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Age-related changes
In visuo-proprioceptive processing
in perceived body position

Wataru Teramoto

This study investigated age-related change in visuo-proprioceptive processing in the perceived body
position using mirror hand/foot illusions, focusing on its temporal characteristics, its dependency on
body parts, and its association with older adults’ fall risk. Either immediately or 15 s after the exposure
to the mirror-induced inconsistency of visuo-proprioceptive signals regarding the right hand or foot
position, participants performed a reaching task using the unseen, illusion-affected hand or foot.
Results showed clear age group differences. Specifically, older adults exhibited larger reaching errors
than younger adults in the hand condition, and after the 15 s delay in the foot condition. Further,

the reaching errors were constant across time for older adults but decreased after the delay in young
adults, regardless of the tested body part. Particularly, older adults’ risk of falling, which was assessed
by the timed up-and-go test, was negatively correlated with the reduction of reaching error across
time. This suggests that older adults, especially those with a high risk of falling, face difficulties in
appropriately processing visual and proprioceptive information for body perception in accordance with
their external environment.

Visual and proprioceptive signals play a fundamental role in perceiving current body positions in space and, con-
sequently, affect the control of body movements, as demonstrated by studies using prisms', artificial body parts?,
mirrors®, and video systems, including virtual reality systems®. Spatial inconsistencies between these senses can
cause the perceived position of the body to be biased in the direction indicated by the visual system. In typical
rubber hand experiments, for example, the perceived position of the occluded real hand is shifted toward the
seen rubber hand placed nearby. Studies suggest that visual and proprioceptive information is integrated based
on the relative reliability of the information in the perception of body positions>®, similar to the other types of
multisensory processing such as audiovisual” and visuotactile perception®.

Age seemingly affects multisensory processing and the processing of each single sensory modality. Compared
to young adults, older adults exhibit a greater influence of multisensory presentation over unisensory presenta-
tion, for example, in stimulus detection tasks”!?, maybe due to degradation of each sensory modality, slowness
of processing speed, attentional deficits, increased levels of internal noise, and so on. Regarding the perceived
position of body parts, however, most studies using rubber hand illusions show no or little effect of age''~'>. One
study that shows age-related changes in the perceived position of the real hand—increased drift toward the rub-
ber hand with an increase in age—had participants below 60 years old'*. Conversely, literature not focusing on
rubber hand illusions showed that distorted visual signals strongly biased reaching performance in older adults
compared with younger adults, suggesting that older adults rely more on visual than proprioceptive information
in perceiving hand position'®~!¢. Thus, the rubber hand procedure used in the aforementioned studies is perhaps
not sensitive enough in unveiling the age-related changes in the perceived position of the body parts.

Therefore, this study aimed to further investigate the age-related changes in visuo-proprioceptive processing
in the perceived body position. Here, the mirror hand illusion procedure was used® instead of the rubber hand
procedure to exclude the effects of the appearance of rubber hands. Studies show that differences between the real
and rubber hands can reduce the feeling that the rubber hand is ones’ own'®. This might hinder the age-related
changes in the visuo-proprioceptive processing in the perceived body position from being pronounced. In the
typical mirror hand illusion procedure, a mirror is positioned vertically in the middle of a table. Participants place
their hands on each side of the table sectioned by the mirror (Fig. 1). On the reflective surface side, participants
can see one of their hands and its mirror reflection. After several seconds of synchronous tapping of both hands
while viewing the mirror-reflected hand, participants feel the mirror-reflected hand as the unseen, opposing
hand. In case spatial inconsistency is introduced between the mirror-reflected and unseen hands, reaching with
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Figure 1. An experimental setup for the mirror hand condition. A mirror was positioned vertically in the
middle of a table, with its reflective surface facing the participant’s left. The participant’s left hand was placed at
12 cm left from the mirror where a small red sticker was placed. Participants were asked to synchronously tap
both index fingers while viewing the mirror-reflected hand to induce the mirror illusion (upper right panel).
The start position of reaching by the unseen, right hand was 19 cm to the right of the mirror for the immediate
and delay conditions, and either 5 cm or 19 cm to the right of the mirror for the baseline condition. During
reaching, participants were asked to reach the target line (12 cm right from the mirror) indicated in the mirror,
which was actually the mirror-reflection of a line drawn 12 cm left from the mirror (bottom right panel). Note
that the mirror-reflection of the left hand was occluded by a small cloth during reaching.

the unseen hand is biased toward the position specified by the mirror-reflected hand>***!. This study adapted the
aforementioned typical procedure. As the mirror-reflected hand is the participants’ own hand, the appearance
differences were less than those in the rubber hand experiment. Further, in the typical mirror hand procedure,
both illusion induction and responses are made by the participants’ own movements. Previous studies show
that the shift of perceived body position was more salient in manual responses than in perceptual responses
when illusory perception of the hand was induced by the participants’ own movements, while the relationship
was reversed when it was induced by passive movements or visuotactile synchronous stimulation?>-*%. Manual
responses include reaching or pointing by the participants’ own hand, while perceptual responses include a ruler
technique, where participants give their answers based on the numbers on a ruler placed on the participants’
hidden hand, or cursor navigation, where participants stop a moving cursor when it reaches the perceived body
position. Thus, these studies suggest that the consistency in modality used in illusion induction and response
can influence the magnitude of the illusion. Hence, this mirror hand procedure may be more susceptible to age
effects on the perceived body position than the aforementioned mirror hand procedure.

This study focused on two aspects. First, the effect of temporal lag after visual information was occluded.
Bellan et al.* investigated how the contribution of visual and proprioceptive information to the perceived hand
position changed over time. They asked participants to observe their own hands through a real-time video system
and maintain their hand positions within a specific area which was changed over time. The video image of one
hand was independently shifted from its actual position without bringing it to the notice of the participants, so
that the discrepancy between the seen and felt hand positions could be yielded. After exposure to this situation,
the video image of the hand was hidden. Then, the perceived hand position was measured over time by asking
the participants to stop a horizontally-moving visual arrow when it was aligned with the felt hand position. The
results showed that the perceived position of the unseen hand was initially displaced to the last seen position
but shifted to the physically correct position over time. They suggest that the reliability of remembered visual
information degrades over time relative to that of proprioceptive information such that the perceived position
of the unseen hand moved to the physical position. This drives me to ask whether such temporal characteristics
can be observed in older adults. How visuo-proprioceptive processing in perceived hand position changes over
time in older adults has not been investigated. However, previous studies have shown that, unlike younger adults,
older adults cannot quickly change multisensory processing in reaching®® and postural control?**” depending
on changes in the surrounding environment. Thus, it is likely that older adults’ perceived body position changes
less over time than younger adults.

Second, this study focused on the differences between body parts, specifically, the perceived body position
with respect to the hand and foot. Studies show that the body ownership illusions, similar to the rubber hand
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Reaching type | Illusion induction | Delay | Start position
Immediate Yes 0s 19 cm

Delay Yes 15s 19 cm
Baseline No - 5cm, 19 cm

Table 1. Experimental parameters for each reaching type.

illusion, can extend to the foot*** and other body parts®®*'. Generally, with age, proprioception in distal body

parts is more impaired than that in proximal body parts®2. Further, proprioceptive information from the lower
limb may deteriorate more than that from other body parts because studies have shown a decrease in gait func-
tion with increasing age®’. Recently, Hide et al.** demonstrated that while young and older adults did not differ
either in rubber hand or foot illusions at a group level, older adults exhibited a distinctive feature in multisensory
processing in body ownership of the foot but not the hand. Specifically, for the foot, older adults with a lower
risk of falling, measured by the Timed Up and Go (TUG) test, hardly experienced the ownership illusion, while
those with a higher risk of falling experienced it with shorter latency and no weaker than the younger adults.
Several studies reported that older adults with higher risk of falling or a history of falling were more susceptible
to the sound induced flash illusion® or visuotactile interaction® than those with a lower risk of falling. These
studies suggest some association between older adult’s multisensory processing and physical and/or cognitive
functions related to fall, although the underlying mechanisms remain unclear. Thus, the visuo-proprioceptive
processing in the perception of body position could possibly change depending not only on body parts but also
older adults’ risk of fall. This study exploratorily investigated this point.

Methods

Experimental design. There were three factors in this study: Age group (younger and older adults), Body
part (hand and foot), and Reaching type (immediate, delay, and baseline). Age was a between-participants factor,
and others were within-participant factors. Each body part condition was conducted in a different session. The
order of the hand and foot sessions was counterbalanced across participants. In Reaching type, the immediate
and delay conditions were defined by the temporal lag from the mirror illusion induction (10-times synchronous
tapping with both hands or feet). Reaching was soon after the illusion induction in the immediate condition
and 15 s later in the delay condition (Table 1). A single illusion induction was followed by one reaching condi-
tion (i.e., not by two reaching conditions in sequence). The start and target positions were fixed across these
conditions—19 cm and 12 cm right from the mirror, respectively. Four trials were performed for each reaching
timing per body part. The reaching conditions order was counterbalanced across participants within each body
part condition. Before these, the baseline condition, where no illusion induction procedure was applied, was
conducted because reaching itself could differ between young and older adults. The baseline condition had four
trials; all the trials were first conducted in each body part session. The baseline had two start positions (5 cm
or 19 cm right from the mirror; which were alternately conducted), not one (different from the other reaching
condition), to make participants believe that the start position was changeable in the following trials.

Participants. In Bellan et al.%, there were 16 (Experiment 1) and 18 (Experiment 2) participants. However,
there were no previous data regarding the aging effect. As a reference, the sample size was calculated using
G*power” with the medium-level effect (f=0.25). The required total sample size (parameters: a=0.05,1 - $=0.8;
repeated measures, within-between interaction) was 14 for each older and young adult group. Accordingly, 17
community-dwelling older adults (mean age: 75.29 + 5.03 years, minimum = 70, maximum = 85; six men) were
recruited from the senior participant database in my laboratory. They self-reported no dementia, depression,
stroke, parkinsonism, or orthopedic diseases and were not currently receiving treatment with neuroleptics. All
participants scored more than 27 on the Mini-Mental State Examination (mean score: 29.35+0.86)°%. None
reported defects in vision in either eye (e.g., macular degeneration, cataract, or glaucoma). All participants’
visual acuity, equivalent to the reciprocal of the minimum resolvable visual angle, was assessed at viewing dis-
tances of 0.4 m and 5 m with both eyes open using Landolt C charts using visual acuity correction by convex or
bifocal glasses. The mean visual acuities (+ standard deviation) of near and far vision were 0.77 (+0.19) and 0.95
(£0.19), respectively. Young adult participants were 26 introductory psychology students at Kumamoto Univer-
sity (mean age: 19.58 + 1.24 years, minimum = 18, maximum = 22; 7 men). All participants voluntarily enrolled
in this study and provided written informed consent for participation and to publish their accompanying images
in an online publication before commencement. Although the number of those enrolled was larger than that of
older participants, I did not narrow down the list of participants. They had normal or corrected-to-normal visual
acuity. Their mean visual acuity of far vision was 1.23 (+0.40) (near vision was not measured for young adults).
This study was conducted according to the principles of the Declaration of Helsinki and was approved by the
Ethics Committee of the Graduate School of Social and Cultural Sciences, Kumamoto University.

Apparatus and materials.  For the hand condition, a 60 cm x 45 cm mirror was positioned vertically in the
middle of a table, with its reflective surface facing the participant’s left (Fig. 1). Participants placed their hands
on each side of the table. A small red sticker was put on the table at 12 cm left from the mirror and 30 cm in front
of the table’s edge to mark the participants’ left index finger placement. A graph paper was placed on the partici-
pant’s right-hand side of the table to record reaching positions. For the foot condition, a 60 cm x 90 cm mirror
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Figure 2. An experimental setup for the mirror foot condition. A mirror was positioned on the floor between
the participant’s legs.

was positioned vertically on the floor (Fig. 2). Participants sat at the edge of the mirror, placing it between their
legs. Their left foot (the first digit) was placed on a red sticker at 12 cm left from the mirror and approximately
50 cm in front of the participant’s abdomen. For both conditions, participants were allowed to see only on their
left side (reflective surface side), while their right side was hidden behind the mirror. The reaching target line
(12 cm right from the mirror) was indicated in the mirror as a white line (as if it were drawn on the hidden side),
which was actually the mirror-reflection of a line drawn 12 cm left from the mirror (Fig. 1, bottom right panel).
To prevent the mirror-reflected hand (or foot) from interfering with reaching by the hidden right hand (or foot),
it was made invisible by a black cloth when they reached the target line (cloth size: 18 cm x45 cm (hand condi-
tion), 22 cm x 90 cm (foot condition). As the cloth concealed only the nearest part of the mirror to participants,
they could see approximately half of the target line. The distance of the right hand (or foot) from the participant’s
coronal place was consistent with that of the left hand (or foot).

Procedure. At the beginning of the hand session, the participants practiced reaching the target line in a few
trials with their unseen right hand, while the mirror reflection of the left hand was occluded by the cloth. The
experimenter placed the participant’s right hand at the start positions (somewhere between 5 and 30 cm right
from the mirror). The participants received feedback on reaching accuracy by directly looking at the right-hand
side. After two more practice trials without feedback at 19 cm and 5 cm start positions, the baseline condition
began, followed by the immediate or delay condition. In the mirror illusion induction, the start position of the
right hand was always 19 cm to the right of the mirror (uncovered). The participants were asked to see the mir-
ror reflection of their left hand and tap the index fingers of both hands synchronously ten times at around 2 Hz.
Immediately after the tapping, the mirror reflection of the left hand was covered by the cloth (but the target line
could be seen). While the participants reached the target line soon after this procedure in the immediate condi-
tion, they did so 15 s later in the delay condition. The experimenter verbally gave the go signal in both condi-
tions. After the reaching, the experimenter marked the reaching position (tip of the right index finger) on the
graph paper using a pen. In between the trials, the experimenter swung the participant’s right hand side-to-side
before placing it on the start position (19 cm to the right of the mirror) so that the participant was not given
information regarding their reaching accuracy. Following the removal of the cloth from the mirror, the next trial
began. After completing the experimental session, the participants were asked to rate how much they perceived
the mirror reflection of the left hand as their right hand (i.e., ownership score) ranging from 0 (not perceived as
the right hand at all) to 100 (definitely perceived as the right hand). For the foot session, the first digits of the left
and right feet were used instead of the index fingers of the left and right hands. Both toes were tapped during the
illusion induction. Besides this, the procedure was the same as in the hand session.

Assessment of fall risk and cognitive functions. This study used the TUG test to investigate the rela-
tionship of visuo-proprioceptive processing in localization of the body parts with participants’ risk of falling.
This test is commonly employed as a clinical tool to identify older adults at risk of falling®. The participants
were asked to stand up from a standard chair with a seat height of approximately 40 cm, walk as quickly as pos-
sible to a marker placed at 3 m, turn around the marker, walk back to the chair, and sit down. The time between
standing up to being re-seated was measured with a stopwatch. Further, the Trail Making Tests A and B (TMT-A
and TMT-B) assessed the participants” executive functions, including attentional control and task switching*®*!,
because studies have suggested that declines in executive and attentional systems could impact multisensory
processing*.
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Figure 3. Reaching error in the hand and foot conditions for older (N=17) and young adults (N=26).
Reaching errors were calculated by subtracting reaching positions in the baseline condition from those in the
immediate and delay conditions. Negative and positive values indicate the reaching errors in the direction of the
mirror and its opposite direction, respectively. Dots indicates individual data. Error bars denotes the standard
error of the mean. Plots were generated using R software version 4.0.5 (R Core Team (2021). R: A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. http://www.R-
project.org/).

Statistical data analysis. Statistical analyses and visualizations were performed using R software (4.0.5)*
with tidyverse** and anovakun* packages. The reaching positions of the right index finger (and the first digit of
the right foot) were recorded only in the horizontal dimension (i.e., the distance from the mirror). Each partici-
pant’s reaching position was the average across four trials for the immediate and delay condition, while that for
the baseline condition was the average across two trials of a 19-cm start position (Supplement Table S1 shows
differences in reaching positions between two start positions in the baseline condition). The reaching errors were
calculated by subtracting reaching positions in the baseline condition from those in the immediate and delay
conditions. Negative and positive values indicate the reaching errors in the direction of the mirror and its oppo-
site direction, respectively. Positive errors suggest visual capture effects by the mirror-reflection. Shapiro-Wilk
tests revealed that the reaching data in each condition were normally distributed. A one sample ¢-test against
zero was performed in each condition to investigate whether the reaching error occurred. Then, a two-way
mixed-design analysis of variance (ANOVA) was performed for each body part with one between-participants
factor (Age) and one within-participant factor (Reaching). The significance level alpha was set at 0.05 and mar-
ginal significance level was set between 0.05 and 0.10. However, as this study focused on whether the change in
reaching performance across time differed between the age groups, the simple effects of Reaching and Age were
tested even when the interaction was not significant (planned comparison). Mendoza’s Multisample Sphericity
Test assessed whether the assumption of sphericity was met for ANOVA*®. When the assumption of sphericity
was violated, the degree of freedom was adjusted by using Greenhouse-Geisser’s epsilon. Regarding ownership
score, a Mann-Whitney test for each body part condition investigated the effect of Age, as the Shapiro-Wilk
tests revealed the violation of normal distribution.

For older adults, correlation analyses were exploratorily performed to investigate the association of reaching
performance with fall risk (TUG) and cognitive functions (TMT-A and TMT-B). Specifically, the reaching per-
formance variables included reaching error in the immediate and delay conditions and how much the reaching
error changed over time (temporal shift). The temporal shift was computed by subtracting the reaching position
in the delay condition from that in the immediate condition. Positive and negative values represent shifts toward
and away from the mirror, respectively. Spearman’s correlation coefficients were calculated.

Results

Reaching performance and ownership score.  One sample ¢-tests revealed significant positive reaching
errors in all conditions for both young (f (25) >3.51, p <0.002, d>0.68) and older adults (t (25) >6.00, p <0.001,
d>1.45), indicating that the mirror illusions occurred in both groups irrespective of body part (hand and foot)
and reaching type (immediate and delay; Fig. 3; Supplementary Figure S1 shows the absolute reaching position
data).
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Hand Foot
Mean (SD) Immediate Delay t. shift Immediate Delay t. shift
TUG 6.67 (1.01) —.098 .084 —-.503* -.071 189 —.535*
TMT-A 49.18 (13.52) —-.092 —-.088 234 -.392 -.371 175
TMT-B 78.00 (29.25) .361 418 .050 -.103 .075 -.322

Table 2. Correlation coefficients between reaching error and TUG and between reaching error and TMT-A/B.
t. shift: temporal shift in reaching error between the immediate and delay conditions. *p <.05.

In the hand condition, a two-way ANOVA revealed significant main effects of Age [F (1, 41)=17.65, p <0.001,
n? =0.277] and Reaching [F (1, 41)=8.88, p=0.005, * = 0.014] and a marginally significant interaction effect [F
(1,41)=3.18, p=0.082, n* = 0.005]. For the planed analysis for the interaction effect, a simple effect of Age was
significant in both reaching conditions: older adults exhibited larger reaching error than young adults [imme-
diate: F (1, 41)=11.67, p=0.002, n>=0.222; delay: F (1, 41) =21.42, p<0.001, n?=0.343]. Regarding the simple
effect of Reaching, the reaching error in the delay condition significantly decreased compared to the immedi-
ate condition in young adults [F (1, 25)=11.86, p=0.002, n*=0.058], but not in older adults [F (1, 16)=0.88,
p=0.326,12=0.003].

In the foot condition, a two-way ANOVA revealed all the significant main and interaction effects [Age: F (1,
41)=5.29, p=0.027, n?=0.090; Reaching: F (1, 41)=30.29, p<0.001, n?=0.084; Age x Reaching: F (1, 41) =4.40,
p=0.042, n?=0.012]. Regarding the planed analysis for the interaction effect, a simple effect of Age was sig-
nificant in the delay condition [F (1, 41)=9.27, p=0.004, n*=0.185], but not in the immediate condition [F (1,
41)=1.68, p=0.202, n*=0.039]. Regarding the simple effect of Reaching, the reaching error in the delay condi-
tion significantly decreased compared to the immediate condition in young adults [F (1, 25)=38.62, p<0.001,
n?=0.202], but not in older adults [F (1, 16) =4.42, p=0.052, n?=0.031]. Thus, while the reaching errors were
compatible for both age groups immediately after the illusion induction, the error decreased over time only for
the young adult group.

The ownership scores of the mirror image were significantly larger for older adults (hand: 84.12 + 32.42; foot:
84.12+32.42) than younger adults (hand: 76.92 +17.89; foot: 73.85+19.10) (hand: W=329.5, p=0.005; foot:
W=340.5, p=0.002).

Correlation between reaching performance and fall risk or cognitive abilities. The temporal
shift was significantly correlated with the TUG times (hand: r=-0.503, p=0.040; foot: r=-0.535, p=0.027):
older adults with shorter TUG times (i.e., lower risk of falling) exhibited a larger reduction in reaching position
across time. The other correlations were not significant (Table 2).

Discussion

This study used the mirror hand/foot illusion to investigate whether visuo-proprioceptive processing in the sense
of body position was changed with age, body part, and delay from illusion induction, and whether it was associ-
ated with older adults’ fall risk. There were three main results: (1) Older adults exhibited larger reaching errors
than young adults in the hand condition and in the delay condition of the foot; (2) The reaching error decreased
over time after the illusion induction in young adults but was almost constant in older adults, regardless of the
tested body part; (3) Older adults with lower TUG performance exhibited less changes in reaching performance
across time compared to those with higher TUG performance. This suggests that age-related change in visuo-
proprioceptive processing in the sense of body position depends on the body part and delay from the occlusion
of vision. This also suggest that the changes in multisensory processing are associated with declines in physical
or cognitive functions related to fall risk.

In Holmes et al.%, the reaching error was approximately 3 cm when the distances matched those in this study
(i.e., the mirror reflected hand and target was positioned at 12 cm right from the mirror and the unseen hand
was at 19 cm). The reaching error was compatible with that in this study (2.95 +0.40 cm in the immediate hand
condition), although there were several differences in experimental methods between Holmes et al.> and this
study. This suggests the validity of this study’s experimental procedure.

This study, using the mirror illusion, showed that older adults exhibited a larger mirror illusion in the hand
condition than young adults, suggesting a greater reliance on visual over proprioceptive information. This is
inconsistent with previous studies on rubber hand illusion''"**, but consistent with several studies investigating
the effect of occlusion of vision on reaching trajectory, which have shown that older adults rely more on visual
than proprioceptive information compared with younger adults'”'8. Thus, the rubber hand illusion may be less
sensitive in investigating the age-related change in visuo-proprioceptive processing in perceived body position.
While the prosthetic hand is presented in the rubber hand illusion, participants’ real hand is presented in the
mirror hand illusion. Moreover, studies showed that the appearance of the presented hand had an impact on
the experience of the rubber hand illusion'® and mirror hand illusion?!. Thus, the difference in the appearance
of the presented hands might affect the localization performance. Alternatively, a difference in the measuring
method for the perceived position of the body parts might influence the results. Most previous studies investi-
gating age-related differences in rubber hand illusion have utilized perceptual or motor responses to localize the
illusion-induced unseen hands, such as a ruler placed above the unseen hand*’, a mouse cursor or ruler navigated
by participants''®, or pointing with the contralateral, non-illusion induced hand''"?>. However, no study has
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used reaching or pointing by the unseen hand. Previous studies show that illusion induction by participants’
own movements selectively affected manual responses but not perceptual responses, suggesting that distinct
mechanisms are involved in perceptual and motor body representations??~?*. According to this study, the motor
body representation might be more susceptible to the aging effect than perceptual body representation. Future
studies should design experiments using both perceptual and motoric measures at the same time.
Contrastingly, the age-related difference was not observed in the immediate condition in the foot condi-
tion. Studies have shown a decrease in gait function with increasing age®. Therefore, this study predicted that
proprioceptive information from the lower limb might deteriorate more than that from the other body parts in
older adults so that visual information had a stronger influence on position sense in the perceived foot position.
However, the results were not consistent with this prediction. Hide et al.** reported that older adults with higher
TUG performance hardly experienced the rubber foot illusion, indicating that visual information had little
influence in some older adults. The current older adult sample exhibited relatively higher TUG performance
(6.67 £1.01 s) than those in Hide et al. (mean across all older adults: 7.35 +1.65 s; high TUG performance older
adults: 6.08 +0.47 s; low TUG performance older adults: 8.61+1.40 s). Thus, older adults in this study might rely
less on vision than proprioception. Nevertheless, a larger number of older adult participants should be tested to
conclude this issue. Alternatively, no salient age-related effect in the immediate, foot condition might be due to
the displacement size between the mirror-reflected and unseen hands. While the physical displacement size was
the same irrespective of the body part, the displacement size in visual angle was smaller in the foot than hand
condition because the foot position was distant from the eyes. Holmes et al.? reported that the visual influence
on hand position perception was more salient with an increase in displacement size. Thus, the displacement size
was possibly not enough to induce age-related differences in multisensory processing in perceived foot position.

Different time courses in weighting recalibration between young and older adults. Bellan
et al.* investigated how visuo-proprioceptive processing in hand position changed across time after the removal
of visual information. The results showed that, while the unseen hand was initially localized at the last seen
position, it was gradually localized toward the proprioceptively-defined, physical position of the hidden hand
across time. This suggests that the trace of the visually-defined hand position remains for a while even after the
removal of visual inputs about the hand but gradually decays over time. They also measured the localization
performance after the exposure to the consistent visuo-proprioceptive information in the hand position. Results
showed that the localization was shifted in the same direction as that in the inconsistent condition (i.e., outward
from the body midline) but was more gradual and slow. Thus, the authors suggest that, while the gradual shifts
in the consistent condition are due to proprioceptive drift reported by several studies*®*, the quicker shifts in the
inconsistent condition could include both proprioceptive drift and gradual reweighting of visual and proprio-
ceptive information or spontaneous decay of new mapping between the visual and proprioceptive information
constructed during the exposure. Typical proprioceptive drift reportedly occurs in the outward direction from
the midline®**!, 30 s after the removal of visual information®?. However, in this study, participants reached the
target within 30 s, and the reaching positions were in the direction of the mirror (to the midline of the body).
Thus, the shift in reaching performance across time in young adults in this study cannot be fully explained by
typical proprioceptive drift phenomena. As Bellan et al.* suggest, reweighting of visual and proprioceptive infor-
mation could occur in this study because the trace of visual information gradually decays so that the reliability
of visual information is degraded relative to that of proprioceptive information. Alternatively, per the prism
adaptation study®’, the new mapping between visual and proprioceptive signals constructed during the exposure
to their inconsistency may spontaneously decay after the removal of visual information.

Unlike young adults, the reaching performance did not change over time in older adults irrespective of the
body part. Previous studies show that older adults cannot flexibly adjust the weighting of information from
several sensory modalities when sensory inputs are suddenly changed in reaching® and postural control®. The
present results are consistent with these studies. Further, this study’s results shows that older adults with better
TUG times exhibited a more similar reaching performance to young adults, specifically, greater reduction of
reaching errors across time than those with slower TUG times. Studies also show the association between TUG
or gait functions and several cognitive abilities®*** or multisensory processing®*~**. Considering the correlation
in both hand and foot conditions (although correlations in a small sample size must be interpreted with caution),
some physical and cognitive functions related to TUG may be associated with the overall perceptual functions
for monitoring the external environment and appropriately reweighting sensory information in accordance
with the environment.

This study used the reaching procedure to investigate visuo-proprioceptive processing in the perceived posi-
tion of the body parts according to previous studies on the mirror illusion®. Thus, the perceived position of the
right hand or foot was indirectly estimated by the reaching performance instead of directly asking where the
body part was by pointing by the left hand or mouse cursor. The rationale is that the reaching should be shifted
if the perceived position is biased in either direction. Indeed, previous studies reported a correlation between
the perceived initial hand position and reaching error’® and that the reaching errors were systematically biased
according to the visually-defined hand position®’. However, because these studies targeted only young adults, it is
unclear whether the same correlation is observed in older adults. Dynamic position information during reaching
may modulate reaching performance in older adults; this should be addressed in future studies. Nevertheless,
as older adults in this study hardly moved their body parts in the immediate and delay condition, especially
in the hand condition, dynamic position information obtained during reaching would be unlikely to influence
reaching performance.
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Conclusions

This study investigated the age-related changes in visuo-proprioceptive processing in perceived body position
using mirror hand/foot illusions. The results suggested that older adults, as opposed to younger adults, relied
more on visual over proprioceptive information in the hand condition, but not always in the foot condition. The
absence of age-related differences in the immediate foot condition might be due to the high functional capacity
of lower limbs in older adults of this study or relatively small visuo-proprioceptive inconsistency in visual angle
presented in the foot condition. Irrespective of the body part, the reaching positions were constant across time in
older adults, but gradually shifted to the accurate position in young adults. This was more salient for older adults
with higher risk of falling than those with a lower risk. This suggests that older adults, especially those with a
relatively high risk of falling, face difficulties in appropriately processing visual and proprioceptive information
for body perception based on changes in the external environment.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 21 December 2021; Accepted: 3 May 2022
Published online: 18 May 2022

References

1. Redding, G. M. & Wallace, B. Adaptive spatial alignment and strategic perceptual-motor control. J. Exp. Psychol. Hum. Percept.
Perform. 22, 379-394 (1996).

2. Botvinick, M. & Cohen, J. Rubber hands ‘feel’ touch that eyes see. Nature 391, 756 (1998).

3. Holmes, N. P, Crozier, G. & Spence, C. When mirrors lie: ‘visual capture’ of arm position impairs reaching performance. Cogn.
Affect. Behav. Neurosci. 4, 193-200 (2004).

4. Bellan, V. et al. Untangling visual and proprioceptive contributions to hand localisation over time. Exp. Brain Res. 233, 1689-1701
(2015).

5. van Beers, R. ], Sittig, A. C. & Gon, J. J. Integration of proprioceptive and visual position-information: An experimentally sup-
ported model. J. Neurophysiol. 81, 1355-1364 (1999).

6. van Beers, R. J., Wolpert, D. M. & Haggard, P. When feeling is more important than seeing in sensorimotor adaptation. Curr. Biol.
12, 834-837 (2002).

7. Alais, D. & Burr, D. The ventriloquist effect results from near-optimal bimodal integration. Curr. Biol. 14, 257-262 (2004).

8. Ernst, M. O. & Banks, M. S. Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429-433
(2002).

9. de Dieuleveult, A. L., Siemonsma, P. C., van Erp, J. B. E & Brouwer, A.-M. Effects of aging in multisensory integration: A systematic
review. Front. Aging Neurosci. 9, 80 (2017).

10. Jones, S. A. & Noppeney, U. Ageing and multisensory integration: A review of the evidence, and a computational perspective.
Cortex 138, 1-23 (2021).

11. Campos, J. L., El-Khechen Richandi, G., Taati, B. & Keshavarz, B. The rubber hand illusion in healthy younger and older adults.
Multisens. Res. 31, 537-555 (2018).

12. Kéllai, J. et al. Multisensory integration and age-dependent sensitivity to body representation modification induced by the rubber
hand illusion. Cogn. Process. 18, 349-357 (2017).

13. Palomo, P. et al. Subjective, behavioral, and physiological responses to the rubber hand illusion do not vary with age in the adult
phase. Conscious. Cogn. 58, 90-96 (2018).

14. Graham, K. T., Martin-Iverson, M. T., Holmes, N. P. & Waters, F. A. The projected hand illusion: component structure in a com-
munity sample and association with demographics, cognition, and psychotic-like experiences. Atten. Percept. Psychophys. 77,
207-219 (2015).

15. Riemer, M., Wolbers, T. & Kuehn, E. Preserved multisensory body representations in advanced age. Sci. Rep. 9, 2663 (2019).

16. Block, H. J. & Sexton, B. M. Visuo-proprioceptive control of the hand in older adults. Multisens. Res. 34, 93-111 (2020).

17. Haaland, K. Y., Harrington, D. L. & Grice, ]. W. Effects of aging on planning and implementing arm movements. Psychol. Aging 8,
617-632 (1993).

18. Romero, D. H., Van Gemmert, A. W. A., Adler, C. H., Bekkering, H. & Stelmach, G. E. Time delays prior to movement alter the
drawing kinematics of elderly adults. Hum. Mov. Sci. 22, 207-220 (2003).

19. Armel, K. C. & Ramachandran, V. S. Projecting sensations to external objects: Evidence from skin conductance response. Proc.
Biol. Sci. 270, 1499-1506 (2003).

20. Holmes, N. P. & Spence, C. Visual bias of unseen hand position with a mirror: Spatial and temporal factors. Exp. Brain Res. 166,
489-497 (2005).

21. Holmes, N. P, Snijders, H. J. & Spence, C. Reaching with alien limbs: Visual exposure to prosthetic hands in a mirror biases pro-
prioception without accompanying illusions of ownership. Percept. Psychophys. 68, 685-701 (2006).

22. Kammers, M. P,, de Vignemont, F.,, Verhagen, L. & Dijkerman, H. C. The rubber hand illusion in action. Neuropsychologia 47,
204-211 (2009).

23. Kammers, M. P, Longo, M. R., Tsakiris, M., Dijkerman, H. C. & Haggard, P. Specificity and coherence of body representations.
Perception 38, 1804-1820 (2009).

24. Riemer, M., Kleinbohl, D., Hélzl, R. & Trojan, J. Action and perception in the rubber hand illusion. Exp. Brain Res. 229, 383-393
(2013).

25. Seidler-Dobrin, R. D. & Stelmach, G. E. Persistence in visual feedback control by the elderly. Exp. Brain Res. 119, 467-474 (1998).

26. Hay, L., Bard, C., Fleury, M. & Teasdale, N. Availability of visual and proprioceptive afferent messages and postural control in
elderly adults. Exp. Brain Res. 108, 129-139 (1996).

27. Yeh, T. T., Cluff, T. & Balasubramaniam, R. Visual reliance for balance control in older adults persists when visual information is
disrupted by artificial feedback delays. PLoS ONE 9, €91554 (2014).

28. Crea, S., D’Alonzo, M., Vitiello, N. & Cipriani, C. The rubber foot illusion. J. Neuroeng. Rehabil. 12, 77 (2015).

29. Flogel, M., Kalveram, K. T., Christ, O. & Vogt, J. Application of the rubber hand illusion paradigm: Comparison between upper
and lower limbs. Psychol. Res. 80, 298-306 (2016).

30. Michel, C., Velasco, C., Salgado-Montejo, A. & Spence, C. The Butcher’s tongue illusion. Perception 43, 818-824 (2014).

31. Ramachandran, V. S., Krause, B. & Case, L. K. The phantom head. Perception 40, 367-370 (2011).

32. Kuehn, E. et al. Embodiment in the aging mind. Neurosci. Biobehav. Rev. 86, 207-225 (2018).

Scientific Reports |

(2022) 12:8330 | https://doi.org/10.1038/s41598-022-12022-w nature portfolio



www.nature.com/scientificreports/

33. Osoba, M. Y,, Rao, A. K., Agrawal, S. K. & Lalwani, A. K. Balance and gait in the elderly: A contemporary review. Laryngoscope
Investig. Otolaryngol. 4, 143153 (2019).

34. Hide, M., Ito, Y., Kuroda, N., Kanda, M. & Teramoto, W. Multisensory integration involved in the body perception of community-
dwelling older adults. Sci. Rep. 11, 1581 (2021).

35. Setti, A., Burke, K. E., Kenny, R. A. & Newell, E. N. Is inefficient multisensory processing associated with falls in older people?.
Exp. Brain Res. 209, 375-384 (2011).

36. Mahoney, J. R., Holtzer, R. & Verghese, J. Visual-somatosensory integration and balance: Evidence for psychophysical integrative
differences in aging. Multisens. Res. 27, 17-42 (2014).

37. Faul, F, Erdfelder, E., Buchner, A. & Lang, A.-G. Statistical power analyses using G*Power 3.1: Tests for correlation and regression
analyses. Behav. Res. Methods 41, 1149-1160 (2007).

38. Folstein, M. E, Folstein, S. E. & McHugh, P. R. ‘Mini-mental state’ A practical method for grading the cognitive state of patients
for the clinician. J. Psychiatr. Res. 12, 189-198 (1975).

39. Shumway-Cook, A., Brauer, S. & Woollacott, M. Predicting the probability for falls in community-dwelling older adults using the
Timed Up & Go Test. Phys. Ther. 80, 896-903 (2000).

40. Arbuthnott, K. & Frank, J. Executive control in set switching: Residual switch cost and task-set inhibition. Can. J. Exp. Psychol. 54,
33-41 (2000).

41. Arbuthnott, K. & Frank, J. Trail making test, part B as a measure of executive control: validation using a set-switching paradigm.
J. Clin. Exp. Neuropsychol. 22, 518-528 (2000).

42. Poliakoff, E., Ashworth, S., Lowe, C. & Spence, C. Vision and touch in ageing: Crossmodal selective attention and visuotactile
spatial interactions. Neuropsychologia 44, 507-517 (2006).

43. Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical; Computing, Vienna, Austria.
https://www.R-project.org/. (2021).

44. Wickham, H. et al. Welcome to the tidyverse. J. Open Source Softw. 4, 1686 (2019).

45. Iseki R. Anovakun. http://riseki.php.xdomain.jp/index.php?. (2020).

46. Mendoza, J. L. A significance test for multisample sphericity. Psychometrika 45, 495-498 (1980).

47. Marotta, A., Zampini, M., Tinazzi, M. & Fiorio, M. Age-related changes in the sense of body ownership: New insights from the
rubber hand illusion. PLoS ONE 13, €0207528 (2018).

48. Wann, J. P. & Ibrahim, S. F. Does limb proprioception drift?. Exp. Brain Res. 91, 162-166 (1992).

49. Paillard, J. & Brouchon, M. Active and passive movements in the calibration of position sense. In The Neuropsychology of Spatially
Oriented Behavior (ed. Freedman, S. ].) (Dorsey Press, 1968).

50. Jones, S. A. H., Cressman, E. K. & Henriques, D. Y. P. Proprioceptive localization of the left and right hands. Exp. Brain Res. 204,
373-383 (2010).

51. Crowe, A., Keessen, W., Kuus, W, van Vliet, R. & Zegeling, A. Proprioceptive accuracy in two dimensions. Percept. Mot. Skills 64,
831-846 (1987).

52. Desmurget, M., Vindras, P., Gréa, H., Viviani, P. & Grafton, S. T. Proprioception does not quickly drift during visual occlusion.
Exp. Brain Res. 134, 363-377 (2000).

53. Newport, R. & Schenk, T. Prisms and neglect: What have we learned?. Neuropsychologia 50, 1080-1091 (2012).

54. Ble, A. et al. Executive function correlates with walking speed in older persons: The INCHIANTI study. J. Am. Geriatr. Soc. 53,
410-415 (2005).

55. Verghese, J., Wang, C., Lipton, R. B., Holtzer, R. & Xue, X. Quantitative gait dysfunction and risk of cognitive decline and dementia.
J. Neurol. Neurosurg. Psychiatry 78, 929-935 (2007).

56. Teramoto, W., Honda, K., Furuta, K. & Sekiyama, K. Visuotactile interaction even in far sagittal space in older adults with decreased
gait and balance functions. Exp. Brain Res. 235, 2391-2405 (2017).

Acknowledgements
This work was supported by the Japan Society for the Promotion of Science KAKENHI Grants 16H06325,
19H00631, and 20H05801 to WT. I thank Tomoko Takahashi for her support during data collection.

Author contributions
W.T. developed the study concept and design, collected the data, performed the data analyses and drafted the
manuscript.

Competing interests
The author declares no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-12022-w.

Correspondence and requests for materials should be addressed to W.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:8330 | https://doi.org/10.1038/s41598-022-12022-w nature portfolio


https://www.R-project.org/
http://riseki.php.xdomain.jp/index.php?.
https://doi.org/10.1038/s41598-022-12022-w
https://doi.org/10.1038/s41598-022-12022-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Age-related changes in visuo-proprioceptive processing in perceived body position
	Methods
	Experimental design. 
	Participants. 
	Apparatus and materials. 
	Procedure. 
	Assessment of fall risk and cognitive functions. 
	Statistical data analysis. 

	Results
	Reaching performance and ownership score. 
	Correlation between reaching performance and fall risk or cognitive abilities. 

	Discussion
	Different time courses in weighting recalibration between young and older adults. 

	Conclusions
	References
	Acknowledgements


