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Abstract

Background: Changes in body representations (body image and/or body schema)
have been reported in several chronic musculoskeletal pain syndromes, but rarely in
patients with neuropathic pain and never in patients with spinal cord injury (SCI)-

related pain.

Methods: We used implicit motor imagery (the laterality judgement task, and
visuospatial body perception tests) in 56 patients with thoracic SCI with (n = 32) or
without (n = 24) pain below the level of the injury, and in a group of matched healthy
controls (n = 37). We compared the participants' reaction time and the accuracy with
which they identified the laterality of hands and feet presented in various
orientations. Visuospatial body perception was assessed with a series of tests
referred to as the 'horizontal subjective body midline', and the umbilicus-reaching
task, in which participants were asked to estimate the location of the umbilicus under

different experimental conditions.

Results: Both groups of patients had longer reaction times for the identification of
laterality for the feet than for the hands, but with no difference in accuracy. This
longer reaction time was not correlated with spinal lesion severity, but was directly
related to both average pain intensity and specific neuropathic pain components.
The umbilicus-reaching task was affected in both groups of patients, with no effect of
pain intensity. By contrast, the horizontal subjective body midline task was

unaffected.

Conclusion: These results suggest an interplay between lower body scheme
distorsions and pain in patients with spinal cord injury.
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1- Introduction

More than half of the patients with spinal cord injury (SCI) suffer chronic
neuropathic pain syndromes (Burke et al., 2017). The mechanisms of neuropathic
pain, particularly for below-level pain, remain poorly understood, but may involve the
reorganization of the somatosensory systems and changes in body representations
related to the massive deafferentation associated with SCI (Jutzeler et al., 2015;
Osinski et al., 2019).

In recent years, several studies have highlighted the interactions between
pain and body representations (i.e. body image and/or body schema) (Moseley,
2005; Haggard et al., 2013; Tsay et al., 2015; Tabor et al., 2017). Distorted body
image based on the way the body feels to its owner (Lotze and Moseley, 2007) have
been reported in patients with phantom limb pain or CRPS (Lewis et al., 2010; Peltz
et al., 2011; Gilpin et al., 2015). Body perception disturbances were also described in
patients with SCI, but their relationships with pain are still uncertain (Evans, 1962;
Fuentes et al., 2013).

The body schema, corresponding to an unconscious real-time dynamic
representation of one's own body in space derived from somatosensory afferents
and integrated into the motor systems for the control of action (Head and Holmes,
1911), is also altered in patients with chronic pain syndromes. Such alterations have
been demonstrated, in particular, in studies based on the laterality judgment task
(LJT). In this implicit motor imagery task, participants are asked to determine
whether images of a body part (e.g. one hand or foot) correspond to the left or right
side of the body, a task requiring an intact body schema (Parsons, 1987). Most of the
studies that have used LJT to assess the relationships between pain and body
schema were performed in patients with musculoskeletal pain syndromes
(Breckenridge et al., 2019; Ravat et al.,, 2019). Other studies have reported
alterations to the body schema in patients with neurological lesions, including
patients with stroke, limb amputation, and SCI in particular (Curtze et al., 2010; Fiori
et al.,, 2014; Nico et al., 2004; Sirigu et al., 1996), but the relationships between

these alterations and neuropathic pain were not specifically investigated.

We addressed this question in patients with SCl-related pain. Our working
hypothesis was that patients with SCI associated with below-level pain in the lower

limbs would display distortions of the body schema affecting the lower body more
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than the upper body because of the brain reorganization associated with the massive

sensory deafferentation.

We tested this hypothesis, by using the LJT in patients with SCI with and
without below-level pain and in a group of healthy volunteers. We compared the
participants' reaction time and accuracy for determining the laterality of series of
images of hands or feet presented in various orientations. We also used a series of
tests referred to as 'subjective horizontal body midline (SHBM)' tests. These tests,
adapted from the subjective vertical body midline test (SVBM) used to assess
laterolateral spatial hemineglect (Sumitani et al., 2007), involved the estimation of
the location of the umbilicus under different experimental conditions, as a means of

assessing visuospatial aspects of body representation in SCI patients.
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2- Methods

2.1 Subjects

The study sample consisted of two groups of patients with spinal cord injury
(SCI), with and without below-level pain, and a third group of healthy controls (HC).
The study was approved by the local institutional review board. Consecutive patients
with SCI from the physical medicine and rehabilitation department (Raymond
Poincaré University Hospital, Garches, France) were included prospectively in this
study. The participants were carefully briefed about the experimental procedures and
provided written informed consent for participation.

Eligible patients were French-speaking adults (aged 18 to 75 years) with a
confirmed spinal cord injury, regardless of its origin (trauma, ischemia, tumor).
Patients were consequently included if their neurological level of injury was between
T2 and T9. This level was chosen because our objective was to compare body
schema of lower versus upper body part and therefore upper limbs had to be free of
impairment. In addition, as described in experimental procedure (see below) the
umbilicus was used as target for evaluation of body schema of lower body part and
therefore had to be located below the level of injury. Only patients with a lesion older
than 18 months were included because below-level neuropathic pain appeared

generally in first year following lesion (Siddall et al., 2003).

The first group consisted of patients with SCI and below-level neuropathic
pain (SCI-P), defined as pain with neuropathic characteristics (i.e. a DN4
guestionnaire score = 4) (Bouhassira et al., 2005) in the region of sensory loss at
least three segments below the level of the spinal injury. The second group
consisted of patients with SCI, but without pain (SCI-noP). Exclusion criteria were
the presence of other neurological conditions, other types of chronic pain, presence
of at-level pain with an intensity higher than that of below-level pain, major
depression, history of major psychiatric disease, severe cognitive deficits, difficulty in

understanding the testing procedure.
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Healthy volunteers, matched with the group of patients for age and sex, had
no clinical history, clinical symptoms or signs of neurological disorders. None of the
healthy volunteers were on medication at the time of testing or had been on
medication during the month before testing.

2.2 Clinical evaluation

A standardized neurological examination was performed according to the
recommendations of the American Spinal Injury Association Impairment Scale
(Marino et al., 2003), to determine the most caudal level of the spinal cord with
normal sensory and motor function and the severity of the lesion (complete or

incomplete).

Patients with below-level neuropathic pain were asked to report their average
pain intensity over the last seven days on a numerical rating scale extending from O
to 10, using the question derived from the international spinal cord injury pain basic
data set (Widerstrom-Noga et al., 2008). The Neuropathic Pain Symptom Inventory
(Bouhassira et al., 2004) was used to assess the magnitude of five neuropathic
dimensions: (i) superficial burning pain; (i) deep pain (squeezing, pressure); (iii)
paroxysmal pain (electric shock-like, stabbing pain); (iv) evoked pain (on brushing,
cold, heat); and (v) paresthesia/dysesthesia (tingling, pins and needles) in the area
of maximal pain. Each dimension was rated on a numerical scale (from O to 10).
Depression and anxiety were evaluated with the Hospital Anxiety Depression Scale
(Zigmond and Snaith, 1983).

2.3. Quantitative sensory testing

Quantitative sensory tests were performed on subjects comfortably installed in
a bed, in a quiet room at a constant temperature (22°C). All the tests were performed
bilaterally over the ischium area (S3 nerve territory) to assess the severity of the
spinal lesion. The testing order was randomized and the assessments included the
determination of vibration thresholds, mechanical and thermal (warm and cold)
thresholds. Detection thresholds for mechanical static stimuli were assessed with
calibrated von Frey hairs (0.008-300 g) (Somedic Sales AB©, Sweden), as
previously described (Hatem et al., 2010). Subjects were asked to close their eyes
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during the procedure. The von Frey filaments were applied (at least twice) in
ascending and descending order of stiffness. Detection thresholds were defined as
the lowest pressure perceived by the subject within 3 s of the stimulus. Mechanical
pain thresholds were assessed with a pressure algometer (Algometer,
SomedicSales©®, Sweden) consisting of a pistol grip and a rod (1 cm?®) with a
pressure-sensitive strain gauge at the tip, a display showing pressure (in kPa)
and a scale indicating the rate of the pressure force increase, to ensure a fairly
constant rate of pressure increase of approximately 50k Pa/s. The mean of three
pain perception levels was calculated as the pressure pain threshold (PPT).
Vibratory stimuli were applied with a Rydel-Seiffer-graded tuning fork (64 Hz, 8/8
scale), and vibration thresholds were determined as the mean of three
measurements. Thermal sensations were assessed with a contact thermode
(Somedic Sales AB), by the Marstock method (Fruhstorfer et al., 1976). The baseline
temperature of the thermode was adjusted to the subject’s skin temperature. Heat
and cold detection and pain thresholds were measured according to the method of
limits: stimuli of increasing or decreasing intensities were applied, and for each
stimulus, the subjects pressed a button that reversed the thermal stimulation as soon
as they detected a sensation of cold or warmth (indicating the detection thresholds)
or as soon as the stimulation became painful (indicating the pain thresholds). Inter-
stimulus intervals were 6-8 s for detection thresholds, 15-20 s for heat pain
thresholds and 20-30 s for cold pain thresholds. The maximum temperature was set
at 50°C to prevent tissue damage. The minimum temperature was set at 10°C for
cold detection thresholds and 5°C for cold pain temperatures, to prevent cold injury.
The thermal rate of change was 1°C/s for detection thresholds and 2°C/s for pain
thresholds. Thresholds were calculated as the means of three successive

determinations and are expressed as absolute values in degrees Celsius.
2.4. Body perception testing

2.4.1 Laterality judgement testing

Participants were asked to complete two series of laterality judgement tasks,
one for the hands and one for the feet, using the Recognise App© (Neuro
orthopaedic Institute (Australasia) Pty. Ltd, http://recognize.noigroup.com/recognize)

on a computer tablet (Samsung Galaxy Tab2©). The laterality judgement task
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involves deciding whether an image of the body part of interest (hand or foot)
displayed in various positions on a monitor corresponds to the right or left limb.
Participants were seated at a desk with their hands on each side of the tablet placed
at about 50 cm of their eyes. The index finger of each hand was placed on buttons
located on either side of the tablet. Pressing the button on one side of the tablet
indicated a positive response for that side of the body (i.e. the right index was used
to press the button if the participant wished to indicate that the image corresponded
to a right hand or foot). Participants were asked to respond as quickly as possible to
30 visual stimuli for each body part (hand or foot). Each image measuring 13 x 13
cm, was randomly select from a bank of images and was displayed at the center of
the screen. A maximum of 8 second was used to avoid time constrain which would
affected participants’ performance. The images database contained 80 images of
right hands presented in 4 possible rotations (0°, 90°, 180°, 270°) which were flipped
to create mirrored left hands for a total of 720 images. Foot image were created in
the same way from 28 right foot images of a total of 224 images. The order of
completion of the tasks was randomized for each participant. The outcomes of this
task were accuracy (ACC), corresponding to the percentage of correct responses,
and mean reaction time (RT) in seconds to answer. These two outcomes were
analyzed statistically. As our working hypothesis was that patients have a larger LJT
deficit (RT and/or ACC) for the feet than for the hands, we systematically calculated
both the RT foot/hand ratio and ACC foot/hand ratio for each participant. Thus, RT
ratio > 1 indicated longer RT (ie deficit) for the identification of feet laterality in
comparison with hands lateratility. Regarding ACC, ratio < 1 indicated a lower
accuracy (ie. decreased % of correct answers) for the identification of feet laterality

in comparison with hands laterality.

2.4.2 Subjective horizontal body midline testing

We explored the possibility of inattention for the lower limb, often referred to
as "neglect-like syndrome", through a series of tests in which participants were
asked to estimate the position of the umbilicus under different conditions. These
tests, referred to as the 'subjective horizontal body midline (SHBM)' task, were

adapted from the subjective vertical body midline test used in previous studies for
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investigating laterolateral spatial neglect (Kolb et al., 2012; Sumitani et al., 2007,
Uematsu et al., 2009).

Four different tests were used:

- Subjective horizontal body midline test 1 (SHBM-1): This test aimed to
assess the visuo-proprioceptive representation of the body with spatial references. It
was performed in a window-less room, with the lights on. The subjects lay on a table
200 cm below the ceiling with their feet touching a wall. A pillow was placed on the
participant’s abdomen to prevent direct contact with the abdominal skin and an
opaque board was placed under the chin so that the participants could not see their
body during the task. The participants were asked to use a laser pointer placed in
their dominant hand to indicate where the projection of their umbilicus would lie on
the ceiling. The investigator explained the task by asking the participants to use the
laser to indicate where they thought their umbilicus would touch the ceiling if they
were lying face down on the ceiling. The hand holding the laser pointer was placed
on the pillow over the abdomen and the participants were asked to move the laser to
point at a tape graduated with non-digit symbols fixed to the ceiling, which meaning
was not explained to the patients, to indicate the projection of their umbilicus.

- Subjective horizontal body midline test 2 (SHBM-2): This test was the same
as SVHBM-1, as described above, except that it was performed in the dark. The aim
of this task was to assess visuo-proprioceptive body representation without spatial

references.

- Subjective horizontal body midline test 3 (SHBM-3): This test was similar to
SHBM-2, except that the investigator moved the laser at a rate of about 20cm/s.
Subjects were asked to indicate verbally when they thought that the laser was
pointing at the projection of their umbilicus. This test was complementary to the two
previous tests and aimed to assess visual body representation without proprioceptive

or spatial references.

- Umbilicus-reaching task (URT): For this task, aiming to assess lower body
representation more directly, the pillow placed over the abdomen was removed and
the participants were asked to indicate the position of their umbilicus with the index
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finger of their dominant hand, as close as possible to the abdominal skin without

actually touching it.

For all these tasks, the absolute distance in the vertical axis (in mm) between
the true projection (SVHBM 1-3) or the true location (URT) of the umbilicus and the
estimates given by the subjects was measured, to assess the error in the responses.
The true position of umbilicus was defined as the height of umbilicus (distance
between the wall and umbilicus in the horizontal position). Each test was performed

once under supervision of the same investigator blinded to the group allocation.

2.5 Statistical analyses

Results are expressed as means = 1 SD. Group comparisons for clinical and
demographic variables and comparisons of the results of LJT (both absolute values
for RT and ACC for feet and hands, and relative values for feet and hands, i.e. the
RT foot/hand ratio and ACC foot/hand ratio), SHBM (1-3), URT, and QST, were
performed by two-way analysis of variance (ANOVA), with Fisher’s post hoc least
significant difference test. Fisher's exact test was used to compare proportions.
Spearman’s rank correlation coefficient was used to assess the correlations between
LJT (reaction time and accuracy), SHBM 1-3 and URT results and pain intensity,
NPSI total score and subscores and QST results. Effect sizes were calculated using
the Cohen's d test. The primary outcomes were the comparison of LJT results
between groups and their correlation with pain intensity. All other comparisons were
exploratory. A p value < 0.05 was considered significant.
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3. Results
3.1 Participants

This study included 93 participants: 32 SCI patients with below-level pain, 24
SCI patients without pain and 37 healthy controls. The demographic and clinical
characteristics of the participants are summarized in table 1. The three groups were
similar in terms of age (p = 0.11) and sex ratio (p = 0.56), and the two groups of
patients were similar in terms of duration (p = 0.32) and severity (complete vs.
incomplete) (p = 1) of the SCI, and anxiety and depression scores. Thirteen patients
with pain received an analgesic treatment (table 1).

The results obtained for quantitative sensory testing (QST) are presented in
table 2. All detection and pain thresholds in both groups of patients were significantly
different from those in healthy controls, but none of these thresholds differed

significantly between the SCI patients with and without pain.

3.2 Body perception

3.2.1 Laterality judgment test (LJT)

The absolute values for reaction time (RT) and accuracy (ACC) for the
identification of the laterality of hands or feet did not differ between the three groups
of participants (table 4). However, the foot/hand RT ratio (figure 1A) was significantly
increased in both SCI patients with pain (p < 0.01; d = 0.76) and SCI patients without
pain (p <0.01; d= 0.82) in comparison with healthy volunteers, indicating a deficit in
laterality judgement for feet relative to hands, but there was no significant difference
between the two groups of patients. By contrast, the foot/hand ACC ratio did not

differ (p = 0.88) between the patients and controls (figure 1B).

The increase in foot/hand RT ratio was moderately correlated with mean pain
intensity (rho = 0.40; p = 0.02) in SCI patients with pain (figure 2A), with NPSI total
score (rho = 0.38; p = 0.04) (figure 2B) and, more specifically, with two neuropathic
pain dimensions assessed with this questionnaire: deep pain (rho = 0.39; p = 0.03)
(figure 2C) and paroxysmal pain (rho = 0.40; p = 0.03) (figure 2D). These
correlations were partly driven by outliers which were not excluded because they did

not correspond to the same patients in the different analyses. By contrast, the RT
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foot/hand ratio was similar in patients with complete or incomplete lesion (p = 0.34)
and was not correlated with QST measurements (see appendix), suggesting that the
relative increase in RT for foot laterality identification was not directly related to the
severity of the spinal lesion. In patients with below-level pain, there was no
correlation between RT foot/hand ratio and other clinical characteristics, including
age (rho = 0.25, p = 0.60), duration of the lesion (rho = 0.09; p = 0.59), duration of
pain (r=0.20; p = 0. 27), anxiety (rho = 0.02, p = 0.09) and depression (rho = -0.34,
p = 0.09) scores. The results were not significantly different between patients
receiving or not an analgesic treatment (p = 0.28). The results were similar in
patients without neuropathic pain showing no correlation between RT foot/hand ratio
and age (rho = 0.17, p = 0.35), duration of the lesion (rho = 0.3, p =0.14), anxiety
(rho =-0.19, p = 0.9) and depression (rho = 0.21, p = 0.17) scores.

3.2.2. Subjective horizontal body midline tests (SHBM) and umbilicus-
reaching task (URT)

None of the SHBM tests used in this study (SHBM 1 to 3) gave results that
differed between the patients and healthy controls or between the two groups of
patients (table 3). By contrast, the error in the umbilicus localization task (URT) was
significantly larger in both SCI patients with (p < 0.01; d = 1.64) or without (p < 0.01;
d = 0. 99) pain than in controls (figure 3), but there was no significant difference
between the two groups of patients (p = 0.80). The changes in URT were not related
to pain intensity (rho = 0.20; p = 0.28). For QST measurements, we found only a
trend towards a moderate correlation between error in URT and the vibration

threshold measured, for the total patient population (rho= 0.45; p = 0.052).
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4. Discussion

We detected selective alterations of lower body representation in SCI patients.
Both patients with or without below-level pain presented with a relative longer
reaction time (RT) for the identification of foot laterality than for hand laterality, which
was directly related to both pain intensity and specific neuropathic pain components
in patients with pain. These results suggest an interplay between central neuropathic

pain and changes in the body representation associated with SCI.

It has repeatedly been shown in healthy volunteers that the time taken to
decide whether an image of a limb corresponds to a right or left limb is proportional
to the time it would take to move the actual limb physically (Parsons, 1987; Parsons,
2001) and that imagined movements induce similar changes in brain activation to
actual movements (Jeannerod, 2001; Jeannerod and Decety, 1995; Lafleur et al.,
2002). Thus, changes in LJT outcomes, in terms of RT and/or accuracy (ACC), are
generally considered to reflect disturbances of body schema processing (Moseley,
2004; Parsons, 1987; Parsons, 2001). Alteration of LJT was reported in different
chronic pain conditions (Breckenridge et al., 2019; Ravat et al., 2019), but few
studies have included patients with neuropathic (phantom limb pain, plexus avulsion)
(Moseley, 2006; Reinersmann et al., 2010) or mixed pain (carpal tunnel syndrome)
(Schmid and Coppieters, 2012). In addition, these studies compared patients with
neuropathic pain to healthy controls or patients with other chronic pain conditions. It
was not, therefore, possible to determine whether the reported alterations in LJT
were related to pain per se or to the neurological lesion.

We directly compared two populations of SCI patients with and without below-
level pain. The two groups of patients displayed similar increases in RT for the
identification of foot laterality relative to hand laterality. This suggests that the spinal
cord lesion per se, independently of pain, is associated with changes in the body
schema for the lower limbs, as reported in previous studies in SCI (Fiori et al., 2014;
lonta et al., 2016), in patients with other neurological lesions (Curtze et al., 2010;
Nico et al., 2004; Sirigu et al., 1996) or after an acute local anesthesia (Silva et al.
2011). This relative increase in RT was similar in our patients with complete and
incomplete spinal lesions and was not correlated with the magnitude of sensory

deficits assessed with QST tools.
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The LJT changes reported here were less significant than those reported in
previous studies in patients with chronic pain (Breckenridge et al., 2019; Ravat et al.,
2019). In fact, our patients had similar RT and ACC than healthy controls and
presented only a relative alteration of the identification of foot laterality in comparison
with hand. One possible explanation for this apparent discrepancy could be that
patients with such a long lasting massive sensory deafferention developed
compensatory mechanisms based on different strategies (eg visual or cognitive)
during LJT explaining the partial maintenance of their performance, as this has been
suggested in studies in SCI (Firori et al. 2014, lonta et al., 2016) or locked-in
syndrome patients (Conson et al., 2008), but also after acute regional anesthesia
(Silva et al., 2011). However, the fact that the relative increase in RT in our patients
was directly correlated, although moderately, with mean pain intensity, suggests
specific interactions between below-level pain and body schema distortion in these
patients. This was further supported by the direct moderate correlation also found
with specific neuropathic pain symptoms, suggesting that the interplay involved was
more specifically dependent on certain neuropathic pain mechanisms.

As in some of the previous studies on chronic pain syndromes (Moseley,
2004; Reinersmann et al., 2010, 2012; Schwoebel et al., 2001), we observed a
dissociation between the two LJT outcome measures. Our patients presented an
increase in RT with no significant change in ACC. These two measurements
probably reflect different aspects of the processing of body representation. It has
been suggested that ACC may reflect our ability to maneuver a body part mentally,
whereas RT reflects the total time taken to select laterality, mentally maneuver a
body part and make the final decision (Bray and Moseley, 2011). However, this
interpretation remains a matter of debate, and changes in both these measurements
are generally considered to reflect body schema disturbances (Breckenridge et al.,
2019; Ravat et al., 2019). Other interpretations of LJT results have been considered,
including the possibility that increases in RT are related to chronic underuse
(associated with a form of pseudo-neglect) of the painful limb and/or to unspecific
attentional bias induced by pain (Moseley, 2004). Our data are not consistent with
these hypotheses. The motor deficits and functional impairment were similar in our
SCI patients with and without pain. In addition, there was no correlation between the
severity of the spinal lesion and the increase in RT. The relative increase in RT
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concerned the foot, rather than the hand, ruling out the possibility of nonspecific

attentional bias, which would have induced changes in LJT for both hands and feet.

It is difficult to speculate about the brain mechanisms underlying the interplay
between pain and LJT in SCI patients. Structural, functional and neurochemical
central changes have been reported in these patients (Gustin et al., 2010, 2014;
Hatem et al., 2010; Henderson et al., 2011; Jutzeler et al., 2015; Nardone et al.,
2013; Osinski et al., 2019), but the relationships between brain changes and LJT or

between LJT and pain have never been studied directly in patients.

One limitation of our study is that no conclusions can be drawn about the
direction of the relationship between SCl-related pain and changes in body schema,
but one cannot exclude that these interactions are bidirectional. This hypothesis
could be tested in prospective studies focusing on the effects of graded motor
imagery, which targets cortical reorganization and includes LJT (Moseley, 2006;
Moseley and Flor, 2012) on both pain and body schema in these patients. Another
limitation is that we did not assess the potential influence of biomechanical
constraints reflecting the "difficulty” of LJT for the different images (related to the
rotation angle and awkwardness of the position of the limb in each image), which is
not available in the Recognize App. However, the fact that the absolute values of RT
and ACC were similar between our three groups tend to confirm that the difficulty of

the images did not significantly biased our results.

We also assessed the visuospatial perception of our patients, to check for
possible changes in other aspects of body representation. We used a test derived
from the vertical subjective body midline (SVBM) test, which has been used to
assess hemispatial neglect in patients with stroke, but also in chronic pain
syndromes (Christophe et al., 2016; Kolb et al.,, 2012; Reinersmann et al., 2012;
Sumitani et al.,, 2007). In this test, patients are asked to locate their subjective
vertical body midline, by looking at a laser dot moving horizontally on a screen
placed in front of them and to stop the laser dot when it crosses the sagittal plane of
their subjective vertical body midline. Impaired visuospatial perception was reported
in some studies (Kolb et al., 2012; Reinersmann et al, 2012; Sumitani et al., 2007),
but not in others (Christophe et al., 2016; Uematsu et al., 2009). We adapted this
test to assess the subjective horizontal body midline (SHBM), corresponding to the

transverse plane crossing the body at the level of the umbilicus. Our hypothesis was
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that patients with SCI could have an altered visuospatial perception of their lower
body inducing errors in the location of their umbilicus, which could be influenced by
pain. As in SVBM tests, patients were tested in the light and in darkness. We also
used two different tasks. In the first, patients moved the laser so as to point to the
estimated location of the projection of their umbilicus, whereas, in the second, the
laser dot was moved by the investigator and the patients verbally indicated where
the dot should be stopped. We found no significant differences between our two
groups of patients or between the patients and the controls for any of these tasks,
suggesting that SCI is not associated with significant changes in visuospatial body
perception as assessed with the tests used here. These results are consistent with
those of some studies based on SVBM in CRPS (Christophe et al.,, 2016) or
postherpetic neuralgia (Uematsu et al., 2009). However, we cannot exclude the
possibility of methodological bias in our study. Indeed, our results were highly
variable in the two groups of patients, but also in the healthy volunteers. This high
degree of variability may reflect the difficulty of these tasks, as reported by several of
our subjects, including healthy volunteers. One bias may result from the subjects
being in a horizontal position during these tests. This position was chosen because
most of the patients had severe motor deficits, but it may have introduced a bias due
to a decrease in vestibular afferents, which play a key role in body representation
(Lopez et al., 2012).

Finally, the umbilicus-reaching task was used to assess potential distortions of
lower body representation more directly in SCI patients. The error in umbilicus
localization was significantly larger in patients than in controls, but similar results
were obtained for patients with and without below-level pain. Changes in the ability
to point to specific body parts have been reported in CRPS (Reid et al., 2016), but
never in SCI patients. The mechanisms underlying this task are probably complex
and are still poorly understood (Reid et al., 2016). Although it should be interpreted
with caution, the trend towards a correlation between the increase in vibration
threshold and the error in URT observed in our patients suggest that these
mechanisms may involve proprioceptive afferents. The lack of correlation with pain
intensity also suggests that the changes in body representation assessed with this

simple task are different from those assessed with the LJT.

This article is protected by copyright. All rights reserved



Acknowledgments:

The authors thank Dr Thibaud Lansaman for technical help.

Author Contributions:

DB, VM and TO conceptualized the experiment and acquired funding. SMH provided
input to the design of the study. TO collected data. DB and TO were involved in data
analysis. DB and TO drafted the first version of the manuscript. All authors provided

input to the final version of the manuscript.

This article is protected by copyright. All rights reserved



References

Bouhassira, D., Attal, N., Alchaar, H., Boureau, F., Brochet, B., Bruxelle, J., Cunin,
G., Fermanian, J., Ginies, P., Grun-Overdyking, A., Jafari-Schluep; H., Lantéri-Minet,
M., Laurent, B., Mick, G., Serrie, A., Valade, D., & Vicaut, E. (2005). Comparison of
pain syndromes associated with nervous or somatic lesions and development of a

new neuropathic pain diagnostic questionnaire (DN4). Pain, 114(1-2), 29- 36.

Bouhassira, D., Attal, N., Fermanian, J., Alchaar, H., Gautron, M., Masquelier, E.,
Rostaing, S., Lanteri-Minet, M., Collin, E., Grisart, J., & Boureau, F. (2004).
Development and validation of the Neuropathic Pain Symptom Inventory: Pain,
108(3), 248- 257.

Bray, H., & Moseley, G. L. (2011). Disrupted working body schema of the trunk in
people with back pain. British Journal of Sports Medicine, 45(3), 168-173.

Breckenridge, J. D., Ginn, K. A., Wallwork, S. B., & McAuley, J. H. (2019). Do People
With Chronic Musculoskeletal Pain Have Impaired Motor Imagery? A Meta-analytical
Systematic Review of the Left/Right Judgment Task. The Journal of Pain, 20(2),
119-132.

Burke, D., Fullen, B. M., Stokes, D., & Lennon, O. (2017). Neuropathic pain
prevalence following spinal cord injury: A systematic review and meta-analysis.
European Journal of Pain, 21(1), 29- 44.

Christophe, L., Chabanat, E., Delporte, L., Revol, P., Volckmann, P., Jacquin-
Courtois, S., & Rossetti, Y. (2016). Prisms to shift pain away : pathophysiological and
therapeutic exploration of CRPS with prism adaptation. Neural Plasticity, 2016.

Conson, M., Sacco, S., Sara, M., Pistoia, F., Grossi, D., & Trojano, L. (2008).
Selective motor imagery defect in patients with locked-in syndrome.
Neuropsychologia, 46(11), 2622-2628.

Curtze, C., Otten, B., & Postema, K. (2010). Effects of lower limb amputation on the
mental rotation of feet. Experimental Brain Research. Experimentelle Hirnforschung.
Experimentation Cerebrale, 201(3), 527-534.

Evans, J. H. (1962). On disturbance of the body image in paraplegia. Brain, 85(4),
687-700.

This article is protected by copyright. All rights reserved



Fiori, F., Sedda, A., Ferré, E. R., Toraldo, A., Querzola, M., Pasotti, F., Ovadia, D.,
Piroddi, C., Dell’'Aquila, R., Redaelli, T., & Bottini, G. (2014). Motor imagery in spinal
cord injury patients : Moving makes the difference. Journal of Neuropsychology, 8(2),
199-215.

Fruhstorfer, H., Lindblom, U., & Schmidt, W. C. (1976). Method for quantitative
estimation of thermal thresholds in patients. Journal of Neurology, Neurosurgery,
and Psychiatry, 39(11), 1071-1075.

Fuentes, C. T., Pazzaglia, M., Longo, M. R., Scivoletto, G., & Haggard, P. (2013).
Body image distortions following spinal cord injury. Journal of Neurology,
Neurosurgery, and Psychiatry, 84(2), 201- 207.

Gilpin, H. R., Moseley, G. L., Stanton, T. R., & Newport, R. (2015). Evidence for
distorted mental representation of the hand in osteoarthritis. Rheumatology, 54(4),
678-682.

Gustin, S. M., Wrigley, P. J., Siddall, P. J., & Henderson, L. A. (2010). Brain
Anatomy Changes Associated with Persistent Neuropathic Pain Following Spinal
Cord Injury. Cerebral Cortex, 20(6), 1409-1419.

Gustin, S. M., Wrigley, P. J., Youssef, A. M., McIndoe, L., Wilcox, S. L., Rae, C. D.,
Eden, R. A., Siddall, P. J., & Henderson, L. A. (2014). Thalamic activity and
biochemical changes in individuals with neuropathic pain following spinal cord injury.
Pain, 155(5), 1027-1036.

Haggard, P., lannetti, G. D., & Longo, M. R. (2013). Spatial Sensory Organization
and Body Representation in Pain Perception. Current Biology, 23(4), R164- R176.

Hatem, S. M., Attal, N., Ducreux, D., Gautron, M., Parker, F., Plaghki, L., &
Bouhassira, D. (2010). Clinical, functional and structural determinants of central pain
in syringomyelia. Brain, 133(11), 3409- 3422.

Head, H., & Holmes, G. (1911). Sensory distrubance from cerebral lesions. Brain,

34, 102-254.

Henderson, L. A., Gustin, S. M., Macey, P. M., Wrigley, P. J., & Siddall, P. J. (2011).
Functional Reorganization of the Brain in Humans Following Spinal Cord Injury:
Evidence for Underlying Changes in Cortical Anatomy. Journal of Neuroscience,
31(7), 2630- 2637.

This article is protected by copyright. All rights reserved



lonta S, Villiger M, Jutzeler CR, Freund P, Curt A, Gassert R. Spinal cord injury
affects the interplay between visual and sensorimotor representations of the
body.Sci Rep. 2016 Feb 4;6:20144.

Jeannerod, M. (2001). Neural simulation of action : A unifying mechanism for motor
cognition. Neurolmage, 14(1 Pt 2), S103-1009.

Jeannerod, Marc, & Decety, J. (1995). Mental motor imagery: a window into the

representational stages of action. Current Opinion in Neurobiology, 5(6), 727-732.

Jutzeler, C. R., Curt, A., & Kramer, J. L. K. (2015). Relationship between chronic
pain and brain reorganization after deafferentation : a systematic review of functional
MRI findings. Neurolmage: Clinical, 9, 599- 606.

Kolb, L., Lang, C., Seifert, F., & Maihofner, C. (2012). Cognitive correlates of
‘neglect-like syndrome” in patients with complex regional pain syndrome: Pain,
153(5), 1063-1073.

Lafleur, M. F., Jackson, P. L., Malouin, F., Richards, C. L., Evans, A. C., & Doyon, J.
(2002). Motor learning produces parallel dynamic functional changes during the
execution and imagination of sequential foot movements. Neurolmage, 16(1),
142-157.

Lewis, J. S., Kersten, P., McPherson, K. M., Taylor, G. J., Harris, N., McCabe, C. S.,
& Blake, D. R. (2010). Wherever is my arm? Impaired upper limb position accuracy

in complex regional pain syndrome. Pain, 149(3), 463- 469.

Lopez, C., Schreyer, H.-M., Preuss, N., & Mast, F. W. (2012). Vestibular stimulation
modifies the body schema. Neuropsychologia, 50(8), 1830-1837.

Lotze, M., & Moseley, G. L. (2007). Role of distorted body image in pain. Current
rheumatology reports, 9(6), 488-496.

Marino, R. J., Barros, T., Biering-Sorensen, F., Burns, S. P., Donovan, W. H.,
Graves, D. E., Haak, M., Hudson L. M., & Priebe, M. M.; ASIA Neurological
Standards Committee 2002. (2003). International standards for neurological
classification of spinal cord injury. The Journal of Spinal Cord Medicine, 26 Suppl 1,
S50-56.

Moseley, G. L. (2004). Why do people with complex regional pain syndrome take
longer to recognize their affected hand? Neurology, 62(12), 2182-2186.

This article is protected by copyright. All rights reserved



Moseley, G. L. (2005). Distorted body image in complex regional pain syndrome.
Neurology, 65(5), 773-773.

Moseley, G. L. (2006). Graded motor imagery for pathologic pain: A randomized
controlled trial. Neurology, 67(12), 2129-2134.

Moseley, G. L., & Flor, H. (2012). Targeting cortical representations in the treatment

of chronic pain : A review. Neurorehabilitation and Neural Repair, 26(6), 646-652.

Nardone, R., Holler, Y., Brigo, F., Seidl, M., Christova, M., Bergmann, J.,
Golaszewski, S., & Trinka, E. (2013). Functional brain reorganization after spinal
cord injury : systematic review of animal and human studies. Brain Research, 1504,
58-73.

Nico, D., Daprati, E., Rigal, F., Parsons, L., & Sirigu, A. (2004). Left and right hand
recognition in upper limb amputees. Brain, 127(1), 120- 132.

Osinski, T., Acapo, S., Bensmail, D., Bouhassira, D., & Martinez, V. (Submitted).
Central nervous system reorganization and pain after spinal cord injury, some
possible targets for physical therapy. A systematic review of neuroimaging studies.
Submitted.

Parsons, L. M. (1987). Imagined spatial transformations of one’s hands and feet.
Cognitive Psychology, 19(2), 178-241.

Parsons, L. M. (2001). Integrating cognitive psychology, neurology and
neuroimaging. Acta Psychologica, 107(1- 3), 155-181.

Peltz, E., Seifert, F., Lanz, S., Muller, R., & Maihdfner, C. (2011). Impaired hand
size estimation in CRPS. The Journal of Pain, 12(10), 1095-1101.

Ravat, S., Olivier, B., Gillion, N., & Lewis, F. (2019). Laterality judgment performance
between people with chronic pain and pain-free individuals. A systematic review and

meta-analysis. Physiotherapy Theory and Practice, 1-21.

Reid, E., Wallwork, S. B., Harvie, D., Chalmers, K. J., Gallace, A., Spence, C., &
Moseley, G. L. (2016). A new kind of spatial inattention associated with chronic limb
pain? . Annals of Neurology, 79(4), 701-704.

This article is protected by copyright. All rights reserved



Reinersmann, A. Landwehrt, J., Krumova, E. K., Ocklenburg, S., Gunturkin, O., &
Maier, C., (2012). Impaired spatial body representation in complex regional pain
syndrome type 1 (CRPS I).Pain. 153(11):2174-81.

Reinersmann, A., Haarmeyer, G. S., Blankenburg, M., Frettl6h, J., Krumova, E. K.,
Ocklenburg, S., & Maier, C. (2010). Left is where the L is right. Significantly delayed
reaction time in limb laterality recognition in both CRPS and phantom limb pain
patients. Neuroscience Letters, 486(3), 240-245.

Schmid, A. B., & Coppieters, M. W. (2012). Left/right judgment of body parts is
selectively impaired in patients with unilateral carpal tunnel syndrome. The Clinical
Journal of Pain, 28(7), 615-622.

Schwoebel, J., Coslett, H. B., Bradt, J., Friedman, R., & Dileo, C. (2002). Pain and
the body schema : effects of pain severity on mental representations of movement.
Neurology, 59(5), 775-777.

Schwoebel, John, Friedman, R., Duda, N., & Coslett, H. B. (2001). Pain and the
body schema: evidence for peripheral effects on mental representations of
movement. Brain, 124(10), 2098-2104.

Siddall, P. J., McClelland, J. M., Rutkowski, S. B., & Cousins, M. J. (2003). A
longitudinal study of the prevalence and characteristics of pain in the first 5 years
following spinal cord injury: Pain, 103(3), 249- 257.

Siddall, P. J., & Middleton, J. W. (2015). Spinal cord injury-induced pain:
Mechanisms and treatments. Pain Management, 5(6), 493-507.

Sirigu, A., Duhamel, J. R., Cohen, L., Pillon, B., Dubois, B., & Agid, Y. (1996). The
mental representation of hand movements after parietal cortex damage. Science
(New York, N.Y.), 273(5281), 1564-1568.

Stanton, T. R., Lin, C.-W. C., Bray, H., Smeets, R. J. E. M., Taylor, D., Law, R. Y.
W., & Moseley, G. L. (2013). Tactile acuity is disrupted in osteoarthritis but is
unrelated to disruptions in motor imagery performance. Rheumatology, 52(8),
1509- 1519.

Stanton, T. R., Lin, C.-W. C., Smeets, R. J. E. M., Taylor, D., Law, R., & Lorimer
Moseley, G. (2012). Spatially defined disruption of motor imagery performance in
people with osteoarthritis. Rheumatology, 51(8), 1455- 1464.

This article is protected by copyright. All rights reserved



Sumitani, M., Shibata, M., lwakura, T., Matsuda, Y., Sakaue, G., Inoue, T., Mashimo,
T., Miyauchi, S. (2007). Pathologic pain distorts visuospatial perception. Neurology,
68(2), 152-154.

Tabor, A., Keogh, E., & Eccleston, C. (2017). Embodied pain-negotiating the
boundaries of possible action. Pain, 158(6), 1007-1011.

Tsay, A., Allen, T. J., Proske, U., & Giummarra, M. J. (2015). Sensing the body in
chronic pain: a review of psychophysical studies implicating altered body

representation. Neuroscience & Biobehavioral Reviews, 52, 221-232.

Uematsu, H., Sumitani, M., Yozu, A., Otake, Y., Shibata, M., Mashimo, T., &
Miyauchi, S. (2009). Complex regional pain syndrome (CRPS) impairs visuospatial
perception,whereas post-herpetic neuralgia does not: possible implications for
supraspinal mechanism of CRPS. Annals of the Academy of Medicine, Singapore,
38(11), 931-936.

Widerstrom-Noga, E., Biering-Sgrensen, F., Bryce, T., Cardenas, D. D., Finnerup, N.
B., Jensen, M. P., Richards, J. S., & Siddall, P. J. (2008). The international spinal
cord injury pain basic data set. Spinal Cord, 46(12), 818-823.

Zigmond, A. S., & Snaith, R. P. (1983). The hospital anxiety and depression scale.
Acta Psychiatrica Scandinavica, 67(6), 361- 370.

This article is protected by copyright. All rights reserved



Figure legends

Figure 1: Comparison of laterality judgment task (LJT) between SCI patients with
(SCI-P, black column) or without (SCI-noP, gray column) pain and healthy controls
(HC, white column). A: The foot/hand ratio for LJT reaction time (RT) was
significantly higher (** p<0.01) in patients than in healthy controls (HC), but there
was no significant difference between the two groups of patients. B: The foot/hand
ratio for LJT accuracy (ACC) did not differ between the three groups.

Figure 2: Correlation between changes in LJT and pain. A: Correlation (rho = 0.40; p
= 0.02) between foot/hand ratio for reaction time (RT) and average pain intensity
(numerical rating scale: NRS). B: Correlation (rho = 0.38; p = 0.04) between
foot/hand ratio for RT and the total score for the Neuropathic Pain Symptom
Inventory (NPSI). C: correlation (rho = 0.39; p = 0.03) between the foot/hand ratio for
RT and the deep pain score of the NPSI. D: Correlation (rho = 0.40; p = 0.03)

between the foot/hand ratio for RT and the paroxysmal pain score of the NPSI.

Figure 3: Comparison of umbilicus-reaching task (URT) results between SCI patients
with (SCI-P, black column) or without (SCI-noP, gray column) pain and healthy
controls (HC, white column). The error (in mm) in the localization of the umbilicus
was significantly (** p < 0.001) larger for patients than for controls, but there was no

difference between the two groups of patients.
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SCI-P (n=32) SCI-noP (n =24) HC (n=37)
Age (years) 47.8 (£15.4) 41.4 (£13.9) 40.7 (£13.9)
Sex (m/f) 22/10 18/6 16/21
Duration of the 15.3 (£11.2) 16.0 (£12.7)
lesion (years)
Lesion severity Complete = Complete =
n (%) 18 (56.3%) 14 (54.2%)
A=18 A=14
B=3 B=2
ASIA-score
C=4 c=2
D=7 D=6
HADS-anxiety 7.4 £4.7 59 £29
HADS-depression 58+3.4 49+34
Mean pain intensity 63+22
Pain duration (year) 11.4+£9.5

Pain location

DN4 score
NPSI (total score)
NPSI (burning)
NPSI (deep pain)
NPSI (paroxysmal)
NPSI (evoked)

NPSI(paresthesia)

Pain medication

n (%)
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Bilateral : 28
Left: 2
Right : 2
58+1.2
334 +15.9
54+29
3.5 £32
3.0+2.8

21+£24

43126

Pregabalin: 7 (21,9%)

Opioids: 2 (6%)

Gabapentin : 2 (6%)



‘ Antidepressant: 2 (6%)

Table 1: Demographic and clinical characteristics of the participants SCI patients
with (SCI-P) or without (SCI-noP) pain and healthy controls (HC)
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WDT (°C)
CDT (°C)
MDT (g)
VDT
HPT(°C)
CPT(°C)

PPT (kPA)

Table 2: Comparison of quantitative sensory testing results between SCI patients
with (SCI-P) and without (SCI-noP) pain, and healthy controls (HC). All the
measurements differed significantly between the patients, whether with (SCI-P) or
without (SCI-NoP) pain, and the healthy controls (*** p < 0.001), but there was no
significant difference between the two groups of patients. WDT: warm detection
threshold, CDT: cold detection threshold, MDT: mechanical detection threshold,
VDT: vibration detection threshold, HPT: heat pain threshold, CPT: cold pain

SCI-P (n = 32)
47.36 + 4.34 ***
14.10 + 6.46 ***

182.08 + 140.13 ***

7.57 +0.99 ***
48.31 £ 3.66 ***
8.38 £ 5.58 **x

689.60 (£178.24) ***

SCI-noP (n = 24)
47.31 £5.19 ***
13.61 £ 6.68 ***
177.97 £ 145.91 ***
7.59 £0.9] **x*
48.86 + 3.10 ***
6.92 £ 4.60 ***

712.91 £ 174.04 ***

threshold, PPT: pressure pain threshold.

This article is protected by copyright. All rights reserved

HC (n =37)
3539+ 1.18
30.48 + 1.23
0.79 + 1.23
6.79 + 0.77
43.96 +4.32

17.42 + 6.96

534.07 £ 186.62



SCI-P SCI-noP HC Patients vs. HC

RT HAND 3.4 (1£.6) 3.4 (x£1.7) 3.6 (£1.7) ns
ACC HAND & 874 (x10.4) 84.8(x11.8)  88.0(+10.4) ns
RT FOOT 3.8 (£1.3) 3.9 (x1.7) 3.3 (£1.5) ns
ACC FOOT | 89.5(%9.9) 87.8(x11.8)  90.5(£10.2) ns
SHBM-1 | 100.3 (£100.7) 80.4 (£60.7)  90.5 (£60.0) ns
SHBM-2 100.6 (£90.8)  120.4 (£70.0) 130.2 (£120.3) ns
SHBM-3 70.2 (£7.1) 80.8 (£60.6) 120.4 (£100.7) ns

Table 3: Comparisons of body perception tests between SCI patients with (SCI-P)
and without (SCI-noP) pain, and healthy controls (HC).

RT HAND: reaction time (s) for the identification of hand laterality; ACC HAND:
accuracy (%) of hand image identification; RT FOOT: reaction time (s) for the

identification of foot laterality; ACC FOOT: accuracy (%) of foot image identification

SHBM: subjective horizontal body midline test. The results indicate the error (in mm)
between the estimated and true projection of the umbilicus under the different
experimental conditions. SHBM-1: the participants had to indicate with a laser dot
the projection of their umbilicus on the ceiling with lights on, SHBM-2: as for SHBM1
but with the lights off; SHBM-3: the laser dot was moved by the investigator and the
participants had to indicate the projection of their umbilicus.
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RT foot/hand ratio

SCI-P SCI-NOP
WDT 0.16 0.22
CDT 0.26 -0.23
MDT 0.02 0.14
VDT 0.08 0.14
HPT 0.13 0.28
CPT 0.24 0.11
PPT -0.12 0.49

Table 4: Spearman rank coeficient (rho) for the correlations between foot/hand RT
ratio and QST parameters in patients with (SCI-P) or without (SCI No-P) below-level
pain. WDT: warm detection threshold, CDT: cold detection threshold, MDT:
mechanical detection threshold, VDT: vibration detection threshold, HPT: heat pain
threshold, CPT: cold pain threshold, PPT: pressure pain threshold.
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