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Atypical influence of biomechanical
knowledge in Complex Regional

Pain Syndrome-towards a different
perspective on body representation
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X. Libouton*>, V. Fraselle*¢, D. Mouraux’-® & V. Legrain%3

Part of the multifaceted pathophysiology of Complex Regional Pain Syndrome (CRPS) is ascribed

to lateralized maladaptive neuroplasticity in sensorimotor cortices, corroborated by behavioral
studies indicating that patients present difficulties in mentally representing their painful limb. Such
difficulties are widely measured with hand laterality judgment tasks (HLT), which are also used in
the rehabilitation of CRPS to activate motor imagery and restore the cortical representation of the
painful limb. The potential of these tasks to elicit motor imagery is critical to their use in therapy,
yet, the influence of the body’s biomechanical constraints (BMC) on HLT reaction time, supposed to
index motor imagery activation, is rarely verified. Here we investigated the influence of BMC on the
perception of hand postures and movements in upper-limb CRPS. Patients were slower than controls
in judging hand laterality, whether or not stimuli corresponded to their painful hand. Reaction time
patterns reflecting BMC were mostly absent in CRPS and controls. A second experiment therefore
directly investigated the influence of implicit knowledge of BMC on hand movement judgments.
Participants judged the perceived path of movement between two depicted hand positions, with
only one of two proposed paths that was biomechanically plausible. While the controls mostly chose
the biomechanically plausible path, patients did not. These findings show non-lateralized body
representation impairments in CRPS, possibly related to difficulties in using correct knowledge of
the body’s biomechanics. Importantly, they demonstrate the challenge of reliably measuring motor
imagery with the HLT, which has important implications for the rehabilitation with these tasks.

Patients suffering from Complex Regional Pain Syndrome (CRPS) are characterized by severe and continuous
pain in one limb which often develops after minor or moderate trauma and is disproportionate to the triggering
event'. Sensory symptoms are accompanied by various autonomic, trophic and motor symptoms®. CRPS is dif-
ficult to treat, since its pathophysiology is complex, involving different mechanisms, at different stages and indi-
vidual time frames, such as neurogenic inflammation, vasomotor dysfunction as well as structural and functional
changes at the cortical level**. These cortical changes have been mainly interpreted as reflecting a maladaptive
neuroplasticity of the cortical representation of the affected limb, mostly in the primary and secondary soma-
tosensory (SI, SII) as well as primary motor (MI) cortices®** (however, see'® for contrasting results showing no
evidence for reorganization in SI). Cognitive difficulties of CRPS patients in mentally representing and perceiv-
ing their affected limb have been extensively investigated and described as a corollary of these cortical changes,
and are now recognized as a typical feature of the CRPS symptomatology'®. Those studies have also driven the
development of rehabilitation techniques promoting the restoration of cortical sensorimotor representations of
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the affected limb in CRPS". Such problems in body representation include feelings of disownership over the
affected limb as well as distortions in representing its size, shape and position'®.

One specific task that is regularly used to test body representation difficulties in CRPS is the hand laterality
task (HLT)'%. In this task, images of hands are presented and participants have to judge as quickly and accu-
rately as possible whether they see a left or a right hand. The different hand stimuli are presented in various
rotation directions (i.e. towards or away from the body midline) and orientations (i.e. with different degrees of
angular deviation from a canonical hand stimulus at 0° see upper part of Fig. 1). The HLT is hypothesized to
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Figure 1. Stimuli of the mental imagery task. Stimuli result from the combination of stimulus type (hand,
house or letter), laterality (left or right), rotation (medial or lateral) and orientation (0°, 45°, 90°, 135° or
180°). For pictures of hands, clockwise rotations of the left hand and anticlockwise rotations of the right hand
correspond to medial rotations. Anticlockwise rotations of the left hand and clockwise rotations of the right
hand correspond to lateral rotations. For the purpose of statistical analyses, rotation conditions of the house
and letter images were relabeled in order to match conditions and the response codes of the hand pictures.
Accordingly, for images of houses with a right-sided chimney and the L with the horizontal bar at the right,
clockwise rotations are considered as lateral rotations and anticlockwise rotations as medial rotations. The
reverse is the case for images of houses with a left-sided chimney and the L with the horizontal bar at the left.
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more specifically test the body schema, an online sensorimotor representation of the body. This unconscious
and dynamic representation of the relative position of the body parts would interact with the motor systems
to generate and guide actions®!, and would thus underlie real movement, but also imagined ones®'-**. The HLT
is indeed thought to prime motor imagery, i.e. the mental manipulation of body parts and simulation of hand
movement from a first-person perspective. Consequently, the reaction time (RT) to judge the laterality of the
depicted hand is considered as the time that is necessary to perform a mental rotation of one’s own hand towards
the depicted position of the stimulus hand®. This has been based, amongst others, on the observation that the
participants’ performance depends on the body’s biomechanical constraints on movement, i.e. the mechanical
limitations applied to the range of motion of the different body parts. Specifically, in the HLT, when the movement
to mentally rotate the physical hand to the position of the hand stimulus is close to the biomechanical constraints
of the hand, the RT increases. For example, the laterality of hand stimuli oriented away from the body midline
(lateral rotation) is generally judged slower than that of stimuli oriented toward the body midline (medial rota-
tion), an effect called the Medial-Over-Lateral-Advantage (MOLA effect, see***), as a medial rotation with the
real hand would often be less constrained than a lateral rotation*.

When tested with the HLT, upper-limb CRPS patients have been shown to be much slower in judging the
laterality of hand stimuli corresponding to their affected upper limb than of hand stimuli corresponding to their
unaffected upper limb?*?’, while a difference between left and right hands was not observed for healthy control
participants®. This observation seems to support the idea that CRPS patients have difficulties in generating and
manipulating a cortical representation of their affected limb. However, the results of other studies that used the
HLT to test body representation in CRPS indicate that this effect might not be as consistently found as previ-
ously thought. Indeed, some studies show that CRPS patients are only slower in recognizing the laterality of
a depicted hand corresponding to the affected limb when its orientation deviates the most from its canonical
presentation (i.e. 180°)?*%. Other studies found increased RTs for both hands as compared to controls**-** or
no difficulties in judging hand laterality at all in CRPS***. However, in these studies, the aforementioned bio-
mechanical indexes reflected in HLT RTs have not been systematically taken into account. Since the presence of
these indexes has generally been taken as evidence that motor imagery processes have been activated during the
task (see, however??), one reason for inconsistent results between these studies could thus possibly be that not
all of them trigger motor imagery processes with their task. It is indeed known that under some circumstances,
participants can switch to alternative strategies, such as visual imagery, during the HLT***¥". Visual imagery is
another form of mental imagery, commonly used in tasks in which objects, such as figures, numbers or letters,
have to be mentally rotated®®. If visual imagery instead of motor imagery is used during HLT, the depicted hands
would not be treated as one’s body part, but rather as an external object whose orientation in space could be
evoked by a movement from a third person perspective or without simulating an actual motor action®. Con-
sequently, the above-described biomechanical indexes in RTs should not be observed if visual imagery is used
to solve the HLT*.

The aim of the present study was to investigate hand representation in CRPS with two experiments, by
focusing specifically on the influence of the biomechanical constraints of the hands on the perception of hand
postures and movement. In a first experiment, CRPS patients and matched controls performed a HLT on left and
right hand stimuli. Based on the literature, we hypothesized that the CRPS patients would be slower in judging
hand stimuli corresponding to their affected hand as compared to their unaffected hand and controls. Moreover,
unlike most previous studies, we specifically investigated whether participants’ judgments were influenced by the
biomechanics of the hand, by testing the presence of the typical biomechanical indexes such as the MOLA effect.
Importantly, all participants performed the task also on control stimuli, i.e. pictures of letters and houses, which
are, as opposed to the hand stimuli, supposed to induce visual imagery processes instead of motor imagery, and
for which the MOLA effect should thus be absent. We didn’t have any specific hypotheses regarding accuracy
on the HLT, since effects in terms of group and laterality differences have rarely been observed in the CRPS
literature. Furthermore, the accuracy data does generally not provide any information as to the influence of
biomechanical constraints. In a second experiment we investigated the influence of the participants’ knowledge
of the biomechanical constraints of the upper limbs on their perception of hand movements, with a test based
on the apparent motion paradigm*"*2. In this task, participants have to select the perceived path of movement
between two depicted hand positions, with only one of the two proposed paths that is biomechanically plausible.
We hypothesized that if CRPS patients have a distorted representation, perception and/or use of the biomechanics
of their affected upper limb, they should be different from control participants in their probability of choosing
the biomechanically plausible vs. implausible path of movement, especially when the depicted limb corresponds
to their affected limb.

Methods

Participants. Nineteen patients with upper-limb type-I (i.e. no evidence for type-II) CRPS participated in
the study. Data from one patient were excluded from the analyses because of incomplete testing due to exces-
sive fatigue. Sixteen patients participated in Experiment 1 and 12 in Experiment 2. Patient characteristics are
presented in Table 1. Sixteen healthy volunteers participated as control participants in Experiment 1 (14 women,
53+6.9 years old, range: 35-64 years, all right-handed) and thirteen in Experiment 2 (8 women, 52+ 9.7 years
old, range: 28-64 years, all right-handed). For all participants in both experiments, exclusion criteria were the
presence of any neurological and severe psychiatric disorder, any unresolved orthopedic injuries as well as
uncorrected vision difficulties. Additionally, for control participants, exclusion criteria included the presence
of chronic pain and upper-limb trauma during the past year. Three of the patients had previously followed a
graded motor imagery training® of at least 2 weeks in the context of their physiotherapy sessions and at home
(participants 05, 12 and 13 in Table 1). Experimental procedures were approved by the local ethics committee
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Current treatment/
ID | Age/sex/handedness | Inciting injury | CRPSlimb | Diagnosis | Dur | medication Other pain Other Exp
01 62/F/R Frac wrist L CRPS-R 12 ?:;ﬁggﬁn’ Paracetamol, L shoulder depression 1
02 56/F/R PS wrist L CRPS-C 4 Ibuprofen Larm R CRPS 4 years ago 1
03 55/F/L Frac wrist L CRPS-C 20 - Both feet - 1
04 62/F/R Frac-PS wrist L CRPS-R 20 PT/OT/Paracetamol, Tramadol | L foot - 1
05 50/F/R STT hand L CRPS-R 32 Amitriptyline L side neck - 1

PT/OT/Amitriptyline, Brom-
06 51/F/R STI-PS shoulder | R CRPS-C 6 azepan, Ibuprofen, Paraceta- | R elbow, L shoulder | start SLAP L shoulder 1

mol, Tramadol
07 56/F/R Frac-PS wrist L CRPS-C 7.5 | PT R finger - 1,2
08 50/F/R Frac forearm R CRPS-C 5 PT/Paracetamol L middle finger - 1,2
09 64/M/R PS hand L CRPS-R 4 PT/Paracetamol R hand - 1,2
10 51/F/R STI-PS hand L CRPS-R 33 PT/OT - - 1,2
11 50/F/R Frac-PS forearm | L CRPS-R 5 PT/Paracetamol, Tramadol - RLS 1,2
12 58/F/R Frac-PS wrist L CRPS-R 8 PT/OT/Ibuprofen L calf - 1,2
13 33/F/R STT wrist/thumb | R CRPS-R 13.5 | PT/Ibuprofen spread to L arm migraine 1,2
14 58/F/R Frac wrist L CRPS-C 21 Paracetamol, Tramadol - - 1,2
15 47/M/R Frac-PS wrist R CRPS-R 16 ggxz‘;gﬁﬁmhme’ Ibuprofen, L clavicle R cubital nerve compression | 1,2
16 55/F/R Frac Forearm R CRPS-C 5 Acupuncture Hip, R knee migraine 1,2
17 57/M/R Frac-PS wrist CRPS-C 9 Paracetamol L foot - 2
18 40/M/R Frac-PS wrist L CRPS-C 13 Paracetamol - - 2

Table 1. Patient characteristics. Age in years. F female, M male, R right, L left, Frac fracture, PS post-surgery,
STI soft tissue injury, CRPS-C Budapest clinical criteria for CRPS, CRPS-R Budapest research criteria for CRPS,
Dur. duration since inciting injury in months, PT physical therapy, OT occupational therapy, SLAP superior
labral tear from anterior to posterior, RLS Restless legs syndrome, Exp. experiment in which the patient
participated.

(Commission d’Ethique Biomédicale hospitalo-facultaire, Saint-Luc Hospital and Université catholique de Lou-
vain) and conform to the Declaration of Helsinki. All patients provided written informed consent and received
a financial compensation for their participation.

Experiment 1: mental imagery task. Stimuli and apparatus. Visual stimuli were pictures of hands
with extended fingers in back-view and images of a house with a chimney or of the letter L (Fig. 1). Stimuli
were presented on a grey background (RGB: 128,128,128) using E-prime 2.0 (Psychology Software Tools, Inc.,
Pittsburgh, PA, USA) on a 16.6"” LCD screen (1280*1024 resolution, 75 Hz refresh rate, anti-glare filter). Images
were built and resized with Photoshop CC 2015, appearing on the screen with a stimulus size of 13 cm height
and 8.5 cm width. Pictures and images could be horizontally flipped so that hands appeared as either left or right
hands, houses appeared with a chimney to either the left or right side, and letters L with the horizontal bar placed
either at the left or right side of the vertical bar (laterality conditions). Pictures and images were presented with
different orientation angles (0°, 45°, 90°, 135° or 180° in the picture plane) and with rotations in two possible
directions (clockwise or anticlockwise from 0° to 180°, recoded into medial and lateral rotations, see Fig. 1). In
total, for each of the three types of stimuli, 20 different stimuli were created (2 lateralities x5 orientations x 2
rotations).

Procedure.  Participants sat approximatively 60 cm from a computer screen with their head on a chinrest. CRPS
patients used their unaffected hand to respond on a keyboard placed at 31 cm from the edge of the table, while
the affected one rested passively palm down on their thigh. Similarly, each control participant performed the
task with the same hand as the one used by the CRPS patient to whom he/she was individually matched. The
responding hand and the keyboard were hidden from sight by a black cloth attached to the chinrest.
Participants performed 12 blocks of stimuli, divided into two sessions of six blocks. Each block consisted of
eight randomly presented repetitions of the 20 stimuli of a single stimulus type and each session comprised two
blocks of each stimulus type. During one session, the two blocks of the same stimulus type were presented directly
one after the other, but the order of presentation of the different stimulus types was randomized. A trial started
with the presentation of a black fixation cross. After 500 ms, the fixation cross was replaced by a stimulus that
stayed on screen until the participant responded by pressing one of two keys on the keyboard, which initiated
the next trial. During one session, participants were asked to judge the spatial laterality of the stimuli (laterality
judgment task). More precisely, they judged whether the hand stimulus corresponded to a left or a right hand,
whether the chimney was on the left or the right side of the house, or whether the horizontal bar of the letter L
was on the left or the right side of the vertical bar (b key =left, n key =right, for all stimuli). In the other session,
participants were asked to match each of the presented stimuli to an initial probe stimulus (matching task). Each
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block was preceded by the presentation of a right probe stimulus in the 0° orientation angle and participants
judged whether each following stimulus of the same type was the same or not as the probe stimulus in terms of
laterality (b key =same, n key = different). Participants were instructed to respond both as quickly and as accu-
rately as possible. The order of the sessions was counterbalanced. For each session, before and after each pair
of blocks of a same stimulus type, CRPS patients rated the pain in their affected limb on a numeric rating scale
ranging from 0-10 (with 0=no pain and 10 = worst pain imaginable).

In each session, before changing the type of stimulus, participants performed a training block on all 20 stimuli
of one type. In order to pass to the first experimental block of the corresponding stimulus type, participants were
required to accurately judge at least 16 out of the 20 presented stimuli. If this performance was not achieved, the
training was repeated. Duration of one experimental block was two to five minutes.

Measures. Performance was measured by means of reaction time (RT, in ms) and by accuracy, i.e. the percent-
age of correct responses (relative to the total of stimuli for each condition). Only trials with correct responses
were included in RT measures. Trials with RTs lower than 300 ms and higher than 10,000 ms were removed
from analyses (<1% removed in total, no aberrant data remained). We also calculated the inverse efficiency
score (IES*), a measure that integrates speed and accuracy, i.e. that estimates the RT adapted for the frequency
of incorrect responses*® (see Supplementary Materials). Before the analyses, stimuli corresponding to pictures of
hands were recoded according to their correspondence to the affected (i.e. ipsilateral) vs. the unaffected limb (i.e.
contralateral) for each CRPS patient. To match condition labelling and facilitate statistical comparisons, house
and letter images were similarly recoded for CRPS patients, and for control participants all stimuli were recoded
according to the affected side of the CRPS patient to whom they were individually matched.

Data analysis. ANOVAs for repeated measures were performed on the accuracy and RT data with stimulus
type (hand vs. house vs. letter), laterality (ipsilateral vs. contralateral), rotation (medial vs. lateral), orientation
(0° vs. 45° vs. 90° vs. 135° vs. 180°) and task (laterality judgment vs. matching) as within-participant factors
and group (CRPS vs. control) as between-participant factor. Effect size was measured using partial Eta squared.
Greenhouse-Geisser corrections and contrast analyses were performed when needed and the significance level
was set at p<0.05.

Additional analyses regarding pain ratings during the task as well as the IES are described in the Supple-
mentary Materials.

Experiment 2: apparent body movement perception task. Stimuli and apparatus. Visual stimuli
are from the study of Vannuscorps and Caramazza*® and were presented using E-Prime 2.0 on the same screen
as in Experiment 1. Stimuli consisted of four pairs of pictures depicting an actor with his right (2 pairs) or left
(2 pairs) upper limb raised at 90° relative to the trunk. The first picture of the pair depicts the forearm in supine
position and the wrist either in flexion (Fig. 2A, a and b) or in extension (Fig. 2A, c and d). The second picture
depicts the pronation of the forearm by a medial rotation movement. The sequential presentation of the two
pictures of a pair gives the illusion of movement of the forearm and the hand between the two positions, a move-
ment that can be visually perceived according to two possible rotation paths: a long path (270°), illustrating the

A. Pairs of stimuli B. Response
a. C. | |
b‘ t | ‘ ‘
Figure 2. Stimuli and procedure of the apparent body movement perception task. (A) Illustration of the
different pairs of pictures, whose respective sequential presentation induces the illusion of movement of the
upper limb of the actor. The actor either raises his right (a and c) or left limb (b and d) with the forearm in
supine position and the wrist either in flexion (a and b) or in extension (c and d). The second picture of the
pair depicts the position of the forearm and the hand resulting from a pronation of the forearm by a medial
rotation movement. (B) Example of the figure prompting the participants to respond by choosing between the
two possible paths (labelled A and B) of apparent movement between the two hand positions shown in the pair

of pictures presented in the trial. In this specific example, participants choose the perceived path of movement
between the two hand positions presented in pair a.
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medial rotation that is biomechanically possible to execute, and a short path (90°), illustrating a lateral rotation
that is biomechanically impossible*’. Informed consent was obtained from the actor for the open-access publica-
tion of the images.

Procedure. 'The experimental set-up was similar to Experiment 1. Before the task, participants were asked to
report what they saw in a duck-rabbit illusion*, to illustrate that the perception of a same stimulus could differ
from person to person and time to time. They were told that, as the duck-rabbit illusion, the following experi-
ment was an example of such perceptual ambiguity and that there was no correct or incorrect response. The use
of this illusion aimed at preventing participants from questioning the plausibility of the perceived movement
paths during the experiment (see*® for a detailed description).

During the experiment, participants were presented with 4 blocks of 40 trials each. Each trial started with
a blank screen for 500 ms followed by a sequence of four successive presentations of the same pair of pictures.
The presentation of the two pictures of the pair were separated by a blank screen. Five presentation speeds were
used: the respective durations of presentation of the pictures and the blank screen were 100-50 ms (speed 1),
150-100 ms (speed 2), 200-150 ms (speed 3), 250-200 ms (speed 4) and 300-250 ms (speed 5). A blank screen
appeared after the last picture of the sequence, which was then followed after 1 s by a figure presenting the actor’s
two hand positions shown during the trial and two possible paths (i.e. short vs. long) of apparent movement
between these two hand positions (Fig. 2B). The two movement paths were labelled ‘A’ or ‘B respectively, the
assignment of one letter to one particular path being counterbalanced across trials. Participants were asked to
choose the path corresponding to the movement they perceived during the sequential presentation of the two
pictures. This response stayed on screen until the participants responded by pressing one of two keys on the
keyboard corresponding to the two response labels. Once the response was provided, the next trial started. Each
trial was composed of the combination of three different variables: laterality of the upper limb (left vs. right),
position of the hand (flexed vs. extended wrist) and speed (1 to 5). Each of these 20 possible combinations was
repeated twice per block, i.e. eight times in total, and were randomly presented. Before the experiment, partici-
pants completed a training of five trials. One block lasted approximately 5 min.

Measures.  For each laterality and speed combination, we measured the percentage of trials in which the long
path was chosen, i.e. in which the participants chose the biomechanically plausible path as the perceived move-
ment. Data from the two positions of the hand were averaged. Regarding the laterality factor, CRPS patients’ data
were recoded to match the actor’s raised upper limb with their affected or unaffected upper limb. For control
participants, laterality was coded according to the CRPS patient to whom they were matched. For example, a
stimulus showing the actor raising his left arm was coded as affected for a patient with left-sided CRPS and his/
her matched control.

Data analysis.  To test whether the percentage of long, i.e. biomechanically plausible, paths chosen would be
different between the two groups and whether this would be modulated by the laterality of the depicted upper
limb, an ANOVA with speed (1 to 5) and laterality (affected vs. unaffected) as within-participant factors and
group (CRPS vs. control) as between-participant factor was performed. To test whether participants perceived
one of the two paths significantly more often than the other path, the percentage of trials in which the long path
was chosen was compared to 50 by means of one sample ¢ tests. Effect sizes were measured using Cohen’s d for ¢
tests and partial Eta squared for ANOVAs. Contrast analyses and Greenhouse-Geisser corrections of degrees of
freedom were performed when necessary. The significance level was set at p <0.05.

Results

Experiment 1: mental imagery task. All the main effects and interactions that reached significance in
the RT ANOVA can be reviewed in Table 2, whereas the complete results of the ANOVAs can be found in the
Supplementary materials Tables S1 and S2. Because of the multitude of factors, only the results regarding our
specific hypotheses for RTs are specified here. Results not directly related to our RT hypotheses, the accuracy
data, the IES data and pain ratings can be found in the Supplementary Materials.

We first tested whether CRPS patients would be slower than control participants when judging the laterality
of hand stimuli, and whether this would be specifically the case when judging ipsilateral hand stimuli, i.e. hand
stimuli corresponding to their affected upper limb. The ANOVA indeed revealed an interaction between group
and stimulus type (F(1.26,37.95) = 12.28, p=0.001, n%*=0.29), which was however not modulated by the lateral-
ity of the depicted hand, since the interaction between group, laterality and stimulus type was not significant
(F(1.63,48.97)=0.58, p=0.530, n*»=0.02). Contrast analyses showed that this group x stimulus type interaction
could be related to the fact that the CRPS patients were significantly slower in responding to hand stimuli than
the control participants (mean +sd, CRPS: 1955+ 521 ms; Controls: 1298 +301 ms; F(1,30)=11.94, p=0.002,
n%=0.29) and that such a difference between the groups was not significant for house and letter stimuli (all
F<1.90, p>0.179, 0%, <0.06; Fig. 3). Contrasts regarding differences between the types of stimuli in each of the
groups are detailed in Fig. 3 and in the Supplementary material.

Additionally, we tested for the presence of a specific RT pattern indexing the biomechanical constraints of
the hands, i.e. the MOLA effect (RT medial stimuli #lateral stimuli). The results showed that the stimulus type
and rotation factors interacted with the orientation factor (F(4.73,141.79) =3.80, p=0.004, n*,=0.11) (Fig. 4).
Contrast analyses revealed that only for stimuli presented at 45° and 135° the RTs were modulated by an interac-
tion between stimulus type and rotation (45°: F(1.24,37.29) =4.63, p=0.03, 1%, =0.13; 135° F(1.63,48.74) =4.68,
p=0.019, n?,=0.14; all other F<2.88, p20.076, % <0.09). Indeed, at 45°, only hand stimuli were significantly
judged faster when they were medially rotated than when they were laterally rotated (F(1,30)=6.28, p=0.018,
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Reaction time

Factors F df P n’%
Group 7.95 1, 30 0.008 0.21
Stimulus 63.58 1.26, 37.95 0.000 0.68
Orientation 197.73 1.43, 42.86 0.000 0.87
Group x stimulus 12.28 1.26,37.95 0.001 0.29
Group x rotation 8.38 1, 30 0.007 0.22
Group x rotation x orientation 3.51 2.33,70.06 0.029 0.10
Group x rotation x laterality 5.84 1,30 0.022 0.16
Stimulus x orientation 8.60 3.05,91.47 0.000 0.22
Stimulus x orientation x rotation 3.80 4.73,141.80 0.004 0.11
Stimulus x task 4.49 1.48,44.48 0.026 0.13

Table 2. Significant results of the ANOVAs on the RT data with stimulus type (hand vs. house vs. letter),
laterality (ipsilateral vs. contralateral), rotation (medial vs. lateral), orientation (0° vs. 45° vs. 90° vs. 135° vs.
180°) and task (laterality judgment vs. matching) as within-participant factors and group (CRPS vs. control) as
between-participant factor. df degrees of freedom.

3500 =
. ® CRPS

Ml Controls

3000

2500

2000 -

1500

Reaction time (ms)

1000

500 =

T T
Hand House Letter

Stimulus type

Figure 3. Mean reaction times (RT) according to group and stimulus type. CRPS patients are represented
in red circles and control participants in blue squares. Smaller and lighter colored circles/squares represent
the individual data. Error bars represent the 95% confidence intervals adapted according to the method of
Cousineau®. **p<0.01. #1 =significantly different from hand stimuli, 42 = significantly different from house
stimuli.

n%p=0.17; all other F<3.38, p>0.076, 1%, < 0.10). Surprisingly, when stimuli were turned at 135°, medially rotated
stimuli were only judged faster than laterally rotated stimuli when house stimuli were presented (F(1,30) =12.28,
p=0.001,1%=0.29 ; all other F<1.87, p>0.181, 1%, <0.06).

We were also interested in any potential differences in the presence of the biomechanical indexes between
CRPS patients and control participants, and more specifically whether the MOLA effect could be modulated
by the group and/or laterality factors. The ANOVA indeed revealed that group and rotation interacted with the
orientation factor (F(2.33,70.06) =3.51, p=0.029, n?,=0.1). Group and rotation furthermore interacted with the
laterality factor (F(1,30) =5.838, p=0.022, n’,=0.163). However, since these factors did not interact with stimulus
type, these effects did not dissociate hand stimuli from non-bodily stimuli (see Table S2). Contrast analyses can
be visualized in Fig. 5 and are detailed in the Supplementary material.

Finally, we also tested whether the task instruction could modulate RTs, specifically for hand stimuli,
since matching judgements, as compared to laterality, i.e. spatial, judgments, are thought to rather rely on
visual imagery processes. The results of the ANOVA showed an interaction between stimulus type and task
(F(1.48,44.48) =4.50, p=0.026, n*»=0.13), indicating that for hand stimuli, RTs were significantly slower for the
laterality judgement task than for the matching task (F(1,30) =5.37, p=0.028, n%=0.15). Such a difference was
not significant for the house and letter stimuli (all F<0.05, p>0.828, n%,<0.01).
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Figure 4. Mean reaction times (RT) according to stimulus type, rotation and orientation of the stimuli. The
lines represent the comparison of RTs between the lateral (dashed lines) and medial (plain lines) rotations
according to the orientation of the stimuli (i.e. 0° vs. 45° vs. 90° vs. 135° vs. 180°) for each type of stimulus (i.e.
hand vs. house vs. letter). Error bars represent the 95% confidence intervals adapted according to the method of
Cousineau®. *p <0.05, **p <0.001.
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Figure 5. Mean RTs according to the group, the rotation and the orientation or laterality of the stimulus. (A)
Iustration of the interaction between group, rotation and orientation. The lines represent the comparison of
RTs between the lateral (dashed lines) and medial (plain lines) rotations for both CRPS (red) and control (blue)
participants as a function of the orientation of the stimuli (i.e. 0° vs. 45° vs. 90° vs. 135° vs. 180°). (B) Illustration
of the interaction between group, rotation and laterality. The lines represent the comparison of RTs between the
lateral (dashed lines) and medial (plain lines) rotations for both CRPS (red) and control (blue) participants as a
function of the laterality of the stimuli (i.e. ipsilateral vs. contralateral). Error bars represent the 95% confidence
intervals adapted according to the method of Cousineau®. *p <0.05, **p<0.01.

Experiment 2: apparent body movement perception task. The ANOVA revealed a main effect of
the group (F(1,23)=4.61, p=0.043, r|2p =0.17), which also significantly interacted with speed (F(4,92)=5.63,
P<0.001, n?,=0.20; Fig. 6). Contrast analyses showed that while in the control group the performance was sig-
nificantly influenced by speed (F(2.23,26.82) =8.85, p=0.001, nzp =0.42), this was not the case in the CRPS group
(F(2.17,23.89)=0.74, p=0.497, 1*,=0.06). In the control group, the percentage of correct paths increased pro-
gressively and significantly from speed 1 to 3 and plateaued from speed 3 to 5 (speed 1 vs. speed 2: F(1,12) =10.89,
P=0.006,1?,=0.48; speed 2 vs. speed 3: F(1,12) =5.79, p=0.033, n°, = 0.33; no significant difference for the com-
parisons from 3 to 5: all F<1.73, p>0.212, 1%,<0.13).

Importantly, the percentage of long paths was significantly lower in the CRPS than in the control participants
for all speed (speed 2: F(1,23) =4.86, p=0.038, n*,=0.17; speed 3: F(1,23) =5.59, p=0.027, n*,=0.20; speed 4:
F(1,23)=4.59, p=0.043, r]zp =0.17; speed 5: F(1,23)=7.95, p=0.010, r]zp: 0.26), with the exception of speed 1
(F(1,23) =0.042, p=0.839, n%,=0.00) (Fig. 6).

However, no modulation effect of the laterality factor could be evidenced, since none of the other main effects
or interactions reached significance (all F<2.09, p=>0.089, r]zp <0.08).

The one sample ¢ tests completed this finding, by showing that the percentage of correct paths was not signifi-
cantly different from 50% for none of the speed in the CRPS group (all t(11) <1.85, p=0.091, d<0.53), whereas
in the control group it was significantly different from 50% for all speed (all t(11)>3.02, p<0.011, d <0.84), with
the exception of speed 1 (t(11)=1.92, p=0.079, d=0.53) (Fig. 6).
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Figure 6. Mean percentage of the long path chosen for the different speed (1 to 5). CRPS patients are
represented in red circles and control participants in blue squares. Smaller and lighter colored circles/squares
represent the individual data. Error bars indicate the 95% confidence intervals adapted according to the method
of Cousineau®. Asterisks in squares indicate ¢ tests significantly different from 50. *p<0.05, **p<0.01.

Discussion

In the present study we investigated the abilities of CRPS patients to represent and perceive their affected limb, by
specifically focusing on the representation of the biomechanical constraints of the upper limbs and their impact
on perceptual judgments. To this aim, CRPS and matched controls performed both a hand laterality judgment
(HLT) and apparent body movement perception task. We hypothesized that CRPS patients, as compared to
controls, would have difficulties in judging stimuli corresponding to their affected limb. Previous studies have
regularly measured body representation with the HLT in CRPS and have indeed shown deficits for stimuli cor-
responding to the affected limb, which has been interpreted as distortions in hand schema representation®®?’.
These unilateral cognitive distortions have been hypothesized to be linked to findings of lateralized structural
and functional changes in the cortical sensorimotor representations of the affected limb>*.

In the first experiment with the HLT we indeed showed that CRPS patients were significantly slower than
controls in judging the laterality of hand stimuli, but, and most importantly, irrespective of whether they judged
hand stimuli corresponding to their affected or unaffected hand. On the contrary, there was no difference between
groups for the control stimuli, i.e. houses and letters.

At first glance, this finding seems to contradict the existing literature, especially in light of the unilateral cor-
tical changes in primary sensory and motor cortices that have been described in CRPS. However, even though
performing implicit motor imagery on hands during the HLT recruits an extensive cortical network that includes
frontal motor and premotor structures (with the contribution of the primary motor cortex being less clear (see
e.g.1>%), as well as the basal ganglia, particularly the posterior parietal cortex seems crucially involved?>#*>152,
Indeed, both actual and imagined movements are thought to depend on the body schema, with the posterior
parietal cortex considered as an essential component of the neural basis underlying body schema representation?.
Yet, there is not much consistent evidence for parietal changes in CRPS, besides from what has been inferred
from behavioral results. Whereas some studies showed for example weaker posterior parietal activations in
response to tactile stimulation applied on the affected and unaffected hand in CRPS as compared to controls®**,
others showed greater bilateral activations than controls in the intraparietal sulcus during finger movement of
the affected hand, which correlated with the degree of motor impairment'®. Reduced grey matter volume in the
right inferior parietal lobule in early-stage (but not late-stage) CRPS as compared to healthy participants has
also been described™. Interestingly, a recent study*® did not show any difference between healthy controls and
CRPS patients in the activation of the typical fronto-parietal network during a HLT. Instead, CRPS patients
showed reduced activity in subcortical areas, such as the subthalamic nucleus, nucleus accumbens and bilateral
putamen. Importantly, in this same study, the RTs of CRPS patients were significantly slower than those of the
healthy controls, but without any lateralization effect for the side of the affected limb.

Such non-lateralized slowness of CRPS patients in the HLT is also corroborated by other behavioral
studies®*2. These findings have been hypothesized to possibly reflect non-specific sustained attention difficul-
ties in CRPS rather than deficits in body representation. Our results however show that this explanation is very
unlikely, since the slowed hand judgments of patients with regard to the controls did not generalize to letter and
house stimuli judgments. It is interesting to note that there are also studies using body representation tasks other
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than the HLT which indicate that deficits in CRPS might extend to the representation and use of the unaffected
limb (e.g.>”®).

The ability of the HLT to measure the integrity of the body schema is supposed to rely on the activation of
motor imagery processes during the task, which are generally hypothesized to be highlighted by the presence
of biomechanical indexes in the RT. However, a switch to non-motor related strategies to solve the task is not
uncommon, which could potentially explain inconsistencies between CRPS studies that employed the HLT task.
Our study therefore also focused on analyzing the presence of typical biomechanical indexes in the RT data,
specifically with the MOLA effect. We indeed found some interactions with the rotation factor, which seemed
however rather due to minor differences and not particularly relevant for our questions. The MOLA effect should
generally only be observed for hand stimuli, since letter and house stimuli are not supposed to trigger motor
imagery. Yet, the MOLA effect was only in very specific conditions observed for hand stimuli and, surprisingly,
also for house stimuli, suggesting that this effect may not be such a reliable marker of motor imagery as generally
presumed. Globally there were no systematic differences between CRPS patients and controls. Only the results
regarding task instruction suggested that both CRPS and controls might have used a motor imagery for the hand
stimuli when they performed the laterality task. Indeed, RT were significantly different between the laterality
judgment and the matching task for hand stimuli, suggesting that different mental imagery strategies might have
been used, namely motor and visual imagery*, respectively.

Based on these results we are not able to confirm that our HLT measured motor imagery performance of the
participants and that differences between CRPS and controls are explained by body schema representation. The
possibility that patients and controls used alternative strategies to perform the task can indeed not be excluded.
There are different possible reasons why participants might have used an alternative strategy. Patients could have
for example used a visual imagery strategy to compensate for their difficulties in hand schema representation
or to avoid an increase in pain (see, e.g.%). In this context it could also be interesting to additionally assess body
representation with other tools (e.g.°%), to see whether there might be interactions with the performance on
the HLT. However, this does not explain why controls did also not show the typical indexes of biomechanical
constraints. There are also several experimental factors that might have made it difficult to prime motor imagery
with the task. What could be potentially problematic is the use of only one hand view. One could hypothesize that,
in this case, participants easily become experts in the task or use other strategies, so that it would not be necessary
for them anymore to mentally manipulate the hands to judge their laterality. It has indeed been shown that the
MOLA effect cannot always be evidenced when hand stimuli are presented from only one point of view (i.e. the
back view®’). Also, although the order of the different blocks was randomized, the fact that some participants
started the task with house or letter judgments, priming the use of visual imagery, could have influenced the
strategy for subsequent hand judgements. A recent study furthermore showed that a motor imagery strategy is
not universally and specifically used to perform the HLT®.

Another critical point that has been raised in recent years is that the presence of the indexes of biomechanical
constraints might actually not automatically reflect the activation of motor imagery processes during the task.
There are indeed studies that showed that the effect of biomechanical constraints on laterality judgments can also
be observed in motor-impaired individuals® and individuals with a congenital absence of upper limbs?*®. That
we observed the MOLA effect for house stimuli also supports this hypothesis. These different arguments show
that it might be challenging to test motor imagery and the integrity of biomechanical constraint representation
with the HLT.

Participants therefore also performed a second task which specifically tests the representation of the bio-
mechanical constraints of the upper limbs and their influence on perceptual judgments. This apparent body
movement perception task is based on the apparent motion paradigm*"*2, which postulates that if participants
observe two sequentially presented objects, they typically report seeing motion along the shortest possible path
between the two objects. However, when pictures of an actor whose hand alternates between two positions are
shown, the perception follows biomechanically plausible paths rather than a path along the shortest distance,
if the shorter path between the two hand positions is biomechanically impossible. The implicit knowledge and
representation of the biomechanical constraints is thus supposed to influence the perception of the actor’s move-
ments, corresponding to a biomechanical bias in apparent motion perception®. In the present study the shorter
path always corresponded to a biomechanically implausible movement, whereas the longer path was always
biomechanically plausible. If the participants’ perceptual judgements are driven by a correct knowledge of the
biomechanical constraints of the limb, the long path should be chosen most of the time. Our results showed that
the control participants chose the long, i.e. biomechanically plausible, path significantly more often than did
the CRPS patients, with an exception for the fastest speed of presentation. The literature indeed shows that the
frequency of choosing the plausible path is modulated by stimulus exposure duration and IS, i.e. the interval
between the two pictures needs to be long enough for the longer movement to be perceived as plausible*. Impor-
tantly, CRPS patients had systematically equal chances to choose the biomechanically plausible or the implausible
path, independently of the presentation speed/ISI and of the laterality of the depicted upper limbs. These results
suggest that CRPS patients might have difficulties in representing or perceiving the biomechanics of the upper
limbs. Whether this is due to CRPS-related changes in cortical sensorimotor areas or more generalized changes
in body representation needs to be determined. Vannuscorps and Caramazza* for example demonstrated that
even participants born without upper limbs can show the typical indexes of the influence of the biomechanical
bias in apparent motion perception, suggesting that rather than relying on online sensorimotor representations
and motor simulation, the performance on the task might depend on a visual perceptual or semantic knowledge
of how a body should move, an ability that might be impaired in CRPS.

Considering the results of the two experiments, the data does thus not allow to conclude on deficits in motor
imagery abilities in CRPS. We clearly showed that patients process hand stimuli differently than controls in the
HLT, but since for both patients and controls the typical indexes of biomechanical constraints were not observed
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and slowed responses in patients were not lateralized, there is no reason to believe that it would be specifically
the online sensorimotor representation of the affected limb that is disturbed in CRPS. This is also corroborated
by the observation that patients are slower than controls in judging hand stimuli independently of the task, i.e.
even in the matching task that is supposed to induce visual imagery instead of motor imagery. The results of the
apparent body movement perception task also support this hypothesis, showing that, although the perception
and/or use of the biomechanics seems to be disturbed in CRPS, patients do not systematically process hands as
any other object, since they perceive the shorter and the longer path equally often. This does of course not exclude
the possibility of difficulties related to body schema representation in CRPS, but shows that by using the HLT,
in our and other studies, there is a certain uncertainty about what is exactly assessed.

This is particularly relevant considering that laterality judgments have been used in the rehabilitation of CRPS
and other chronic pain conditions, notably with the aim to activate and restore motor imagery and the corti-
cal (motor) representation of the limb, which would in turn improve pain and other CRPS-related symptoms
(e.g.17%). Yet, the ability of these tasks to elicit motor imagery is critical to their use in therapy. If this is not the
case, we might simply train patients to treat hands as simple objects. Our results show the necessity of question-
ing what and how exactly we are rehabilitating with these tasks, also in the context of understanding why motor
imagery based programs might not always be effective in decreasing pain (e.g.”’).

There are also some other points to consider in the context of measuring body representation and motor
imagery. Whereas the HLT has mostly been used to measure implicit motor imagery ability and to detect possible
impairments, there are also self-reported questionnaires that address participants’ abilities to use motor imagery
more explicitly and allow to investigate individual differences in ‘normal’ motor imagery ability®®. Such individual
differences could indeed (partly) explain why we did not find any effects of the biomechanical constraints on HLT
RT. Future studies should therefore consider measuring motor imagery ability individually before administer-
ing the HLT. Furthermore, both the HLT and the apparent body movement perception task could potentially
be solved by taking different perspectives - i.e. first vs. third person perspectives — which would trigger motor
or visual imagery processes differently. Ultimately, the use of different strategies by different participants would
also have an effect on the observed results. Accordingly, more explicit instructions as to the perspective to take
during the task or debriefing participants’ individual strategies could be useful to consider in future studies.

To conclude, our results indicate that upper-limb CRPS patients can present with non-lateralized impair-
ments of hand representation, which might be partly related to difficulties in representing and perceiving the
biomechanics of their upper limbs. At the same time, and most importantly, the present results also highlight
the difficulty of reliably measuring motor imagery and the importance of verifying the mechanisms and strate-
gies that underlie the patients’ performance on the HLT, which should lead to more cautious interpretations,
especially in a rehabilitative perspective.

Data availability
The data that support the findings of this study are available from the corresponding author, upon reasonable
request.
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