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Abstract—Objective: To use magnetoencephalography to assess possible cortical reorganization in the primary somato-
sensory cortex (S1) of patients with complex regional pain syndrome (CRPS). Background: Patterns of pain and sensory
symptoms in CRPS may indicate plastic changes of the CNS. Methods: Magnetic source imaging was used to explore
changes in the cortical representation of digits (D) 1 and 5 in relation to the lower lip on the unaffected and affected CRPS
side in 12 patients. Results: The authors found a significant shrinkage of the extension of the cortical hand representation
for the CRPS affected side. The center of the hand was shifted toward the cortical representation of the lip. The cortical
reorganization correlated with the amount of CRPS pain (r = 0.792), as measured by the McGill questionnaire, and the
extent of mechanical hyperalgesia (r = 0.860). Using multiple regression analysis, the best predictor for the plastic
changes was found to be mechanical hyperalgesia. Additionally, S1 sources following tactile stimulation were significantly
increased on the CRPS side compared to the unaffected limb. Conclusions: This study showed reorganization of the S1
cortex contralateral to the CRPS affected side. The reorganization appeared to be linked to complaints of neuropathic

pain.
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The complex regional pain syndromes (CRPS) may
develop after limb trauma or peripheral nerve le-
sions in up to 5% of all cases.'* Based on the initial
trauma, CRPS is classified as either CRPS type I
(without apparent nerve lesion) or CRPS type II
(with nerve lesion).” In combination with variable
motor and autonomic symptoms,? the patients have
spontaneous and stimulus-evoked pain,>* which is
not limited to a single nerve territory.>¢ Even hemi-
sensory deficits have been described.” Both the pat-
terns of pain and the sensory symptoms observed in
patients with CRPS may indicate that changes occur
within the CNS.

In recent years, several investigations have sug-
gested that cortical reorganization develops in re-
sponse to pain. Changes of somatotopic maps in the
primary somatosensory cortex (S1) were demon-
strated to correlate with the experience of phantom
limb pain in amputees, and also in patients with
chronic back pain.®® Therapeutic interventions that
reversed cortical reorganization, e.g., a prostheses or
somatosensory training, were associated with a de-
crease in pain.'®' However, cortical reorganization
is not limited to chronic pain disorders. Rapid func-
tional reorganization of S1 has also been shown in
response to experimentally induced pain in healthy
subjects and short term changes of spatial
attention.'>'* A recent study provided evidence for
an altered central sensorimotor processing in

CRPS." The aim of the present magnetoencephalo-
graphic (MEG) investigation was to extend these
findings and to correlate a potential cortical reorga-
nization in CRPS to sensory, motor, or autonomic
complaints. The findings presented here suggest that
the major predictors for S1 cortex reorganization in
patients with CRPS are the intensity of pain and the
extension of mechanical hyperalgesia.

Methods and patients. Subjects and psychophysical examina-
tion. All patients were referred to the Neurologic Department of
the University Hospital of Erlangen and met the current IASP
diagnostic criteria for CRPS.> These criteria were extended accord-
ing to the following points:

1) Preceding noxious event without (CRPS I) nerve lesion
(CRPS 1II excluded, see below).

2) Presence of spontaneous pain or hyperalgesia not limited to
a single nerve territory and disproportionate to the inciting event.

3) Presence of edema and a skin blood flow (temperature) or
sudomotor abnormality or both in the distal part of the affected limb.

4) Exclusion of other diagnoses.

Twelve patients with CRPS (nine female, three male) with a
mean age of 57.4 + 18.7 years were included. To get a comparable
cohort for our MEG study, only patients with affected upper limbs
were examined. Ten were right-handed, two were left-handed. The
mean duration of CRPS symptoms was 14.8 + 10.6 weeks. Except
for physical therapy and nonsteroidal anti-inflammatory drugs,
these patients were untreated at the time of investigation (table
1). Informed written consent was obtained from all subjects and
the study adhered to the tenets of the Declaration of Helsinki. The
study was approved by the local ethics committee.

As CRPS comprises sensory, motor, and autonomic symptoms,
we tried to assess each of these different modalities in a detailed
neurologic examination. All measurements were performed on the
affected and the contralateral unaffected side.
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Table 1 Demographic data, diagnoses, symptoms, and treatment of patients

Hyperalgesia,
Patient  Age, Affected area/weighted Motor Autonomic Time from
no. y Sex Diagnosis limb Inciting event Pain area symptoms disturbances onset, wk Therapy Comorbidity
1 58 Female CRPSI Left Radius NRS 20 50/250 PoM: 30 Cyanotic skin, 22 PT, Hypertension
hand fracture McGill 47 DASH: 55.3 nails 1 NSAID
a: 50°
b: 8 cm
2 53  Female CRPSI Left Supracondylar NRS 80 0/0 PoM: 80 Cyanotic skin, 10 PT None
hand humerus McGill 30 DASH: 60.2 edema, hair/
fracture a: 70° nails
b: 13 cm
3 22  Female CRPSI Right Sprain NRS 75 0/0 PoM: 0 Edema 36 PT, Asthma
hand McGill 2 DASH: 0 NSAID
a: 0°
b: 0 cm
4 41 Male CRPS I Right Distal radius NRS 0 69/345 PoM: 70 Cyanotic skin, 4 PT, Pollinosis,
hand fracture McGill 36 DASH: 84.3 edema, hair 1, NSAID hyperuricaemia
a: 70° sweating 1,
b: 12 skin
temperature 7
5 82  Female CRPSI Right Distal radius NRS 30 80/400 PoM: 60 Reddish skin, 5 PT, Asthma
hand fracture McGill 20 DASH: 37.3 edema, skin NSAID
a: 40° temperature |
b: 8 cm
6 48  Female CRPSI Right Sprain NRS 20 200/600 PoM: 20 Edema 12 PT Atopic eczema
hand McGill 48 DASH: 17.2
a: 20°
b: 6 cm
7 83 Female CRPSI Left Distal radius NRS 50 235/885 PoM: 70 Cyanotic skin, 4 NSAID Chronic low back
hand fracture McGill 46 DASH: 100 edema, skin pain
a: 70° temperature |
b: 10 cm
8 49  Male CRPS I Left Distal radius NRS 30 0/0 PoM: 90 Reddish skin, 10 PT None
hand fracture McGill 15 DASH: 90.3 edema
a: 75°
b: 12 cm
9 48  Female CRPSI Right Hand surgery  NRS 50 40/200 PoM: 20 Edema 14 None Tension type
hand McGill 33 DASH: 40 headache
a: 20°
b: 2 cm
10 46 Male CRPS I Left Phanlanx NRS 30 224/1,120 PoM: 20 Cyanotic skin, 36 PT None
hand fracture McGill 59 DASH: 40 edema,
a: 35° sweating 1,
b: 0 cm hair/nails 1|
11 83 Female CRPSI Left Distal radius NRS 30 36/180 PoM: 20 Edema 11 None None
hand fracture McGill 12 DASH: 30
a: 30°
b: 5 cm
12 76 Female CRPSI Left Distal radius NRS 30 140/280 PoM: 20 Reddish skin, 14 PT, Hypertension,
hand fracture McGill 20 DASH: 20 edema, skin NSAID coronary heart
a: 10° temperature 7 disease,
b: 4 cm diabetes

Weighted area = weighted area of hyperalgesia (see Methods); CRPS = complex regional pain syndrome; NRS = numeric rating scale; PoM, pain on movement;

DASH = disability score of arm, shoulder, and hand; a = difference in the active range of motion at the wrist between the CRPS and unaffected side; b = distance be-

tween fingertips and palms while making a clenched fist on the CRPS side; PT = physical therapy; NSAID = nonsteroidal anti-inflammatory drugs.

Sensory symptoms (pain and hyperalgesia). The magnitude
of CRPS pain was quantified using the German counterpart of the
McGill questionnaire (MPQ).'¢ Patients were instructed to fill in
the MPQ at home in order to quantify their pain in a familiar
environment. In addition, patients quantified pain intensity at the
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time of the MEG recordings on a numeric rating scale (NRS),
ranging from 0 (no pain) to 100 (intolerable pain). For the assess-
ment of pinprick hyperalgesia, a von Frey filament with a rounded
tip (diameter 0.8 mm, exerted force 200 mN) was used. To delin-
eate the border of the hyperalgesic zone, probes were repeatedly



pushed onto the skin beginning in the periphery and advancing
toward the painful skin area along at least eight separate lines
radiating from the affected site. The border around the area of
hyperalgesia was then traced onto an overlying acetate sheet and
evaluated planimetrically. To assess the intensity of mechanical
hyperalgesia, the same stimulus intensity was applied to areas
with and without hyperalgesia and rated on the NRS scale. The
quotient of NRS ratings obtained from affected and unaffected
skin was then multiplied by the area of hyperalgesia to obtain the
“weighted area of hyperalgesia” in arbitrary units.

Motor symptoms. Impairment of hand function was assessed
by 1) measuring the distance between fingertips and palms while
clenching a fist and 2) determining the active range of motion at
the wrist (volar and dorsal flexion) using a goniometer. Pain expe-
rienced during movement of the hand was determined using a
numeric rating scale, ranging from 0 (no pain) to 100 (intolerable
pain). To further elucidate the impairment of daily activities, we
also assessed CRPS-related disability employing the DASH ques-
tionnaire (Disability of Arm, Shoulder, and Hand Questionnaire).
The DASH is an outcome data collection instrument that has been
developed in order to assess different patient groups with muscu-
loskeletal disorders of the upper extremities.!” Using a self-report
system, patients attribute scores between 1 and 5 to each of 30
items relating to functional activities and symptoms. The raw
score is then transformed to a 0 to 100 scale, whereby 0 reflects a
minimum and 100 a maximum disability. Recently, the DASH
score has been validated for a German population.'®

Autonomic and trophic symptoms. For the evaluation of auto-
nomic disturbances a clinical sum score ranging from 0 to 5 was
constructed, depending on the presence of the following symptoms
(a score of one for each):

1) Significant skin temperature difference (>1 °C) compared to
the unaffected side. After acclimatization, skin temperature was
recorded on the volar aspect of the unaffected and affected extrem-
ity with an infrared thermometer (Thermohunter).

2) Changes in skin color (reddish, cyanotic, or white).

3) Presence of sweating abnormalities (hypo- or
hyperhydrosis).

4) Presence of distal edema.

5) Trophic changes of skin, nail, or hairs.

Tactile stimulation and MEG recordings. For the assessment
of potential shifts in the cortical representation of the fingers,
somatosensory evoked magnetic fields were recorded following
subsequent tactile stimulation of digits (D) 1 and 5 and the lower
lip, each in separate runs. The sequence of the runs was identical
in each patient (D1, D5, lower lip, starting with the affected limb).
For tactile stimulation, an air-puff-derived tactile stimulator
(9037-953, Biomagnetic Technologies, San Diego, CA) was used.
This device has been extensively used in previous studies to ex-
plore the cortical representation of various body parts.'®?! The
skin contact area was a circular rubber bladder, 10 mm in diame-
ter, and the intensity of mechanical stimulation was 40 g/cm?. The
rise time was 20 msec as measured from 10 to 90% of the intensity
increment. No joint movement was observed during stimulation.
The stimulation device was attached to the mid-volar aspect of the
distal phalanges of D1 and 5 and to the outer part of the lower lip.
Two hundred stimuli were applied and the interstimulus interval
was randomized between 980 and 1,020 msec. The patients did
not consider the tactile stimuli painful.

Cortical responses were recorded with a dual 37-channel neu-
romagnetometer (Magnes II; 4D Neuroimaging, San Diego, CA) in
a magnetically shielded room. The detection coils of the neuro-
magnetometer were arranged in a uniformly distributed array in
concentric circles over a spherically concave surface (144 mm di-
ameter). MEG was performed by placing a single Dewar above the
contralateral parietotemporal cortex, i.e., above C3 and C4, ac-
cording to the international 10-20 EEG system. Cerebral evoked
magnetic fields were recorded in the time interval between 200
msec before and 1,000 msec after the stimulus trigger with a
bandwidth of 0 to 200 Hz. The sampling rate of the analogue
signal was 1,041 Hz. For offline analysis, data were filtered (1 to
70 Hz, 50 Hz notch) and visually scanned for artifacts. Only ep-
ochs without obvious artifacts were averaged.

Magnetic source imaging was performed as described
previously.?*?? Briefly, a sphere locally fitted to the head shape
underneath the sensor was used as a volume conductor model.
Afterwards, a mathematic process based on the least-squares

method” was applied if the evoked magnetic fields showed an
approximately dipolar distribution. The time interval between 30
and 75 msec was analyzed, as this interval is known to cover
activations in area 3b of SI.19%! Only stable clusters of dipoles of at
least 10 msec duration were analyzed. For each localization, a
correlation coefficient between the measured and the ideal mag-
netic dipole field was calculated. The predetermined criteria for
the final dipole selection were a map correlation and a goodness of
fit greater than or equal to 0.96. Latencies were calculated rela-
tive to the time of stimulation. To visualize results with respect to
brain anatomy, the dipole locations were superimposed on MR
images. A 1.5 Tesla Magnetom (Symphony, Siemens, Germany)
was used and three skin markers were placed at fiducial points on
the subject’s head. The location of each fiducial point was also
recorded relative to the neuromagnetometer position, thus estab-
lishing a common spatial reference for the transposition of three-
dimensional coordinates between MEG and MRI data.

For the assessment of potential shifts of cortical representa-
tions, a modification of a previously described method® was ap-
plied (figure 1). The respective equivalent current dipole (ECD)
localizations were mapped onto the cortical surface of area 3b. The
center of the hand representation was found to be at the midpoint
between the cortical representation of D1 and D5. The distance
between the representation of the lower lip and the midpoint of
the hand was then calculated. To obtain an estimate of the extent
of the reorganization that had occurred, this distance on the af-
fected and unaffected hand side was compared. Furthermore, to
assess the total extension of the hand, the distance between the
cortical representations of D1 and D5 was calculated.

Statistical analysis. The data are presented as mean = SEM.
Statistical evaluation was performed using the STATISTICA soft-
ware package (version 5.5). To assess statistically significant dif-
ferences the Wilcoxon signed-ranked test was employed.
Correlations were assessed with the Pearson correlation coeffi-
cient and multiple regression analysis with adjustment for multi-
ple comparisons, if necessary. p < 0.05 Was considered
statistically significant.

Results. Neurologic symptoms. All patients reported
spontaneous pain on the affected limb (NRS = 37.1 *+
22.0). The mean McGill pain rating index (PRI) was 33.5 =
16.2 points, which was highly correlated to the number of
words chosen (12.2 + 5.1; r = 0.92; p < 0.05). Skin sensory
testing revealed no symptoms associated with segmental
or peripheral nerve territories. However, on the affected
extremity, nine patients had hyperalgesia to punctate
stimulation with von Frey filaments, i.e., pinprick hyperal-
gesia. The hyperalgesic skin area was distributed in a
glove-like manner and covered a mean area of 136.3 = 84.3
cm?. Calculating the product of the area of pinprick hyper-
algesia and the pinprick related pain index (see Methods)
resulted in a weighted area of hyperalgesia of 493.2 *
302.2 units.

Eleven patients had pain during movement of the af-
fected hand, i.e., when clenching a fist (NRS = 41.7 =
28.8). The range of motion on the affected side was signifi-
cantly reduced compared to the unaffected side in 11 pa-
tients, for both the distance between fingertips and the
palmar side of the hand (6.4 + 4.4 cm versus 0.0 = 0.0 cm,
p < 0.05), and the extent of volar and dorsi flexion at the
wrist (65.8° = 22.5 versus 108.3° = 6.6, p < 0.05). The
DASH score for the assessment of the disease-related hand
disability revealed that the CRPS-induced motor impair-
ment had significant consequences for the patients’ daily
living activities (mean DASH score 47.9 = 29.7).

Other clinical symptoms like trophic changes, edema,
sweating abnormalities, changes of skin color, and skin
temperature differences are listed in detail in table 1.

Somatosensory evoked magnetic responses in patients
with CRPS. Representative somatosensory evoked mag-
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Figure 1. Magnetic source imaging showing the anatomic
position of the equivalent current dipoles (ECD) for the left
lower lip (open square), D1 (filled square), and D5 (filled
circle) in a somatotopic manner along the postcentral gy-
rus. For the assessment of cortical reorganization, the fol-
lowing method?® was used: the center of the hand
representation was calculated as the midpoint between the
ECD localization of D1 and D5 (open circle). The distance
between the representation of the lower lip and the center
of the hand was then calculated (line). To obtain an esti-
mate of the extent of reorganization, the distances for the
affected and unaffected limbs were compared.

netic fields (SEF) following tactile stimulation of digits (D)
1 and 5 and the lower lip in a patient with CRPS are
shown in figure 2. For the whole group, the first main SEF
deflection occurred at 46.9 + 5.8 msec (for D1), at 44.8 =
7.5 msec (for D5), and at 34.9 = 7.6 msec for the lower lip.
No significant difference was found between the unaffected
and affected side for these peak latencies (stimulation on
the affected side 46.2 + 3.8 msec, 44.9 = 2.3 msec, and
33.7 = 1.6 msec for D1, D5, and the lower lip; NS). Fur-
thermore, for the ECD parameters including the dipole
map correlation and goodness of fit as well as the confi-
dence volumes there were no differences detected between
the affected and unaffected extremities (for details see ta-
ble 2). However, as also demonstrated in the SEF record-
ings of figure 2, the mean strengths of the magnetic fields
(dipole moment; nAm) for D1/D5 were significantly in-
creased on the CRPS side compared to the unaffected side

1710 NEUROLOGY 61 December (2 of 2) 2003

(22.8 * 4.8 nAm versus 13.6 = 4.6 nAm; p < 0.05; figure
3A). This increase in dipole moment on the painful side
was independent of the side of pain (right or left, NS) or
patient handedness (NS). However, the increase in dipole
moment was significantly correlated with the intensity of
spontaneous pain, evaluated on the NRS scale, at the mo-
ment of the MEG recordings (r = 0.707; p < 0.05; figure 3B).

There was no significant correlation with any other clin-
ical signs regarding sensory (MPQ, area of hyperalgesia,
weighted area of hyperalgesia), motor (pain on movement,
impairment of hand function, DASH score), or autonomic
(trophic changes, edema, sweating abnormalities, changes
of skin color and temperature) symptoms.

Cortical reorganization in the S1 cortex of patients with
CRPS. The time interval ranging from 30 to 75 msec
after tactile stimulation was analyzed, as this interval was
previously shown to represent the activation of area 3b in
SI.19-21.24 Projection of the computed ECD coordinates onto
axial and coronal MRI slices demonstrated that the loca-
tion of the SEF sources in the contralateral S1 cortex were
arranged in a somatotopic manner, showing the cortical
representation of the lower lip, D1, and D5 (see figure 1).
To assess changes in the somatotopic map, the center of
the hand representation itself was deemed to be the mid-
point between the cortical representations of D1 and D5
(figures 1 and 4). As shown for one patient in figure 4, the
distance between the cortical representation of the hand
and the lip was decreased on the affected CRPS side com-
pared to the unaffected side. The mean distance on the
unaffected side was 2.76 cm compared with 1.95 cm on the
affected side (p < 0.05; figure 5B). Additionally, the dis-
tance between D1 and D5 was reduced on the painful
affected side (1.37 versus 0.80 cm for the unaffected and
affected sides; p < 0.05; figure 5A). There was no effect of
CRPS side (right or left, NS) or the handedness of the
patients (NS). However, the degree of cortical reorganiza-
tion was significantly correlated to the magnitude of CRPS
pain, assessed with the MPQ (r = 0.792; p < 0.05; figure
5C), the area of hyperalgesia (r = 0. 810; p < 0.05), and the
weighted area of hyperalgesia (r = 0.860; p < 0.05; figure
5D). Using a multiple regression model, where the McGill
pain rating index, the area of hyperalgesia, and the area of
weighted hyperalgesia were independent variables, the best
predictor for cortical reorganization was found to be the
weighted area of hyperalgesia (beta weight: 0.77; p < 0.05).

There was no correlation with other clinical symptoms
or epidemiologic data. In particular, there was no correla-
tion between the duration of CRPS, pain during move-
ment, the impairment of hand function (range of motion or
DASH score), or autonomic symptom scores.

Discussion. In the current MEG study, we provide
evidence of cortical reorganization of the primary so-
matosensory cortex in patients with CRPS. These
changes were correlated with pain intensity and the
presence of mechanical hyperalgesia. Furthermore,
the strength of the S1 dipole sources following tactile
stimulation was significantly increased on the pain-
ful side.

Previous research in humans and animals has
provided evidence that lesions of the afferent ner-
vous system may lead to cortical reorganization. In
upper extremity amputees, the cortical representa-
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Figure 2. Chart showing somatosen-
sory evoked magnetic fields following
tactile stimulation of D1, D5, and the
lower lip for one representative patient
with complex regional pain syndrome
(CRPS) in the left upper extremity.
Waveforms recorded from the 37 chan-
nels of the sensor are superimposed
(sensor position contralateral to the
stimulation side, i.e., above C3 and C4).
The first main SEF deflection occurred
at 46.9 = 5.8 msec for D1, at 44.8 = 7.5
msec for D5, and at 34.9 = 7.6 msec for
the lower lip on the unaffected side. No
significant difference between the unaf-
fected and affected sides was found for
any of these peak latencies (stimulation
on the affected side 46.2 = 3.8 msec,
44.9 + 2.3 msec, and 33.7 = 1.6 msec
for D1, D5, and the lower lip; NS). The
first activation was chosen for analysis

50 ft |

30 ms

because the ECD localizations are indicative of the cortical representation of the lower lip, D1, and D5. Note the higher

amplitudes for this response on the affected side (left).

tion of the lip area extended into the cortical area
corresponding to the amputated hand and arm.®102
The extent of cortical reorganization in these pa-
tients was positively correlated with the occurrence
of pain. Obviously, cortical reorganization is not re-
stricted to amputation, because shifts of cortical so-
matotopic maps have also been demonstrated in
cases of non-amputee pain,'?'42226 indicating that
pain itself may be associated with reorganization of
the primary somatosensory cortex for certain body
regions. On the other hand, prolonged non-painful
afferent stimulation during physical strain, e.g., in
string players?” or Braille readers,?®* led to an ex-
tension of the cortical representation of the hand
into adjacent zones.

Our results corroborate and clearly extend these
findings. In our CRPS I patients these changes oc-
curred without nerve lesions. We intentionally ex-
cluded patients with CRPS II, because evoked
magnetic responses may be difficult to localize pre-
cisely following nerve lesions. That is, in contrast to
previous studies, the reorganization in our patients
cannot be explained by cortical deprivation due to a

loss of peripheral input. Furthermore, we found a
shrinkage of the region representing the hand in
CRPS rather than an extension—a striking contrast
to previous studies in healthy subjects during exper-
imental pain or training paradigms.'>3° There is only
one investigation suggesting that the cortical hand
field within the S1 cortex is reduced within 5 min-
utes after injection of capsaicin at the thenar
eminence.*

Our results indicate that the cortical representa-
tion of the hand—besides being reduced in ex-
tent—is moved to a more lateral and inferior position
toward the lip. Cortical reorganization in our study
was predicted by both pain and mechanical hyperal-
gesia. We assessed spontaneous pain acutely during
the MEG recordings, and also by employing the
MPQ. The advantage of the MPQ is that it measures
sensory, affective, and evaluative components of
chronic pain. It seems to be essential to assess these
different dimensions in order to comprehensively as-
sess pain and its correlation with cortical reorganiza-
tion.? Accordingly, pain, as assessed with the MPQ,
was related to cortical reorganization, whereas the

Table 2 Equivalent current dipole parameters (means = SD) of somatosensory evoked magnetic fields (SEF) responses following tactile
stimulation of the lower lip and DI and 5 on the unaffected and complex regional pain syndrome affected side

Area Latency, ms Dipole moment, nAm Corr. GoF Volume, cm?
D1 affected 46.2 = 3.8 24.0 = 3.0 99 £ 0.01 99 = 0.01 0.34 = 0.43
D5 affected 449 * 2.3 22.1+24 98 + 0.01 98 = 0.01 0.23 + 0.23
Lip affected 32.7+ 16 14.6 = 3.1 97 + 0.01 97 = 0.01 0.45 + 0.54
D1 unaffected 46.9 = 5.8 14.1 = 32 98 £ 0.01 98 = 0.01 0.23 = 0.12
D5 unaffected 448 175 13.1 £ 35 98 + 0.01 98 = 0.01 0.32 + 0.42
Lip unaffected 349+ 176 145 + 2.9 97 + 0.01 97 = 0.01 0.53 + 0.64

Latency = peak latency of the first major SEF component; corr = correlation coefficient; GoF = goodness-of-fit; Volume = confidence

volume.
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Figure 3. (A) Mean dipole moments (nAm) of the first so-
matosensory evoked magnetic fields response following tac-
tile stimulation of D1/D5 on the normal and complex
regional pain syndrome (CRPS) side. *p < 0.05. (B) Corre-
lation between spontaneous pain and the difference be-
tween the normal and CRPS side for the mean dipole
moments of D1/5 (r = 0.707).

rating of acute pain alone was not. Recently, similar
results were presented for pain associated with car-
pal tunnel syndrome.?® The reversibility of both cor-
tical reorganization and pain after therapy is a
further argument for a major role of pain in inducing
cortical reorganization. This also agrees with the
finding that nociceptive afferents can alter the excit-
ability of mechanoreceptive neurons in the S1 cortex
of monkeys.?!

Alternatively, attention alone is known to inter-
fere with both body representation in the cortex and
somatosensory processing.'>133233 One is tempted to
assume that increased attention to the painful limb
might be a particular problem in CRPS and that this
might account for modifications of cortical maps.
However, a previous study showed that, compared to
pain, attention plays a minor role in S1 reorganiza-
tion.'? Influences of attention are primarily mirrored
in the somatosensory association cortex S2.3* Fur-
thermore, some patients with CRPS tend to ignore
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lip/hand

Figure 4. Left: Projection of the equivalent current dipole
(ECD) localizations for D1 (filled square) and D5 (filled
circle) onto individual MRI slices for one representative
patient. Note the reduction in the cortical extension of the
hand from 1.8 cm (unaffected side) to 0.9 cm (complex re-
gional pain syndrome [CRPS] side). Right: Projection of
the ECD for the center of the hand (open circle) and the
lower lip (open square) onto individual MRI slices. Note
the inferior and lateral shift of the hand position toward
the lip on the CRPS side (distances between lip and hand
2.5 em for the normal and 1.6 cm for the CRPS side).

the affected limb rather than focusing attention to
it.3*> Therefore, we do not think that attention alone
is a convincing explanation for the extensive cortical
reorganization observed in this study.

Continuous and chronic pain from a particular
body region might lead to central nociceptive sensiti-
zation, possibly by gating the sensory volley to spi-
nal, subcortical, and cortical relays. Besides cortical
reorganization, both subcortical and spinal mecha-
nisms may contribute to central sensitization. In the
spinal cord, a number of neurotransmitters and
changes in the electrophysiologic properties of wide
dynamic range and nociceptive neurons have been
demonstrated.?¢3” Similar changes have been postu-
lated at the thalamic level. Pinprick hyperalgesia is
regarded to be a hallmark of central nociceptive sen-
sitization in both human pain models and patients
with CRPS.?® The correlation of cortical reorganiza-
tion with the area and strength of pinprick hyperal-
gesia observed in this study suggests that an
important connection between cortical reorganiza-
tion and central nociceptive sensitization exists. Fur-
ther support for central nociceptive sensitization in
patients with CRPS can be taken from the observa-
tion that stimulation of the painful side produced
higher dipole moments of the S1 response. The in-
crease in this cortical response was dependent on the
pain reported during mechanical stimulation. This is
in accordance with previous MEG studies showing
similar results for patients with other types of
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chronic pain.??? This observation may be the surro-
gate of enhanced cortical reactivity in chronic pain.
This study has several technical limitations that
are immanent to MEG and magnetic source imaging.
Modeling cortical sources of evoked magnetic fields
by equivalent current dipoles assumes point-like ac-
tivations. Therefore, the dipole localization corre-
sponds to the center of the cortical electrical activity,
which does not necessarily mirror the whole cortical
representation of a distinct skin area. However, this
limitation is the same for both body sides. Therefore,
changes of the somatotopic map of one side may not
be considered an artifact. In fact, most studies re-
garding pain and cortical reorganization were done
by means of MEG.???> MEG may be of minor sensi-
tivity for the convexity of the cortex where the pri-
mary current spreads radially. Therefore, magnetic
responses to stimulation of the upper limb should
arise mainly from area 3b of the S1 cortex,*® which is
situated in the fissural wall, whereas weaker MEG
signals are expected from areas 1 and 2. For this

reason and to obtain a reliable signal for the source
localization we focused on the time interval between
30 and 75 msec after tactile stimulation, as this in-
terval is known to cover activations in area 3b of
SI.19721,4O

Are the cortical changes CRPS specific? Besides
pain, CRPS is characterized by motor and autonomic
symptoms. Because the area of cortical representa-
tion for the hand is decreased, one might assume
that this decrease reflects misuse of the painful hand
and CRPS induced motor disability. However, none
of the examinations used in our study to assess mo-
tor function were correlated with cortical reorganiza-
tion. Motor function was assessed by determining
the impairment of hand function—as measured by
the range of motion—and the CRPS-induced upper
limb disability—as evaluated by the DASH score. In
this study we observed a lack of correlation between
pain intensity during movement and cortical plastic-
ity. Although more subtle effects of CRPS-induced
motor disability on cortical somatosensory reorgani-
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zation cannot be excluded, this observation renders
the notion that motor dysfunction significantly influ-
ences cortical reorganization unlikely.

To assess autonomic changes we determined dif-
ferences in skin temperature, changes in skin color,
the presence of sweating abnormalities, and trophic
changes of the skin, nails, and hair. The presence of
autonomic dysfunction is essential for CRPS diagno-
sis, although the underlying pathophysiology is still
a point of lively discussion. For acute CRPS, either
decreased sympathetic outflow*! or facilitated neuro-
genic inflammation*? or both are deemed to be re-
sponsible for the aforementioned clinical signs. Our
present finding that autonomic disturbances do not
correlate with cortical reorganization is in accor-
dance with the independence of autonomic symptoms
and pain in the clinical setting. Although there
might be sympatho-afferent coupling in certain pa-
tients with CRPS,*4* attempts to unequivocally link
the quantity or even the presence of autonomic
symptoms to pain have failed.*

The lack of correlation between both motor and
autonomic symptoms and cortical reorganization em-
phasizes the impact of pain and hyperalgesia. Be-
cause both clinical symptoms are essential features
used to discriminate CRPS from other types of
chronic limb pain,*** we are tempted to conclude
that cortical reorganization is not CRPS specific.
However, the plastic changes observed within the
CNS in this study may explain the complex sensory
features occurring in CRPS. In particular, the distri-
bution of sensory symptoms exceeding the innerva-
tion territory of single nerves may be the
psychophysical correlate of cortical reorganization.

The patients included in this study were homoge-
nous, having acute forms of untreated CRPS I. It
would be of interest to investigate changes in time
course of CRPS. Patients with chronic CRPS may
have more pronounced or even diminished cortical
reorganization, and therapeutic interventions may
affect central changes, too. Our investigation was
explicitly designed to explore changes of the S1 cor-
tex in CRPS. Beyond this, there are several lines of
evidence pointing to involvement of other brain ar-
eas, particularly those involved in autonomic or mo-
tor control. For instance, the attenuation of
sympathetic vasoconstriction**¢ and the simulta-
neous amplification of sweating pinpoint to a dys-
regulation of the central sympathetic nervous
system. Also, motor symptoms?* like tremor, dysto-
nia, and myoclonus must be generated in the CNS.
Nevertheless, the underlying functional neuroanat-
omy of these symptoms remains to be explored. The
great advantage of our study is that it provides neu-
roimaging evidence for the assumption that the
pathophysiology of CRPS is not limited to the af-
fected limb—it rather involves the whole nervous
system. Whether therapeutic interventions interfer-
ing with cortical reorganization processes might pro-
vide new treatment options for CRPS remains to be
demonstrated in future studies.
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