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Apparent body tilt and postural aftereffect

ATSUKI HIGASHIYAMA
Ritsumeikan University, Kyoto, Japan

and
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Apparent orientation of the body tilted laterally in the frontal plane was studied with the methods of
absolute judgments in four experiments. In Experiment 1, 17 subjects, who maintained the normal
adaptation of body to gravity,estimated their body tilts under the condition of seeing the gravitational
vertical and under the condition of eliminating it. The results showed that (1) there was not a signifi
cant difference between the two conditions and (2) the small tilts of less than 45° were exactly esti
mated, whereas the large tilts of 45°-108°were overestimated. In Experiment 2, 10subjects estimated
their body tilts under three velocities of a rotating chair on which each subject was placed. Although
both body tilt and chair velocity were found to influence tilt estimation, the effect of body tilt was over
whelmingly greater than that of chair velocity. In Experiment 3, 11 subjects adapted their bodies to a
72°left tilt for 10 min and then estimated various body tilts around the adapting tilt. The estimations
obtained under the 72°adaptation were lower than those obtained under the 0°adaptation, and this re
duction was greater for the test tilt that was farther away from the adapting tilt. In Experiment 4, 11
subjects adjusted their own body tilts to designated angles. The results confirmed the outcomes of ab
solute estimation in Experiments 1-3. From these findings and past literature, the judgments of body
tilt were considered to be subserved by a single sensory process that was based on the cutaneous and
muscular proprioceptors, rather than the vestibular and joint proprioceptors.
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We investigated apparent orientation of the body by
tilting it laterally in the frontal plane.' The first concern
was to establish psychophysical scale for body tilt under
normal adaptation of the body to gravity. The second
concern was to explore the processes and proprioceptors
that make the perception ofbody tilt possible. For the lat
ter concern, we made use of postural aftereffects or pos
tural persistence: the sense of position of a limb, the
head, or the eyes that may be temporarily affected when
an asymmetrical posture is maintained for some time
(F. 1.Clark & Horch, 1986; Howard, 1982). In this study,
after being placed at a certain fixed tilt for some time,
the subjects judged their various body tilts around the
fixed tilt. On the basis of extent and magnitude of pos
tural aftereffects, we assessed how many processes (sin
gle or double) exert in the perception of body tilt. More
over, we considered how the processes are related to the
nonvisual proprioceptors, such as the cutaneous, vestibu
lar, joint, and muscular proprioceptors.?

One conventional method ofmeasuring apparent body
tilt is to have the subject indicate his or her apparent body
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tilt in space by aligning a visual rod (Asch & Witkin, 1948a,
1948b; Bauermeister, 1964; Tschermak-Seysenegg, 1942/
1952) or a nonvisual, haptic rod (Bauermeister, Werner,
& Wapner, 1964) to the reference. In this method, the ref
erence to which the rod is adjusted is often the visual ver
tical (or horizontal) or the subject's body axis, and a dif
ference in orientation between the adjusted rod and the
reference is used as perceptual precision of the apparent
vertical or apparent body tilt.

In this study, however, we did not use the method of
aligning a visual rod to body orientation as a measure of
apparent body tilt, because orientation ofthe visual rod in
teracts with postural orientation. Judgments of body tilts
(Cohen & Larson, 1974; Nemire & Cohen, 1993; Sigman,
Goodenough, & Flannagan, 1979; Witkin, 1949), head tilts
(Ebenholtz & Benzschawel, 1977; Wade & Day, 1968),
and eye positions (Cohen, Ebenholtz, & Linder, 1995;
Matin & Fox, 1989; Matin & Li, 1994; Stoper & Cohen,
1986, 1989) vary with changes of visual environment.

Conversely, judgments of visual orientation vary with
changes of postural orientation. Much evidence (e.g.,
Ebenholtz, 1977; Howard & Templeton, 1966; Schone &
Lechner-Steinleitner, 1978; Wade, 1968, 1970; Wade &
Day, 1968; Yardley, 1990) has indicated that when we tilt
our head (or body) 45° or more to one side in the frontal
plane, a visual line that is parallel to gravity is perceived
as tilting to the opposite direction of the head tilt (the
A effect); whereas, with a head tilt of less than 45°, the
visual line is perceived as tilting in the same direction as
the head tilt (the E effect). When the head is slanted back-
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ward in the median plane, the gaze direction judged as
straight ahead is higher than that obtained before back
ward slanting (Shebilske & Fogelgren, 1977; Shebilske
& Karmiohl, 1978).

Another method of measuring apparent body tilt is to
make verbal estimation of body tilt (Ebenholtz, 1970;
Ebenholtz & Shebilske, 1973; Fujita, 1956) or to place
the body itself to a given reference (Cohen & Larson,
1974; Nemire & Cohen, 1993). One feature ofthis method
is not to use an external tool, such as a rod, by which the
subject indicates his or her own body tilt. Fujita (1956)
found overestimation for 60°-150° left body tilts and exact
estimation for 30° and 180° left body tilts. Ebenholtz
(1970) obtained verbal estimations ofapparent body ori
entation in the frontal plane and the median plane: For
the frontal plane, the body tilt was increasingly overesti
mated as the body was tilted up to 30°, and then the over
estimation was decreased; underestimation was finally
obtained at 90°. For the median plane, the body slant was
increasingly overestimated up to 90°. It was also demon
strated that the estimation for backward body slants of
0°,25°, and 75° in the median plane was correct under the
apparent instructions but was not correct under the ob
jective instructions (Ebenholtz & Shebilske, 1973). How
ever, Cohen and Larson (1974) showed that when the
body was aligned to the 15°-60° slants in the median
plane, the adjusted body slants exceeded the references
(i.e., underestimation of slants).

In this study, we used the methods ofabsolute estima
tion and absolute production by repairing drawbacks in
previous studies. First, we attempted to control the adap
tation level of body proprioception. To maintain the
adaptation of the upright body to the gravity (0°), the
body during the judgments of body tilt was alternately
tilted to the left and right of the gravitational vertical;
similarly, to maintain the adaptation of a certain fixed,
tilted body to the gravity, the body was alternately tilted
to the left and right of the particular tilt. This procedure
was simple but necessary to control postural aftereffects.
In previous studies where the body was tilted only to the
left (Fujita, 1956), to the right (Ebenholtz, 1970), or
backward (Ebenholtz & Shebilske, 1973), asymmetrical
postural aftereffects seem to have taken place, so that the
judgments of body tilt may have differed from those
under the 0° adaptation (Pearson & Hauty, 1959).

The second improvement was the balanced scaling
procedure. The scale from magnitude estimation usually
differs from that from magnitude production, and, hence,
a true scale has been considered to be somewhere between
the two scales (e.g., Gescheider, 1985). Therefore, a scale
for body tilt was constructed with both methods of ab
solute estimation and absolute production. In Experiments
1-3, the subjects verbally estimated their body tilts. Under
the 0° adaptation, the subjects were tilted at each of 15
positions between the 108° left and the 108° right tilt of
the gravitational vertical; under the 72° adaptation, the

subjects were tilted at each of 11 positions between the
90° left and the 90° right tilt of the adapting tilt. In Ex
periment 4, the subjects aligned their own bodies to each
ofthe designated tilts. Under the 0° adaptation, nine po
sitions between the 120° left and the 120° right tilt of the
gravitational vertical were designated to the subjects as
the references; under the 72° adaptation, nine positions
between the 102° left and the 102° right tilt of the adapt
ing tilts were designated as the references. These esti
mations and productions enabled us to scrutinize subtle
trends of the judgments ofbody tilt. This may be in con
trast with previous studies in which either estimations or
productions were obtained for body tilts ofless than 90°.

GENERAL METHOD OF EXPERIMENTS 1-3

Apparatus
The subject was placed in a chair on an apparatus capable of ro

tation to any angle in the frontal plane. The position of the chair
was controlled by the analog voltage servo regulation system with
accuracy of 10. Figure 1 is a photograph of the apparatus and a sub
ject who was tilted 30° in the apparatus. The pivot on which the body
rotated was located approximately at the midpoint between the
eyes. A padded, adjustable iron structure was used to minimize
shifts in the trunk, shoulder, wrist, and thigh. The head was also sta
bilized with the restraining structure, so that the subject could not
shake, nod, or incline his or her head. To maintain verbal commu
nication with the experimenter, the subject did not bite a board. The
chair could be rotated into position either clockwise (CW) or coun
terclockwise (CCW). We use the plus sign (+) to signify CW from
the gravitational vertical, and the minus sign ( - ) to signify CCW
from the gravitational vertical. Figure 2 shows the three body tilts:
the gravitational vertical, an 18°CW tilt, and a 108° CCW tilt.

The subjects faced a white hemisphere screen at a distance of
about 180 em from the midpoint of the eyes. The visual angle of the
screen was 220°, and its luminance was 1.9 nit. Therefore, when the
subjects fixated the center of the screen without eye movement,
they saw the white screen only; when the subjects moved the eyes
freely, they could see the knees as well as the screen. The midpoint
of the eyes was at the center of the screen. Six red circles (2 cm in
diameter), with a center-to-center distance of 6.5 em, were drawn
on the screen. The array of circles ran parallel to the gravitational
vertical, and the top circle was positioned at the height of the head.
The circles were definitely discerned in the dim laboratory.

Procedure
In Experiments 1-3, the subjects were asked to estimate their

body tilts in degrees, relative to the gravitational vertical. The tilt
angle of subject's body and the velocity of the rotating chair varied
among experiments. In Experiment 1, 15 positions between - 108°
and 108° tilts were used under a rotation velocity of 1.12 rpm. In
Experiment 2, the same positions as those in Experiment 1 were
used under rotation velocities of 0.41, 0.79, and 1.07 rpm. In Ex
periment 3, 11 positions between -18° and 162° tilts were used under
a rotation velocity of 1.12 rpm. In each experiment, the chair was
alternately rotated CW and CCW and was stopped at each position.
There were no training trials in any experiment; each position was
estimated three or four times.

The main part of the instructions to the subjects in Experiments
1-3 were as follows:

I am going to tilt your chair in different orientations. Your task in each
orientation is to estimate how large the tilt appears by reporting numbers
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Figure 1. A photograph of the apparatus and a subject seated in the rotating chair.

in degrees.You shoulddesignatethe gravitational upright0° and desig
nate the horizontalorientation90°. In makingestimationof body tilt, I
would like to suggest that you imagine that your body were the hour
hand on a largeclock. Forexample,if the body is supposed to indicate
I o'clock, then the orientationshouldbe designated30°; if the body is
supposedto indicate2 0'clock,thenthe orientationshouldbe designated
60°. Please use any number you mayconsider appropriate;you should
not thinkthat the numbers to be usedare limitedto 30 and its multiples.

In these instructions, the subjects were not told that the center of
rotation was at the midpoint between the eyes. Each subject indeed
perceived the body to be tilted by rotation of the chair but did not
realize the center of rotation. Nevertheless, all subjects in this study
correctly understood what was intended by the instructions. Theo
retically, it is not important to know the center ofrotation in tilt judg
ments, because the body tilt should be judged relative to the gravi
tational vertical.

After completing the estimation ofbody tilt, the subjects estimated
visually presented plane angles in degrees, each ofwhich was formed
by drawing two line segments (4 em long X 0.4 mm wide) in wedge
on a white card (10 em high X 10 cm wide). One line was the grav
itational vertical, and the other was tilted from the gravitational ver
tical. The angles between the vertical line and the tilted line were the
same as the angles used in estimation of body tilt in each experi
ment. The instructions used in the plane angle estimation were sim
ilar to those used in the body tilt estimation. The trials for plane angle

were composed of three blocks, each block containing different
plane angles. There were no training trials. Each angle was binoc
ularly observed in the frontal plane at a distance of about 50 ern.

EXPERIMENT 1

In Experiment 1, to provide baseline measures of body
tilt, we obtained absolute estimations of body tilt under
the normal 0° adaptation. By the 0° adaptation, we mean
a proprioceptive adaptation to the condition where the
body axis coincides with the gravitational vertical. Note
that we are usually in the 0° adaptation. When we are wak
ing and active, the body axis moves around and deviates
to the left and right of the gravitational vertical, but the
average body axis over time is assumed to coincide with
the gravitational vertical.

Wealso explored how a visual cue indicating the grav
itational vertical affected apparent body tilt. The estima
tions of body tilt were compared between the exposed
condition where the gravitational vertical was visually
indicated and the occluded condition where all visual
cues to orientation were eliminated.
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Gravitational
_tical

Figure 2. A schematic drawing ofthe subject in the three typi
cal body tilts: the gravitational vertical, an 18"clockwise (CW) tilt,
and a 108"counterclockwise (CCW) tilt.

Method
Subjects. The subjects were 17 (8 males and 9 females) paid un

dergraduates; none of them had any known deficits in visual acu
ity, motor, or vestibular functions.

Procedure. The tilts to be estimated were 0°, ±9°, ±18°, ±36°,
±54°, ±72°, ±90°, and ±108°. In a given trial, the chair was rotated
and was stopped at the preset position. The subject was then required
to estimate the body tilt quickly. After obtaining an estimation for
the tilt, we again rotated the chair to the next preset position. When
ever the chair was rotated for the next trial, it traversed the upright po
sition; it was not upside down at any time.

There were two visual conditions. In the exposed condition, we
provided the subject with the circles arranged along the gravitational

vertical on the screen and reminded him or her that the array ofcir
cles should be used as a reference in estimating body tilt. In the oc
cluded condition, the subject's eyes were covered with a blindfold
to eliminate all visual cues.

The trials were composed of six blocks, each block containing
the 15 different tilts. Eight of the subjects estimated body tilts with
occluded eyes in the first three blocks and with open eyes in the fol
lowing three blocks. The remaining 9 subjects judged in the reverse
order. Thus, each subject provided 90 (2 conditions X 3 blocks X
15 trials) estimations. The order of trials in each block was ran
domly determined, with the restriction that the trials were com
posed of an alternation of left and right body tilts of the gravita
tional vertical (e.g., -9°, +54°, -90°, +0°, etc.).

After completing the estimation of body tilt, the subjects esti
mated the 14 visually presented plane angles, which lay in the range
of -108° to +108°. These plane angles were the same magnitudes
as those used in body tilt estimation (except that the plane angle 0°
was not used).

Results and Discussion
Mean estimation. Figure 3 shows the results. The or

dinate (y) represents the mean tilt of 51 estimations (3
trials X 17 subjects) and the abscissa (x) represents the
objective body tilt, with positive for the CW tilts and
negative for the CCW tilts. The parameter is the block
condition (left) and the visual condition (right). The
main effect oftilt was significant [F(14,28) = 798.8,p <
.001], and the interaction of tilt with block was signifi
cant[F(28,448) = 4.01,p<.01]. The main effect of con
dition (open vs. occluded) was not significant, and the
interaction of condition with any other source was not
significant.

For simplicity, we fitted a least squares line to the mean
tilts in each block and obtained the slope, intercept, co
efficient of determination (r2 ) , and 95% confidence in
terval (CI) around the slope. Table I shows the results.
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Table 1
Slope, Intercept, Coefficient of Determination (r 2 ) ,

and 95% Confidence Interval (CI) Around the Slope
of the Linear Function Fitted to the Mean Estimations

in Each Block Under the 0° Adaptation

Clearly, the obtained slope decreased as the block pro
gressed, and it was significantly larger than unity even at
the final third block.

We again fitted a least squares line to each of the three
tilt ranges (i.e., -108° to - 54°, - 36° to 36°, and 54° to
108°) in each block, because an inspection of Figure 3 ap
peared to reveal a shallow slope for smal1 tilts and a steep
slope for large tilts. Table 2 shows the results. The mean
line taken over blocks wasy = 0.97x - 0.18 for the smal1
tilts and was y = 1.35x ± 17.8 for the large tilts (where the
positive and negative intercepts were for the CCW and
CW tilts, respectively). This suggests that the smal1 tilts
were exactly estimated and the large tilts were overesti
mated. The overestimation was more amplified for larger
tilts (e.g., 5% for 60°, 13% for 800, and 17% for 100°).

Figure 4A shows the mean estimations (3 trials X 17
subjects) of visual1y presented plane angle against ob
jective plane angle. The best-fitting least squares function
was y = 1.0 Ix - 0.0 I (r 2 = 1.00), with the 95% CI
around the slope being 1.00-1.02. Thus, the mean esti
mations ofplane angle were precise over the entire range
of stimuli, in contrast to the estimations of body tilt.

The mean estimations in the occluded condition were
not different from those in the exposed condition. This
result suggests that the estimations for apparent body tilt
were determined by nonvisual information that was pro
vided through the cutaneous, vestibular, joint, and/or
muscular proprioceptors. This result supports those found
by Mil1erand Hal1 (1963), Stoffregen and Riccio (1988),
and Nemire and Cohen (1993), who acknowledged the
importance of visual information in the perception of body
tilt but, at the same time, considered the nonvisual in
formation as primacy.

We should not be surprised at the finding that the vi
sual cue indicating the gravitational vertical did not have
any effect on estimation of body tilt. Previous studies

Block

I
2
3

Slope Intercept r2

1.17 0.27 .999
1.14 -0.68 .994
1.09 -0.87 .995

CI

1.14-1.19
1.08-1.19
1.04-1.13
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(Ebenholtz & Benzschawel, 1977; Howard, 1982;Howard
& Templeton, 1966; Mann, 1952;Nemire & Cohen, 1993;
Passey, 1950; Sigman et aI., 1979; Witkin, 1949) have
indicated that a tilted visual frame leads to errors in pos
tural orientation and that the upright body or head is per
ceived to be tilted in the opposite direction of the frame
tilt. This may imply that an upright visual frame does not
have effects on postural orientation. For example, Passey
(1950) required the subject in an upright or tilted room
to adjust his body to the upright position from a lateral1y
tilted position and found that the mean constant error
from the gravitational vertical was 0.35° for the upright
room and was 104° even for the 20° tilting room. It thus
seems that (1) for the upright visual frame, the postural
vertical approximately agreed with the gravitational ver
tical, and (2) for the tilted visual frame, the postural ver
tical was greatly biased by the frame in some studies
(e.g., Witkin, 1949) but was less in other studies (e.g.,
Mann, 1952; Passey, 1950).

One could interpret ineffectiveness ofthe visual cue in
this experiment by the poor visual structure in this ex
periment (i.e., six vertical1y arranged circles on homo
geneous screen). However, there is evidence against this
interpretation. Nemire and Cohen (1993) examined the
effects of visual structure around the subject (grid pat
tern, paral1ellines, and darkness) on adjustment ofbody
slant. They found that, under the upright visual frame,
there was no difference in adjustments of body slant
among the visual-structure conditions, whereas under
the tilted visual frame, the grid pattern was the most ef
fective and the parallel lines were more effective than the
darkness. It is thus suggested that visual structure is ef
fective only for the tilted visual frame.

As the block progressed, the slope of the best-fitting
linear function decreased and approached unity (i.e.,
precise estimation). This result parallels the studies of
Solley (1956) and Pearson and Hauty (1959), who showed
that when the subjects were asked to return themselves
from a laterally tilted position to the apparent vertical,
the difference between the adjusted tilt and the true ver
tical was reduced over a series of trials, even though the
subjects were not told either the magnitude or the direc
tion of their errors.

It is difficult to assume that incorrect estimation for
the large body tilts was due to bias of the verbal system.
As is shown in Figure 4A, the subjects were capable of

Table 2
Slope, Intercept, and Coefficient of Determination (r 2) ofthe Linear

Functions Fitted to the Mean Estimations for Each ofthe Three Ranges
(x < -54°, - 36° < x < 36°, and x > 54°) as a Function of Block

Under the 0° Adaptation

Small Large (CCW) Large (CW)

Block Slope Intercept r2 Slope Intercept r2 Slope Intercept r2

I 1.04 0.36 .998 1.32 12.62 .999 1.21 -3.39 .999
2 0.96 -0.46 .990 1.42 26.97 .995 1.39 -22.41 .996
3 0.92 -0.45 .999 1.30 16.23 .994 1.38 -25.08 .994

Overall 0.97 -0.18 .998 1.36 18.61 .997 1.33 -16.96 .997
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spectively. In Panel D, the designated angle (in degrees) is shown against mean production
angle (in degrees) in Experiment 4.

assigning numbers in proportion to visual plane angle.
Because the verbal system was used in both tasks of es
timating body tilt and plane angle, the incorrect estima
tions of body tilt have to be ascribed to a system other
than the verbal system-probably to a sensory system.

Variability of estimation. The estimation data were
also analyzed in terms of the between- and the within
subjects variability. The between-subjects variability was
defined as a standard deviation of the individual mean
estimations, each of which was based on the three esti
mations. The within-subjects variability was defined as
a mean of the individual standard deviations. Figure 5
shows the between-subjects (left) and the within-subjects
(right) variabilities as a function of body tilt (or plane
angle). The parameter was the estimation task.

Although the between-subjects variability was about
twice as large as the within-subjects variability, the features
ofthe two variabilities seemed to be very similar to one an
other. First, the variability of estimation for body tilt was
larger than that for visual plane angle. This implies that dis
crimination ofbody tilt was coarser than that ofplane angle.

Second, the estimation of body tilt in the occluded
condition was much more variable than that in the ex
posed condition. This may support the suggestion ofNe
mire and Cohen (1993): When the subjects were placed
on a foam cushion that reduced cutaneous input from the
foot, addition of visual cues about the direction of grav-

ity reduced the between-subjects variability of slant judg
ments, whereas when the subjects were placed on a rigid
surface of support that provided them ample cutaneous
input, adding the visual cues did not decrease the vari
ability. In our experiment, the rotating chair may have
been functionally equivalent to the foam cushion.

Third, there was remarkable anisotropy of space: The
variability of estimation was the least for the gravitational
vertical, and it increased up to the body tilt of 60° but re
duced for the tilt of60°-90° and again increased for the tilt
ofmore than 90°. This result resembles the variability ofvi
sual vertical judgments obtained as a function of head and
trunk position (Schone & Udo de Haes, 1968). This find
ing also supports the study of Dick and Hochstein (1989),
who had the subjects estimate the absolute orientation of
single visual lines and showed that the amount of informa
tion transmitted, which measures the degree ofcorrelation
between stimulus set and response set, was larger around
the horizontal and vertical axes rather than the diagonal.
Our finding demonstrated a strong anisotropy in body ori
entation as well as visual orientation.

EXPERIMENT 2

One could argue that the results of Experiment I are
interpretable in terms of time to travel from the gravita
tional vertical to the goal tilt where the subjects estimated
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their body tilt. Since, in Experiment I, we used only one
velocity of the rotating chair (1.12 rpm), it took longer
to reach larger body tilt. Accordingly, it would be prob
able that the overestimation of body tilt was associated
with longer travel time to the goal tilt. To examine this
interpretation, the subjects in Experiment 2 estimated their
body tilts under three rotation velocities. Since body tilt,
rotation velocity, and travel time were interdependent in
this situation, we attempted to find the genuine variable
that affected the estimations of body tilt, by using an
analysis ofpartial correlation and an analysis ofmultiple
regression.

Method
Subjects. The subjects were 10(5 males and 5 females) paid un

dergraduates; none of them had any known deficits in motor or
vestibular functions.

Procedure. The subject was seated, blindfolded, in the rotating
chair and did not take off the blindfold throughout the experiment.
The body tilts to be estimated were the same as those used in Ex
periment 1. The velocities ofthe rotating chair were 0.41, 0.79, and
1.07 rpm. The trials were composed of three blocks, each block
containing the different tilts under a given rotation velocity. Thus,
each subject provided 45 estimations (15 angles X 3 velocities).
The order of body tilts within each block was randomized for each
subject, but, in the same way as in Experiment I, it was balanced to
be on either side of the gravitational vertical. The orders of veloci
ties were counterbalanced among the subjects.

After completing the estimation of body tilt, the subjects esti
mated the 14 visually presented plane angles, which lay in the range
of -108° to +108°.These plane angles were the same as those used
in Experiment 1.

Results and Discussion
In Experiment 2 and in the subsequent experiments,

we present the mean estimations taken over the subjects,
however, we do not present the between- and the within
subjects variability of estimations, because these vari
abilities were similar to those in Figure 5.

Figure 6 shows the mean estimations against objective
body tilt, with velocity as the parameter. The main effect
of tilt was significant [F(l4,126) = 143.80, P < .001],

and the interaction of tilt with velocity was significant
[F(28,252) = 1.65, p < .05].

For each velocity, we fitted a least squares line to the
mean tilts as a function ofbody tilt and obtained the slope,
intercept, coefficient of determination (r 2) , and 95% CI
around the slope. Table 3 shows the results. Clearly, the
slope decreased as the velocity increased, implying that
the overestimation of body tilt was remarkable for slow
velocity of the rotating chair.

Table 4 shows the simple and partial correlations be
tween the mean estimation (E) and the stimulus variables
of tilt angle (A) in degrees, rotation velocity (V) in rpm,
and travel time (T) in seconds. (Note that Twas obtained
by A/V/6.) All correlations betweenE and A were signif
icant, and all correlations between E and V were not sig-
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Figure 6. Mean absolute estimation (in degrees) against objec
tive body tilt (in degrees). The parameter is the rotation per
minute (rpm). The diagonal line represents the perfect estima
tion.
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EXPERIMENT 3

Table 3
Slope, Intercept, Coefficient of Determination (r2 ) ,

and 95% Confidence Interval (CI) Around the Slope
of the Linear Function Fitted to the Mean Estimations

for Each Velocity Under the 0" Adaptation

nificant. This means that A strongly affected estimation
ofbody tilt, but rotation velocity did not. The effect of T
on estimation ofbody tilt was moderate: r(E, T) and r(E,
T; V) were more than .93, but when the effect oftilt angle
was eliminated, the influence of T on estimation ofbody
tilt was greatly lowered [i.e., r(E, T; A) = .454, and r(E,
T; A, V) = .459].

We also applied an analysis of multiple regression to
the same estimation data in Experiment 2. The f3 coeffi
cients ofA (.917,p < .001) and T(.087,p < .01) were sig
nificant, but the f3 coefficient of V (.012) was not. A
comparison of f3 coefficients between A and T suggests
that A, rather than T, overwhelmingly affected the esti
mation of body tilt.

Figure 4B shows the mean estimations (3 trials X 10
subjects) of visually presented plane angle against ob
jective angle. The best-fitting least squares function was
y = 1.00x + 0.03 (r2 = .999), with the 95% CI around
the slope being 0.98-1.02. Thus, the estimations ofplane
angle were precise over all stimuli.

The baseline measures obtained in Experiments 1 and
2 are characterized as exact estimation of small tilts and
overestimation oflarge tilts. One possible explanation of
this result is to assume two independent processes that
make selective responses to body tilt: One is sensitive to
small tilts, and the other is responsive to large tilts. Evi
dence for the two-process model may be provided by the
idea that (1) the E effect is likely to take place for small
body tilts, whereas the A effect is for large body tilts, and
(2) the effects of the otolith organs, which are sensitive
to the shear force ofgravity, are very sensitive to small tilts
around the gravitational vertical, but not stable for the large
tilt of 90° or more (Graybiel & Patterson, 1955; Quix,
1925; Schone, 1964; Schone & Mortag, 1968; Schone &
Wade, 1971; Udo de Haes, 1970). It is also possible to as
sume that a single process exerted over all tilts. In this
case, the difference in slope between the small and the
large tilts should not be considered evidence for the two
process model, but rather it should be interpreted as an
operating characteristic of the single process.

In Experiment 3, by investigating postural aftereffects,
we attempted to understand the process underlying the
perception ofbody tilt. For this purpose, the subject was
first tilted by 72° for 10 min (adapting tilt), and, follow-

Table 4
Simple and Partial Correlations Between the
Mean Estimation (E) and the Three Stimuli:

Tilt Angle (A), Rotation Velocity (V), and Travel Time (T)

Condition" Correlation

r(E, A) .997t
r(E, 7) .931t
r(E, V) .012
r(E,A; 7) .983t
r(E, A; V) .997t
r(E, T; A) .454t
r(E, T; V) .932t
r(E, V;A) .154
r(E, V; 7) .032
r(E, A; T, V) .984t
r(E, T; A, V) .459t
r(E, V; A, 7) .174

ing that, he or she estimated various body tilts around the
adapting tilt.

It is possible to predict how the estimations of body
tilt change by postural adaptation. First, since prolonged
exposure to a fixed stimulus generally results in a de
crease of sensitivity or apparent magnitude, the estima
tion ofbody tilt after adaptation may be smaller than the
estimation before adaptation. Second, estimations of
body tilt may be affected by the number of independent
sensory processes. Ifthe two-process model were correct,
then the adaptation effect would be confined to large tilts
in this experiment; if the single-process model is correct,
then the adaptation effect extends not only to large tilts
but to small tilts.

To predict relative magnitude of the adaptation effect,
we have to consider two types ofperceptual adaptations.
First, an adaptation effect would be greatest for the adapt
ing stimulus itself and would be less for the test stimulus
that was more distant from the adapting stimulus. This type
of adaptation should be called the on-adaptation, which
has typically been found in chromatic adaptation. Ifwe
are continually exposed to the long-wavelength light that
is usually seen as red, the sensitivity to the light is greatly
reduced, but the sensitivity to the short-wavelength light
seen as blue light is not affected (or little affected) by the
prolonged exposure to the long-wavelength light. The on
adaptation also takes place for the contrast sensitivity func
tion. If we are continually exposed to a grating of7.1 cycles
per degree (cpd), the sensitivity to spatial frequency is
dramatically reduced in the region of 7.1 cpd; however,
such an adaptation effect has not been practically found
beyond the frequencies of 2.5 and 11.9 cpd (Blakemore
& Campbell, 1969).

Second, an adaptation effect would be greatest for the
test stimulus that is, to some degree, far from the adapting
stimulus and would be weak for the same test stimulus as
the adapting stimulus. This type ofadaptation should be
called the off-adaptation, which has typically been known

*r(a, b) signifies a simple correlation between a and b; rea, b; c) sig
nifies a partial correlation between a and b when the effect of c was
eliminated; rea, b; c, d) signifies a partial correlation between a and b
when the effects of c and d were eliminated. tp < .01. tp < .001.

CI

1.16-1.26
1.08-1.17
1.03-1.11

.41 1.21 -5.25 .995

.79 1.12 -3.30 .998
1.07 1.07 -0.85 .998

Velocity (rpm) Slope Intercept r 2



as distance paradox in figural aftereffects (e.g., Kohler
& Wallach, 1944; Robinson, 1972). For example, if a
line, called the inspection figure, is fixated for a time, and
then the other line, called the testfigure, is placed in the
visual field close to the position occupied by the fixated
line, then the test figure is displaced away from the po
sition of the inspection line. Interestingly, the maximum
displacement of the test figure does not occur when the
inspection and test figures coincide but when they are a
short distance away from each other.

Ifthe on-adaptation occurred in the perception ofbody
tilt, its effect would be greatest for the adapting tilt itself
and would be less for the test stimulus that was more dis
tant from the adapting tilt. Figure 7A shows a prediction
for the on-adaptation, where apparent body tilt during
and after the prolonged exposure to the 72° body tilt is
smaller than the baseline function for the 0° adaptation.
For the single-process model, the adaptation effect ex
tends over the entire body tilts, with the greatest effect at
the same test tilt as the adapting tilt. For the two-process
model, the adaptation effect is limited to the large tilts
and is less for the test stimulus that is more distant from
the adapting stimuli.

The predictions for the off-adaptation are shown in Fig
ure 7B. For the single-process model, the decrease ofap
parent body tilt due to adaptation is greater for the test
stimulus that is farther away from the adapting stimulus
and is smallest for the adapting stimulus itself. For the
two-process model, the decrease of apparent body tilt is
limited to the large tilts and is more remarkable for the test
stimulus that is more distant from the adapting stimulus.
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Method
Subjects. The subjects were 11 (3 males and 8 females) paid un

dergraduates and institute staff; none of them had any known defi
cits in motor or vestibular functions.

Procedure. The subject was seated, blindfolded, in the rotating
chair used in Experiments 1 and 2. After the body was tilted by 72°
CW for 10 min, the subject estimated the 11 body tilts that were at
increments of 18°,to either side ofthe adapting tilt: -18° [72 - (5 X
18)], 0° [72 - (4 X 18)], +18° [72 - (3 X 18)], +36° [72
(2 X 18}), + 54°(72 - 18}, +72°, +90° (72+ 18}, +108°[72 + (2
X 18}), + 126°[72 + (3 X 18}), + 144°[72 + (4 X 18}),and +162°
[72 + (5 X 18}). The trials were composed of three blocks, each
block containing the 11 different tilts. Thus, each subject provided
33 (3 blocks X II tilts) estimations. The order of trials in each
block was randomly determined, under the restriction that the trials
were composed ofan alternation ofa 72o tilt or less and a 72° tilt or
more (e.g., -18°, +90°, +72°, +162°, etc.). Whenever body tilt was
changed for the next trial, the chair in which the subject was placed
crossed over the adapting tilt to the next test position.

After completing the estimation ofbody tilt, the subjects estimated
the 10visually presented plane angles, which lay in the range of - 18°
to +1620. These plane angles were the same magnitudes as those used
in body tilt estimation (except that the plane angle 0° was not used).

Results and Discussion
Figure 8 shows the mean estimations against body tilt,

with block as the parameter. The main effect of tilt was
significant [F(lO,lOO) = 502.6,p < .001], and the inter
action of tilt with block was significant [F(20,200) =
2.94,p < .01].

We fitted a least squares line to the mean estimations
in each block. The slope, intercept, coefficient of deter
mination (r2 ) , and 95% CI around the slope are shown in
Table 5. Clearly, the slope decreased as the block pro-
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Figure 7. Prediction of apparent body tilt during prolonged exposure to a 72· body tilt. The left panel repre
sents the predictions based on the on-adaptation, and the right panel represents the predictions based on the otT
adaptation. See text for definitions ofthe on- and otT-adaptations. In either adaptation, the thick line represents
the function obtained under the O·adaptation (Experiment 1), and the thin line represents a prediction based on
the one- or two-process model.
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Objective tilt. deg.

absolute estimation. For each trial, the experimenter told
the subject the tilt angle and then required him or her to
adjust the body orientation to produce it.

The method of absolute production had two merits in
this experiment. First, absolute production was a valuable
method of examining the validity ofa function obtained
by absolute estimation. If the absolute estimation is a valid
method of constructing a scale for body tilt, we should
also obtain an absolute production function that is similar
to the absolute estimation function. Second, an absolute
production function, together with an absolute estimation
function, is useful to construct an unbiased function of
apparent tilt. It has been well documented that, although
the magnitude estimation function and the magnitude
production function are skewed by systematic errors in
herent in the scaling procedure, the errors are eliminated
by averaging the two functions (e.g., Gescheider, 1985;
Hellman & Zwislocki, 1963; Stevens, 1958; Stevens &
Guirao, 1962).Following this precedent, the absolute esti
mation and production functions were averaged.

Table 6
Slope, Intercept. and Coefficient of Determination (r 2 ) of the

Linear Functions Fitted to the Mean Estimations for Each
of the Two Ranges (-IS" <x< -36", andx > 54")
as a Function of Block Under the 72° Adaptation

TableS
Slope, Intercept, Coefficient of Determination (r 2 ) ,

and 95% Confidence Interval (CI) Around the Slope
of the Linear Function Fitted to the Mean Estimations

in Each Block Under the 72" Adaptation

Method
Subjects. The subjects were II (2 males and 9 females) paid

undergraduates; none of them had any known deficits in motor or
vestibular functions.

Procedure. The subject was seated, blindfolded, in the same ap
paratus as that used in Experiments 1-3. The subject adjusted his
or her own body to the tilt designated by the experimenter. In each
trial, the chair was rotated CW or CCW at the rate of 1.20 rpm and
was stopped by the experimenter immediately upon being signaled
by the subject. The experimenter then recorded the tilt angle of the
chair in degrees.

The tilts to be adjusted were told to the subject in terms of clock
minutes, rather than degrees of are, because the unit minute was
thought to be more familiar than the unit degree of arc. For the 0°
adaptation, the designated tilts were 0, 5, 10, 15, 20, 40, 45, 50, and
55 min, which were equivalent to 0°, +30°, +60°, +90°, +120°,
-120°, -90°, -60°, and - 30° of arc. The trials were composed of
four blocks, each containing the nine different tilts. The order of

Figure 8. Mean absolute estimation (in degrees) against body
tilt (in degrees). The parameter is the block. The diagonal line
represents the perfect estimation.

gressed, and it was significantly larger than unity even at
the final block.

To compare the results of Experiment 3 with the re
sults of Experiment 1 (Table 2), the least squares lines
were fitted separately to small tilts (-18° to 36°) and large
tilts (54° to 162°). Table 6 shows the results: The mean
function was y = 1.21x - 10.60 for the small tilts, and
y = 1.26x - 15.13 for the large tilts.

Figure 9 helps us to compare the mean estimations for
the 0° adaptation in Experiment 1 with those for the 72°
adaptation in Experiment 3. Clearly, the mean estimations
under the 72o adaptation were generally smaller than
those under the 0° adaptation, and the reduction of esti
mation in the 72° adaptation was greater for the stimuli
that were farther away from the adapting tilt (i.e., the off
adaptation). In addition, the adaptation effect extended
not only to the large tilts but to the small tilts. This pro
vides evidence for the single-process model.

The results for visually presented plane angle are
shown in Figure 4C. Each data point is the mean angle of
33 estimations (3 trials X 11 subjects). The best-fitting
least squares function wasy = 1.01x - 0.20 (r2 = .998),
with the 95% CI around the slope being 0.97-1.05. This
suggests that correct estimations were made for visual
plane angle.

Block

I
2
3

Slope Intercept r2

1.28 -10.86 .987
1.25 -14.02 .991
1.17 -9.39 .997

CI

1.17-1.39
1.16-1.34
1.12-1.22

EXPERIMENT 4

In Experiment 4, we also obtained judgments of body
tilt under the 0° and the 72° adaptation. However, instead
ofthe method ofabsolute estimation, we used the method
ofabsolute production, which is the inverse operation of

Block

I
2
3

Overall

Slope

1.07
1.21
1.38

1.21

Small Large

Intercept r 2 Slope Intercept

-9.79 .999 1.31 -13.92
-12.50 .999 1.31 -21.03
-10.31 .993 1.17 -10.42

-10.60 .998 1.26 -15.13

r 2

.958

.972

.996

.985
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Figure 9. Comparison of the absolute estimations obtained
under the 0° adaptation (Experiment 1) and the 72° adaptation
(Experiment 3). The diagonal line represents the perfect estima
tion.

tical. Please say "Stop" when you think the orientation of your body
agrees with the designated tilt angle.

After completing the adjustments under the 0° adaptation, the
subject was tilted by 72° CW for a period of 10 min. The subject
was thereafter asked to adjust the body orientation to the position
designated by the experimenter. The designated numbers were 0, 4,
9, 12, 15,20,24,29, and 55 min, which were equivalent to 0°, 24°,
54°,72°,90°, 120°, 144°, 174°,and -30°. The trials were composed
offour blocks, each containing the nine different designated angles.
The order of trials in each block was randomly determined, with
the restriction that the designated angles were composed of an al
ternation of left and right of the adapting tilt.

Finally, the subject produced visual plane angles by adjusting a
separation between two thin iron rods (each 9.8 em long X 0.8 rom
in diameter) that were fixed on a white disk (18 em in diameter), like
the hands of a clock. One rod was maintained stationary, and the
other could be rotated around the center ofthe disk. The subject had
the disk in his or her hand, and he or she maintained the stationary
rod vertical and attempted to set the variable rod up to angles re
quested by the experimenter. The angles to be adjusted were 35, 40,
45,50,55,5,10,15,20, and 25 min, or -150°, -120°, -90°, -60°,
- 30°, +30°, +60°, +90°, +120°, and +150° of arc. The trials were
composed of two blocks, each block containing 10 different plane
angles. The adjusted angles were measured to an accuracy of I° by
reading the scale on the rear of the disk.

Results and Discussion
The left and right panels of Figure 10 show the mean

productions taken over the subjects for the 0° and the 72°
adaptation, respectively. In each adaptation, the ordinate
represents the angle designated by the experimenter, and
the abscissa represents the mean tilt adjusted to the des
ignated angle. For the 0° adaptation, the main effect of
angle was significant [F(8,30) = 453.04,p < .001], and
the interaction ofangle with block was significant [F(24,
240) = 6.94,p < .01]. The main effect of block was not
significant. For the 72° adaptation, the main effects of
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the designated angles in each block was randomly determined, with
the restriction that they were an alternation ofleft and right tilts of
the gravitational vertical.

The main part of the instructions to the subjects was:

I am telling you a series of tilt angles in clock minutes. These numbers
stand for your body tilt to be adjusted. Imagine your body to be a minute
hand of a large clock, and incline your body laterally so as to fit to the
lilt angle. For example, when I tell you" I0 minutes," you have to bring
your body to "2 0'clock," or to a 60· CW tilt from the gravitational ver-
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Figure 10. Mean body tilt (in degrees) adjusted to the angle designated under the 0° adaptation (left) and the 72°
adaptation (right). To compare these results with the results of absolute estimation, the ordinate represents the des
ignated angle, and the abscissa represents the mean adjusted tilt (in degrees). The diagonal line represents the per
fect estimation.
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GENERAL DISCUSSION

tion was y = 1.00x - 0.03 (r2 = .999), with the 95% CI
around the slope being 0.98-1.02. Clearly, the absolute
productions for plane angle were very exact.

Table 7
Slope, Intercept, Coefficient ofDetermination (r 2) ,

and 95% Confidence Interval (CI) Around the Slope
ofthe Linear Function Fitted to the Mean Productions

in Each Block Under the 0" Adaptation

Equations I and 2 indicate that the slope for the small
tilts was steeper under the 72° adaptation than under the
0° adaptation, whereas the slope for the large tilts was
shallower under the 72° adaptation than under the 0° adap
tation. Note also that, for the small tilts, the difference in
slope between the 0° and the 72° adaptation was 0.13,
whereas for the large tilts, the difference in slope between
the two adaptations was 0.12. Thus, it is clear that the
off-adaptation took place over the test tilts used, and the

(1)

(2)

CI

1.33-1.50
1.17-1.34
1.08-1.24
1.04-1.20

for - 30° < x < 45°

for x ~ 45°

for - 30° < x < 45°

for x ~ 45°

1.41 -1.69 .996
1.26 -1.72 .995
1.16 -0.51 .994
1.12 -0.75 .994

Slope Intercept r2

{
0.98X - 0.85

y-
1.40x -17.46

{
1.1 1X-7.74

y-
1.28x -17.96

I
2
3
4

Block

Unbiased Scale
In Experiments 1, 3, and 4, in which the velocity of the

chair was 1.20 rpm, we obtained the least squares func
tions for combinations ofrange (small and large), method
(estimation and production), and adaptation (0° and 72P) .

By averaging the estimation function and the production
function, we obtained four unbiased functions, one for
each combination of range and adaptation.' Figure 12
shows the unbiased functions, together with the least
squares functions, in Experiments 1,3, and 4. For the 0°
adaptation, the unbiased function was

For the 72° adaptation, the unbiased function was

angle [F(8,30) = 363.55,p < .001] and block [F(3,30) =
4.84,p< .01] were significant, and the interaction ofangle
with block was significant [F(24, 240) = 1.96,p < .01].

The outcome that the main effect of block was signif
icant under the 72° adaptation but was not under the 0°
adaptation may have been due to the difference in range
of designated angles. Under the 0° adaptation, the tilts
were equally designated to the left and right of the grav
itational vertical, but, under the 72° adaptation, they were
mostly designated to the right ofthe gravitational vertical.

The significant interaction ofangle with block in each
adaptation suggests different slopes ofthe four functions.
Table 7 shows the least squares line that was fitted to the
designated tilt as a function ofmean adjusted tilt in each
block under the 0° adaptation. Table 8 shows the least
squares lines fitted to the same data separately for the
small tilts, large CW tilts, and large CCW tilts. The slope
across the entire set ofdata decreased from 1.41 to 1.12 as
the block progressed, and it was significantly larger than
unity even at the final fourth block. For the partitioned
data, the slope was shallow for the small tilts (0.99) and
was steep for the large tilts (mean slope 1.43 for the CW
and CCW), and the intercept was approximately 0 for the
small tilts but was remote from 0 for the large tilts.

Similarly, Tables 9 and 10 show the least squares lines
fitted to the entire and partitioned sets of data under the
72° adaptation, respectively. The slope across the entire
set of data decreased from 1.23 to 1.13 as the block pro
gressed, and it was significantly larger than unity even at
the final fourth block. For the partitioned data, the slope
was shallow for the small tilts (1.01) and was steep for
the large tilts (1.29), and the intercepts were negative for
both small and large tilts.

Figure II helps us to compare the absolute produc
tions between the 0° and the 72° adaptation. Clearly, the
adjustments under the 72° adaptation were larger than
those under the 0° adaptation, and the discrepancy ofad
justments between the two adaptations was greater for
the test tilts that were farther away from the adapting tilt.
In particular, this tendency was noticeable for the test
tilts that were larger than the adapting tilt.

Figure 4D shows the designated angle as a function of
mean visual orientation adjusted in the frontal plane.
Each data point is the mean angle of 22 productions (2
trials X 11 subjects). The best-fitting least squares func-

TableS
Slope, Intercept, and Coefficient of Determination (r 2)

of the Linear Functions Fitted to the Mean Productions for Each of the
Three Ranges (x < -54°,36° < x < 36°, and x > 54°) as a Function of

Block Under the 0° Adaptation

Small Large (CCW)

Block Slope Intercept r 2 Slope Intercept r 2

Large (CW)

Slope Intercept

I
2
3
4

Overall

1.26 -1.42 .995 1.45 0.62
0.98 -1.39 .998 1.54 17.17
0.89 - 1.08 .994 1.35 14.08
0.89 -2.09 .995 1.21 6.68
0.99 - 1.51 .999 1.38 9.64

.985

.968

.987

.955

.975

1.93 -35.3 I
1.39 - 10.95
1.41 -18.37
1.28 -12.10
1.47 -17.95

.981

.992

.975

.972

.981
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Table 10
Slope, Intercept, and Coefficient of Determination (r2 )

ofthe Linear Functions Fitted to the Mean Productions
for Each of the Two Ranges (-18° <x< -36°, andx> 54°)

as a Function of Block Under the 72° Adaptation

Table 9
Slope, Intercept, Coefficient of Determination (r2 ) ,

and 95% Confidence Interval (CI) Around the Slope
of the Linear Function Fitted to the Mean Productions

in Each Block Under the 72° Adaptation

degrees of adaptation for the small and large tilts were
approximately equal in magnitude.

With Equations 1 and 2, we obtained the body tilt x at
which the subjects perceived themselves as being upright
(y = 0°). This tilt was 0.8r for the 0° adaptation and
6.97° for the 72° adaptation. In other words, the gravita
tional vertical was perceived as being almost upright
under the 0° adaptation, whereas the tilt of6.97° to the di
rection of the adapting stimulus was perceived as being
upright under the 72° adaptation. This result supported the
classic studies based on the matching method (Clegg,
1954; Clegg & Dunfield, 1954a, 1954b; Fleishman, 1953;
Howard & Templeton, 1966; Mann & Passey, 1951; Pear
son & Hauty, 1959; Solley, 1956), which indicated that,
after adapting to tilted position, the subject inclined his
or her body by 0,50-6.0° to the direction of the adapting
stimulus in order to perceive the body as being upright.

Also interesting is the body tilt x at which the subjects
perceived themselves as being horizontal. From Equa
tions 1 and 2, the value ofx for the y of90° was 76.8° for
the 0° adaptation and 84.3° for the 72° adaptation. These
values were much smaller than the true value. In addi
tion, the fact that the difference between the two values
was 7.5° suggests that, by prolonged exposure to the 72°
body tilt, the apparent horizontal rotated CW by much
the same degree as the apparent vertical.
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seems to be available for the perception of body tilt. The
distribution of pressure indeed varied with changes in
body tilt in this study. When the subject was seated up
right in a chair, pressure occurred mainly at his or her
posterior and thighs; when the chair was tilted by 90°, the
center of the pressure distribution shifted to his or her lat
eral side. If the chair was tilted by an angle between the
two extremes, deep pressure occurred at both the poste
rior and the side. It appears to us that distribution ofpres
sure on the skin by activity of many cutaneous receptors,
rather than absolute location and magnitude of a sensa
tion arising from isolated stimulation to single receptors,
is the critical determiner of the perception of body tilt.

Some of the mechanoreceptors, such as Merkel cells,
Ruffini receptors, Meissner corpuscles, Pacinian corpus
cles, and free nerve endings, seem to convey information
ofthe pressure distribution in skin to the central nervous
system. Although these receptors are classified into four
categories on the basis of the speed ofadaptation and the
size of receptive field (Cholewiak & Collins, 1991), the
slow adapting receptors, such as Merkel cells and Ruffini
receptors, rather than rapid adapting receptors, such as
Meissner and Pacinian corpuscles, have the advantage of
detecting the static position of body or limbs (F.1.Clark
& Horch, 1986). Because these cutaneous propriocep
tors distribute over the wide area ofcutaneous tissue, they
appear to provide the central nervous system with spa
tially and temporally coded information associated with
changes in distributions ofpressure that result from change
in body tilt.'

There are several well-known demonstrations of the
importance of cutaneous proprioceptors in human spa-

.983

.972

.976

.985

.981

CI

1.10-1.35
1.04-1.25
1.04-1.24
1.03-1.24

-6.42 .981 1.40 -27.50
-2.54 .999 1.25 -15.86
-4.58 .992 1.23 -17.17
-5.68 .991 1.26 -22.43

-4.88 .993 1.29 -20.79
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Intercept r2 Slope Intercept

1.23 -9.51 .988
1.15 -4.59 .990
1.13 -6.46 .990
1.13 -8.05 .990

Slope Intercept r 2
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1.11
1.01
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Figure 11. Comparison of the absolute productions obtained
under the 0° adaptation (left) and the 72° adaptation (right). The
diagonal line represents the perfect estimation.

Receptors
Since Equations 1 and 2 suggested that a single process

underlies the perception ofbody tilt, the next issue was to
explore the proprioceptors contributing to the process.
There are some possible proprioceptors to consider. The
first is the cutaneous. The distribution ofpressure on skin
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Figure 12. Unbiased functions obtained under the 0° and the 72° adapta
tions (thick lines), together with absolute estimation and production func
tions under the 0° and the 72° adaptations (thin lines).

tial orientation. First, an experienced pilot of an aircraft
lost all ability to orient himself in acrobatic flight when
his posterior was anesthetized with novocaine. This has
been interpreted as a direct test of the adage, "Experi
enced pilots can fly by the seats of their pants" (Cohen,
1981). Second, in free-fall phases ofparabolic flight where
zero gravity or microgravity was attained (Lackner &
Graybiel, 1979), a blindfolded subject, who was rotated
at constant velocity about the longitudinal body axis, lost
the sense ofbody motion and orientation, but, when touch
and pressure stimulation was applied to the body skin, a
sense of body orientation was established immediately.
Lackner (1992) also reported that when subjects were
strapped in position in aircraft seats under the zero-grav
ity phases of parabolic flight, most subjects felt upside
down as ifthey were hanging from their lap belts. He con
sidered this sense of self-inversion to be triggered by the
tactile cues provided by the restraint belt. Third, when
subjects were required to indicate direction of the grav
itational vertical under the condition of total body im
mersion in water, it was found that (1) their responses
were exceedingly more variable than responses obtained
under terrestrial conditions (Adolfson & Berghage, 1974;

Nelson, 1968; Ross, 1972) and (2) the mean pointing
error was about 7° for the upright blindfolded divers who
were strapped to the chair or tables in a pool and 16.8°
for the upright blindfolded free swimmers in the sea
(Ross, 1990). Since the otolith organs in the inner ear con
tinue to respond to gravity even for subjects under water,
the pointing errors are due to the change in cutaneous in
formation to the subjects under water. Finally, anesthesia
of the skin covering the tongue or the lips makes speech
difficult, and we tend to bite the tongue in such a situa
tion (F. 1. Clark & Horch, 1986).

Muscular tension may contribute to the judgments of
body tilt. When the chair in which the subject was placed
was upright, there was muscular tension that was sym
metric with respect to the gravitational vertical; however,
when the chair was largely tilted, the subject's limbs (in
particular, the legs) were likely to hang down from the
chair, so that the subject had to hold the limbs parallel to
the trunk against the gravity. This forced the subject to
be at asymmetric muscular tension that differs from the
normal tension.

The otolith organs in the vestibular system may be elim
inated from the possible sources in the perception ofbody



tilt. First, since the otolith organs are effective only for
small tilts from the gravitational vertical (Graybiel & Pat
terson, 1955; Quix, 1925; Schone, 1964; Schone & Mor
tag, 1968; Schone & Wade, 1971; Udo de Haes, 1970),
it is difficult to explain the extended postural aftereffects
as obtained in this study. Second, during 3-min exposure
to centrifugal force, labyrinthine-defective subjects dif
fered from normals in oculogravic illusion (B. Clark &
Graybiel, 1965; Graybiel & B. Clark, 1965), but, after
20-min exposure to the force, the labyrinthine-defective
subjects did show the same amount of illusion as the nor
mals did (B. Clark & Graybiel, 1966). Third, settings of
postural vertical (B. Clark & Graybiel, 1963) and visual
horizontal (B. Clark & Graybiel, 1967) did not differ be
tween the labyrinthine-defective and the normal subjects.
Last, a subject lacking somatosensory function below the
neck did not show the A effect, in contrast with normal
subjects who exhibited it (Yardley, 1990). These findings
suggest an importance of somatosensory function, rather
than the otolith organs, on the visual orientation.

Joint receptors, which include Ruffini receptors and
Golgi-Mazzoni corpuscles, did not seem to greatly con
tribute to the perception ofbody tilt. These receptors are
found in tissue at or near joints, and they usually respond
to sudden movements of their adjacent joints or to pres
sures resulting from the displacement of joints. Several
studies have indeed indicated effectiveness of joint re
ceptors on postural aftereffects and visual orientation
when the joints moved naturally at the shoulder (Craske
& Crawshaw, 1974) and at the neck (Howard & Anstis,
1974). However, since in this study, the large joints, such
as the neck, the shoulders, and the waist, were steadily
held in usual normal connection with the trunk, there were
no movements and displacements of the large joints.
This suggests that there was not sufficient proprioceptive
information from joint receptors. Also, in a review of
physiological evidence (F. 1. Clark & Horch, 1986), it
was concluded that joint receptors do not encode posi
tion ofthe joint except for extreme positions of the joint.

In summary, we suggest that the judgments of body
tilt were subserved by a single sensory process. A major
ground for this suggestion was that postural aftereffect,
which was formed by adapting the body to a certain
fixed tilt, extended to either side ofthe adapting tilt, and
was strengthened for the test body tilts remote from the
adapting tilt (i.e., the off-adaptation). We also suggest
that the process of body tilt perception was probably in
fluenced by the cutaneous and muscular proprioceptors,
not by the otolith and joint proprioceptors. Future re
search should focus on the issue of how these effective
proprioceptors are combined in a process ofdetermining
apparent body tilt. We believe that postural adaptation
can provide a useful tool for this purpose.
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NOTES

I. According to Howard (1982), we used the term tilt or roll when the
body or head is tilted to gravity within a frontal plane of the subject, and
we used the term slant or pitch when it is inclined within the median plane.

2. In this study, we used the term proprioception to represent the per
ception of location, orientation, and movement of the body or its parts.
To avoid confusion by emphasizing subtle differences in terminology,
we did not use the term kinesthesis, because proprioception is often in
terchangeable with kinesthesis (F. 1.Clark & Horch, 1986). We also did
not use somesthesis (or feeling), because somesthesis has a somewhat
vague meaning including cutaneous, kinesthetic, and internal sensa
tions (Jenkin, 1951; Kenshalo, 1978).

3. Hellman and Zwislocki (1963), Gescheider (1985), and Stevens
(1975) described a procedure for combining the power functions of



magnitude estimation and magnitude production. For example, Stevens
(1975) succinctly described, "When both estimation and production can
be carried out in a balanced experimental design, we obtain two expo
nents, one too small and the other too large. It seems sensible therefore
to average the two exponents. An appropriate average for that purpose
is the geometric mean ofthe two exponents" (p. 32). Since, in this study,
a linear function was fitted to the arithmetic means of estimations or
productions, it seemed suitable to define the unbiased slope as the arith
metic, rather than geometric, mean of the two slopes.

4. We adapt to skin indentation that is steadily maintained for some
time. From the studies in which a small limited area of skin was stimu
lated under very careful control, it has generally been found that the pe
riod necessary to achieve perfect adaptation (i.e., disappearance of
"touch") increases with increasing depth ofindentation, decreases with
increasing contact area of the indenting stimulus, and varies inversely
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with the absolute sensitivity of body sites (e.g., Greenspan & Bolanowski,
1996). However, it was difficult to predict how the cutaneous system
adapted to 72° body tilt in this study. When the subject was tilted in the
rotating chair, the restraining structure of the chair pressed in a com
plicated way against the side of the body. That is, the distribution ofthe
skin indentation by the tilted chair was not homogeneous, because both
the body and the structure were not flat. For example, the pressure might
be severe at shoulder and posterior but be mild at waist. Another factor
that made it difficult to predict the adaptation of the cutaneous system
was the large area of skin that was exposed to indentation. We do not
know how the cutaneous system adapts to indentation of such a large
area of skin.
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