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After performing the motor imagery task, subjects com-
pleted a VAS that related to the question, “Haw vivid were
your imagined hand movements?” This VAS was an-
chored at the left with “not at all” and at the right with
“gxtremely,” and this variable was called vividness,

Method check: muscle activity. To verify that there was
no muscle activity during the motor imagery tasks, elec-
tromyographic activity was recorded using surface elec-
trodes (DE-2.3; preamplified X 1,000, band filtered at 20~
450 Hz) placed over the wrist extensors and wrist flexors of
each arm.

Protocol., The motor imagery task used the bank of im-
ages described above. An in-house software program and a
laptop computer were used to randomly present images
from the image bank. Subjects were advised to imagine
twice adopting the posture shown with a smooth and
pain-free movement. Subjects were advised not to imagine
watching themselves perform the movement, but to imag-
ine actually performing the movement. When they had
completed the imagined movements, they pressed a button
to progress to the next image, In pilot testing, some pa-
tients reported that the task increased their symptoms after
~5 minutes. Mean time on each image was 8 seconds, We
therefore chose to present each of 36 images once so that
the number of imagined movements was constant but the
duration of the task would vary between patients,

Statistical analysis. All statistics were performed using
SPSS software, version 11.0,0 (SPSS, Chicago, IL), System-
atic differences in the secondary variables were investi-
gated via a multivariate analysis of variance (MANOVA)
with group (CRPS or non-CRPS) as the fixed factor. The
primary hypotheses were tested with 2 repeated-measures
analyses of variance (ANOVAs; 1 for pain and 1 for swell-
ing), each with 1 within-subjects factor (3 time levels:
pretask, posttask, and 60 minutes posttask) and 1 between-
subjects factor (group: CRPS or non-CRPS). If the initial
MANQVA yielded a difference between groups on the
secondary variables (RTRA™C, duration, TSK, PCS, or viv-
idness), those variables were entered as covariates.

Linear regressions were used to test the secondary hy-
potheses. Each regression had change in pain (or swelling)
between pretask and posttask as the dependent variable
and pretask pain (or swelling) as a covariate. The regres-
sions were 1) to relate change in pain (or swelling) to
performance on the left/right judgment task and to the
duration of symptoms, where RT®*"™° and duration were
independent variables; 2) to relate change in pain and
swelling to fear of movement and catastrophizing, where
TSK and PCS were independent variables; 3) to relate
change in pain and swelling to autonomic arousal early in
the task, where skin conductance was the independent
variable; and 4) to relate change in pain and swelling to
vividness of imagined movements, where vividness score
was the independent variable. A Pearson’s correlation was
used to determine whether change in pain and change in
swelling were related.

Patients were debriefed about the study after all assess-

ments were obtained. They were given the opportunity to
discuss the study and report any concerns that had been
raised, Any comments volunteered by the patient about
the effect of imagined movements were noted.

RESULTS

Subject data. One subject with CRPS of 1 hand was
excluded because she had burned her opposite hand that
morning, One subject from the control group chose not to
participate. Full data sets were obtained from 20 patients
with CRPS and 17 patients with non-CRPS pain (Tables 1
and 2). Mean skin conductance during the left/right judg-
ment task was higher than the baseline level (#[37] = 2.26,
P = 0,03). The mean * SD duration of the imagined move-
ment task was 5 minutes, 21 seconds *+ 54 seconds.

The duration of symptoms was less in the CRPS group
than in the non-CRPS group (P < 0.05). TSK, PCS, and
RTRATIO were greater in the CRPS group than the in non-
CRPS group. Therefore, duration, TSK, PGS, and RTRATIO
were entered as covariates into the ANOVAs that tested
the primary hypotheses.

Primary hypotheses. Pain. There was no across-time
difference in pain between groups (no main between-sub-
jects effect of group: F[1,32] = 0.014, P = 0.908), However,
when patients imagined moving their arm to match the
postures shown in pictures, pain was greater pasttask than
pretask (main across-group effect of time on pain: F[2,64]
= 4.87, P = 0.011; post-hoc P < 0.01), The mean *+ SD
increase in pain between pretask and posttask was 5.3 *
3.9 mm for the patients with CRPS and 1.4 * 4.1 mm for
the patients without CRPS (Figure 1). Seven patients had
an increase in pain >20 mm. On t-tests, this increase in
pain was significant for patients with CRPS (P < 0.001) but
not for patients with non-CRPS pain (P = 0.12), and the
ANOVA did not reveal a difference in pain increase be-
tween groups (no group X time interaction: F[2,64] =
0.676, P = 0.512).

Swelling. There was no across-time difference in swell-
ing between groups (no main between-subjects effect of
group: F[1,32] = 0.522, P = 0.475). However, when pa-
tients imagined moving their arm to match the postures
shown in the pictures, swelling was greater posttask than
it was pretask or 60 minutes posttask (main across-group
effect of time: F[2,64] = 56.71, P < 0.001; post-hoc tests
P < 0.001 for both comparisons). The increase in swelling
was 8% * 5% for patients with CRPS and 3% = 4% for
patients with non-CRPS pain (Figure 1), but there was no
difference between groups on the MANOVA, which con-
trolled for the effects of the secondary variables (time x
group interaction: F[2,64] = 1.695, P = 0.192).

Secondary hypotheses. Data from all subjects were used
in these analyses.

Change in pain and swelling was related to RTFAT® gnd
duration. Both the increase in pain and the increase in
swelling posttask were positively related to performance
on the implicit motor imagery task (making left/right judg-
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Figure 1. Pain and swelling (finger circumference of the affected
hand as a proportion of that of the unaffected hand) in patients
with complex regional pain syndrome (CRPS) and in those with
non-CRPS pain of similar intensity, before, directly after, and 60
minutes after an imagined hand movement task. Individual sub-
ject data are shown and bold lines reflect mean values with SD
bars. VAS = visual analog scale.

ments of pictured hands) and to the duration of their
symptoms (r = 0.46, F(3,34] change = 3.10, P = 0,039 for
pain; r = 0.74, F[3,34] change = 14.01, P < 0.001 for
swelling) (Figure 2). Higher RT®*™° 4nd longer duration
related to a larger increase in pain and swelling between
pretask and posttask.

Change In pain and swelling was related to catastroph-
izing and fear of movement. Increase in pain was posi-
tively related to TSK and PCS. The higher the TSK or PCS
scorse, the bigger the increase in pain with imagined hand
movements. However, the relationships may have been
dependent on pretask pain, because when pretask pain
was included in the regression, PCS and TSK no longer
contributed significantly to change in pain (r = 042,
F[3,34] change = 2.42, P = 0.082). Increase in swelling was
positively related to PCS and TSK, even when pretask
swelling was included in the regression. Higher PCS and
TSK scores related to a larger increase in swelling, regard-
less of pretask swelling {Figure 3). On questioning, all
patients reported that they were not fearful of the imagined
movements.

Change in pain and swelling was related to autonomic
arcusal early in the task. Increase in swelling, but not
increase in pain, was positively related to skin conduc-
tance in the first 20 seconds of the task. The bigger the
increase in skin conductance, the bigger the increase in
swelling after imagined movements (r = 0.48, F[2,35]
change = 5.18, P = 0.011), There was no relationship

between change in pain and skin conductance (r = 0,114,
F[2,35] change = 0.231, P = 0.80),

Change in pain and swelling was related to the vividness
of imagined movements. The more vivid the imagined
movements, the bigger the increase in pain and swelling
during the task (Pearson’s r = 0.681, P = 0.01 for change in
pain; Pearson’s r = 0.311, P = 0.029 for change in swell-
ing) (Figure 4).

Does change in pain relate to change in swelling?
Change in pain was positively related to change in swell-
ing (Pearson’s r = 0.553, P < 0.001).

Method check: electromyographic activity of arm mus-
cles during the task. We were not able to attach electrodes
to the arms of 3 subjects with CRPS because it was too
painful to do so. The pain and swelling data for these 3
patients were unremarkable, In the remainder of the pa-
tients, there were no observable changes in electromyo-
graphic activity,

Did patients notice a change in symptoms? During de-
briefing, 15 patients (10 with CRPS) volunteered that their
arm was more painful, 13 (9 with CRPS) said it felt more
swollen or stiffer, 3 (all with CRPS]) said it felt warmer, and
2 (both with CRPS) said it was a different color after
imagined movements.

DISCUSSION

The primary hypothesis that imagined movements would
increase pain and swelling in these patients with chronic
arm pain is supported. This is evidenced by the main
effect of time on resting pain and finger circumference.
The hypothesis that the effect would be greater for patients
with CRPS than those with non-CRPS pain of similar in-
tensity was not supported. The finding that posttask pain
was greater than pretask pain for patients with CRPS but
not for those with non-CRPS pain suggests that the study
may have been underpowered to detect a differential effect
on pain between those with and without CRPS, but this
remains to be verified. Although motor imagery activates
cortical and cerebellar motor networks {23-27), whether
motor imagery changes spinal excitability is not clear (i.e.,
one suggests it does and another suggests it does not)
(28,29), and motor imagery does not usually activate mus-
cles (30). Therefore, the increase in symptoms observed
here is most probably mediated cortically rather than via
stimulation of nociceptive afferents. Qur failure to detect
electromyographic activity corroborates that position, al-
though we cannot exclude the possibility of activity in
more proximal arm muscles.

How might imagined movements increase pain and
swelling? The sirong relationship between performance on
the left/right judgment task and increased symptoms im-
plicates difficulty in integrating body schema with motor
processes. The fact that those who more vividly imagined
the movements were more affected strengthens the finding
because it implicates motor imagery rather than some
other aspect of the task or experimental protocol. Accord-
ing to current theory in the relationship between percep-
tion and action (for review, see ref. 31), it is likely that
those who experienced more vivid movements best re-



628 Moseley et al
30 12 L]  §
Change s - - Change in - " ' -
in pain . swelling .
W, ) (%) ot L B
-1 0 _,2 -_— =
) 1 :
RT ratio RT ratio
A B
30 12 . =
g n : .
- Y
-10 -2
L 1 f ) ! | L ! L I 1 |
60 0 60
0 Duration Duration
months months
C D

Figure 2. Scatterplots of change in pain (A and C, measured on a 100-mm visual anelog scale) and change in swelling (B and D, finger
circumfersnce as a percentage of that of the unaffected armj, with imagined hand movements (vertical axis) and reaction time to correctly
judge the laterality of pictured arms for pictures of the affected side versus the unaffected side (RT ratio; A and B) and duration in months

since the onset of pain (C and D).

cruited motor commands, which again implicates the mo-
tor imagery itself in causing the effect.

Several changes in brain activity associated with pain
have been identified in patients with chronic painful dis-
ease. For example, when patients with CRPS perform sim-
ple motor tasks, they show more activity than matched
controls in medial and anterior inferior parietal lobes (32}
where sensorimotor integration is thought to occur (33);
disinhibition of the primary motor cortex (34,35); and,
during motor imagery, less ipsilateral activation in premo-
tor and insular cortices (36). These findings do not allude
to a specific mechanism by which patients are more af-
fected by motor imagery than healthy controls, but they do
further implicate dysfunction within cortical networks as-
sociated with movement.

Sympathetic arousal positively related to increased
swelling. During movement, patients with chronic pain
show more activation of the right insular cortex (32),
thought to hold representations of the sympathetic ner-
vous system (37), than healthy controls, In (nonpain)
stroke patients, sympathetic dysfunction parallels motor
dysfunction (38), and in healthy subjects, sympathetic
markers correlate with primary motor cortex activity
(Schlindwein et al: unpublished observations). That in-
crease in swelling related to fear of pain and catastrophiz-
ing suggests that cognitive variables may modulate the link
between motor and sympathetic activities. Real-time in-
flammatory responses can be mediated by the autonomic
nervous system, which also interacts closely with limbic

systems important in memory (39}, Perhaps it is the mem-
ory of the painful movement that evokes the response.
Alternatively, perhaps it is a learned response. Centrally
driven inflammatory responses are open to classic and
behavioral conditioning (40).

Patients in this study did not report being fearful of
imagined movements, which points further toward an im-
plicit rather than consciously-driven mechanism. Move-
ment-related networks in the amygdala could affect this
mechanism (41), but without imaging data, one cannot
verify this possibility. Regardless, the finding suggests that
fear of movement affects motor processes and pain even
when the individual has no intention ta execute the move-
ment. This corroborates the importance of cognitions in
chronic pain (42-45), but demonstrates for the first time
that cognitions may modulate pain processing in the ab-
sence of nociception. This is important because current
theories of psychological modulation of pain emphasize
down-regulation of nociception at brainstem or spinal cen-
ters (for review, see ref. 46). Those data are necessarily
drawn from experimental paradigms in which psycholog-
ical variahles are related to brain activity evoked by pe-
ripheral noxious stimuli. )

An alternative explanation for the current results is that
motor imagery simply causes a shift in attention toward
the affected arm. If patients in pain implicitly divert atten-
tion away from the arm as a way to reduce symptoms,
directing attention toward the arm will reduce the efficacy
of such a strategy. The fact that explicitly focusing atten-
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Figure 3. Scatterplots of change in pain (A and C, measured on a 100-mm visual analog scale) and change in swelling (B and D, finger
circumference as a percentage of that of the unaffected arm) with imagined hand movements (vertical axis), and fear of movement
measured by the Tampa Scale for Kinesiophobia (TSK; A and B) and catastrophic thought processes associated with pain measured by the

Pain Catastrophizing Scale (PCS; C and D).

tion on the arm does not increase symptoms (47) suggests
against this possibility, but it cannot be ruled out.

Finally, it is possible that the effect was caused by the
stress of the research setting. We contend that such an
effect would be limited, because 1) we accommodated
patients to the setting prior to data collection, 2) skin
conductance measures showed stress responses that were
not associated with changes in symptoms, 3) pre-imagined
movement task assessments were taken directly after the
left/right judgment task, which increased arousal, and 4)
the vividness of motor imagery was related to the change
in symptoms, but not to skin conductance.

Are the changes seen here clinically meaningful? We did
not explicitly assess this, but 15 patients volunteered that
they noticed that their pain or swelling worsened during
the task and the mean increase in pain was similar to that
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Figure 4. Scatterplots of change in pain (left panel, measured on
a 100-mm visual analog scale [VAS]) and change in swelling (right
panel, finger circumference as a percentage of that of the unaf-
fected arm), with imagined hand movements (vertical axis) and
the vividness of the imagined movements, measured on a 100-mm
VAS where 0 = not at all vivid and 100 = completely vivid.

reported by patients in a clinical study as “slightly worse”
(48). Notably, the task used here was shorter and less
demanding than many tasks of everyday living, Longer
and more demanding tasks may impart a greater effect.

Interpretation of this study should consider several lim-
itations. First, we did not assess skin temperature, which
would have provided important information about the ef-
fect of the sympathetic response on local circulation. Sec-
ond, the study may have been underpowered to detect a
difference between groups and in detecting a relationship
between TSK and PCS and increase in pain, the latter of
which approached significance (P = 0.06). Finally, be-
cause we did not assess brain activity in the current study,
we must rely on previous findings.

Despite limitations, our results shed new light on the
pathophysiology of chronic pain states and the mecha-
nisms that contribute to pain on movement in patients
with chronic painful disease. There are clear clinical im-
plications, and perhaps we need to train the brain before
we train the body (49).
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