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Influence of panoramic cues during
prolonged roll-tilt adaptation on the percept
of vertical
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Abstract. The percept of vertical, which mainly relies on vestibular and visual cues, is known to be affected after sustained
whole-body roll tilt, mostly at roll positions adjacent to the position of adaptation. Here we ask whether the viewing of
panoramic visual cues during the adaptation further influences the percept of the visual vertical. Participants were rotated in
the frontal plane to a 90° clockwise tilt position, which was maintained for 4-minutes. During this period, the subject was
either kept in darkness, or viewed panoramic pictures that were either veridical (aligned with gravity) or oriented along the
body longitudinal axis. Errors of the subsequent subjective visual vertical (SVV), measured at various tilt angles, showed that
the adaptation effect of panoramic cues is local, i.e. for a narrow range of tilts in the direction of the adaptation angle. This
distortion was found irrespective of the orientation of the panoramic cues. We conclude that sustained exposure to panoramic
and vestibular cues does not adapt the subsequent percept of vertical to the direction of the panoramic cue. Rather, our results
suggest that sustained panoramic cues affect the SVV by an indirect effect on head orientation, with a 90° periodicity, that
interacts with a vestibular cue to determine the percept of vertical.
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1. Introduction the sustained motion on a boat [31]. Also, astronauts

need a few days to adapt to microgravity in outer

Adaptation is a ubiquitous property of all sen- space [3, 6, 12, 14, 18] and, back on earth, they ini-

sory systems, including the visual, vestibular and tially suffer from spatial disorientation, because the

somatosensory systems. It is well known, for exam- brain’s internal model of the sensory consequences of

ple, that a rocking sensation and postural imbalance self-motion is not yet updated to the Earth’s gravity
is experienced when coming to land after exposure to [4, 39].

The otoliths within the vestibular system detect
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for behavioral adaptation to microgravity or re-
adjustment to normal gravity. Indeed, it has been
shown that neurons in the vestibular nuclei adapt
their tuning to prolonged head tilts relative to gravity
[9, 10]

Early behavioral adaptation studies have shown
that vertical estimates drift during prolonged roll-
tilt [19, 33]. Furthermore, upon return to an upright
position, there is a clear post-tilt bias toward the pre-
ceding roll position, which only slowly decays back
to zero, likely reflecting a central mechanism [24, 27].
With regards to the generalization of the adaptation,
an early study from Higashiyama and Koga (1998)
reported that the effects of 10 min tilt-adaptation
extend across the whole tilt range [15]. Tarnutzer et
al. (2014), however, measuring the SVV in differ-
ent roll positions after 5 minutes of roll-tilt in one
of two adaptation positions (£90°), found that ver-
tical perception adapted only locally, i.e. toward the
previously adapted orientation for nearby roll-tilted
positions, rather than globally within the entire roll
plane [29].

While there is clear effect of vestibular adapta-
tion on the percept of vertical in darkness, in natural
conditions there are also visual cues, particularly
panoramic cues such as trees, buildings, or the hori-
zon, that are known to affect the percept of vertical
[8, 22]. Mismatches between visual and vestibular
cues are known to drive central adaptation processes
in perception [38] and action [13]. How congruent or
incongruent visual and vestibular cues interact in the
adaptation of the percept of vertical, i.e. when both
cues are presented in combination for a long duration,
is not known. In the present study, we therefore test
how a visual panoramic cue, polarized to either the
direction of gravity or to the body’s long axis, pro-
vided continuously during prolonged roll tilt at+90°,
affects the subsequent percept of vertical at different
head orientations.

From previous work on visuo-vestibular adaptation
mechanisms, it is known that if there is a discrepancy
between visual and vestibular cues, both cues will
adapt in the direction required to reduce the cue con-
flict [38]. Hence, if the brain adapts the percept of
vertical to the polarization direction of the respec-
tive visual cues, one expects the gravity-aligned and
body-aligned visual cues to induce opposite biases
on the error in the percept of vertical compared to
prolonged adaptation in the dark.

Alternatively, it has been suggested that the brain
interprets a visual panoramic cue as a head orientation
cue [1, 20], which explains why such contextual cues

typically modulate the SVV with a 90° periodicity
[37]. Hence, if a prolonged horizontally or vertically
polarized scene causes adaptation of head orientation,
such adaptation should also follow the 90° period-
icity. As a result, we expect such scenes to induce
similar biases in the verticality percept compared to
prolonged dark adaptation.

2. Materials and methods
2.1. Subjects

Nine voluntary participants (4 female, age 30 + 8
yrs (mean £ SD)), provided written informed con-
sent. Each was tested in three experimental sessions
of about 90 min each. The protocol was approved
by the local ethics committee (Cantonal Ethics com-
mittee Zurich, BASEC 2016-00023) and was in
accordance with the ethical standards laid down in
the 2013 Declaration of Helsinki for research involv-
ing human subjects. All participants were free of
any known vestibular or neurological disorders and
had normal or corrected-to-normal visual acuity.
Before the experiment began, subjects were care-
fully instructed about the task. No feedback about
their performance was provided during the experi-
ment. One subject showed poor task performance and
was excluded from the study.

2.2. Experimental setup

All measurements were performed on a three-axis
motor-driven turntable (Acutronic, Jona, Switzer-
land). The seat of the turntable was adjusted in height
to ensure that the center of rotation was aligned with
the intersection of the subject’s interaural and naso-
occipital axes. Subjects were secured into the seat
using a four-point safety belt and a horizontal bar at
foot level was used to restrain leg movements. A ther-
moplastic mask ensured that the subject’s head was
securely aligned with the main body axis. Vacuum
cushions on both sides of the upper body as well as
besides and between the legs and feet minimized head
and body motion relative to the turntable.

A turntable-fixed video projector was used to
project the panoramic pictures and a laser projected
a luminous line (angular subtense 9°) 1.5 m in front
of the subject’s eyes, in the center of a dome (3 m
diameter) that surrounded the turntable (see [36]). To
measure the SVV, the orientation of this line could be
adjusted by the subject using a knob, with an accuracy
of 0.1°. Subjects viewed the line and the adapta-
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tion scene through a circular aperture that limited
vision to & 36°, preventing any peripheral allocentric
cues during visual adaptation. A custom developed
Matlab program was used to modify the pictures to
avoid distortions when projected onto a spherical sur-
face. A shutter, mounted on the video projector, was
closed during the SVV measurement to eliminate any
unwanted light.

2.3. SVV task

The SVV was tested in darkness at 9 roll tilt angles,
ranging from —120 to 120° at 30° intervals. In all
conditions, for each participant, the test angle was
randomly drawn from this interval, and reached by
rotating subjects at a constant acceleration of 10°/s?
followed by a constant deceleration of 10°/s2. After a
5 s waiting period, to let semicircular canal activation
dissipate, subjects performed a series of adjustment
trials separated by a 1 s pause for a total duration
of 1 min. For each trial, the initial orientation of the
line was randomly selected and subjects had 5 s to
adjust it to their subjective percept of vertical, which
they confirmed by a button press. Subjects performed
13 £ 2 (mean & SD) adjustment trials within the 1
minute interval.

Of note, although a forced choice approach may
be most preferred for measuring both the perceptual
accuracy and precision [5], we used the method of
adjustment in this task. The reason is that we needed
to limit the time window over which the subject
provided responses at each test angle, since adapta-
tion effects may decline. Collecting full psychometric
curves for each test angle and each condition (see
below) would increase experimental recording time
with a factor of 7, which we considered too taxing to
our participants. Furthermore, our variable of interest
is only the accuracy, not the precision.

2.4. Experimental paradigm

The experiment was divided into three experimen-
tal sessions of 90 minutes each, yielding >4.5 hours
recording time per participant. Every session started
with a baseline condition where SVV was measured
without adaptation at all 9 test angles. Subsequently,
subjects were tested in one of three conditions, with
the order randomized across subjects: 1) adaptation
in complete darkness (dark condition); 2) adapta-
tion while viewing a visual panoramic image aligned
to gravity (world condition); 3) adaptation while
viewing a body-aligned panoramic image (body con-
dition).

2.4.1. Baseline condition

Starting from upright, the subject was rotated to the
test angle, at which the SVV task was performed in
complete darkness. Then the participant was brought
to upright for 20 s, and lights were turned on, after
which the next orientation was tested, which was
repeated up until all angles were assessed.

2.4.2. Dark condition

Subjects were rotated in complete darkness from
upright to the 90° right ear down tilt position, which
was maintained for 240 s (4-minutes). Note, we only
tested a single adaption angle, and not the opposite
left-ear down angle. Tarnutzer et al. (2014) reported
the adaptation effect to be symmetric, and by testing
a single adaptation angle we could keep recording
time feasible for the participant [29]. Furthermore,
we chose a 4-minute adaptation period based on pre-
vious observations, including our own, that most of
the adaptation effect occur within the first 3—5 min
[26, 29, 34]. After this adaptation phase, subjects
were rotated to one of the 9 test angles and the
SVV task was performed. Subjects then returned to
upright for 90 s and lights were turned on to pre-
vent dark adaptation and let the effect of adaptation
or hysteresis dissipate (Tarnutzer et al. (2013) have
shown that adaptation effects disappear in ~60s [27]).
The whole procedure was repeated nine times, until
SVV was measured at all test angles after adaptation.
The order of test angles was randomly selected for
each participant. Figure 1A shows a representation
of the turntable positions during one experimental
block.

2.4.3. World condition

This condition was identical to the dark condition,
with the addition that during the adaptation phase a
sequence of 24 naturalistic images, each of which ran-
domly chosen from a set of 11 pictures and displayed
for 10 s, was shown (Fig. 1B). These images provided
clear panoramic cues aligned to the gravitational ver-
tical so that there was a sustained reinforcement of
this cue while effects of other, irrelevant visual cues
were marginalized across the sequence.

2.4.4. Body condition

This condition was identical to the world condition,
with the difference that during the adaptation phase
subjects viewed the same sequence of naturalistic
images but with the panoramic cues aligned to the
body’s main axis (Fig. 1C).
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Fig. 1. A. Tilt angle during one experimental block in the adaptation conditions. Subjects are rotated from upright (0°) to the 90° clockwise
tilt position. After an adaptation phase of 240 s, the subject is rotated to a new tilt angle, chosen randomly between £ 120°, £90°, £60°, +30°
and 0° (i.e. 60° in the figure). After a 5s delay, the subject performs repetitive SVV adjustments for 60 s, before being brought to upright.
Then, 90s later, another trial starts. During the adaptation phase, the subject is either in complete darkness, or presented with panoramic
visual cues aligned to the main body axis or aligned to the actual gravitational direction. B. In the World condition a sequence of panoramic
images (11 different types), each shown for 10s, is presented during the adaptation phase, aligned to the gravitational vertical. C. The same
sequence of images is shown in the Body condition, aligned to the body longitudinal axis.

2.5. Data analysis

Data analyses and statistical tests were conducted
using Matlab (MathWorks). For each SVV trial, the
adjustment error was quantified as the difference, in
degrees, between the final positioning of the line
and the true Earth-vertical. There was no system-
atic temporal drift in the SVV during the one-minute
response period (repeated measures ANOVA com-
paring the first five and last five adjustments for
each test angle and experimental condition showed
no main effect (F(1,280)=4.68, p=0.06) or inter-
action (F(1, 280) =0.1, p=0.99)). We therefore
considered the SVV measurements as independent
adjustments.

For each condition, and for each test angle, accu-
racy and trial-to-trial variability of the SVV were
computed as the median of the adjustment errors and
the median absolute deviation (MAD), calculated as
the median of the absolute deviations from the median
error. Errors deviating>3 MAD from the median
were considered outliers (<3%), and removed from
further analysis. Because the baseline conditions did
not differ among the three experimental sessions (see
Results), errors in the adaptation conditions were
compared to the average of the baseline conditions.
Furthermore, the SVV errors in the adaptation con-
ditions were analyzed separately for clockwise (0°,
30°, 60°, 90° and 120°) and counterclockwise (0°,
-30°, —60°, —90° and —120°) orientations. Because
the Jarque-Bera test showed that the errors were

normally distributed, we used parametric statistics
to address the statistical significance of our effects,
including repeated-measures ANOVA’s and #-tests.
Holm’s step-down procedure was used to retain the
family-wise error rate when multiple comparisons
were performed.

3. Results

Figure 2A shows the results of a typical subject in
the baseline condition, i.e. without effects of static
tilt adaptation. For each angle, it shows the sequence
of adjustment errors (in gray); the median for each
tilt angle is plotted in black. Baseline patterns show-
ing error in the direction opposite to the subject’s
tilt angle for small tilt-angles and towards for large
tilt angles are seen in all subjects (Fig. 2B), cor-
roborating previous literature [2, 5, 21, 28, 30]. The
response curve in the baseline condition was further
found to be very stable across sessions: the errors in
the three baseline conditions, measured on different
days, were not significantly different (F(2,16) =0.28,
p=0.76, two-way ANOVA with factors angle and
session), such that we took the average SVV
errors across the three baseline recordings in further
analyses.

Figure 2C shows the individual adjustment errors
after dark adaptation, for the same subject as in
Fig. 2A-B. At tilt angles 30° and 60°, errors were
shifted by about 10° toward the adaptation angle
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Fig. 2. SVV errors in the four conditions. Left column: each panel shows the distribution of adjustment errors (gray dots) of a single subject
at the various tilt angles; the black dot represents their median. Right column: each panel shows the error curves of single subjects (in gray),

as well as their mean (in black).

(90°), compared to the baseline data. This confined
distortion of the SVV after the adaptation is seen in
all individual subjects (Fig. 2D) and is consistent with
previous observations [29]. Figures 2E and 2G show
the individual SV'V errors after adaptation with body-
and world-aligned panoramic cues, respectively. The

errors of the example subject look very similar for
the world and body condition; the same is seen in
the average response curves across all subjects (see
Fig. 2F and H).

For further visual evaluation, Fig. 3 superim-
poses the mean error patterns across subjects in the
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Fig. 3. Effect of adaptation. SVV error (mean and SE across par-
ticipants) the three adaptation conditions (gray) and the baseline
(black). At 30° tilt, the error in the three adaptation conditions is
reverted with respect to the baseline condition. The presence of
visual panoramic cues during the tilt adaptation (World and Body
conditions) also yields a reduction of the SVV error at 120° to the
side of adaptation.

four conditions. A complex pattern of differences
emerges: at 30° and 60° tilt a clear difference is
visible between the three adaptation conditions and
the baseline condition, but not between the adap-
tation conditions. At 120° tilt, the two adaptation
conditions with panoramic cues (World and Body
conditions) show a clear reduction of the SVV error
compared to the baseline and dark condition. The
effects were asymmetric, i.e., only observed ipsilat-
eral to the adapted tilt angle. At 90° tilt angle, all
conditions yielded similar results.

To statistically evaluate these observations, we
split the analyses for clockwise and counterclockwise
tilt angles. While an ANOVA showed no interaction
effect between tilt angle and the four experimental
conditions when the subject is tilted counterclock-
wise (negative tilt angles; F(7,12) =1.71, p=0.08),
this interaction is significant for roll tilts to the side
of adaptation (F(7,12) =8.95, p<0.01). To further
unravel this interaction, we ran separate ANOVAs
with the factor condition for the individual tilt angles.
We found significant differences between condi-
tions only at 30° (F(7,3) =12.45, p<0.01) and 120°
(F(7,3) =8.98, p<0.01). Subsequent paired r-tests
showed that in the dark condition the sign of the
SVV is reverted with respect to the baseline at
30° (Baseline: —1.95°+£1.73°, Dark: 5.57°£1.49°,
mean + SE, p<0.01). This effect was also found
in both the body (Baseline: —1.95°+1.73°, Body:

6.76°£1.32°, p<0.01) and world conditions (Base-
line: —1.95°4+1.73°, World: 6.37°£1.37°, p<0.01).
Furthermore, compared to the dark condition, the
body and world conditions revealed a systematic
reduction of the SVV at 120° clockwise tilt (Body:
7.86°1+7.82°, Dark: 21.45°4+5.24°, p <0.04; World:
8.88°+6.37°, Dark: 21.45°+5.24°, p <0.01). Finally,
we explicitly tested for differences between the body
and world adaptation conditions using a two-factor
ANOVA (condition x angle). This test revealed no
main effect of condition (F(1,21)=0.08, p=0.79)
or an interaction with tilt angle (F(1,84)=0.76,
p=0.56). This suggest that the panoramic cues mod-
ulate the SVV due to their effect on head orientation.

4. Discussion

We investigated the influence of panoramic visual
cues, presented during 4-minutes of static roll-tilt
at 90° (clockwise tilt), on the subsequent visual
assessment of the gravitational vertical (world and
body conditions). For comparison, we also tested
the SVV after adaptation, but without accompany-
ing panoramic cues (dark condition), and the SVV
without any prior adaptation (baseline condition).

The baseline condition demonstrated the classical
pattern of results. The SVV is veridical when partic-
ipants are upright, but is biased when tilted. Based
on this bias, it seems that roll tilt is overestimated for
small roll angles (< 60°), known as the E-effect [23],
and underestimated for larger roll tilts (> 60°), known
as the A-effect [2]. We also replicated the findings of
Tarnutzer et al. (2014) showing that prolonged static
roll-tilt in darkness distorts the subsequent SVV at
small tilt angles ipsilateral to the adaptation position
[29]. More specifically, SVV errors measured at 30°
and 60° tilt angles shifted toward the values found at
90° tilt in the baseline condition.

Our results also indicate that visual panoramic cues
play a role in the adaptation process. After subjects
viewed panoramic cues during adaptation, there was
additional distortion compared to the other conditions
at 120° tilt, the direction of which was indepen-
dent the polarization axis of the panoramic image.
The local distortions, similar to those observed by
Tarnutzer et al. (2014) at 30° and 60° [29], were
unaffected by the presence of the visual cues during
adaptation. In the following discussion of the present
results, we rely on the assumption that adaptation has
occurred during the roll tilt, i.e. the SVV biases foster
an indirect effect of the adaptation period. A further
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(physiological) assessment of the adaptation effect
during sustained viewing of visual, panoramic cues
would be an important quest for future studies.

The presence of an observable effect only at 120°
tilt may imply that the vestibular and visual-induced
adaptation effects operate by separate mechanisms.
In fact, it seems as if the panoramic cue does not
impact the effect of adaptation on the E-effect range,
but does so where the A-effect is typically observed.
In the literature, the E-effect has been associated
with uncompensated ocular counterroll [5, 7, 35].
If the vestibular, but not visual, adaptation affects
the E-effect, it may suggest that the OCR in our
study is mostly vestibular-driven (see also Fig. 1 in
Pomante et al. 2019 [25]). In support, Otero-Millan
and Kheradmand (2016) showed no significant cor-
relation between the drifts in upright perception and
ocular torsion during a static head tilt [24]. Following
the same reasoning, one could infer that the A-effect
is based on a supramodal head orientation signal,
derived as an aggregate of multiple sensory cues. Of
note, similar to Tarnutzer et al. (2014), we did not
find systematic adaptation effects on the SVV at the
adaptation position itself [29]. These authors specu-
lated that the previous adaptation position becomes
the new reference position in a strategy to counteract
the growth of roll undercompensation near the most
recent sustained stable head-roll position.

The second characteristic of our results is that the
same distortion was found irrespective of whether the
panoramic cue was aligned to the longitudinal axis of
the body or to the direction of gravity. This could be
taken to suggest that panoramic cues cause a local (or
confined) adaptation of head orientation, which due
to the 90° periodicity of their polarization effects,
bears out as an additional bias on the percept of verti-
cal. Hence, contrary to the first hypothesis presented
in the Introduction, sustained exposure to conflicting
panoramic and vestibular verticality cues does not
result in adaptation of the perceptual interpretation
of the two cues toward each other. If panoramic cues
during prolonged tilt would be used to re-calibrate our
sense of vertical according to the orientation of the
visual scene, we should have found opposite effects
in the two panoramic conditions. A gravity-aligned
panoramic cue should have pulled the SVV toward
the polarization direction of the visual cue, aligned
to the true vertical. This should have resulted in a
generalized reduction of the SVV error across all tilt
angles, compared to both the dark condition and to the
baseline. Our data show such a reduction only at 120°
tilt. Likewise, the hypothesis of a global re-calibration

would predict the body-aligned panoramic cue (body
condition) during the adaptation to pull the SVV
toward the body axis. This is not seen in our data,
and even opposite to the observed SVV changes at
120° tilt. Thus, taken together, our hypothesis that
the panoramic cues re-calibrate our sense of verti-
cal toward their polarization direction is inconsistent
with our experimental findings.

The hypothesis predicting that both panoramic
visual cues induce the same post-adaptation effects
on the SVV is supported by our data. The reduc-
tion of the error at 120° tilt, and the shift of the
bias at 30° and 60° tilt, create a symmetric effect
around the 90° adaptation position that might reveal
an adaptation mechanism which pulls the head and
body orientation percept toward the adapted angle.
This hypothesis, however, would imply also a com-
pression on both sides in the dark condition, which
is not observed in our and Tarnutzer’s (2014) data. It
could be speculated that the presence of panoramic
cues during adaptation affected the sense of spatial
awareness. For example, Kaptein and Van Gisber-
gen have suggested that at large tilt angles (135° —
225°), the lack of spatial awareness causes subjects
to either align the SVV to the direction of their feet
or to the perceived upright [16, 17]. This is typi-
cally expressed as a bimodal response distribution.
The large variability across subjects at 120° tilt in
panoramic conditions may be indicative of a sim-
ilar phenomenon (see Figs. 2F and 2H), as if the
bi-stable zone was shifted. The panoramic cues may
shift the bifurcation tilt angle from a single to a bi-
stable reference toward the adapted position. Yet, this
interpretation should be interpreted with care since
responses across subjects appear also more variable
at —120° tilt, as if the increased variability is due
to being inverted. Unfortunately, we cannot further
verify these explanations without additional measure-
ments.

Our preferred explanation for that post-adaptation,
SVV is similar for the two panoramic visual cues
is that these cues mediate their effects indirectly,
through a global visual mechanism that interprets a
panoramic cue as a head orientation cue [20]. It has
been argued that panoramic cues have the same infor-
mative content for head orientation if they are rotated
by 90° [1, 22, 32], although this is based on their pres-
ence during the SVV task, not during a prior stage
of tilt adaptation. However, if panoramic images are
cues to head orientation, and if prolonged exposure to
these cues causes adaptation of head orientation, then
it is most plausible that the adaptation effects bear
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out in the same direction, as is implied by our second
hypothesis, and supplement the vestibular adaptation
effects on head orientation
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