers were placed at
different levels of the body: right hand (first phalanx of
the index), right shoulder (acromion), right hip (iliac
crest). An acquisition system (Optotrak System North-
ern Digital Inc.) recorded the pointing movements at a
sampling frequency of 100 Hz. Data were filtered with a
Butterworth filter (second order, 10 Hz cutoff fre-
quency). All the elements were painted black.

The LED motion on the electronic plotting board,
the Optotrak system, the centrifuge rotation and the ‘‘tilt
chair’’ were computer controlled and monitored.

Experimental design

Each subject performed eight separate sessions pre-
sented randomly: VPEL, TPE, SPH and TPA in the two
experimental apparatus (centrifuge and tilt chair). Three
days, at least, separated each session. Each session in-
cluded four angular tilts in pitching: 0 (upright position),
8.83, 13.64 and 19.26�, presented in a growing order of
angular tilt. With respect to G, these angles corre-
sponded to the orientation of GIF in the centrifuge or to
a real body tilt in the ‘‘tilt chair’’. Data for the various
rotation velocities are summarized in Table 1.

Procedure

In the horizon perception task, subjects were instructed
to set the luminous target (visual task, VPEL) or the arm
(kinesthetic task, SPH) to the location perceived as the
line passing through the eye lenses (VPEL) or through
the shoulder (SPH) and parallel to the floor of the lab-
oratory. In the egocentric task, subjects were instructed
to set the luminous target (visual task, TPE) or the arm
(kinesthetic task, TPA) to the location perceived as a line

passing through the socket of the eyes (TPE) or through
the shoulders (TPA) and perpendicular to the head–
body axis representative line.

Just before the session, subjects were instructed to use
the joystick (visual task) or the pushes buttons (kines-
thetic task). During the visual task, once subjects were
installed in the experimental apparatus (centrifuge or tilt
chair), the middle of the plotter (zero on the xy axis) was
brought into alignment with the horizontal, median
plane through the bridge of the nose (between the eyes).
Then, room lights were switched off and 2 min after
subjects started by making ten settings, while remaining
upright (tilt chair) or motionless (centrifuge). In the vi-
sual task, for each setting, the target was switched off
and randomly displaced on the y-axis in the periphery of
the electronic plotting board. The LED was then swit-
ched on and a pip sound gave the signal to set the target
and to validate the setting with a trigger on the joystick.
Then, the LED was switched off again and displaced to
the next preset position. In the kinesthetic task, subjects
were eyes closed during all the experiment. A pip sound
gave the signal to set the arm and to validate the setting
with the left-hand push button. Once the settings in
motionless or upright position were realized, one of the
eight experimental tasks was performed. In the centri-
fuge, the motor was engaged and the centrifuge was
started up slowly (acceleration 2� s�2) until it rotated at
100� s�1 which corresponded to an 8.82� angle. After
2 min of rotation at constant velocity, subjects were
asked to make the ten settings under the given gravita-
tional–inertial condition. Then, the centrifuge was
accelerated to the next velocity. At the end of the
150� s�1 (19.26�) velocity the centrifuge was stopped
gradually. In the tilt chair, subjects were tilted backward
slowly with a 3� s�1 constant velocity and a starting
acceleration and final deceleration of 0.001� s�2, until
8.93�. After 2 min of stable tilt, subjects were asked to
make the ten settings. Then, the chair was tilted to the
next position. At the end of the 19.26� of tilt, the chair
returned to the initial upright position.

Data collection

The adjustment was expressed either in degrees of visual
angle relative to the center of the plotter or in degrees of
arm–trunk angle. In accordance with experiments
showing a motor adaptation to the coriolis and gravi-
toinertial forces (Lackner and DiZio 2003; after four
settings for the study of Coello et al. 1996), the five first
settings were removed from the analysis for all tasks.
For each tilt condition, the adjustment was averaged
over the five remaining trials. Data analyses were carried
out on the angular difference (error) between the dot or
arm setting and the reference (true horizon or egocentric
position). When e was negative, the adjustment was
below the reference value and when it was positive, the
adjustment was above the reference value. To remove
any inaccuracy that might be introduced as subjects were

Table 1 Conditions of centrifugation and tilt angle a of GIF with
respect to G (simulated tilt) or of the body z-axis with respect to G
(true tilt)

Rotation
velocity (� s�1)

Radial
acceleration
cr (m s�2)

Gravito-inertial
force GIF (m s�2)

Tilted
angle a (�)

Motionless 0 9.81 0
100 1.52 9.93 8.83
125 2.38 10.09 13.64
150 3.43 10.39 19.26
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being installed on the apparatus (e.g., aligning with great
precision the center of the plotter onto the gaze axis), a
relative error was calculated. It was the algebraic dif-
ference e between the mean error value under a tilt
condition (d2) and the mean error value measured while
subjects were motionless (centrifuge) or upright (tilt
chair) (d1): e=d2�d1.

Results

Horizon and egocentric perception during centrifugation

To investigate whether gravitoinertial modifications af-
fected perception, a three GIF conditions · two refer-
ences (horizon vs. egocentric) · two tasks (visual vs.
kinesthetic) ANOVA with repeated measures on all
factors were applied to ‘‘e’’ for the centrifuge condition.
A post hoc analysis (Newman–Keuls) was performed
when P<0.05.

As shown in Fig. 2, there was a shift downward to the
lower part of the body as indicated by the negative
values for all the perceptual tasks. Whatever the per-
ceptual task, the horizon settings were lower than the
egocentric ones [mean deviation 10.42 vs. �6.16�,
respectively; F(1,14)=15.9; P<0.05]. The visual settings
were always lower than the kinesthetic ones [mean
deviation 12.35 vs. �4.22�, respectively; F(1,14)=37.1;
P<0.05] but no significant interaction of the two factors
was found (P>0.05). There was also an increased low-
ering of the setting errors with GIF [F(2,28)=189.7;
P<0.05] whose importance depended on the perceptual
task [F(2,28)=42.8; P<0.05] and reference
[F(2,28)=13.2; P<0.05]. Increasing GIF lowered more
consistently (1) the horizon settings than the egocentric
ones (P<0.05) and (2) the visual settings than the
kinesthetic ones (P<0.05). In accordance with the
literature, the centripetal acceleration induced a
displacement of the horizon localization in the direction

of GIF suggesting an illusion of tilt in pitching. More
surprisingly, increasing the simulated pitch angle also
lowered the egocentric perception.

To further evaluate the relationship between the
horizon and egocentric perception, a three GIF condi-
tions · two tasks (visual vs. kinesthetic) analysis of
covariance (ANCOVA) with repeated measures on the
two factors was applied to the horizon settings, with the
egocentric estimation as a covariant factor. Results
showed that while the effect of GIF remained significant
[F(2,16)=5.3; P<0.05], the main effect of task and the
interaction of the two factors were no more significant
(P>0.05). Thus, the egocentric estimation could ac-
count for the horizon setting errors.

Horizon and egocentric perception during true tilt

To investigate whether body tilt influenced perception, a
three pitch angles · two references (Horizon vs. ego-
centric) · two tasks (visual vs. kinesthetic) ANOVA
with repeated measures on all factors were applied to
‘‘e’’ for the true tilt. Results showed a significant effect of
task [F(1,14)=28.5; P<0.05] but no effect of reference
and pitch angle conditions (P>0.05). An interaction of
reference · task and a three-way interaction of refer-
ence · task · pitch angle were found [F(1,14)=7.6;
F(2,28)=5.4; P<0.05, respectively]. As shown in Fig. 3,
the egocentric settings did not vary according to the
pitch angle or perceptual modality. Moreover, no sys-
tematic bias from the reference was found [reference
comparison t test; P>0.05]. A systematic bias under the
true horizon for the VPEL settings and above that for
the SPH settings was found [mean deviation 4.8 vs.
3.29�, respectively; reference comparison 5.4<t<21.4;
P<0.05]. However, while there was no influence of the
angle of body tilt on the VPEL, SPH estimates were
elevated with backward tilt. Moreover, the egocentric
estimation did not account for the difference between the

Fig. 2 Mean horizon and egocentric settings as a function of the
psychophysical task (visual and kinesthetic) when subjects were
centrifuged (simulated tilt). Increasing the angle between G and
GIF induced a displacement of the horizon and egocentic settings
in the direction of GIF

Fig. 3 Mean horizon and egocentric settings as a function of the
psychophysical task (visual and kinesthetic) when subjects were in
the tilting chair (true tilt). The egocentric settings did not vary
according to the pitch angle or perceptual modality, whereas a
systematic bias under the true horizon for the VPEL settings and
above that for the SPH settings was found
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visual and kinesthetic horizon setting errors in true tilt as
the ANCOVA showed that the main effect of task
[F(1,8)=9.9; P<0.05] and the interaction of task · -
pitch angle [F(2,16)=14.73; P<0.05] remained signifi-
cant.

Comparison of true and simulated tilt effects
on perceptual tasks

Results observed in the centrifuge suggested that the
perception is related to the vectorial sum of G and the
linear acceleration. The following analyses investigated
whether the same orientation relative to the gravitoin-
ertial forces, G for the true tilt or GIF in the centrifuge,
induced the same errors in horizon perception. For this
purpose, data were expressed in terms of errors with
respect to G in the true tilt condition and to GIF in the
simulated tilt condition. Negative values indicated set-
tings under the reference.

In order to compare the relationship between per-
ceived horizon and body orientation for true and sim-
ulated tilt, a linear regression analysis was applied to the
mean individual data recorded in the three body orien-
tations for each of the four experimental conditions (two
tilt conditions · two perceptual tasks). The results,
summarized in Table 2, showed a significant linear
influence of the angle of tilt for the kinesthetic judgments
in true and simulated tilt [F(1,43)=4.25; F(1,43)=19.78;
P<0.05, respectively]. All kinesthetic estimates seemed
to be elevated with backward tilt (positive slope,
F(1,84)=19.99, P<0.05). The two straight lines were
parallel [deviation from parallelism: F(1,84)=0.99;
P>0.05], but the kinesthetic estimates in simulated tilt
were always above the ones observed in true tilt [mean
error 7.61 vs. 3.29�, respectively; F(1,84)=14.96;
P<0.05]. The visual judgments were not influenced by
the pitch angles (flat slope, [F(1,84)=3.16, P>0.05]).
However, the visual lines were parallel [deviation from
parallelism: F(1,84)=0.02; P>0.05] and separated by an
offset. Visual estimates in simulated tilt were always
above the ones in true tilt [mean error �0.63 vs. �4.81�,
respectively; F(1,84)=5.40; P<0.05].

To investigate if the shift between true and simulated
tilt was similar for visual and kinesthetic tasks two
tasks · three pitch angles ANOVA with repeated mea-

sures on the two factors were applied to the difference
between errors in simulated tilt and errors in true tilt.
Results showed no effect of the task, suggesting that the
centrifuge induced a similar offset for the two perceptual
tasks.

In order to determine whether response variability
could account for the difference between true and sim-
ulated tilt, an ANOVA was performed on the mean in-
trasubjects’ standard deviation. Main effects of tilt [F(1,
14)=7.26; P<0.05] and task [F(1, 14)=20.36; P<0.05]
were found. The simulated tilt yielded a smaller intra-
subjects’ variability than the true tilt (1.38 vs. 1.61�,
respectively). A higher intrasubjects’ variability for the
visual judgment tasks was observed whatever the tilt
condition (1.79 vs. 1.21� for the visual and kinesthetic
tasks, respectively)

Discussion

The aim of the present study was to reassess the tilt/
translation ambiguity for common linear accelerations
of the usual life—that is, between 1.5 and 3.5 m s�2 of
linear acceleration (e.g., an acceleration of 1.52 and
3.43 m s�2 is the acceleration of a car which accelerates
from 0 to 100 km h�1 in 18 and 8 s, respectively).
Regarding the tilt/translation ambiguity, subjects felt
tilted in pitching relative to GIF. However, the same
orientation relative to the shear forces G for the true tilt
or GIF in the centrifuge did not induce the same horizon
perception. Visual adjustment and arm pointing in the
centrifuge were always above the ones observed in a G
environment. In addition, this offset was similar for both
the visual and kinesthetic estimations.

Considering hypotheses on the tilt/translation reso-
lution in the absence of canal/otolith interaction, it can
be argued that the utricular/saccular shear force differ-
entiation (Curthoys and Halmagyi 1999; MacDougall
et al. 1999) cannot contribute to this difference in per-
ception. For tilt angles under 20�, the difference between
the true and simulated tilts was less than 0.55 m s�2 for
the saccular shear force stimulation and less than
0.20 m s�2 for the utricular shear force stimulation, that
is, close to the otolith vertical and horizontal perceptual
thresholds. The lowering of the horizon settings may be
related to a misperception of the body z-axis. In other
words, a shift of the egocentric coordinates in the
direction of GIF may be responsible for errors in the
evaluation of the angle between the body axis and the
existing forces. In the centrifuge, the mechanical action
of GIF on eyes and arm proprioception may be
responsible for the lowering of the egocentric coordi-
nates. However, the arm was pulled downward less than
the eyes. The body musculature straws under the in-
creased load but this increased load may become con-
scious when lifting the arm, whereas it was not perceived
with a simple eye movement. Moreover, the same hori-
zon setting error was observed whether the response was
visual or kinesthetic when the egocentric estimation was

Table 2 Results of the linear regression analysis between the mean
individual horizon estimates and the different body orientations in
pitching (true and simulated tilt), for the visual and kinesthetic
tasks

Task Tilt b R2 P Slope
coefficient

Visual True �0.9 0.05 >0.05 �0.28
Simulated 2.82 0.29 >0.05 �0.25

Kinesthetic True �0.58 0.32 <0.05 0.47
Simulated �0.01 0.09 <0.05 0.55
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taken into account. However, the VPEL and the SPH
were lower than the TPE and TPA, respectively. Thus,
the lowering of the judgment would not be completely
imputable to the mechanical effect of GIF on the effec-
tors. Whether the tilt/translation ambiguity was solved
to perform perceptual judgments of an object relative to
gravity remains unclear. Subjects seemed to perceive
themselves as less tilted in the centrifuge than on the tilt
chair. This suggested that the new vertical corresponding
to GIF was misperceived.

On the one hand, a sensory adaptation in response to
prolonged centrifugation has been reported (Coello et al.
1996; Lackner and DiZio 2003). A different adaptation
profile of simulated and true tilt responses can perhaps
explain the offset found here. However, analysis of the
first five versus the last five judgments showed no dif-
ference whatever the perceptual task and tilt conditions.
In addition, a kinematics analysis of the kinesthetic
judgments showed no difference between the first five
and the last five trials whatever the parameter (i.e., peak
magnitude, time-to-peak). Moreover, the kinematics
profiles were similar for the true and simulated tilts.

On the other hand, this offset may be imputable to a
difference in the somesthetic stimulation. The somes-
thetic system is assumed to provide information about
body orientation notably in response to antigravita-
tional forces. It has been shown that labyrinthine
defective and normal subjects exhibited a similar esti-
mation of postural tilt whether they were tilted relative
to G (Bringoux et al. 2002; Ito and Gresty 1997) or GIF
in a centrifuge (Clark and Graybiel 1966) suggesting the
contribution of extravestibular graviceptors in body tilt
perception. In order to investigate a presumable differ-
ence in the alteration of gravity-based tactile stimulation
induced by true and simulated tilt, pressure variations
were recorded under the bottom—ischiatic tuberosity, in
the back, on the scapulas and behind the head. Results
from three subjects with different morphological char-
acteristics showed that the pressure values increased
both with true and simulated body tilt. More impor-
tantly, the similar variations of pressure with respect to
body orientation observed for the two conditions sug-
gested that the cutaneous cues indicated a similar body
tilt. However, it is simplifying to resume the somesthetic
system to cutaneous receptors and internal organs. The
cardiovascular system (fluid distribution) is also in-
volved in providing gravity information (Vaitl et al.
1997, 2002). When subjects are seated in the centrifuge,
the different somesthetic receptors are at a variable
distance from the axis of rotation. As a result, forces
acting on vascular pressure receptors at the level of the
buttocks and at the level of the feet were quite different.
This was not the case in the true tilt situation. The
question may be raised if in such a situation of decor-
relation subjects could feel less tilted in the centrifuge
than in the tilted chair.

Overall, results contradicted the interpretation
regarding the tilt/translation ambiguity as the same
orientation relative to the shear forces G for the true tilt

or GIF in the centrifuge would induce the same horizon
perception. Difference in horizon perception could not
be attributed to a possible problem of ‘‘spatial disori-
entation’’ in the centrifuge which interferes with think-
ing processes in perceptual tasks (Ito and Gresty 1997).
The greater precision of the settings in the centrifuge, as
reflected by the smaller standard deviation, corre-
sponded to a greater subjects’ confidence regarding the
direction of the horizon. However, cognitive informa-
tion about the environment and its properties may
influence spatial orientation (Guedry 1974; Lackner and
DiZio 2005; Wertheim et al. 2001). It can be assumed
that subjects’ expectations related to centrifugation be-
come important for the self-motion perception system.
Whether the tilt/translation ambiguity was solved, none
of the subjects reported a translation sensation but ra-
ther a tilting sensation. This suggested that even if sub-
jects knew that they were rotated, they did not interpret
this movement as a linear horizontal displacement when
rotated at a constant velocity. The existence of a tilt
response during centrifugation could be due to a mis-
perception of the body z-axis relative to the internal
model of G notably in response to the backward direc-
tion of somesthetic stimulation which should not exist
when the body-axis and gravity are aligned. Whatever
the hypothesis for explaining the difference between
perception in true and simulated tilt, extravestibular
graviceptors may play a crucial role in the judgment of
the degree of tilt of one’s own body.
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