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Abstract

Left/right judgement (LRJ) tasks involve determining the laterality of presented hand or feet images. Allocentric images
(third-person perspective; 3PP) take longer to identify than egocentric images (first-person perspective; 1PP), supporting that
implicit motor imagery (IMI)—mentally manoeuvring one’s body to match the shown posture—is used. While numerous
cognitive processes are involved during LRJs, it remains unclear whether features of the individual (e.g., visual exposure,
experience, task-dependent use) influence the type of recognition strategy used during LRJs (IMI versus non-IMI). To inves-
tigate whether an individual’s routine visual exposure to hands/feet in 3PP disrupts the typical perspective—reaction time (RT)
relationship in LRJs, hand therapists, podiatrists, and healthy controls completed online LRJ tasks of hand and feet images. A
group-specific reduction in RT for only allocentric images would represent a switch to non-IMI strategies. The results show
that routine visual exposure to feet in 3PP (podiatrists) results in quicker RTs only for allocentric images of feet, suggesting
a switch from IMI to non-IMI (e.g., visual object-based recognition) strategies. In contrast, routine visual exposure to hands
in 3PP (hand therapists) does not alter RT for allocentric images, suggesting maintenance of IMI. However, hand therapists
have quicker RTs (vs other groups) for egocentric hand images, supporting enhanced sensorimotor processing for the hand,
consistent with task-dependent use (precise hand use). Higher accuracy in health professionals (vs control) on both tasks
supports enhanced body schema. Combined, this suggests that 3PP visual exposure to body parts and task-dependent use
contribute to LRJ performance/recognition strategy.

Keywords Left/right judgement task - Implicit motor imagery - Visual object-based recognition - Frame of reference -
Egocentric - Allocentric

Introduction

Mental imagery refers to the process of generating and trans-
forming mental images by accessing the internal represen-
tation of one’s own body. Implicit motor imagery (IMI) is
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a form of mental imagery that occurs outside of conscious
awareness, activating brain areas involved in movement
planning and coordination (Kawamichi et al. 1998). IMI is
commonly evaluated using a left/right judgement (LRJ) task,
typically providing images of hands and feet, and partici-
pants are asked to identify the laterality (left-right orienta-
tion) of the shown image. LRJs are thought to involve two
stages—an initial rapid visual recognition of laterality fol-
lowed by IMI (i.e., accessing internal limb representations
to mentally manoeuvre one’s own limb to match the postur-
ing of the limb shown in the picture) to confirm or refute
the initial judgement (Cooper and Shepard 1975; Gentilucci
et al. 1998; Ni Choisdealbha et al. 2011; Parsons and Fox
1998). What is presently unclear, however, is whether IMI
is the predominant process used during LRJs, or whether, in
certain situations and/or in certain people, other processes
such as visual object recognition (i.e., recognition based on
known attributes of stimuli) might dominate.
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Evidence suggests that there are numerous and varying
cognitive processes that occur during LRJ tasks. First, that
sensorimotor processes (e.g., IMI) contribute to LRJs is sup-
ported by findings that task reaction times (RTs) show a
clear relationship with the orientation of the image. Gener-
ally, the further the image’s orientation is away from zero
(see Fig. 1), the longer it takes to make a judgement (Ionta
et al. 2012), and the time it takes to make a judgement mir-
rors the time it takes to physically attain the pictured hand
position (Parsons 1987; Parsons and Fox 1998; Shepard and
Cooper 1986; Shepard and Metzler 1971). Neuroimaging

during LRJ tasks shows increased brain activation in the
same areas that are activated during genuine physical move-
ment, e.g., the premotor cortex (Parsons and Fox 1998) thus
supporting the use of underlying internal movement repre-
sentations for the body part (i.e., IMI strategies). The con-
tribution of sensorimotor processes to LRIJs is further sup-
ported by research showing proprioceptive influence (i.e.,
biomechanical posture) on task performance. Placing one’s
hand behind the back results in increased RTs for images
corresponding to that hand (Tonta and Blanke 2009; Ionta
et al. 2007; Ni Choisdealbha et al. 2011; Qu et al. 2018).
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Fig. 1 Allocentric and egocentric frame of reference (FoR). Pictorial display of right-hand images in egocentric and allocentric orientations
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In contrast, LRJs are faster when the viewed hand posi-
tion (i.e., hand image shown) and actual hand position are
congruent (Qu et al. 2018). Additionally, when viewed and
actual hand position are congruent there is stronger activa-
tion of the motor and parietal cortices seen on functional
magnetic resonance imaging (fMRI) than during conditions
of incongruency (Qu et al. 2018). Such findings support the
contribution of sensorimotor processing and IMI strategies
to improved performance for congruent images.

Second, evidence supports that visual processing contrib-
utes to LRJ performance. Hand LRJs are quicker when hands
are rotated towards the body’s midsagittal plane (i.e., medial
orientation) versus away from it (i.e., lateral orientation),
despite being at similar relative departures from 0 degree
orientation (Parsons 1987). Such findings support the use of
a proprioceptive—visual matching strategy—i.e., matching
the felt hand with the visually seen hand—and less reliance
on sensorimotor processing (i.e., IMI) (De Simone et al.
2013). Indeed, that RTs for right- and left-hand images are
inverted when displayed in the opposite (left versus right)
visual fields provides further evidence for visual processing
contribution to LRJ performance (De Simone et al. 2013).

Last, there is evidence that other cognitive strategies
are used during mental rotation and that the use of these
strategies might be individually specific (Hegarty 2018;
Khooshabeh et al. 2013; Xue et al. 2017). For example, some
individuals use analytical strategies during mental rota-
tion whereby focus is placed on identifying features of the
image rather than mentally transforming the image in space
(Hegarty 2018). In addition, “good imagers” are shown to
use holistic mental rotation strategies, but with the ability to
update strategies based on task demand/complexity, while
“bad imagers” are less flexible (Khooshabeh et al. 2013).
However, such work has focussed on traditional object men-
tal rotation tasks, so the influence of an individual’s char-
acteristics on body-relevant (i.e., images of hands and feet)
LRI task performance is less clear.

During body-relevant LRJs, the type of recognition strat-
egy used may depend upon features of the task itself. Prior
work has shown that tasks that promote taking another’s
perspective of the body (“other” versus “self””) reduce the
use of IMI. Specifically, when participants are asked to judge
the laterality of a hand when it is attached to another per-
son’s body (i.e., picture of a person facing the participant),
the interdependence between image orientation and RT (i.e.,
used a marker of IMI) is absent, but is present for tradition-
ally presented hand image stimuli (Ionta et al. 2012). Similar
findings are seen when participants judge the location of a
red dot on a hand (left versus right side), but not the lateral-
ity of the viewed hand (De Simone et al. 2013). Together,
these findings suggest the use of a visual recognition strat-
egy, whereby individuals reference the image’s intrin-
sic coordinate frames and perform an object recognition

process. Neuroimaging studies show distinct neural under-
pinnings for mental transformation of one’s own body versus
another’s body (Ganesh et al. 2015) or an object (Kosslyn
et al. 1998; Wraga et al. 2005). However, what these findings
do not elucidate is whether the recognition strategy used is
consistent within the LRJ task.

A within-task feature that may be a key influence on the
type of recognition strategy used is the frame of reference
(FoR) of an image (see Fig. 1), namely whether an image is
in an egocentric (first-person perspective; 1PP) or an allo-
centric (third-person perspective; 3PP) FoR. Distinct neural
activations are seen for visual stimuli of body parts shown
in an egocentric versus allocentric FoR (Saxe et al. 2006).
Specifically, the extrastriate body area (EBA) in the lateral
occipitotemporal cortex responds preferentially to body
stimuli and exhibits differential activation based on image
FoR. The right EBA shows stronger activation with allocen-
tric images (Saxe et al. 2006) and with partial (upper limb)
versus full body stimuli (Blanke et al. 2010). Behavioural
findings also support the possibility of FoR-specific LRJ
recognition strategies. Judgements for egocentric images
of hands maintain the expected image orientation-related
RT profile, implying the use of IMI (Brady et al. 2011).
However, this orientation—RT profile is not maintained for
allocentric images of hands: a larger-than-expected increase
in RT occurs, suggesting a “switch” from an IMI strategy to
another recognition strategy, such as reframing allocentric
stimuli to an egocentric FoR (Brady et al. 2011). While such
findings support the idea that image FoR influences the LRJ
strategy used, it is presently unknown whether features of
the individual (e.g., motor and visual experiences) might
also influence the type of strategy used for egocentric versus
allocentric body images.

Given the involvement of visual processes in LRJs of
body stimuli, an individual’s specific visual exposure to
bodily stimuli might play a role in LRJ task performance.
Indeed, quicker RTs for egocentric images (seen in some
participants) have been partially attributed to visual recog-
nition of an image as coming from one’s own body (versus
another’s) whereby perception of an image’s properties is
attributed to logical, familiar attributes (DiCarlo and Cox
2007). Relevant to such findings is that healthy adults have
different habitual visual exposure to bodies (e.g., hands and
feet). For example, professionals such as hand therapists
and podiatrists consistently view patients’ hands and feet,
respectively, in an allocentric FoR. This raises the possibility
that increased exposure to body parts in a 3PP could pro-
mote visual recognition processes during LRJs by increasing
familiarity of allocentric images.

Thus, the primary aim of this study was to determine
whether habitual visual exposure to hands (hand therapists)
or feet (podiatrists) in 3PP results in selectively reduced RTs
for hand and feet allocentric images, respectively, compared
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with a healthy control sample. We specifically hypothesised
that RTs for allocentric images would be decreased in health
professionals, consistent with use of visual object-based rec-
ognition strategies, but that RTs for egocentric images would
not differ between groups. Such an effect would be predicted
by findings from skilled populations: gymnasts (i.e., expert
in real-body rotations) have significantly reduced RTs for
whole body stimuli (versus handball players), that are most
enhanced for typically unfamiliar (allocentric) stimuli
(Habacha et al. 2017). Critically, such an effect would be in
the opposite direction than that shown by previous work, i.e.,
allocentric images result in a larger than expected increase
in RT (Brady et al. 2011), showing that distinct processes
underlie LRJ performance changes.

Secondarily, we evaluated the influence of motor exper-
tise and habitual visual exposure to these body parts on the
accuracy of LRJ performance and whether greater periods
of habitual exposure (i.e., clinical experience) correlated
with better LRJ performance (RT). We expected the clini-
cal groups to be more accurate than healthy controls at their
respective LRJ tasks. Further, given that both hand therapists
and podiatrists also regularly perform precise, fine-grained,
and controlled movements of the hands (task-dependent
use), we predicted that both clinical groups would be more
accurate than healthy controls for LRJs of hand images. Such
effects would be predicted given skill- and experience-based
differences seen in mental rotation performance in athletes
that participate in sports that require spatial awareness
(i.e., orienteers and gymnasts) compared with non-athletes
(Schmidt et al. 2016). Last, we hypothesised that greater
clinical experience would relate to improved RT on the LRJ
task. That LRJ task training improves performance and
increases cortical efficiency in the motor regions [as dem-
onstrated with fMRI (Berneiser et al. 2018)] would predict
effects of clinical experience on LRJ performance.

Materials and methods
Participants

Three groups of participants were recruited: hand thera-
pists (occupational therapists or physiotherapists who work
specifically in hand rehabilitation or therapy), podiatrists,
and healthy volunteers. Health professionals were consid-
ered those holding valid licensing within their listed coun-
try and were required to have practical clinical experience
in their respective fields. Healthy volunteers were consid-
ered eligible if they were adults who did not work as hand
therapists, physiotherapists or podiatrists. All participants
were required to be aged between 18 and 65 years, free of
self-reported cognitive impairment, free of current pain (or
past history of chronic pain), and have internet access via
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a desktop computer, laptop, or tablet during testing. This
study received ethical approval from the University of South
Australia’s Human Research Ethics Committee. All methods
were carried out in compliance with the Declaration of Hel-
sinki (1964) and all participants provided digital informed
consent prior to participation in the study.

Potential participants were invited to the study via email,
through professional networks of the University of South
Australia and organisations such as the Hand Therapy Asso-
ciation and the Australian Podiatry Associations. A link to
the study’s online tests was provided within the email. In
addition, the study link was also posted on numerous social
media platforms [Facebook, Body in Mind (BiM) blog] for
interested volunteers to directly access.

A total of 178 healthy individuals (140 females, mean age
36.2 years, SD 11.8) volunteered for and completed the hand
image task; of these, 71 participants identified as licensed
podiatrists, 52 as licensed hand therapists and the remain-
ing 55 as neither, forming the healthy control group. A total
of 158 were right handed, as assessed using the Edinburgh
Handedness Inventory (Oldfield 1971). A total of 172 indi-
viduals (136 females, mean age 36.7 years, SD 11.9) volun-
teered for and completed the feet image task; of these, 66
participants identified as licensed podiatrists, 56 as licensed
hand therapists and the remaining 50 as neither, forming
the healthy control group. Similarly, 154 of 172 were right
handed.

A sample size calculation was performed prior to subject
recruitment. Given an anticipated small effect size (f=0.10)
for our primary hypothesis of a group-specific change in
RT only for allocentric images (i.e., significant Group X FoR
interaction) (Brady et al. 2011), and based on three groups,
six reaction time measures (three allocentric and three ego-
centric), a within-measure correlation of 0.50, power of 0.80
and alpha of 0.05 a total sample of 138 (46 participants per
group) was required.

Stimuli

Experimental hand and feet LRJ tasks consisted of four
individual photos of hands and four of feet (see Online
Resource 1), each presented in eight different orientations:
0°,45°,90°, 135°, 180°, 225°, 270° and 315°. Each FoR was
comprised of three image orientations: 0, 45°, and 315° for
the egocentric FoR and 135°, 180°, and 225° for the allo-
centric FoR. Images in each orientation were repeated twice,
resulting in a total of 128 images comprising the hand LRJ
task, and 128 images comprising the feet LRJ task. Images
were obtained from the Neuro Orthopaedic Institute (NOI)
archives for the Recognise™ software platform. Left-lat-
eralised images were mirror images of the right-lateralised
images. Images were rated from easy to hard (See Supple-
mentary Material 1) depending on ease of posture replication
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(Ionta and Blanke 2009; Parsons 1987). Hands and feet were
presented in both plantar/palmar and dorsal views. Note that
for the present study, images in an orientation of 90° and
270° were not used for analysis as these images are neither
allocentric nor egocentric, but rather, they were collected to
allow comparison with other work in this area that typically
uses these orientations (i.e., future use of the data).

Procedure

The experiment used online testing hosted on the NOI Rec-
ognise™ platform (http://www.research.noigroup.com).
Participants were asked to use a desktop computer, laptop
or tablet to access the online platform. Participants were
encouraged to complete the test in a quiet space and to limit
interruptions. Demographic information was collected prior
to LRJ testing, which included questions regarding partici-
pant age, gender, occupation (licensed hand therapists or
podiatrist), clinical experience (years of practice; if applica-
ble), current pain state, and history of chronic pain. Handed-
ness was assessed using an online version of the Edinburgh
Handedness Inventory (EHI) (Oldfield 1971).

Participants were randomly assigned to complete testing
for hand images first or feet images first. For both image
sets, participants first completed a practice trial of 20 images
(randomly chosen from a pool of 40 images) before complet-
ing two 128 test-image sets. Participants were instructed to
identify the left/right nature of the image as quickly but as
accurately as possible and were encouraged to take breaks
in between image sets (via online written instructions pro-
vided prior to testing). Participants were explicitly instructed
to avoid moving their own hands or feet (i.e., into the dis-
played image posture) during testing. This process was then
repeated for images of the remaining body part (hands or
feet).

A customised LRJ task was created such that each image
(four of hands, four of feet) in each of eight orientations was
randomly presented twice during each test-image set. Thus,
all participants performed LRJs on identical image sets, but
in different image orders. For each image, participants were
given 5 s to respond after which the program automatically
advanced, providing the next image. Responses were made
using the right index finger to press the “N” key for right
images and the left index finger to press the “V” key for
left images (if performing LRJs on tablets, either “Left” or
“Right” was pressed using respective index fingers). RTs
and key responses (N/Left or V/Right) were recorded by the
Recognise™ software and exported into Microsoft Excel.

Data handling

Participants who reported current pain in the hands or feet,
chronic pain syndromes, neurological disorders, or an age

less than 18 years/more than 65 years were excluded from
analysis, given that these features can influence LRJ per-
formance (lonta et al. 2016; Schmid and Coppieters 2012;
Stanton et al. 2012).

The performance data (accuracy, RT) for each test image
(4 x hands, 4 x feet) at each orientation were summarised
(mean and standard deviation). Accuracy was calculated as
the percentage of correct responses for each participant for
images of hands and for images of feet. In accordance with
previous work using the LRJ task (Ionta and Blanke 2009;
Stanton et al. 2012; Wallwork et al. 2013), RTs were calcu-
lated for images that had correct responses. Due to very low
accuracy rates for image 4 (most difficult posturing) for both
the hand and feet image task, performance results from these
images were excluded from the analysis (insufficient data
to calculate RT values for each orientation). Thus, the LRJ
performance data used in analyses represented the average
of performance over Images 1-3 for both hands and feet.
Further, given previous findings of a speed-accuracy trade-
off, (i.e., responses <500 ms are not indicative of true task
performance but rather represent either mistakenly hitting a
key or a guess) (Ionta et al. 2012), RT responses <500 ms
were excluded.

In addition to the average RT data for each image and
orientation, we also computed the overall ratio between
performance on allocentric versus egocentric images (FoR
RT ratio) for each type of image (hands/feet) and for each
group. Specifically, the FoR RT ratio was computed as the
average allocentric RT divided by the average egocentric RT.
Ratios approaching 1.0 represent equal RT for egocentric
and allocentric images, ratios > 1.0 represent the degree to
which RT increases with allocentric images (compared with
egocentric) or decreases with egocentric images (compared
with allocentric), and vice versa with ratios < 1.0.

SPSS software (IBM SPSS version 22.0, USA) was used
for all analyses. Data were first checked for normality using
visual inspection of probability plots and the Shapiro—Wilk
statistic. If normally distributed, parametric analyses were
used. If not, data were transformed. A significance limit of
p <0.05 was used in all analyses.

Statistical analysis

In all analyses, age, gender, and handedness were considered
as potential covariates given that these factors can influence
LR]J performance (De Simone et al. 2013; Wallwork et al.
2013). A one-way ANOVA was used to evaluate if mean
age differed between groups, and the chi-squared statistic
evaluated differences in gender or handedness proportions
between groups. If group differences approached statisti-
cal significance (p <0.10), these variables were included as
covariates in the analysis.
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To determine if there were RT differences between
groups, specific to the image FoR (allocentric versus ego-
centric), linear mixed model analyses were completed.
RT was the dependent variable and independent variables
included the image FoR (within: egocentric or allocentric)
with image orientation as a nested factor [within: 0° and
180° (midline), 45°, 135° (easy orientation), 315°, 225° (dif-
ficult orientation)] and their interactions with the main factor
of group (between: podiatrists, hand therapists, and healthy
controls). Participants were considered to contribute to the
model as random effects with any relevant covariates (e.g.
age and gender) as fixed effects. Between-group significant
interaction effects were further explored using post hoc inde-
pendent t-tests considering both the FoR RT ratio and the
analysis means. Residuals from predicted and actual results
were plotted to ensure a linear mixed model was appropriate.

To determine if accuracy of LRJ task performance dif-
fered between groups, one-way ANOVAs were completed
for hand and for feet images. Any significant differences
were explored using post hoc independent ¢ tests using a
Holm-Bonferroni correction. Last, Spearman’s p was used
to determine if clinical experience related to overall RT
(clinical experience was non-normally distributed). We fur-
ther explored whether clinical experience was associated
with RT based on image FoR (egocentric versus allocentric)
in a final analysis.

Results

Of 385 total participants that initiated the online task, 122
completed the entire task of both hand and feet images.
172 participants completed at least one set of foot images
and 178 completed one set of hand images. For RT data,
removal of incorrect responses and RT responses < 500 ms

accounted for a loss of 6.8% of data. Finally, 47 hand-image
participants and 44 feet-image participants reported being
in pain at the time of testing, resulting in exclusion of their
data. This totalled 178 and 172 participants for hands and
feet image-sets, respectively. See Table 1 for participant
characteristics.

Group differences in the effect of Inage FoR on RT
(Fig. 2a)

Hand image

When controlling for age and gender, there was a main effect
of Image FoR (F; 175=331.9, p<0.0001) with all groups
faster at recognising egocentric than allocentric images.
There was a main effect of Image Orientation (£, 13,=9.13,
p<0.0001; “easy” < “midline” < “difficult”) but no main
effect of Group (F, 17, =0.93, p=0.40) and no significant
interaction between Group and Image FoR (F, ;5=1.190,
p=0.15) or Group and Image Orientation (F ;50=0.90,
p=0.47).

Due to the small number of male podiatrists (and given
that large inequities in categorical covariates can exert an
undue influence on linear mixed model analyses), a sen-
sitivity analysis was run for hand images using a female-
only sample. See Fig. 2a for full RT data. Similarly, when
controlling for age, there was a main effect of Image
FoR (egocentric quicker than allocentric; Fy ,5=348.39,
p<0.0001) and Image Orientation (F, ¢s=6.12, p=0.004;
as above), but no effect of Group (F, 14;=0.10, p=0.91)
and no Group X Image Orientation interaction (Fy g5=1.12,
p=0.35). However, there was a significant Image
FoR X Group interaction (Fp,5=3.70, p=0.039; see
Fig. 2b). Post hoc analysis of the raw RT data revealed a
significant difference between hand therapists and healthy

Table 1 Participant

O Healthy controls Podiatrists Hand therapists Total p value
characteristics

Hand images
N 55 71 52 178 -
Age (years) 33.6+12.7 384+11.9 35.8+10.1 36.2+11.8 0.015%
Gender 13M, 42F 8M, 63F 17M, 35F 38M, 140F 0.076
Handedness 4L, 51R 8L, 63R 8L, 44R 20L, 158R 0.415
Clinical experience (months) — 166 +131.2 116.6 £94.6 145.3+119.7 0.024*
Feet images
N 50 66 56 172 -
Age (years) 34.8+13.6 38.3+11.6 36.6+10.4 36.7+11.9 0.28
Gender 12M, 38F 5M, 61F 19M, 37F 36M, 136F 0.001*
Handedness 3L, 47R 8L, 58R 7L, 49R 18L, 154R 0.476
Clinical experience (months) — 163.8+131.9 117.2+95.0 141.8+108.3 0.029*

M Male, F female, L left, R right

p < 0.05
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Fig.2 Hand and feet image RT results based on Group and Frame
of Reference (FoR). a Overall mean (standard error) RT results as
a function of Task (hand/feet images), Group, Image FoR (egocen-
tric/allocentric), and orientation (0°, 45°, 135°, 180°, 225°, 315°).
b Mean (standard error) RT and FoR RT ratio for hand images as a
function of Group and Image FoR (egocentric/allocentric) when con-

controls for egocentric images of hands, wherein hand thera-
pists were 207.9 ms faster than healthy controls (p =0.029;
See Table 2), but hand therapists did not differ from healthy
controls for allocentric images (19.9 ms difference, p=0.87).
There was also no significant difference between hand thera-
pists and podiatrists, or podiatrists and healthy controls for
either egocentric or allocentric images, respectively (see
Table 2). Post hoc tests of the FoR RT ratio revealed a sig-
nificant difference between hand therapists (mean + SD:
1.37+0.21) and healthy controls (1.21 +0.24, p=0.0004,
d=0.71), and podiatrists (1.25+0.18, p=0.0009, d=0.61),
but no difference between podiatrists and healthy controls
(»p=0.29, d=0.19). Thus, hand therapists take 37% longer
to identify an allocentric image than an egocentric image,

trolling for age; *Post hoc RT results, p <0.05; AAA Post hoc FoR
RT ratio results, p<0.001. ¢ Mean (standard error) FT and FoR RT
ratio for feet images as a function of Group and Image FoR (egocen-
tric/allocentric); *Post hoc RT results, p <0.05; AAA Post hoc FoR
RT ratio results, p <0.0001

whereas podiatrists and healthy controls take ~20% longer;
however, given post hoc results of RT data this increased
FoR RT ratio for hand therapists is driven by a reduction in
RT for egocentric images rather than an increase in RT for
allocentric images.

Feet images

When controlling for age and gender, there was a signifi-
cant effect of Image Orientation (F, ;49=49.945, p <0.0001;
“easy” < “midline” < “difficult”’) and Image FoR (allocentric/
egocentric; Fy 150=230.36, p <0.0001) whereby participants
were faster for egocentric images than allocentric images.
There was no main effect of Group (F, 4s=1.08, p=0.43),
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Table 2 Mean differences with 95% confidence intervals for post hoc tests of group RT differences for hand and feet images

Egocentric Allocentric

Mean diff (ms) 95% CI p value d Mean diff (ms) 95% C1 p value d
Hand images
Pod versus HC —110.79 —270.32, 48.75 0.17 0.25 —82.76 —296.03, 130.52 0.44 0.14
HT versus HC —207.84 —392.53, -23.15 0.028%* 0.43 -19.93 —267.06, 227.20 0.87 0.031
HT versus Pod 97.06 —263.84, 69.73 0.25 0.21 62.83 —160.05, 285.70 0.58 0.11
Feet images
Pod versus HC —99.84 —366.50, 166.83 0.46 0.14 —297.28 —573.18, -21.39 0.035* 0.40
HT versus HC 6.67 —211.30, 224.64 0.95 0.012 —116.16 —346.19, 113.88 0.32 0.19
HT versus Pod 106.50 —122.64, 335.65 0.36 0.17 181.13 —58.14, 420.39 0.14 0.28

Mean diff Mean differences, CI confidence intervals, ms milliseconds, d Cohen’s d value, Pod podiatrist, HC healthy control, HT hand therapist

*p < 0.05

but there was a significant Group X Image FoR interaction
(Fy.160=3.136, p=0.046; see Fig. 2). Post hoc tests of the
raw RT data revealed that podiatrists were significantly
faster at identifying allocentric images of feet than healthy
controls (297.3 ms, p =0.034; see Table 2), but performance
between the groups was not different for egocentric feet
images. There was no significant difference between any of
the other groups for egocentric or allocentric orientations
(see Table 2). Post hoc tests of FoR RT ratios revealed a
significant difference between healthy controls (1.30 +0.21),
and both podiatrists (1.16 +0.18, p <0.0005, d=0.72) and
hand therapists (1.20+0.20, p=0.026, d=0.49) but podia-
trists and hand therapists did not differ (p=0.25, d=0.21).
Taken together, this suggests that podiatrists took only ~ 16%
longer to identify allocentric feet images than egocentric feet
images (vs ~30% longer in healthy controls), and that this
ratio difference is driven by a reduction in RT for allocentric
images in podiatrists. Hand therapists took ~20% longer to
identify allocentric versus egocentric feet images, similarly
driven by relatively improved performance for allocentric
images, although raw RT values did not significantly differ
from healthy controls. Sensitivity analyses evaluating gender
influences found largely consistent results (see Supplemen-
tary Material 2).

Group differences in LRJ accuracy

For images of hands, there was a significant between-group
difference for accuracy when controlling for age and gender
(Fy.173=11.773, p<0.0001). Hand therapists were more
accurate at identifying images of hands with a mean (SD) of
90.9% (6.3%) than both podiatrists [86.4% (9.0%), p=0.003,
d=0.58] and healthy controls [81.6% (10.3%), p <0.0001,
d=1.09). Podiatrists were also more accurate at identifying
images of hands than healthy controls (p =0.006, d=0.50).

There was a significant between-group effect for
images of feet (F, 4, =75.475, p=0.005), controlling for
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age and gender. Both hand therapists and podiatrists per-
formed more accurately than healthy controls (p =0.0003,
d=0.72; p=0.001, d=0.62), with mean (SD) accu-
racy values of 93.6% (7.5%), 93.1% (8.9%), and 87.0%
(10.6%), respectively. There were no differences in accu-
racy between hand therapists and podiatrists (p =0.74,
d=0.06).

Relationship between clinical experience and LRJ
task performance

There was no relationship between clinical experience (total
months of practice) and average RT for any of the health
professional groups (see Table 3). There was a trend for cor-
relation between overall experience and image RT for hands,
suggesting that greater clinical experience resulted in shorter
RTs, but this did not reach significance (Table 3). Further,
when considering RTs for allocentric and egocentric images
separately, there was no significant correlation between prac-
ticing months in podiatrists/hand therapists and RT perfor-
mance for egocentric or allocentric images of hands or feet.

Table 3 Correlation (Spearman’s p) between clinical experience and
RT performance for hand therapists and podiatrists

Hand therapists Podiatrists

Spearman’s p  p value Spearman’sp  p value
Hand images
Overall 0.24 0.09 0.17 0.16
Egocentric 0.15 0.30 0.14 0.25
Allocentric 0.22 0.14 0.18 0.15
Feet images
Overall 0.050 0.69 0.044 0.82
Egocentric 0.067 0.60 0.072 0.57
Allocentric  0.026 0.84 0.062 0.63
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Discussion

We hypothesised that daily visual exposure to hands and
feet in 3PP (by hand therapists and podiatrists, respec-
tively) would result in a shift to visual object-based recog-
nition strategies in the LRJ task, as evidenced by selective
decreases in RTs for allocentric images. This hypothesis was
partially supported. Podiatrists showed a selective decrease
in RT for allocentric images of feet compared with healthy
controls, consistent with a facilitation of visually expe-
rienced 3PP of feet and a potential switch from IMI to a
visual object-based recognition strategy. In contrast, hand
therapists showed a selective decrease in RT for egocentric
images of hands compared with healthy controls, consist-
ent with a facilitation of 1PP of hands. Such results suggest
differential effects of habitual 3PP vision of the body on the
recognition strategies used during LRJ task performance.
Our secondary hypothesis that repeated clinical exposure
to the mental rotation of hands/feet and increased hand
task-dependent use in health professionals would result in
increased accuracy during the respective LRJ task was sup-
ported. Health professionals were consistently more accurate
at identifying images of hands and feet than were healthy
controls. Finally, our hypothesis that the amount of clinical
experience would negatively relate to task RTs was not sup-
ported. Together these findings have important theoretical
and clinical implications.

Individual features that influence performance
and recognition strategy during LRJs

Our results suggest that features inherent to the individual,
namely visual exposure to hands/feet in 3PP and task-
dependent use, influence the performance and type of rec-
ognition strategy used during LRIJs.

Effect of habitual vision of the body in 3PP

Differential effects of habitual 3PP visual exposure of
hands versus feet suggest that the relationship between LRJ
performance, recognition strategy, and visual exposure is
likely multifaceted. Regardless, our findings are generally
supported by previous work showing that visual processes
contribute to LRJ performance. For example, RTs are faster
when hand images are provided in the congruent visual field
(e.g., right hand, right visual field; left hand, left visual field)
(Parsons and Fox 1998) and slower when provided in the
incongruent visual field (right hand, left visual field; left
hand, right visual field) (De Simone et al. 2013).

We found that habitual visual exposure to feet in a 3PP
in podiatrists reduces RTs only for allocentric (3PP) foot

images. Previous work using the hand LRJ task has shown
that the FoR of the images impacts performance and recog-
nition strategy: RTs for allocentric images increase more
than would be expected (based on performance for egocen-
tric images) and are not highly correlated with each other
as occurs for egocentric images (Brady et al. 2011). Such
results have been interpreted as moving from an IMI recog-
nition strategy to a strategy that involves reframing allocen-
tric stimuli to an egocentric FoR (Brady et al. 2011). Our
results extend the previous work by showing an opposite
effect of habitual 3PP vision of feet on RTs for allocentric
images: RTs are decreased. This suggests that an individual’s
unique visual 3PP exposure to feet has a distinct effect on
performance of the LRJ task. Our findings are supported by
research in body rotation experts: gymnasts that have high
level skill in body rotation and also commonly watch/view
other gymnasts’ body rotation have significantly faster RTs
for body LRJs (versus handball players) and their RTs are
most reduced for typically unfamiliar (allocentric) stimuli
(Habacha et al. 2017).

In contrast, habitual 3PP vision of hands experienced
by hand therapists did not influence their performance on
allocentric images of hands, suggesting that the recognition
strategy used during LRJs was not affected. Why might the
effect of habitual 3PP vision of hands versus feet on LRJ per-
formance differ? One clear difference is that general visual
exposure to hands in 3PP in everyday life is much greater
than that of feet. For example, research into human gesture
recognition has shown that the identification of posture and
orientation is important in understanding meaning behind
hand movements (Vatavu et al. 2006). Observing another’s
movements or gestures engages the mirror neuron system
allowing one to mentally simulate the perceived movement
without actually executing the movement (Jeannerod 2001;
Rizzolatti et al. 1996). Such repeated mental simulation of
hands in 3PP during gesture recognition is likely to influence
performance for allocentric images in all groups. Thus, any
additional 3PP visual exposure of hands by hand therapists is
potentially insufficient to add to the effects of general visual
exposure to hands in 3PP during daily life. In contrast, only
podiatrists repeatedly view others’ feet in an allocentric
(3PP) frame of reference. Repeated visual exposure to feet in
3PP may support a stronger visual representation, enhancing
body identification (Hodzic et al. 2009); such findings would
be predicted by animal studies showing that visual exposure
enhances stimulus encoding in the primary visual cortex
(Lazar et al. 2018), which can then be used for advanced
processing. Future work exploring the patterns of brain
activation during LRJ of allocentric images in podiatrists is
warranted to determine if activation is consistent with IMI
[i.e., in motor relevant areas, Parsons and Fox (1998)] or if
activation occurs in areas subserving object-based recogni-
tion such as the ventral visual stream (DiCarlo et al. 2012).
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Effect of individual experience and task-dependent use

Our findings that health professionals are generally more
accurate and quicker (for specific comparisons) than healthy
controls at hand/feet LRJ is consistent with past work that
has shown that individuals’ experience and use of a body
part can influence their mental rotation ability. For exam-
ple, athletes whose sports require high levels of spatial bod-
ily awareness and motor expertise, such as gymnasts and
orienteers, have enhanced performance on body LRJ tasks
(Habacha et al. 2017; Schmidt et al. 2016).

We found that both hand therapists and podiatrists were
more accurate than healthy controls on both the hand and
the foot LRJ task. The ability to accurately perform mental
rotation of bodily images is thought to depend upon one’s
“body schema” (Fiorio et al. 2007), that is, a complex rep-
resentation of the body built on multimodal sensory inputs
(Schwoebel and Coslett 2005), and which is formed by
memories and perceptions of one’s own and others’ per-
ceived anatomy (Berlucchi and Aglioti 1997). Our findings,
therefore, support the presence of an overall enhancement of
body schema in health professionals. Whether this enhance-
ment develops due to intensive practice as a part of train-
ing/occupational demands or is inherent to the individual
is unclear.

The contribution of task-dependent use to LRJ perfor-
mance is also supported by our finding that hand therapists
had significantly quicker RTs for egocentric images of hands
(1PP) than healthy controls. First, our findings are generally
consistent with previous work showing that experts in hand
use (i.e., table tennis players) are faster at mentally rotating
hand images than non-experts, and quicker for images of
their dominant versus non-dominant hand (Habacha et al.
2014). Second, past work has shown that when the LRJ task
is specific to the skilled spatial movement, as occurred in
the present study, skilled populations (i.e., elite divers) have
uniquely enhanced performance for the rotational stage (i.e.,
IMI) of the LRJ task that does not occur during object-based
mental rotation (Feng et al. 2017). Such findings suggest
that enhanced sensorimotor processing (IMI) in hand thera-
pists drives the egocentric RT decrease rather than a switch
to visual object-based recognition. Enhanced sensorimotor
processing in hand therapists is likely due to precise motor
use (Habacha et al. 2014), repeated habitual IMI simulation
(Rizzolatti et al. 1996), with the resultant refining of internal
representation of the hand. Last, that podiatrists’ RTs did not
differ from healthy controls for egocentric foot images would
be predicted by an influence of task-dependent use on LRJ
performance given that podiatrists do not use their own feet
more than healthy controls (or hand therapists).

We also hypothesised that the duration of task-dependent
use (i.e., amount of clinical experience) would correlate with
enhanced performance given previous findings that training
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improves hand LRJ task performance (Berneiser et al. 2018)
and that skilled populations have enhanced mental rotation
performance (Feng et al. 2017; Habacha et al. 2014; Schmidt
et al. 2016). While the present study provides evidence for
enhanced movement representations (quicker RTs) in health
professionals, the amount of clinical experience was not cor-
related with enhanced performance as hypothesised. This
raises two possibilities: first, the lack of correlation may
reflect that consistent task-dependent use maintains, rather
than increases, enhanced motor representations that occurred
due to initial professional training. Second, it may also
reflect that people who are intrinsically more body aware
(Craig 2009) self-select into professions that require good
motor and spatial skills. While there is some evidence to
suggest that body awareness and movement representations
share similar cortical anatomy (Berti et al. 2005), height-
ened awareness of the body may also relate to more general
mechanisms, such as those subserved by interoceptive pro-
cesses supported in the anterior insular cortex (Craig 2009),
which can promote motor skill acquisition (Toner and Moran
2015). Longitudinal testing that purposefully recruits popu-
lations that are about to undergo intensive training in precise
hand movements would be fruitful.

Features that influence the shift from IMI to other
recognition strategies

Our findings show FoR-specific differences in LRJ perfor-
mance for feet images that likely represent changes to rec-
ognition strategies used in the LRJ task. Specifically, large
differences in FoR RT ratios between podiatrists and healthy
controls for the foot LRJ task, driven by a reduction in RT to
3PP images in podiatrists, strongly suggest that a different
recognition strategy is being used.

A change in LR] recognition strategy is consistent with
past work demonstrating that individual differences in men-
tal rotation ability are likely due to the use of varying rec-
ognition strategies (Khooshabeh et al. 2013; Mumaw et al.
1984). For example, in an object-based mental rotation task,
people with high spatial ability have been shown to be faster
in encoding the stimuli (i.e., stable visual representation) and
in manipulating their visual representation (Mumaw et al.
1984), and are generally more accurate than people with
low spatial ability (Khooshabeh et al. 2013). In addition,
high-spatial ability imagers update their recognition strategy
based on the familiarity of the image, whereas low-spatial
ability imagers do not (Khooshabeh et al. 2013). That podia-
trists show generally enhanced spatial ability compared with
healthy controls (i.e., are more accurate for both hand and
feet LRJs) would support their ability to update the recog-
nition strategy used based on image familiarity (i.e., 3PP
visual exposure to feet provides increased familiarity for
allocentric images).
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Past work has shown that features of a mental rotation
task that promote embodiment (‘self’ versus ‘other’) can
influence a shift from IMI to other recognition strategies,
as evidenced by distinct neural underpinnings (Sirigu and
Duhamel 2001). That is, when 1PP is used during a hand
spatial position task (imagine your own hand), motor
imagery processes are engaged, while if 3PP (imagine the
experimenter’s hand) is used, visual imagery processes
are engaged (Sirigu and Duhamel 2001). As mentioned,
image FoR provides perspectives that are consistent with
a view of one’s own hand/foot (‘self’: egocentric/1PP) or
another’s hand/foot (‘other’: allocentric/3PP), with dis-
tinct neural correlates (Saxe et al. 2006). The right EBA
is selectively activated during mental rotation of body
parts (Blanke et al. 2010), and has shown to be involved
in identification of one’s own versus another’s body (Saxe
et al. 2006), with distinct neural subpopulations that are
selectively active during recognition of body ‘self’ and
‘other’ images (Myers and Sowden 2008). That is, research
suggests that the right EBA uses perspective, i.e. allocen-
tric or egocentric, to help identify body ownership (Saxe
et al. 2006). Taken together, a switch from sensorimotor
strategies (i.e., IMI) to visual strategies and vice versa
would be predicted in association with perspective (1PP
versus 3PP).

Our findings extend such a prediction by showing that
an individual’s habitual vision of feet in 3PP (others’ feet)
results in selectively improved performance for allocen-
tric images of feet which would support enhancement of
visual imagery strategies. Past work has hypothesised that
unexpectedly large increases in RT for allocentric images
represent reframing of allocentric images to an egocentric
FoR. An alternate possibility is that IMI is still utilised to
confirm or refute the initial judgement of laterality, but with
allocentric images, the initial judgement is more likely to
be wrong (i.e., more difficult), requiring re-confirmation of
laterality via IMI and thus larger than expected increases in
RT for allocentric images. It is accepted that visual expo-
sure can contribute to representation and identification of
the body (Hodzic et al. 2009). Thus, our findings of reduced
RTs suggest that enhanced visual imagery processes may:
(i) allow mental reframing of allocentric images to egocen-
tric FoR to be avoided; (ii) increase the likelihood that the
initial choice is correct (i.e., IMI is still used); (iii) avoid
both processes via visual object-based recognition strate-
gies, whereby one merely recognises an image based on past
exposure. Visual inspection of Fig. 2a shows that podiatrists’
recognition of foot images was facilitated most for images
of ‘other’ (i.e., lateral orientation) versus ‘self” (i.e., medial
orientation) in both the allocentric (225° vs 135° orienta-
tion) and egocentric (315° vs 45°) FoR. Such findings are
the opposite of what is normally seen (facilitation of medial
versus lateral) (De Simone et al. 2013), and thus would more

strongly support the use of visual object recognition based
on past 3PP exposure (versus IMI or visual-proprioceptive
matching).

Last, our work also extends past findings by showing that
the relative weighting of both sensorimotor internal repre-
sentation and visual exposure may be important to the recog-
nition strategy used. Specifically, the effects of habitual 3PP
vision of the body on LRJ performance seen here differed
between body parts that had relatively strong/precise (hands)
versus weak/imprecise (feet) sensorimotor representations. It
has been shown that both sensorimotor and visual frames of
reference are used to represent the body, and when sensori-
motor input is removed (i.e., spinal cord injury), the relative
weighting of visual contribution to bodily representation is
increased, with visual imagery processes primarily used to
make LRJs (Tonta et al. 2016). Our work suggests that the
strength of internal sensorimotor representations may influ-
ence the degree to which visual contribution can overcome
sensorimotor contribution during LRJs. Given consistent
use of highly precise movements, hands typically have a
strong internal representation. That we saw no congruent
facilitation of habitual 3PP visual exposure to hands on RTs
for allocentric hand images suggests a maintenance of IMI
strategies. In contrast, such an effect would not be predicted
for feet, given their relatively smaller (vs hands) internal
representation. That is, the increased relative weighting
afforded by visual exposure of feet in 3PP (versus less strong
sensorimotor representation) would allow a switch to visual
processing during LRJs of allocentric images.

Study strengths and limitations

This study is one of the first to recruit a large sample (world-
wide) of clinical professionals and healthy controls. Our
results showing generally slower RTs for allocentric versus
egocentric images are consistent with past work (Parsons
1987; Wallwork et al. 2013), supporting the validity of our
online protocol. However, there are limitations associated
with the online data collection that may have resulted in
increased variance in the data. Posture and biomechanical
position affects LRJ performance (Ionta and Blanke 2009;
Parsons and Fox 1998); thus during the task, participants
are required to keep their hands and feet stationary. While
provided with explicit instructions to stay stationary, due to
our online data collection, it cannot be confirmed that this
occurred.

Additionally, some healthy volunteers of this study had
a medical/allied health background (other than podiatry/
hand therapy). However, that between group differences
are present suggests that any exposure/practice in the
healthy controls was insufficient to impact LRJ perfor-
mance. In addition, while we collected hand dominance
data due to its known impact on LRIJ task performance
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(Wallwork et al. 2013), we did not collect foot dominance
(Oldfield 1971). Given that past cohorts have predomi-
nantly found that foot dominance mirrors that of hand
dominance (Stanton et al. 2012), it is unlikely to have had
an effect. Last, gender balance differed between groups
(i.e., a very low number of male podiatrists). Because low
participant numbers for categorical covariates subdivides
the sample allowing for undue influence of covariates in
linear mixed model analyses, we performed sensitivity
analyses. The LRJ performance results for hand images
differed based on whether gender was included as a covari-
ate or a female only sample was used. The present study
is unable to determine whether this is a true gender effect
or whether this is a sample/statistical model limitation;
further work is needed to specifically answer this question.

Conclusion

This research found that regular visual exposure to the
body in 3PP had differential effects on mental rotation of
images of hands and feet. Regular visual exposure to the
feet in 3PP (i.e., podiatrists) appears to promote a shift
from IMI to non-IMI strategies (e.g., visual object-based
recognition), as evidenced by selectively reduced RTs for
allocentric feet images. However, regular visual exposure
to the hands in 3PP (i.e., hand therapists) did not influence
RT for allocentric hand images, rather, performance for
egocentric (first person) hand images was enhanced, which
is likely a function of enhanced internal representations of
the hand. Indeed, task-dependent use (i.e., via a health pro-
fessional background) resulted in general enhanced LRJ
task performance, whereby the health professionals were
more accurate at both hand and feet tasks than healthy con-
trols, but not more accurate than each other. Together, the
findings support the idea that both sensorimotor and visual
processes contribute to LRJ performance and recognition
strategy. Further work to delineate the conditions under
which these (and other) processes interact and/or dominate
during LRIJs of body parts is warranted.
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