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Abstract

Mental motor imagery is subserved by the same cognitive systems that underlie action. In turn, action
is informed by the anticipated sensory consequences of movement, including pain. In light of these
considerations, one would predict that motor imagery would provide a useful measure pain-related
functional interference. We report a study in which 19 patients with chronic musculoskeletal or
radiculopathic arm or shoulder pain, 24 subjects with chronic pain not involving the arm/shoulder
and 41 normal controls were asked to indicate if a line drawing was a right or left hand. Previous
work demonstrated that this task is performed by mental rotation of the subject’s hand to match the
stimulus. Relative to normal and pain control subjects, arm/shoulder pain subjects were significantly
slower for stimuli that required greater amplitude rotations. For the arm/shoulder pain subjects only
there was a correlation between degree of slowing and the rating of severity of pain with movement
but not the non-specific pain rating. The hand laterality task may supplement the assessment of
subjects with chronic arm/shoulder pain.
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Introduction

Motor imagery is the mental rehearsal of an action without movement (e.g. Jeannerod, 1995).
Several lines of evidence suggest that motor imagery and action are mediated by the same brain
circuits. For example, functional neuroimaging (Grafton et al., 1996; Grezes and Decety,
2001) and Transcranial Magnetic Stimulation (Ganis et al., 2000; Rossini et al., 1999) studies
demonstrate that the same brain structures are involved in action and imagining the same action.
Additionally, motor imagery obeys the same biomechanical constraints as action (Decety and
Michel, 1989; Moseley, 2004).

The present investigation builds on a series of elegant studies by Parsons and colleagues
demonstrating that motor imagery is employed when a subject judges the laterality of a pictured
hand or foot (Parsons, 1987a, 1995). When shown a picture of the left hand in the palm up
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position and asked to indicate if the stimulus was a left or right hand, Parsons demonstrated
that there is a consistent and principled relationship between the length of the trajectory through
which the subject’s hand must be mentally rotated to match the stimulus and response time.
Using Parson’s paradigm we demonstrated that subjects with Complex Regional Pain
Syndrome (CRPS) involving one upper extremity were slower to respond to pictures of the
painful hand (Schwoebel et al., 2001); this difference was eliminated after treatment that
reduced the subjects’ pain (Schwoebel et al., 2002). Moseley found that CRPS subjects were
slower to recognize the painful hand and that performance was best predicted by the degree of
pain that subjects believed would be provoked by moving their hand to the depicted position
(Moseley, 2004).

We report an investigation that differs from previous work on this topic in a number of
important respects. First, unlike previous studies, we include a group with chronic pain not
involving the arm/shoulder to control for the non-specific effects of pain and its treatment.
Second, we explored the relationship between the degree of slowing and severity of pain with
movement. Third, whereas most investigations have focused on subjects with CRPS (but see
Moseley et al, 2008), a condition that differs in important ways from most other pain syndromes
(Janig and Baron, 2002), we report data from subjects selected on the basis of pain location
rather than etiology.

We predicted that subjects with arm/shoulder pain would be slower to respond to depictions
of a painful hand. Thus, for subjects with unilateral arm/shoulder pain, subjects would be
expected to be slower than controls for the painful hand; subjects with bilateral arm/shoulder
pain, would be expected to be slower relative to controls for both hands. Importantly, as arm/
shoulder pain is often exacerbated by movement, the slowing of response time would be
expected to be most apparent for stimuli that require the greatest degree of mental rotation.
Finally, as the predicted effects of pain are attributed to a slowing of mental rotation of a specific
body part the effects would be expected only in subjects with pain in one or both arm/shoulder.

Four groups of subjects were included. There were 19 subjects with musculoskeletal or
radiculopathic pain involving the shoulder or arm; one group included 10 subjects with
unilateral (4 left, 6 right) arm/shoulder pain and a second group included nine subjects with
chronic pain of both upper extremities. There were two control groups. First, to control for the
non-specific effects of pain and therapy for pain, a Pain Control group was recruited; this group
included 24 subjects with chronic pain that did not involve the arm or shoulder. Finally, a
normal control group consisting of 41 subjects with no history of significant neurologic
disorders or chronic pain was recruited. The four groups of subjects did not differ significantly
with respect to age (unilateral arm/shoulder Pain 47.5 = 6.2, bilateral arm/shoulder Pain 55.8
+ 8.9, pain control 48.6 = 11.1 and normal control 44.4 + 16.8; all p>.05). All subjects with
pain were asked to rate their pain at the time of testing and general pain with movement using
a 0-10 point scale. The unilateral Arm/shoulder Pain, bilateral arm/shoulder pain and Pain
Control subjects did not differ with respect to mean pain severity (unilateral Arm/shoulder Pain
6.5 + 2.4, bilateral Arm/shoulder Pain 6.2 + 2.3, and Pain Control 6.3 + 2.6; all p>.40).
Additional information regarding the subjects with pain is included in Table 1.

Subjects with arm/shoulder pain and most controls were recruited from the Pain Center at the
University of Pennsylvania. All subjects with chronic pain were tested at the time of a regularly
scheduled appointment and were following their usual medical regimen. Subjects were paid
for their participation. Consent was obtained according to the Declaration of Helsinki; the
project was approved by the University of Pennsylvania Institutional Review Board.
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Subjects sat in a comfortable chair in front of a computer with their arms and hands resting
comfortably on a table with their right index finger over the “m” key and the left index finger
over the “z” key. A series of line drawings of either the right or left hand was presented, and
subjects were instructed to depress the “z” key when seeing a picture of the left hand or the
“m” key when seeing a right hand. Subjects were instructed to respond as quickly and
accurately as possible; no subject reported pain related to responding. Each trial began with
the presentation of a fixation cross that persisted for one second before being replaced by a
line drawing of a hand. The trial was terminated by depressing the “z” key for a left hand or
the “m” key for a right hand. A new fixation cross was presented one second after the subject’s
response. No feedback regarding accuracy or reaction time (RT) was provided. Subjects were
instructed not to move their hands to match the position of the stimulus.

Stimuli included 12 drawings of the right and left hand. For each hand, six drawings depicted
the hand in the palm up and six in the palm down configuration. For both the palm up and palm
down stimuli there were drawings of six different angular rotations: 0°, 60° medial rotation,
120° medial rotation, 180°, 120° lateral rotation and 60° lateral rotation (See Figure 1).

There were eight trials with each of the 24 stimuli (six palm down left, six palm up left, six
palm down right, six palm up right) presented in random sequence. On average, the task lasted
approximately 10-12 minutes. The experiment was programmed in E-Prime and run on a PC.
All statistical analyses were performed with SPSS16. For analyses where Mauchly’s test of
sphericity was significant, the Huynh-Feldt correction was applied.

Data Analysis

Results

Accuracy and RT were recorded for each trial; mean RT and accuracy were calculated for each
of the 24 stimuli for each subject. For the RT analysis, trials on which the RT differed from
the subject’s mean for that stimulus by more than 2.5 standard deviations were discarded.
Additionally, those trials for which the subject responded incorrectly were eliminated from the
RT analysis. Finally, in order to exclude subjects who performed poorly because of factors
such as failure to engage in the task, inability to understand the task, inability to maintain set,
or poor right/left discrimination, we assessed each subject’s performance on those trials that
require minimal rotation of the hand (0° for the right and left hands in the palm up and palm
down conditions).

Collapsing across subjects, 3.0% of responses of normal subjects, 2.4% of responses of Pain

Control and 2.3% of responses of subjects with arm/shoulder pain responses were excluded.

Additionally, three subjects (one bilateral arm/shoulder pain and 2 pain controls) were excluded
from the analysis because they performed at chance on the minimal rotation conditions. Mean
correct for the minimal rotation condition was greater than 95% for all groups; the four groups
did not differ in this condition (all p>.30).

In order to demonstrate that our task generated results consistent with previous reports, data
from the 41 normal controls were analyzed first. A repeated measures ANOV A was performed
on the RT data in which within-subject factors included hand, rotation (0°, 60° medial, 120°
internal, 180°, 120° lateral and 60° lateral), and palm up/palm down. There were significant
main effects of hand (F[1,38]=6.33, p=.016), rotation (F[5,190]=44.0, p<.001), and view (palm
up, palm down) (F[1,38]=12.68, p=.001). As in previous studies (Fiorio et al., 2006; Parsons,
19873, 1987b), RTs were faster for the right hand (1924 + 123 vs. 2045 + 132 ms) and in the
palm down condition (1831 + 119 vs. 2138 + 145 ms). There was also a view by rotation
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interaction (F[14.71, p<.001). As noted by previous investigators, this difference reflects the
fact that biomechanical constraints differ in the palm up and palm down conditions (Parsons,
19874, 1987b; Parsons and Fox, 1998; Parsons et al., 1998).

A similar analysis was performed for the accuracy data. There was a significant main effect of
rotation (F[5,200]=16.77, p<.001) and no hand effect (F[1,40]=1.51, p=.226). Pairwise
comparisons demonstrated that subjects were significantly less accurate in the 180° condition
than in all other conditions; subjects were also significantly less accurate with 120° lateral
stimuli than all other conditions except 180° stimuli. There was no effect of view (F[1,40]=.
129, p=.721). Finally, there was a significant interaction between view and rotation (F[5,200]
=3.64, p=.013). The fact that controls are faster and less accurate with the right hand could
represent a speed-accuracy trade-off with respect to hand; note, however, that the effects of
rotation and view do not reflect such a trade-off as the stimuli for which subjects were slowest
were also the least accurate.

Next, RT data for the 10 subjects with unilateral arm/shoulder pain was analyzed to determine
if subjects with right and left arm/shoulder pain differed. There were no effects of group (left,
right) on ANOVAs for the RT and accuracy data ([F[1,8]=.865, p=.379, F[1,8]=.149, P=.710,
respectively). In light of this finding, data from the right and left hand unilateral pain groups
were combined in the analyses below.

In order to compare the performance of subjects with arm/shoulder pain and controls, an
omnibus ANOVA was performed in which group (unilateral pain, bilateral pain, normal
controls, pain controls) served as a between subject factor and hand (right, left), rotation, and
view served as within subjects factors. In order to normalize data, RTs were subjected to a
reciprocal transformation prior to the ANOVA. For ease of interpretation, means are expressed
in milliseconds and percent correct whereas the F and p values were generated in the ANOVA
with the transformed data.

There were four significant main effects. Subjects responded faster to images of right as
compared to left hands (2413 + 115 vs 2504 + 126 ms; F(1,77)=15.99, p<.001). Subjects were
faster for palm down as compared to palm up stimuli (2332 + 123 vs. 2586 + 126 ms; F(1,77)
=29.99, p<.001). There was a robust effect of rotation (F(5,385)=98.16; p<.001); as illustrated
in Figure 3, subjects were slower for stimuli involving larger degrees of angular rotation. Post-
hoc tests (LSD) demonstrated that all conditions differed significantly from each other except
0° and 60° medial and 120° and 60° lateral (all other ps<.001). Finally, there was a main effect
of group (F(3,77)=3.59, p=.017); post-hoc tests revealed that controls (1985 + 144 ms) were
significantly faster than subjects with bilateral arm/shoulder pain (2956 + 298 ms, p=.03) and
subjects with unilateral arm/shoulder pain (2742 + 283 ms, p=.007) but did not differ from
pain control subjects (2153 = 187 ms, p=.541); pain control subjects differed from unilateral
arm/shoulder subjects (p=.035). There was also a view by rotation interaction (F[5,385]=23.43,
p<.001); reflecting biomechanical constraints, as they were sitting with their palms down,
subjects were faster to respond to palm down (2332 + 123 vs 2586 + 126) as compared to palm
up stimuli (F=30.0, p<.0001).

Of greatest significance was a group by rotation interaction (F(5,385)=2.06, p=.019); whereas
there was a substantial RT cost associated with mental rotation of the hands for all groups, as
demonstrated in Figure 2, this cost was greater for subjects with hand pain than for normal
subjects.

Importantly, we predicted that there would be a greater cost with increasing magnitudes of
mental rotation for arm/shoulder pain subjects than controls and that this would be manifested
as a group by rotation interaction. Therefore, we explored this effect in a series of planned
contrasts in which subjects with unilateral and bilateral hand pain were compared to normal
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controls. As we, like a number of previous investigators (e.g, Parsons, 1987a; Fiorio et al,
2006), do not find robust accuracy differences on this task, subsequent analyses are restricted
to RT data. Comparing subjects with unilateral pain to normal controls, we found a significant
group by rotation interaction (F(5,235)=2.6, p=.038); subjects with hand pain exhibited a
greater cost from larger angular rotations than normal subjects. Furthermore, we predicted that
this effect would be evident when comparing RTs from the easiest stimuli (0° conditions) to
the most difficult stimuli (180° condition), and used the difference in reaction times between
these two conditions as our metric.

We found a significant difference between RTs for the 180° and 0° conditions for unilateral
pain subjects (2505) compared to controls (1287 ms; t=3.41 p=.004). Although there was a
trend, the comparison of bilateral pain subjects to controls did not yield a significant group by
rotation interaction (F[5, 230]=1.37, p=.097).

An additional set of analyses was performed to explore the effects of severity of arm/shoulder
pain. First, we performed correlations for subjects with arm/shoulder pain between RTs
differences for the 180° and 0° conditions and non-specific pain severity ratings and pain with
movement ratings. Data for the latter measure were not available for two subjects. We found
a significant correlation between pain with movement and difference in RT (Pearson r=.576,
p=.01) but not between non-specific pain severity and difference in RT (r=.210, p=.217). There
was a significant correlation between pain with movement and non-specific pain score (r=.444,
p=.042). In order to control for the non-specific effects of pain and its treatment, similar
analyses were performed for the pain control group. Correlations between both non-specific
pain and pain with movement were not significant (r=—130, p=.278 and r=.051, p=.409
respectively).

We also performed an omnibus ANOVA on the accuracy data, in which group (unilateral pain,
bilateral pain, normal controls, pain controls) served as a between subject factor and hand
(right, left), rotation, and view served as within subject factors. We observed significant effects
of rotation (F[5,400]=32.05, p<.001) and hand (F[1,80]=4.15, p=.045). Pairwise comparisons
demonstrated that the 180° and 120° lateral conditions differed from all other conditions (ps<.
01). Performance with right hand stimuli was slightly less accurate than with left hand stimuli
(91.2% vs. 92.6%). There were no effects of view (F[1,80]=.207, p=.650) or group (F[3,80]=.
403, p=.751). There was a view by rotation interaction (F[5,400]=4.73, p=.003) as previously
described in the normal control data.

Discussion

We demonstrate that a simple motor imagery task - discriminating between right and left hands
- distinguishes subjects with arm/shoulder pain from controls and subjects with chronic pain
involving other parts of the body. Not only are subjects with arm/shoulder pain generally slower
than control subjects but, consistent with the predictions outlined in the Introduction, they
exhibit a significantly greater cost for stimuli that require a larger trajectory of mental rotation
(e.g., the 180° stimuli). This interaction between group and rotation is important as it strongly
argues that the differences between controls and arm/shoulder pain subjects are not simply a
non-specific effect of pain or its treatment. Whereas differences in pain severity would
represent a potential explanation for overall RT differences between controls and arm/shoulder
pain subjects, they are unlikely to cause a selective impairment for those stimuli that require
the most substantial degree of mental rotation. Rather, the selective nature of the impairments
strongly suggests that arm/shoulder pain produces deficits in mental rotation that, at least in
part, reflect an impairment specific to the movements that are likely to be associated with pain
(Moseley, 2004). It is also relevant to note in this context that there were no group effects in
accuracy. The fact that arm/shoulder pain subjects did not differ from controls with respect to
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accuracy is important as it demonstrates that subjects with arm/shoulder pain were able to
reliably perform the task.

We believe that these data are important for several reasons. First, the data confirm and extend
the limited literature documenting that chronic pain is associated with a specific impairment
of motor imagery. Second, by including a pain control group that was matched to the arm/
shoulder subjects with respect to pain severity and systematically exploring a wide range of
stimuli, the study demonstrates that arm/shoulder pain is associated with a specific impairment
in motor imagery. Third, by including subjects with arm/shoulder pain secondary to
musculoskeletal causes or radiculopathy, the study demonstrates that the association between
pain and selective slowing of motor imagery is not specific to patients with CRPS, thereby
greatly expanding its potential applications.

We suggest that there are several reasons to believe that the hand laterality task described here
may have significant clinical utility. First, the task is easily administered and quick; on average,
subjects completed the task in approximately 10-12 minutes. No subject complained of
discomfort during the task or failed to understand the task; in fact, no subject failed to complete
the task for any reason. Second, the task does not require specialized or costly equipment but
can be run with a PC. Finally, the task provides a measure of pain without explicitly demanding
a pain rating. Informal de-briefing after the task indicated that most subjects were unaware of
the purpose of the task.

Although formal data are lacking, the demonstration that pain ratings and performance on hand
(Schwoebel et al, 2001, 2002; Moseley, 2004) and foot (Coslett et al, In press) laterality tasks
are related suggests that the hand laterality test may also be useful in the assessment of
malingering or factitious pain disorders. The effect angular rotation on RT is highly reliable
in group analyses and is apparent when individual data are inspected. For example, 38 of 41
(92.6%) controls 19 of 19 subjects with arm/shoulder pain demonstrated at least a 25% increase
in RT for stimuli in the 180° of rotation as compared to 0° rotation. In light of this consistency,
the absence of an effect of the angular rotation of the stimulus would suggest that the subject
was not performing the task in the normal fashion.

There is precedent for the claim that a deviation from the highly consistent (and non-intuitive)
pattern of performance exhibited by normal subjects on motor imagery tests may indicate
psychological confounders present in patients with chronic pain. For example, Maruff and
Velakoulis reported an investigation in which normal subjects were asked to feign weakness
while performing a motor imagery task (Maruff and Velakoulis, 2000). Whereas subjects
performed more slowly while feigning weakness, they did not demonstrate the normal, highly
predictable pattern of performance on the task. Similarly, a subject diagnosed with “conversion
disorder” failed to demonstrate the normal inverse relationship between movement time and
target size.

In this and previous investigations subjects did not report a change in their pain after performing
the task (Schwoebel et al., 2001; Schwoebel et al., 2002). This finding contrasts with the report
of Moseley et al (2008) that mental motor imagery alone increased pain and swelling in subjects
with arm pain. One potential explanation for the discrepancy appeals to the distinction between
implicit and explicit motor imagery. In our task, subjects were asked to simply determine if
the stimulus depicted a right or left hand; there was no explicit instruction to imagine moving
their hands and most subjects do not report mentally rotating their hand. In contrast, Moseley
et al (2008) instructed subjects to imagine themselves producing the movement that would be
required to make their hand match the position of the pictured hand twice before responding.
As we have previously reported substantial differences in performance on tasks involving
explicit and implicit motor imagery tasks in a study of 70 subjects with unilateral stroke, one
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possible reason for the discrepancy between our findings and those of Moseley et al (2008) is
that implicit and explicit motor imagery tasks tap representations of the body that are, at least
in part, dependent on different neural structures (Schwoebel and Coslett, 2005). Furthermore,
the distinction between implicit and explicit mental rotation may have clinical implications.
Moseley et al (2006) reported that subjects with pathologic pain benefited from a treatment
protocol involving explicit mental imagery (see Daly and Bialocerkowski, 2009 for review).

Another difference between our findings and previous reports of motor imagery in subjects
with unilateral arm/shoulder pain secondary to CRPS is that our subjects do not exhibit a
difference in performance between their symptomatic and asymptomatic hands (Schwoebel et
al., 2001; Schwoebel et al., 2002). We predicted that subjects would be exhibit a greater slowing
for stimuli depicting the painful hand and have no compelling account for the lack of asymmetry
in this study. We note that some other investigators have also failed to find lateralized
abnormalities in subjects with unilateral symptoms Fiorio et al, for example, reported that
dystonic subjects performed abnormally on RT (but not accuracy) measures for both the
symptomatic and asymptomatic hand (Fiorio et al., 2006). In a study using a foot laterality task
in subjects with chronic leg pain that was in many respects similar to the present study, we also
failed to find a difference between the symptomatic and asymptomatic extremity. One possible
explanation appeals to differences in the underlying cause of the pain. For example, CRPS may
be more discrete with respect to the affected area than the disorders included in our
heterogeneous group; indeed, the subjects included in the Schwoebel et al (2001, 2002) studies
were selected in part on the basis of pain that was clearly restricted to one arm/shoulder.
Musculoskeletal pain may be less discrete, with the result that subjects are more likely
generalize the anticipated pain across both extremities. Alternatively, the discrepancy might
reflect random differences across relatively small samples or subtle differences in the methods
employed in the different studies.

Consistent with the fact that subjects with CRPS exhibit many of the features of the neglect
syndrome (Frettloh et al., 2006; Galer and Jensen, 1999), Moseley and colleagues have argued
that the impaired performance of these patients on motor imagery tasks similar to that reported
here is attributable to inattention to the painful hand (Moseley et al., 2009). Although “neglect-
like” phenomena that might be influenced by attention have been reported in subjects with
CRPS (Gener and Jensen, 1999; Forderreuther et al, 2004, Frettloh et al, 2006, Lewis et al,
2007) and attention to a painful hand influences the performance of normal subjects with
experimentally induced pain (Hudson et al, 2006), we believe attentional effects to be an
unlikely explanation for our subjects performance for several reasons. First, we are unaware
of reports that musculoskeletal and radiculopathic pain are associated with inattention to the
painful hand. Second, while inattention to the painful hand could explain a general slowing of
RT for stimuli depicting the painful hand, it is not clear that inattention could explain the finding
that subjects with arm/shoulder pain were not only slower to respond to stimuli depicting the
painful hand but were disproportionately slower for stimuli requiring larger amplitude mental
rotations.

Another potential account of our findings is that subjects with arm pain are slower with the
painful hand because the response itself causes pain. This possibility seems unlikely for several
reasons. First, as noted above, such an account would predict a general slowing of RTs for the
painful hand but not disproportionate slowing for stimuli requiring larger amplitude mental
rotations; pain associated with keypress would not be expected to be influenced by the
magnitude of mental rotations. Second, this account does not explain the findings of the
bilateral arm pain subjects. Finally, we have recently demonstrated similar findings on a foot
laterality task in subjects with leg/foot pain (Coslett et al, In press); as subjects responded with
their (painfree) hands, the fact that RTs were proportional to the degree of mental rotation in
these subjects cannot be explained by pain associated with responding. While these data do
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not definitively exclude the possibility that pain with movement influences the performance
of subjects with unilateral arm/shoulder pain, collectively they suggest that this factor does not
contribute substantially to our findings.

We suggest that imagined movements are mediated by a “forward model” that not only
specifies the timing and force of muscle contractions but also anticipates the sensory
consequences of that action (Blakemore et al., 1999; Desmurget and Grafton, 2000). On this
account, subjects are slower to respond to stimuli that would require large amplitude rotations
because those movements are likely to be associated with greater pain (Moseley, 2004).
Additionally, the fact that subjects exhibit a significant correlation between slowing for large
amplitude movements and ratings of pain with movement but not non-specific pain is consistent
with the hypothesis that the anticipation of movement related pain underlies the effects reported
here.

Finally, although we focus on the utility of the hand laterality task in the assessment of pain,
the task has proven to be useful in subjects with neglect (Coslett, 1998; Sirigu et al., 1996),
focal dystonia (Fiorio et al., 2006), torticollis (Fiorio et al., 2007) and limb amputation. We
suggest that the task may provide important insights into the brain representations of the body
that can lead to a deeper understanding of pain and other somatic disorders (Nico et al.,
2004).
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Figure 1.
Depictions of a representative group of stimuli.
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Figure 2.
RT data for the unilateral arm/shoulder pain group, bilateral arm/shoulder pain group, pain
controls and normal controls collapsed across the palm up/palm down condition.
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Figure 3.
Accuracy data for the unilateral arm/shoulder pain group, bilateral arm/shoulder pain group,
pain controls and normal controls collapsed across the palm up/palm down condition.
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