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Psychophysical evidence for the involvement of
head/body-centered reference frames in egocentric
visuospatial memory: A whole-body roll tilt paradigm
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Accurate memory regarding the location of an object
with respect to one’s own body, termed egocentric
visuospatial memory, is essential for action directed
toward the object. Although researchers have suggested
that the brain stores information related to egocentric
visuospatial memory not only in the eye-centered
reference frame but also in the other egocentric (i.e.,
head- or body-centered or both) reference frames,
experimental evidence is scarce. Here, we tested this
possibility by exploiting the perceptual distortion of
head/body-centered coordinates via whole-body tilt
relative to gravity. We hypothesized that if the
head/body-centered reference frames are involved in
storing the egocentric representation of a target in
memory, then reproduction would be affected by this
perceptual distortion. In two experiments, we asked
participants to reproduce the remembered location of a
visual target relative to their head/body. Using
intervening whole-body roll rotations, we manipulated
the initial (target presentation) and final (reproduction
of the remembered location) body orientations in space
and evaluated the effect on the reproduced location.
Our results showed significant biases of the reproduced
target location and perceived head/body longitudinal
axis in the direction of the intervening body rotation.
Importantly, the amount of error was correlated across
participants. These results provide experimental
evidence for the neural encoding and storage of
information related to egocentric visuospatial memory
in the head/body-centered reference frames.

I
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The ability to remember spatial relationships between
one’s own body and objects in space is an important
determinant of action directed toward objects. When
reaching for an object that was initially visible but
was then made invisible as a result of occlusion,
visuospatial memory regarding the object location
with respect to one’s own body or body parts, termed
egocentric visuospatial memory, is essential for successful
action.

How does the brain store the egocentric
representations of visual space in memory? Visual
information is received by the retina, and is initially
coded via eye (retino)-centered coordinates (Goldberg
& Bruce, 1990; Duhamel, Colby, & Goldberg, 1992).
Therefore it is reasonable to assume that visuospatial
information is stored with respect to the eyes. Indeed,
gaze shifting to the periphery after memorizing a
target location was found to induce a systematic bias
in the reproduced location (Henriques, Klier, Smith,
Lowy, & Crawford, 1998; Golomb & Kanwisheret,
2012; Shafer-Skelton & Golomb, 2018; Tanaka, 2005;
Smith & Crawford, 2001; Sorrento & Henriques, 2008;
Thompson & Henriques, 2008; Baker, Harper, &
Snyder, 2003). If a target location were stored entirely
in stable head- or body-centered reference frames by
combining retinal and extraretinal (e.g., eye position in
orbit or head position relative to the trunk or gravity)
signals, reproduction would be accurate regardless of
intervening saccades. Hence, these gaze-dependent
errors signal the dominance of the eye-centered storage
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mechanism for visuospatial memory (see Thompson &
Henriques, 2011 for a review).

Nevertheless, the head/body-centered reference
frames may be partially involved in the storage and
retrieval of egocentric visuospatial memory, together
with the eye-centered reference frame. This is because
even in such a case, errors in eye-centered spatial
updating caused by peripheral saccades can lead to
reproduction errors. Baker et al. (2003) reported that
reproduction of a gaze-fixed target location after
intervening eye movements or whole-body rotation
was better accounted for by a model that nonlinearly
combined the eye- (i.e., retinal) and head-centered
signals (i.e., eye position) than a model that only
included the eye-centered signal. This finding suggests
that the head-centered reference frame may also be
used for egocentric visuospatial memory. However,
the above-mentioned results may alternatively support
the presence of a flexible eye-centered storage
mechanism, where the eye-centered representation of
space is remapped based on the eye position signal
(Colby & Goldberg 1999; Goldberg & Bruce, 1990;
Zipser & Andersen, 1988). Accordingly, whether
the head/body-centered reference frames are directly
involved in egocentric visuospatial memory is still
unclear.

To address this, we conducted two psychophysical
experiments involving an egocentric visuospatial
memory task in which participants were asked to
memorize and reproduce a visual target location
with respect to their own body. In these experiments,
the initial (presentation of a visual target) and final
(reproduction of the remembered location) orientations
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of the body in space were manipulated via an
intervening whole-body roll rotation, as in a previous
study (Van Pelt, Van Gisbergen, & Medendorp,
2005). We evaluated the effect of the body orientation
manipulation on egocentric visuospatial memory task
performance and the perceived head/body-centered
coordinates. Previous studies have shown that when
the whole-body is tilted sideways, the subjective
direction of the head/body longitudinal axis exhibits
a large bias in the tilted direction (Barra, Benaim,
Chauvineau, Ohlmann, Gresty, & Pérennou, 2008;
Bauermeister, Werner, & Wapner, 1964; Ceyte, Cian,
Nougier, Olivier, & Roux, 2006; Ceyte, Cian, Nougier,
Olivier, & Trousselard, 2007; Ceyte, Cian, Trousselard,
& Barraud, 2009; McFarland & Clarkson, 1966;
Tani, Shiraki, Yamamoto, Kodaka, & Kushiro,

2018, Tani & Tanaka, 2021; Tamura, Wada, Inui, &
Shiotani, 2017; Wood, Paloski, & Reschke, 1998). This
phenomenon indicates the perceptual distortion of
head/body-centered coordinates, which likely occurs
because of a disturbance in the process of constructing
the head/body-centered representation of space

after body tilt-related changes in somatosensory and
vestibular inputs (Ceyte et al., 2007). A head roll tilt
relative to gravity can also distort the eye-centered
and gravity-based coordinates. Specifically, when the
head is tilted relative to gravity, the torsional eye
position relative to the head and perceived gravitational
vertical are biased in the opposite direction of the
head tilt (see Kheradmand & Winnick, 2017 for a
review). However, the amplitude of these distortions
is minor during a small head/body roll tilt (Bockisch
& Haslwanter, 2001; Tani, Uehara, & Tanaka, 2022).
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Figure 1. The head/body-centered coding model for egocentric visuospatial memory. In this example, an intervening body rotation
occurs in the clockwise (CW) direction. When the target is presented at angle 6 relative to the head longitudinal axis in the
left-side-down (LSD) position, the perceived head axis is biased leftward by «y,. Therefore the memorized target angle (6,,) is 0 + ap.
When the target location is reproduced in the right-side-down (RSD) position, the memorized angle with respect to the perceived
head axis is biased rightward by a’ (9, shows the reproduced angle). This leads to a reproduction error of «;, + a' to the right
relative to the true location. If the intervening body rotation occurs in the counterclockwise (CCW) direction, the reproduced target
location will shift to the left relative to the true location. In other words, it is assumed that the reproduction error (ay, + a,') will

occur in the direction of the intervening body rotation.
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Therefore, if the egocentric location of a visual target
is stored in the head/body-centered reference frames,
the reproduced location should shift toward the
perceptually distorted head/body axis (i.e., the direction
of the intervening whole-body rotation; see Figure 1 for
details). Alternatively, if the target location is stored
entirely in the eye-centered or other (i.e., gravity-based)
reference frames, the reproduction error should be
negligible.

Participants

The present study was approved by the Ethical
Committee of Hamamatsu University School of
Medicine and was conducted in accordance with
the Declaration of Helsinki (2013). Twenty healthy
volunteers (aged 21-33 years, 4 women) participated in
both Experiments 1 and 2. All participants had normal
vision and no neurological, vestibular, or cognitive
disorders. Each participant provided written informed
consent before the experiments began. The number of
participants (n = 20) was determined by a sample size
calculation conducted using G*power (version 3.1.9.2,
Heinrich-Heine-Universitit, Diisseldorf, Germany).
The effect size was set at r = 0.60 for intersubject
correlation analyses (¢ = 0.05, 1-8 = 0.8), in reference
to a previous study (Ceyte et al., 2009) on human
perception of head and body tilt. The drop-out rate
was set at 0.15, assuming that some participants would
be unable to complete both experiments. To increase
the reliability and transparency of this study (Nosek,
Ebersole, DeHaven, & Mellor, 2018), the study protocol
was pre-registered in the University Hospital Medical
Information Network (UMIN; registration number:
UMINO000039163).

Apparatus

Participants were seated on a motorized tilting chair
(SP-PS100-Z, Pair support, Japan) capable of rotating
in the frontal plane around a rotating axis located
3 cm below the center of the seat. The trunk and legs
of each participant were tightly restrained using a
seatbelt (Clubman 70, Sabelt Japan, Japan) and straps.
The participant’s head was also secured to the chair in
a natural upright position via a band and lateral and
posterior plates fixed to the backrest. This enabled safe
and comfortable whole-body rotation. The chair rotated
with a constant angular velocity (peak velocity: 4.48°/s,
peak acceleration/deceleration: 2.61°/s?). The duration
of the intervening body rotation in each tilt condition
(except the U-U condition) was approximately five
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seconds. A monitor (LQ079L1SX02, Sharp, Japan;
width: 12.6 cm, height: 17.1 cm) was mounted onto the
chair via a metal frame (Green Frame, SUS, Japan)
such that it was positioned 25 cm in front of the
participants’ head. The height of the monitor was
adjusted so that its center was at eye level for each
participant. A black cylinder (26 cm in diameter),

one side of which was covered by a black board with

a hole (11.0 cm in diameter), was firmly positioned
between the participant’s head and the monitor. This
prevented the participants from utilizing any visual cues
(e.g., edges of the monitor) when performing the task.
During the visuospatial memory and subjective visual
head axis (SVHA) tasks, the participants used a digital
controller (F310r; Logitech, Lausanne, Switzerland).
An anti-aliasing mode was used for the projection to
limit the presence of cues related to the pixel alignment.
During the experiment, white noise was presented

to the participants via earphones to limit the use of
surrounding auditory cues.

Egocentric visuospatial memory task

Figure 2 shows the sequence of events in one trial of
the egocentric visuospatial memory task. Participants
were seated on the tilting chair in a semi-dark room.
After the examiner signaled the beginning of the trial,
the participants’ body was either maintained in an
upright position or tilted to left- or right-side-down
positions of 8° or 16° (termed the initial body
orientation). When the participant had reached the
initial body orientation, a fixation point was presented
at the center of the monitor. The participants were
instructed to fixate on this point whenever it was
presented. Two seconds later, the peripheral memory
target (0.2 cm in diameter) appeared for three seconds.
The participants were asked to memorize its location
using egocentric coordinates (i.e., the location relative to
their head and/or body) and not allocentric coordinates
(i.e., the location relative to external space and objects).
The memory target could be presented at one of
eight angles (15°, 60°, 105°, 150°, 195°, 240°, 285°,
and 330°) in a clockwise (CW) direction with respect
to the head longitudinal axis on an arc of radius 2.8
cm, centered on the fixation point. Immediately after
the visual target was extinguished, the participants’
body was either held upright or rotated on the frontal
plane to a new body orientation (termed the final body
orientation). At the final body orientation, the visual
cursor (0.2 cm in diameter) was presented in a different
location from the memory target. The participant was
then expected to move the cursor to the remembered
location by manipulating the controller. There was no
time limit for reproducing the target. The instructions
to the participants were as follows: “Regardless of
whether your body is upright or tilted, memorize and
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Figure 2. Time course of an experimental trial for the egocentric visuospatial memory task. As an example, the T-To condition in
Experiment 1 for the clockwise group (see Participant allocation for details) is shown. At the initial body orientation, the memory
target was presented and the participants were expected to memorize its location relative to their own body while fixating on the
central fixation point. Then, the participants were rotated to the final body orientation, where they were expected to move a visual
cursor (open circle) to the remembered target location (dashed circle). For clarity, the display vertical axis is shown via gray dotted

lines.

reproduce the target location with respect to yourself
as accurately as possible.” In this study, we focused on
the “directional” deviation of the reproduced target
position on the frontal plane. Therefore we set the
cursor so that it could only be moved on an arc of
radius 2.8 cm, centered on the fixation point. The
participants were required to memorize and recall only
the direction of the target location, which enabled them
to quickly reproduce the target position. The interval
between the disappearance of the visual target and

the appearance of the cursor was set at 15 seconds.
After adjusting the cursor, the participants were rotated
back to an upright position, where they were given
time (10-30 seconds) to prepare for the next trial.

The participants were not given feedback about their
task performance. In the present study, the fixation
point was continuously presented throughout each trial
to prevent unintended eye position shifts that could
affect reproduction performance. Considering that the
participants memorized and reproduced the target
“direction” but not the displacement of the target, we
determined that the fixation point could not provide a
direct allocentric cue for the task.

Participant allocation

The participants were pseudo-randomly allocated to
either the CW (10 participants) or counter-clockwise
(CCW; 10 participants) group. Participants in the CW
and CCW groups were tilted in a CW (i.e., rightward)
or CCW (i.e., leftward) direction, respectively, in the
frontal plane between the initial (target presentation)
and final (reproduction) body orientations in
Experiments 1 and 2 (see Experimental conditions for
details). This allowed us to evaluate performance on the
visuospatial memory task under the targeted body tilt

conditions without a lengthy experimental session for
each participant.

Experimental conditions

To investigate the relationship between the perceived
head/body-centered coordinates and egocentric
visuospatial memory, we manipulated the initial and
final body orientations via whole-body rotation in
the frontal plane. We then evaluated the effect of this
rotation on performance (accuracy) on the egocentric
visuospatial memory task. The participants completed
the two experiments on the same day or on separate
days.

Although it has been shown that the perceived
head/body axis typically shifts towards the direction
of body tilt, the amplitude of this bias varies widely
across healthy individuals (Tani & Tanaka, 2021; Tani
et al., 2018). Therefore we sought to confirm whether
perceptual distortion of the head/body axis was present
in the current participant group. In addition, evaluating
the distortion of the head/body axis orientation
individually enabled us to verify the inter-subject
correlation between the perceptual distortion of
head/body-centered coordinates and visuospatial
memory performance. To quantify the perceptual
distortion of head/body-centered coordinates at each
tilted position, the participants additionally performed
the SVHA task after each experiment. Although a
whole-body tilt relative to gravity can also induce
the distortion of eye-centered and gravity-based
coordinates, we expected these distortions to be
negligible during a near upright body tilt (Bockisch
& Haslwanter, 2001; Tani et al., 2022). Therefore
we assessed neither the eye rotation angles nor the
perceived direction of gravity in the present study.
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Experiment 1

Participants performed the visuospatial memory
task in one of the three following body tilt conditions:
Tilt-Tilt in the same direction (T-Ts), Tilt-Tilt in
the opposite direction (T-To), and Upright-Upright
(U-U). In the T-Ts condition, the initial and final body
orientations were the same (i.c., 8° on either the left
or right side). After the memory target disappeared,
the participant’s body was rotated to the upright
position and then returned to the original tilted
position. In the T-To condition, the initial and final
body orientations were at 8° as in the T-Ts condition,
but their directions were opposite (i.c., left side vs. right
side). Specifically, the participant’s body was rotated
to the tilted position on the opposite side after the
memory target disappeared. Comparing performance
between the T-Ts and T-To conditions enabled us to
evaluate whether reproduction errors were caused by
the body rotation itself or by the spatial inconsistency
between the initial and final body orientation. In the
U-U condition, which functioned as a control, both the
initial and final body orientations were upright, and no
body orientation occurred during the trial.

After a few practice trials, each participant performed
one trial for each body tilt condition and each memory
target location, for a total of 24 trials (3 body tilt
conditions x 8 memory target locations x 1 trial)
of the visuospatial memory task. The order of the
body tilt conditions and memory target locations was
pseudorandomized across participants. A 10-minute
break was given after every 10 trials to prevent fatigue.
The total duration of the experiment was approximately
one hour.

Experiment 2

Experiment 2 was conducted to determine whether
performance on the egocentric visuospatial memory
task depended on the body tilt orientation in space
during target presentation or reproduction. As
in Experiment 1, each participant completed the
egocentric visuospatial memory task under three
conditions. The U-U condition was applied as in
Experiment 1, and the Up-Tilt (U-T) and Tilt-Up
(T-U) conditions were presented instead of the T-Ts
and T-To conditions. In the U-T condition, the initial
and final body orientations were upright (0°) and 16° to
the right or left side, respectively, and vice versa for the
T-U condition. Note that the angle of body rotation
between the initial and final body orientations in these
two conditions was 16°, as in the T-To condition in
Experiment 1. The participants performed one trial for
each body tilt condition (U-U, U-T, and T-U) and each
memory target location (i.e., 24 trials in total) with a
10-minute break every 10 trials.
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SVHA task

We evaluated perceptual distortion of the head/body-
centered coordinates at the initial and final tilt
orientations during the egocentric visuospatial memory
task. Each participant performed the SVHA task after
completing all trials of the egocentric visuospatial
memory task. The participants were instructed to adjust
a visual line (4.6 cm in length) presented at the center
of the monitor along the perceived head longitudinal
axis by manipulating the controller while in an upright
or tilted position. The initial angle of the line was
randomly set at +45°, £60°, or 90° with respect to the
head axis. After 10 trials, the participants were tilted
back to an upright position. The body orientations in
the SVHA task were 0° and 8° to the right or left side
for Experiment 1, and 0° and 16° to the right or left side
for Experiment 2. The initial body orientation in each
experiment was 0°, and the other orientations were
presented in a randomized order.

Data analysis

For the egocentric visuospatial memory task, we
computed the angular deviation between the vectors
from the fixation point to the (true) memory target
location, and calculated the reported cursor location
as the reproduction error (RE) in each trial. Then, the
positive and negative signs of the RE were reversed
for the CCW group participants. This enabled us to
calculate the rotational-side reproduction error (rRE),
where a positive error indicated a bias in the direction
of the intervening body rotation.

In our statistical analyses, we first checked whether
the rRE depended on the target angle or group
assignment (CW or CCW). For the target angle,

a one-way repeated-measures analysis of variance
(ANOVA) was applied to the rRE data for the eight
target angles in each tilt condition. To examine the
effects of group, we conducted #-tests for the averaged
rRE data across the eight targets for the CW and
CCW groups. If no significant effects of target angle
and group were found, the rRE values were pooled
and averaged across the eight target angles and two
groups for each tilt condition, and then a one-way
repeated-measures ANOVA was conducted to compare
the rRE values between the three tilt conditions in each
experiment. The Holm correction was used for post hoc
tests.

For the SVHA task, the SVHA angle was computed
as the angular deviation between the actual and
subjective (self-reported) direction of the head
longitudinal axis in each trial. This was averaged across
the 10 trials for each body orientation. Then, the
ASVHA for each body tilt condition was calculated
by subtracting the SVHA angles at the initial body
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orientation from that at the final body orientation.
Finally, similar to the RE, the ASVHA was transferred
to the rotational-side ASVHA (rASVHA) by reversing
the positive and negative signs of ASVHA for the CCW
group participants. Note that the rASVHA was by
definition zero in the U-U and T-Ts conditions where
the initial and final body orientations were identical.
For each of the other conditions (T-To, T-U, and
U-T conditions), one-sample ¢-testing was conducted
to assess whether the rASVHA values significantly
differed from zero. Finally, we conducted a single
regression analysis for each body tilt condition (T-To,
U-T, and T-U) to evaluate the inter-subject correlation
between performance on the egocentric visuospatial
memory task (i.e., rRE) and that on the SVHA task
(i.e., TASVHA).

JASP software version 0.11.1 (Amsterdam, the
Netherlands) was used for statistical analyses. The
significance level for all comparisons was set to 0.05
(two-tailed).

Two participants were excluded from the analysis
for the following reasons. One participant could not
complete both experiments as a result of sleepiness.
For the other participant, the data in both experiments
were not correctly acquired because of a failure in the
experimental set-up (display). Therefore the data from
18 participants (nine each for the CW and CCW groups)
were included in the analysis in Experiments 1 and 2.

Performance on the egocentric visuospatial
memory task

First, we determined whether the rRE was dependent
on the target angle or group assignment. For the target
angle, ANOVAs showed no significant main effects
of the target angle on the rRE in each condition of
Experiment 1 (U-U, F7 119 = 0.54, p = 0.80, partial
n* =0.03; T-Ts, F7, 119 = 1.10, p = 0.36, partial n*> = 0.06;
T-To, Fy, 119 = 0.78, p = 0.61, partial »*> = 0.04) and
Experiment 2 (U-U, F7 119 = 0.59, p = 0.76, partial
n? = 0.03; U-T, F7, 119 = 1.21, p = 0.31, partial n*> =
0.06; T-U, F7, 119 = 0.82, p = 0.58, partial n> = 0.05).
For participant group assignment, ¢-tests revealed no
significant differences in the rRE between the CW and
CCW groups for each tilt condition in Experiment 1
(U-U, t16 = 1.43, p = 0.17, Cohen’s d = 0.67; T-Ts,
tic = 1.41, p = 0.18, Cohen’s d = 0.67; T-To, t1¢ =
—0.31, p = 0.76, Cohen’s d = —0.15) and Experiment 2
(U-U, 116 = 1.41, p = 0.18, Cohen’s d = 0.63; U-T, 16
=0.26, p = 0.80, Cohen’s d = 0.12; T-U, t;6 = —0.79,
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Figure 3. The rRE in each tilt condition. The gray- and

orange-colored lines represent the mean rRE values for each

participant and across all participants, respectively. * p < 0.05;

**p < 0.01.

p =0.44, Cohen’s d = —0.37). These results indicate that
the target angle and participant group did not strongly
influence performance in the egocentric visuospatial
memory task. Accordingly, we pooled and averaged
the rRE values across the eight target angles and two
groups in each tilt condition for further analyses.

Figure 3 shows the individual (dots) and overall
mean rRE (bars) values in each tilt condition for
Experiments 1 and 2. The positive values represent bias
in the direction of the intervening body rotation. We
assessed the impact of the duration (15 s) for target
location memorization on the rRE. The rRE values in
the U-U condition in Experiment 1 (0.25° + 0.35°) and
2 (0.35° £ 0.24°) were not significantly different from
0 (one sample z-tests, ¢;7 = 0.69, p = 0.50, Cohen’s d =
0.16 for Experiment 1; ¢;7 = 0.27, p = 0.79, Cohen’s d
= 0.06 for Experiment 2). These results indicate that
the participants were able to accurately memorize the
target location, even with a memory time of 15 seconds,
when maintaining an upright posture.

Next, we evaluated the influence of body rotation
during memorization of the target location or the
spatial inconsistency between the initial and final
body orientations on the reproduction accuracy by
comparing the rRE values between the three groups
for each experiment. For Experiment 1, an ANOVA
revealed a significant main effect of body tilt condition
(Fs. 34 = 6.93, p = 0.003, partial n* = 0.29). Post hoc
tests showed that the rRE was significantly larger
(i.e., bias of the reported cursor in the direction of
intervening body rotation) in the T-To condition (mean
+ SD; 6.24° 4+ 8.25°) than in the U-U (0.25° £+ 1.50°; p
=0.036, Cohen’s d = 1.17) and T-Ts conditions (1.03°
+ 1.85% p = 0.044, Cohen’s d =1.01), whereas there
were no significant differences in the rRE between the
T-Ts and U-U conditions (p = 0.21, Cohen’s d = 0.15).
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For Experiment 2, a significant main effect of body
tilt condition was found (F>, 34 = 10.01, p < 0.001,
partial n> = 0.37). Post-hoc tests revealed that the rRE
was significantly larger in both the U-T (4.16° & 4.83°,
p = 0.005, Cohen’s d = 1.01) and T-U conditions (4.64°
4 4.92°; p = 0.005; Cohen’s d = 1.13) compared with
the U-U condition (0.35° 4+ 1.04°). No significant
difference in rRE was observed between the U-T and
T-U conditions (p = 0.63, Cohen’s d = 0.12). Note
that in the T-Ts condition, whole-body rotation was
performed as in the T-To, U-T, and T-U conditions, but
the initial and final body orientations were identical.
A nonsignificant difference in the rRE between the
T-Ts and U-U conditions rules out the possibility that
the intervening body rotation itself might have biasd
the reproduced location by disturbing the attentional
process engaged in storing visuospatial information
(Israel, Ventre-Dominey, & Denise, 1999; Gnadt,
Bracewell, & Andersen, 1991). These results indicate
that the bias in the reproduced location was caused by
the spatial inconsistency between the initial and final
body orientations resulting from the body rotation.

Performance on the SVHA task

Figure 4A shows the mean SVHA angles at
each body orientation (LSD16°-RSD16°) for each
participant and across all participants. The positive
error represents the bias toward the rightward side.
Although there were interindividual differences, the
SVHA angles were overall close to 0 (no error) when

A
Right 30
20

10 1

; 7 ——

SVHA (°)

—

-10 4

-20 1

Left -30 -

LSD16 LSD8 0 RSD8

Body orientation (°)

RSD16

Tani, Uehara, & Tanaka 7

the body was upright and were biased in the direction
of the body tilt when the body was tilted.

Figure 4B shows the mean rASVHA in the T-To
condition (9.67° 4 9.28°) for Experiment 1 and in
the U-T (6.08° &+ 7.22°) and T-U (7.68° + 8.47°)
conditions for Experiment 2, calculated based on
the SVHA angles at the body tilt angles for the
initial and final body orientations. The positive
error represents the bias in the direction of the
intervening body rotation. The rASVHAs in all three
conditions were significantly larger than 0 (T-To,
t17 =442, p < 0.001, Cohen’s d = 1.04; U-T, t17 =
3.57, p = 0.002, Cohen’s d = 0.84; T-U, t;7 = 3.84, p <
0.001, Cohen’s d = 0.91). The results indicate that the
perceived head/body-centered coordinates were tilted in
the direction of the intervening body rotation, as with
the rRE in the visuospatial memory task.

Relationship between performance on the
visuospatial memory and SVHA tasks

If the target location were stored in the head/body-
centered reference frames, then we would expect the
perceptual distortion of the head/body axis (rASVHA)
and reproduced target location (rRE) to be correlated
across individuals. As expected, the single regression
analyses revealed significant positive correlations (i.e.,
the rASVHA increased with the rRE) for the T-To
(r = 0.64, p = 0.004) and T-U conditions (r = 0.68,
p = 0.002). In contrast, no significant correlation
was observed for the U-T condition (r = 0.39, p
= 0.11; Figure 5). The slope coefficients were 0.59

30+
2517

201

rASVHA (°)
3
]

T-To U-T T-U
Experiment 1 Experiment 2

Figure 4. (A) The SVHA for each body orientation. Gray and black lines represent the mean SVHAs for each participant and across all
participants, respectively. (B) The rASVHA in each tilt condition. Gray-colored dots and green-colored squares represent the mean
rASVHA for each participant and across all participants, respectively. ** p < 0.01; *** p < 0.001.
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Figure 5. The intersubject relationship between the rRE and rASVHA in each tilt condition. Black dots and green lines show the
individual plots and regression lines fitted to the data, respectively. Gray dotted lines represent a slope of 1. ** p < 0.01.

(95% confidence interval (CI): 0.21-0.96) for the T-To
condition, 0.26 (-0.06-0.59) for the U-T condition, and
0.39 (95%CI: 0.17-0.62) for the T-U condition, and all
were significantly smaller than 1 (all at p < 0.05).

In addition, we compared the regression slopes in
the T-To, U-T, and T-U conditions using an analysis
of covariance (ANCOVA) in which the rASVHA
and body tilt condition were set as a covariate and
categorical variable, respectively. The ANCOVA
revealed a significant effect of rASVHA (p < 0.001) on
the rRE, but no significant interaction (p = 0.32). This
result indicates that the slopes were not significantly
different between the three tilt conditions.

The present study aimed to investigate whether
the head/body-centered reference frames are involved
in egocentric visuospatial memory by exploiting
the perceptual distortion of head/body-centered
coordinates induced by a whole-body roll tilt relative to
gravity. In two experiments, we manipulated the initial
(when a visual target was presented) and final (when
participants reproduced the remembered location)
body orientations using a whole-body roll rotation,
and evaluated its influence on the reproduced target
location. Our results showed significant biases of
reproduced location in the direction of the perceptually
distorted head/body axis. These results suggest that the
head/body-centered reference frames are involved in
egocentric visuospatial memory.

We initially hypothesized that if the head/body-
centered reference frames were engaged in egocentric
visuospatial memory, the reproduced target location

would be shifted in the direction of the intervening
whole-body rotation, together with the perceived
longitudinal axis of the head/body (see Figure 1).
This hypothesis was supported by our finding that
the reproduced location (rRE) was clearly biased

in the direction of intervening whole-body rotation
(T-To, U-T, T-U conditions; Figure 3). The perceived
head/body axis (rASVHA) was also shifted in the
direction of whole-body rotation, consistent with
previous literature (Figure 4; Barra et al., 2008; Ceyte
et al., 2006; Ceyte et al., 2007; Ceyte et al., 2009;
McFarland & Clarkson, 1966; Tani et al., 2018; Tani
& Tanaka, 2021; Tamura et al., 2017; Wood et al.,
1998). Notably, the bias of the reproduced location
was significantly correlated with that of the perceived
head/body axis across participants, especially when the
target was presented at the tilted position (T-To and
T-U conditions; Figure 5). The use of an eye-centered
storage mechanism would lead to mostly accurate
reproduction performance in the context of the present
study, where the eye position relative to the head

was constant throughout the trial, except for the eye
torsion in the frontal plane. Therefore the observed
biases in the reproduced location go against the notion
that visuospatial information is maintained only in
the eye-centered coordinates (Goldberg & Bruce,
1990). Alternatively, our data provide experimental
evidence that the brain relies at least partially on the
head/body-centered reference frames for egocentric
visuospatial memory.

In the T-To and T-U conditions, the slopes of
rASVHA for the rRE were <1 (Figure 5) (i.e., the
errors in the visuospatial memory task tended to
be small compared with the bias in the head/body-
centered coordinates). These results indicate that the
eye-centered reference frame, which would be less
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influenced by the head/body tilt, could also be involved
in storing egocentric visuospatial information. Indeed,
previous neurophysiological and psychophysical studies
have shown that visuospatial information is encoded
and stored not in a single reference frame, but in
parallel in multiple reference frames (Tramper &
Medendorp, 2015; Niehof, Tramper, J. J., Doeller, C.
F., & Medendorp, 2017; Mullette-Gillman, Cohen, &
Groh, 2005; Mullette-Gillman, Cohen, & Groh, 2009;
Caruso, Pages, Sommer, & Groh, 2021). Tramper &
Medendorp (2015) showed that the bias in a reproduced
world-fixed target location (not body-fixed as in the
present study) caused by intervening whole-body
translation was better explained by a model in which
the eye-centered and head/body-centered reference
frames were combined than by a model in which

each reference frame was used alone. The brain likely
stores egocentric visuospatial information in both the
eye-centered and head/body-centered reference frames
and then integrates them, possibly weighting them
based on the reliability of each type of information
(Tramper & Medendorp, 2015; McGuire & Sabes, 2009;
Burns & Blohm, 2010). This strategy could reduce
visuospatial memory inaccuracies induced by the
perceptual distortion of head/body-centered reference
frames during head/body tilt.

The observed bias of SVHAS in the direction of
head/body tilt relative to gravity (Figure 4) does not
indicate misperception of the line orientation on
the retina (i.e., perceptual distortion of eye-centered
coordinates) during head/body tilt. Performance on
tasks involving the SVHA differs substantially from
that for the subjective visual vertical (SVV) axis,
which is assessed by adjusting the visual line along the
direction of gravity. In a recent study (Tani & Tanaka,
2021), we found that while both the SVHA and SVV
shifted in response to a lateral body tilt of 10°, the
magnitude of the bias was much larger for the SVHA
than for the SVV (approximately 10 times larger). If
the body tilt-induced SVHA bias were derived from
the misperception of line orientation on the retina,
then a similar degree of error would be observed in the
SVV task because both tasks require visual alignment
of a line in a desired direction. These data indicate
that a SVHA bias during whole-body tilt reflects the
distorted internal estimates of not eye-centered but
head/body-centered coordinates. This distortion is
likely attributed to the difficulty in constructing an
egocentric representation of space according to body
tilt-related changes in somatosensory and vestibular
inputs (Ceyte et al., 2007; Tarnutzer et al., 2012).

It is possible to argue that the observed reproduction
errors in the egocentric visuospatial memory task
were attributable to the perceptual distortion of
gravity-centered coordinates induced by body tilt. As
noted in the introduction, the perceived direction of
gravity bias depends on the head tilt angle relative
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to gravity (see Kheradmand & Winnick, 2017 for a
review), but its amplitude is quite small (under 1°; Tani
et al., 2022) within a limited (< 10°) head tilt range.
Thus, changes in the gravity-based coordinates could
not account for the large (averaged errors: 4°-6° in the
T-To, U-T, and T-U conditions) observed reproduction
errors. Furthermore, Baker et al. (2003) showed that a
model with a world-centered reference frame could not
explain the reproduction of remembered locations of
gaze-fixed (egocentric) targets in terms of performance
precision. Therefore, we speculate that the gravity-based
reference frame is not directly involved in egocentric
visuospatial memory.

Several previous studies have shown that the
gaze-fixed location of a visual target can be accurately
reproduced regardless of the intervening body
rotation (Baker et al., 2003; Israel et al., 1999), which
contrasts with our results showing significant biases
in reproduced location. This discrepancy is likely
related to the dimension of the whole-body rotation.
In previous studies, the intervening body rotation was
on the horizontal plane, while we examined the frontal
plane in the present study. When the head/body is
rotated on the horizontal plane, i.e., around the yaw
axis parallel to gravity, perceptual distortions of the
head/body-centered coordinates caused by gravitational
cues (somatosensory and vestibular signals dependent
on the tilt angles of the head and body with respect
to gravity) cannot occur. This could explain why
these studies found no apparent effect of intervening
whole-body rotation on the accuracy of egocentric
visuospatial memory.

In the U-T condition, we found no significant
inter-subject correlation between the rRE and SVHA
values (Figure 5 middle), although the reproduced
target location was biased in the perceived direction
of head/body axis at a group-level, as in the T-To and
T-U conditions (Figure 3). These results indicate that
there were large individual differences in the influence
of the perceived head/body-centered coordinates
on egocentric visuospatial memory when the target
location was encoded with the head upright. Although
the eye-centered coordinates are more stable (i.e., less
variable) overall when the head is upright compared
with tilted (Tarnutzer, Bockisch, Olasagasti, &
Straumann, 2009), stability, which is assessed according
to the degree of microsaccades and ocular drifts,
varies largely across individuals (Cherici, Kuang,
Poletti, & Rucci, 2012). As mentioned earlier, the brain
may determine the involvement of eye-centered and
head/body-centered reference frames when storing
visuospatial information based on their reliability.
Therefore the individual stability of eye-centered
coordinates might be responsible for interindividual
differences in the influence of perceived head/body-
centered coordinates in egocentric visuospatial
memory.
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Head or body tilt relative to gravity adds noise to
various sensorimotor systems, such as the vestibular
and somatosensory systems (Tarnutzer et al., 2009;
Alberts, Selen, Bertolini, Straumann, Medendorp, &
Tarnutzer, 2016). This can influence the precision of
motor or perceptual/cognitive performance (Burns,
Nashed, & Blohm, 2011; Abedi Khoozani & Blohm,
2018). Burns et al. (2011) demonstrated that the
variability of perceptual judgments of proprioceptive
hand position relative to a visual target increased
during a head roll tilt compared with when the head
was upright. This tilt-dependent sensory noise cannot
explain the observed systematic bias in the reproduced
target position, although it would have had some
influence on the reproduction performance (especially,
precision). Unfortunately, in the present study, we
used a limited number of trials (only one trial for
each target location in each tilt condition) to avoid
participant fatigue. This prevented us from analyzing
the performance precision. A future study with more
trials would be helpful in evaluating the effects of body
tilt/rotation on visuospatial memory.

As shown in a previous study (Tramper &
Medendorp, 2015), the head/body-centered reference
frames can also play a role in spatiotopic memory, in
which individuals reproduce the remembered location
of a world-fixed (not head/body-fixed as in the present
study) target independent of body movements in space.
Van Pelt et al. (2005) reported that when a whole-body
rotation was inserted after target presentation, the
reproduced location of a world-fixed target was biased
in the direction of the intervening body rotation.
These biases were strongly correlated with errors in the
perceived direction of “gravity.” This finding supports
the idea that the brain encodes and stores visuospatial
information about world-fixed targets predominantly
in an allocentric (gravity-based) reference frames
(Van Pelt et al., 2005; Klier, Angelaki, & Hess,

2005; Klier, Hess, & Angelaki, 2006; Medendorp,
Smith, Tweed, & Crawford, 2002). However, the
above-mentioned study did not evaluate the perceptual
distortion of head/body-centered coordinates caused
by whole-body tilt, leaving open the possibility that
this may have affected reproduction performance. In
future work, we hope to evaluate this possibility while
controlling for other factors that affect visuospatial
memory performance, such as the modality used for
reproduction and/or tilt angles for the initial and final
head/body orientations.

In the present study, a whole-body rotation including
the head was applied. Therefore we cannot conclude
whether the visual target location was encoded and
stored in either or both the head- and body-centered
reference frames. To address this limitation, further
experiments are required in which performance on
visuospatial memory tasks is assessed after head
rotation that is independent of the body.
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The present study shows that the perceptual
distortion of head/body-centered coordinates induced
by whole-body tilt leads to biases in the reproduction
of remembered target locations with respect to one’s
own body. Our results support the idea that egocentric
visuospatial memory relies on head/body-centered
frames of reference, at least in situations where the
whole-body is tilted relative to gravity. It is likely
that the brain flexibly determines which reference
frames to encode and store spatial information
depending on various factors such as task demand (e.g.,
egocentric vs. allocentric visuospatial memory) and
body condition (e.g., eye/body movements or position)
(Battaglia-Mayer, Caminiti, Lacquaniti, & Zago,
2003 for a review). Therefore further studies in which
these factors are manipulated are needed to better
understand the involvement of head/body-centered
reference frames in visuospatial memory.

Keywords: visuospatial memory, egocentric,
headlbody-centered reference frames, subjective visual
head/body axis (SVHA), whole-body roll tilt
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