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Motor cortex stimulation (MCS) is useful to treat patients with neuropathic pain syndromes, unrespon-
sive to medical treatment. Complex regional pain syndrome (CRPS) is a segmentary disease treated suc-
cessfully by spinal cord stimulation (SCS). However, CRPS often affects large body segments difficult to
cover by SCS. This study analyzed the MCS efficacy in patients with CRPS affecting them. Five patients
with CRPS of different etiologies underwent a small craniotomy for unilateral 20-grid-contact implanta-
tion on MC, guided by craniometric landmarks. Neurophysiological and clinical tests were performed to
identify the contacts position and the best analgesic responses to MCS. The grid was replaced by a defin-
itive 4-contacts-electrode connected to an internalized system. Pain was evaluated by international
scales. Changes in sympathetic symptoms, including temperature, perspiration, color and swelling were
evaluated. Pre-operative and post-operative monthly evaluations were performed during one year. A
double-blind maneuver was introduced assigning two groups. One had stimulators turned OFF from
day 30–60 and the other from day 60–90. Four patients showed important decrease in pain, sensory
and sympathetic changes during the therapeutic trial, while one patient did not have any improvement
and was rejected for implantation. VAS and McGill pain scales diminished significantly (p < 0.01)
throughout the follow-up, accompanied by disappearance of the sensory (allodynea and hyperalgesia)
and sympathetic signs. MCS is effective not only to treat pain, but also improve the sympathetic changes
in CPRS. Mechanism of action is actually unclear, but seems to involve sensory input at the level of the
spinal cord.

� 2009 Published by Elsevier B.V. on behalf of International Association for the Study of Pain.
1. Introduction

Complex regional pain syndrome (CRPS) is the term used for
describing a variety of pain syndromes initially related with nerve
lesions of different etiologies. These syndromes involve mainly dis-
tal body segments that present cutaneous sensory changes such as
allodynea, spontaneous pain, and hyperalgesia, as well as auto-
nomic abnormalities such as edema, discoloration, changes in tem-
perature, and trophic changes. Typically, the painful area outlasts
the territory of the damaged nerve [6,7].

Treatment of CRPS is palliative to date. Pharmacologic manage-
ment includes analgesics, non-steroid anti-inflammatory drugs
(NSAIDS), corticosteroids, and anti-neuritic and N-methyl D-aspar-
tate (NMDA) antagonists. Other forms of therapy, such as psycho-
therapy, physiotherapy, and rehabilitation medicine, have been
on behalf of International Associa
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found helpful. More resistant cases are treated with nerve, sympa-
thetic, or regional blocks and even subarachnoid drug infusion.
Neuromodulation has been considered the last step in the CRPS
treatment algorithm, for employment when other treatments have
failed [17,35,42].

Spinal cord stimulation (SCS) has been reported as successful in
the treatment of this syndrome in up to 83% of cases [8]. Pain
improvement has been associated with changes in the sympathetic
symptoms accompanying CRPS [4,5,25,34,36]. Also, pain relief-
associated decreases in allodynea and hyperalgesia have been re-
ported with SCS. However, quantitative evaluation of changes in
threshold of different sensory modalities has demonstrated that
SCS neither reduces painful sensory symptoms, nor produces de-
crease in sensitivity in the painful territory [24].

The present report describes a group of cases in which patients
fulfilled all CRPS diagnostic criteria according to IASP [7] and trea-
ted by motor cortex electrical stimulation (MCS), a different form
of neuromodulation that was originally proposed for neuropathic
pain of central origin [43–45].
tion for the Study of Pain.
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Theses cases were presented in a previous report (part of the
whole group) on the efficacy of MCS in different deafferentation
pain syndromes [47]. Nonetheless, the specific effect of MCS on
pain severity of CRPS, as well as on condition-related sensory
and sympathetic changes, deserves a separate publication. More-
over, during the long-term follow-up of 3–6 years, a number of
interesting circumstances such as loss of MCS efficacy require
analysis.

Our cases could have been proposed for SCS; nevertheless, in
view of the large painful territory that in all cases involved the
shoulder, arm, and part of upper chest and neck, we considered
that multiple electrodes for SCS would have been necessary to cov-
er the area. In contrast, representation of the entire arm from neck
to upper chest in the motor cortex could be covered by a single tet-
rapolar extradural plate electrode placed over the motor cortex
(MC) trajectory between the upper and lower frontal sulci distance
[28,46]. There is only one report of MCS for alleviation of pain in
CRPS in the literature published in English [40]. In that report,
the painful territory extended to the entire hemi-body; thus, the
reason for deciding on MCS may have been similar to ours.

Goals establish pain MCS efficacy and sympathetic changes in
CPRS patients that included evaluations OFF stimulation per-
formed in a double-blind protocol.

2. Patients and methods

Five patients with complex regional pain syndrome (CRPS) were
considered for MCS. Table 1 summarizes their clinical characteris-
tics. There were four females and one male with an age range from
29 to 79 years (mean, 47.6 years) and a history of CRPS from 1.5 to
15 years (mean, 5.1 years). Etiology in three cases was trauma in
the brachial plexus (avulsion): one patient with complete motor
and sensory function lost in shoulder and arm, another with pare-
sis and muscular atrophy of shoulder and arm and complete paral-
ysis of C5–C6 innervated muscles, and a third patient, without
motor deficit. One patient suffered from a rare multiple arteriove-
nous shunt malformation in left arm, shoulder, and chest diag-
nosed as hemangiectasy (Parkes–Weber syndrome) [48], and
another patient had a 15-year history of scleroderma and neurop-
athy associated with her primary disease [37], in this patient, mo-
tor dysfunction was difficult to evaluate because of deformities in
joints, and the cutaneous and muscular stigmas of the disease. All
patients had swelling, discoloration, perspiration, and temperature
changes in the painful territory. Additionally, all patients had areas
of hyperalgesia and allodynea, and in two of them areas of painful
anesthesia. Previous treatments for CRPS included multiple forms
of analgesics, sympathetic blocks, and peripheral nerve blocks, plus
specific treatments for the disease such as open and endovascular
Table 1
Clinical characteristics of studied patients that include pre-operative visual analog scale (
allodynea; PAN, painful anesthesia; ;S, hypoesthesia; "S, hyperalgesia; ;T, decreased temp
(0 = paralysis, 5 = normal strength).

Code Age (years) Gender Pre-operative VAS Etiology and painful t

MC 1 34 F 8–10 Brachial plexus traum
C2–T3 left

MC 2 39 F 10 Hemangiectasy
C4–C8 left

MC 3 52 F 10 Brachial plexus avulsi
C5–T1 right

MC 4 42 M 8–10 Brachial plexus avulsi
C5–T1 left

MC 5 75 F 10 Sclerodermy neuropa
C4–T1 left

VAS, visual analog scale.
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occlusion of arterial venous malformations. Despite these treat-
ments, patients ranked pain intensity repeatedly as maximal or ex-
treme, and were totally incapacitated due to pain.

The protocol of study was revised and approved by the Ethical
Committee of our institution. Participating patients signed an in-
formed consent that complied with Helsinki declaration regulations.

Under general anesthesia, a craniotomy was performed cen-
tered over the Rolando fissure to place a extradural 4 � 5-cm 20-
contact grid (Ad-Tech Instruments, Racine WI, USA). The position
of the motor cortex (MC), its trajectory, and the cortical represen-
tation of the painful territory were defined using imaging, and
when it possible somatic evoked responses to median nerve stim-
ulation, and low- and high-frequency cortical-cortical evoked re-
sponses induced by bipolar stimulation of different grid contacts.
Motor and sensory responses evoked by single or 60-Hz stimula-
tion and acute therapeutic trial (2 or 3 weeks) of MCS were also
carried out through different pairs of contacts, according to the
technique described elsewhere [46,47]. During the therapeutic
trial, different pairs of grid contacts were tested until the array that
induced best analgesic response at lowest threshold was identified.
Best analgesic response was always obtained between contacts
separated by 1–2 cm, which in two cases were directed perpendic-
ularly and in two other cases in parallel fashion to the MC main
axis. In one case (MC3), MCS using multiple combinations of con-
tacts and stimulation parameters, performed during 15 days failed
to improve pain. In this case, the grid contacts covering an area of
5 cm in length and 4 cm width should have included the somato-
topic representation on the motor cortex of neck, the entire arm
and trunk, as described in previous publications [28,46,47]. How-
ever, complete deafferentation of the painful territory prevented
recognition of its motor and sensory cortical representation that
may have included also a modified somatotopy.

Thereafter, patients were returned to the operating room and
the craniotomy was re-opened to place a 4-contact plate electrode
for chronic stimulation (Resume, Medtronic Inc., Minneapolis, MN,
USA), covering precisely the area where best analgesic response
had been obtained in the sub-acute therapeutic trial.

Stimulation parameters comprised 90 ls, 40 Hz, 2.0–3.5 V
(median, 2.8 V), 1 h ON and 4.0 h OFF stimulation over 24 h [18].
During the therapeutic trial in MC3 stimulation parameters were
increased up to 7.0 V and 450 ls, and 130 Hz. In none of the pa-
tients MCS induced seizures either during sub-acute or chronic
stimulation.

Pain intensity was evaluated by means of the visual analog scale
(VAS) in its original graphic form [21,38], the extended version of
the McGill pain questionnaire (MPQ), and the Bourhis scale for pain
prior to and each month during the first year, and every 6 months
thereafter [47]. Changes in scores of pre-operative evaluation
VAS) and sensory and sympathetic changes in the painful territory. Abbreviations: AL,
erature; Ds, discoloration; Sw, swelling and perspiration; M, Motor assessment scale

erritory History of pain (years) Local changes

Sensory changes Others

a 14 AL, "S ;T, Sw, Ds, M 5/5

6 AL, "S ;T, Sw, Ds, M 5/5

on 4 PAN ;T, Sw, Ds, M 0/5

on 1.5 PAN, "S Sw, Ds, M 3/5

thy 15 AL, "S, ;S ;T, Sw, Ds, M 4/5
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Fig. 1. MC2. Sympathetic changes in hand before and after motor cortex electrical
stimulation (MCS). Patient with complex regional pain syndrome (CRPS) presented
in the left hand. (A) Swelling, cyanotic discoloration and perspiration (arrow) in
hand. (B) Sympathetic changes disappeared after 2 h of MCS.
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scales and from the entire follow-up were obtained and expressed
as median, maximal, and minimal values. At day 60 or 90, patients
entered a double-blind protocol, turning OFF stimulators for
30 days. Patients were selected to enter double-blind maneuver
at a given time by lottery number. Statistical changes were evalu-
ated through Wilcoxon rank sum test. Significant changes were
considered values below p < 0.05 [47].

Trophic sympathetic changes were also evaluated by a qualita-
tive predictive scale.

3. Case presentation

3.1. MC 1

TC was a 34-year-old woman with a 14-year history of type I
CRPS in entire right arm secondary to trauma in the arm and shoul-
der. She referred to her pain as a constant burning sensation, with
exacerbations induced by temperature changes. The patient had
perspiration in arm and particularly hand, with forearm and hand
skin discoloration and swelling. The majority of the time, the pa-
tient ranked pain intensity in VAS from 8 to 10.

She had been treated with multiple analgesics, and prior to MC
stimulation she was taking morphine sulfate and tramadol in esca-
lating doses. Repeated sympathetic blocks of stellate ganglion in-
duced discrete improvement in pain intensity for only short
periods of time.

The patient was operated on in February 1999. The sub-acute
stimulation trial reduced pain intensity from 9 to 4. Chronic stim-
ulation was started after the grid was replaced by Resume elec-
trode. Allodynea, perspiration, swelling, and discoloration in right
arm completely disappeared after 2 days ON stimulation. When
the stimulator was turned OFF during the double-blind period,
VAS increased to 8 and sympathetic changes reappeared. During
the first year ON stimulation, pain improvement was sustained
with VAS score ranking from 1 to 4. The patient re-incorporated
into her normal life, but continued taking analgesics.

After a 14-month period, she suddenly returned to her original
VAS scores. Cortico-cortical evoked responses could not be elic-
ited by stimulation by means of the pulse generator, and elec-
trode impedance was >2000 ohms. Increase in pulse intensity to
10.5 V induced no objective or subjective sensation. With these
data, we presumed the diagnosis of epidural fibrosis around the
electrode; thus, the patient was taken back to the operating room
and the craniotomy was re-opened. After cleaning a profuse fibro-
sis around the electrode and repositioning this and the cranial
flap, stimulation was re-started. The patient’s analgesic response
returned to its best level (VAS 1), even when Voltage was de-
creased from 7.0 to 2.5 V, and sympathetic changes disappeared
again. At present, 7 years after onset of MCS, the patient is im-
proved, with a VAS of 1–3, and is back to work and using her
arm normally.
3.2. MC 2

RP was a 39-year-old-female with a diagnosis of hemangiectasy
(Parkes–Weber syndrome) consisting of arteriovenous shunt-asso-
ciated to painful peripheral venous dilatation affecting left upper
extremity and chest. The patient had CRPS, with the painful area
involving the entire left extremity plus pectoral and scapular re-
gions, associated to important forearm and hand cyanotic discolor-
ation, sensation of coldness in hand, and severe perspiration in
palm (Fig. 1A). She was treated at the vascular and pain clinics of
different hospitals with several treatments including endovascular
administration of sclerosant agents, arteriovenous malformation
bypass, multiple analgesic medication, and sympathetic blocks,
Please cite this article in press as: Velasco F et al. Motor cortex electrical stim
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inducing transient relief of pain that vanished in a few days. The
patient referred continuous burning pain with VAS of 10. She had
an area of allodynea that extended from forearm to fingertips.
The ultimate treatment proposed was amputation of the entire
arm.

The patient was seen at our service, entered the protocol, and
was implanted with an MC localization grid and the definitive strip
during April 1999. Stimulation was so successful that during
5 years, the patient had a VAS of 0. During this time period, arm
swelling, perspiration, and cyanotic discoloration disappeared
(Fig. 1B). The patient was able to finish her technical career studies
and became a stylist, and during this period she was OFF analgesic
medication.

In 2004, pain incremented to a VAS of 7, and after testing the
battery charge, and neurostimulator impedance and integrity, as
well as recording frontal cortico-cortical evoked potentials of sim-
ilar amplitude to the pre-operative potentials, pulse amplitude was
increased to 8 V without significant improvement. Analgesic com-
binations and nerve and sympathetic blocks induced only mild and
transient analgesia.

The patient subsequently visited the Vascular Clinic, where the
physician determined that the illness had progressed; thus, the
proposal of amputation was once again considered. We re-evalu-
ated the case as a new one, and plain X-ray skull films
ulation applied to patients with complex regional pain syndrome. PAIN�
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demonstrated that the superior part of the Resume electrode had
migrated backward toward sensory cortex (Fig. 2A and B). In April
2005, the craniotomy was re-opened and the old electrode was re-
placed with a 20-contact grid. The entire MC localization process
was performed by means of the grid, and a meticulous sub-acute
stimulation test through different pair of contacts was performed
during 2 weeks. There were several pairs of contacts that when
stimulated improved the pain; however, one was particularly effi-
cient and rendered the patient a VAS of 2, associated with disap-
pearance of sympathetic changes within minutes. In May 2005, a
permanent Resume electrode was again implanted; since that
time, the patient has continued to experience complete relief from
CRPS, is OFF analgesics, and is back at work.

3.3. MC 3

OG was a 52-year-old female with a past history of right bra-
chial plexus avulsion. Pain was continuous and referred as an
excruciating, burning sensation with pressure-elicited allodynea
and pin-prick anesthesia of entire limb. Swelling, perspiration,
and pale discoloration of forearm and hand were prominent. The
patient had no residual motor function in right arm from the shoul-
der down. She had been treated with carbamazepine, oxcarbaze-
pine, tramadol, oxycodone, and buprenorphine with no pain
relief. Sympathetic blocks had also been unsuccessful.
Fig. 2. MC2. (A) Post-operative skull X-ray film after 1st implantation of resume
electrode. (B) Five years later, motor cortex electrical stimulation (MCS) lost efficacy
and new X-ray film showed posterior displacement of distal part of the electrode
that moved away from anterior margin of the craniotomy. This occurred despite
that the electrode was fixed to the dura with nylon stitches.

Please cite this article in press as: Velasco F et al. Motor cortex electrical stim
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A 20-contact grid was implanted on August 6, 1999. MC locali-
zation was jeopardized by the impossibility of performing either
sensory evoked potentials (SEP) studies through median nerve or
supraclavicular brachial plexus stimulation, or eliciting sensory
or motor responses by acute electrical stimulation (ES) through dif-
ferent pairs of contacts. Sub-acute electrical stimulation through
multiple combinations of contacts did not improve pain or the
associated sympathetic dystrophy.

The patient was rejected from the chronic MCS protocol and in-
stead underwent a C5–T1 dorsal root entry zone transsection
(DREZotomy) on the right. During surgery, a complete avulsion of
posterior and anterior C5–T1 roots starting at their entrance in lat-
eral spinal grooves was confirmed. Pain relief was significant (VAS
diminished from 10 to 3). No modifications in swelling and perspi-
ration were detected after surgery.

3.4. MC 4

JLJ was a 42-year-old male with a diagnosis of left brachial
plexus avulsion-associated neuropathic pain. Pain was referred as
an aching and burning sensation of the arm with an area of allody-
nea and excruciating pain involving thumb and index fingers. Pain
severity was repeatedly ranked from 8 to 10 in VAS. The patient
presented swelling, paleness, muscular atrophy, a sensation of
coldness of the entire arm, and cyanosis, swelling, and perspiration
in palm (Fig. 3). He had a mild (3/5) paresis of shoulder, elbow, and
Fig. 3. MC4. Pre-operatively, these were sympathetic changes of entire left arm,
with paleness, perspiration, and atrophy of arm and shoulder. Cyanotic discolor-
ation and swelling of hand (close-up). Motor cortex electrical stimulation (MCS)
decreased sympathetic changes in arm, but not in hand, which were associated with
decrease in pain in arm but not in hand.
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Table 2
Decrements in visual analog scale (VAS) score and sensory changes induced by motor
cortex electrical stimulation (MCS) by end of follow-up. Range of improvement, 70–
80%; allodynea, and hyperalgesia disappeared or decreased in all patients, while
hypoesthesia and anesthesia remained unchanged. Abbreviations equal as for Table 1.

Code Stimulation
parameters

Post-op
DVAS
rank (%)

Follow-up
years

Local changes

Sensory
modifications

Others
modifications

MC 1 40 Hz
2.5 V
90 ls

70
(3)

6 AL disappeared
"S disappeared

Sw, Ds, ;T
disappeared

MC 2 40 Hz
2.5 V
90 ls

80
(3)

6 AL disappeared
"S disappeared

Sw, Ds, ;T
disappeared

MC 3 40–130 Hz
3–7 V
90–450 ls

0
(10)

Not
implanted

No changes No changes

MC 4 40 Hz
2–3.5 V
90 ls

70
(2)

3 "S disappeared
PAN unchanged

Sw, Ds.
disappeared

MC 5 40 Hz
2–3.5 V
90 ls

80
(2)

3 AL, "S
disappeared
;S unchanged

Sw, Ds, ;T
disappeared

DVAS = delta visual analog scale.
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wrist muscles and paralysis of thumb and index fingers. In addi-
tion, the patient experienced anesthesia of C6–C8 dermatomes, all-
odynea in C5 alternating with areas of hyperesthesia from C4–T2.
Multiple analgesic trials to treat pain were not effective. The pa-
tient was also administered repeated epidural and sympathetic
blockage without improvement.

On October 6, 2000, a 20-contact grid was implanted and there-
after was replaced with Resume electrode; MCS induced pain ame-
lioration. VAS score fell from 10 to 2 and swelling, paleness, and
coldness sensation decreased throughout the arm, but the area of
allodynea, pain, and cyanotic discoloration persisted in hand. Pain
increased to 10 during the OFF period of the double-blind protocol
and after a head trauma that caused breaking of the electrode. The
electrode was not replaced because the patient wish a definitive
lesional operation (inclusive his pain was almost abolish with
MCS), so the patient was then proposed for a C5–C7 left DREZoto-
my to complete pain treatment 2½ years after beginning MCS,
which resulted in complete relief of pain and allodynea in hand,
but no changes in sympathetic symptoms.

3.5. MC 5

CO was a 75-year-old female with a diagnosis of scleroderma.
This illness produced an important CRPS in left arm. Pain increased
over time and for the previous 2 years it was intense (VAS of 10),
with allodynea in radial forearm and thumb. On physical examina-
tion, there was allodynea at C5–C6 dermatomes and hyperalgesia
of C4–C5 and C7–T2. There were also scleroderma stigmas with
atrophy of hand and forearm muscles and characteristic changes
in skin, plus cyanosis, swelling, and perspiration in hand. The pa-
tient was treated with carbamazepine, gabapentine, and tramadol
without success. Cervical sympathetic blocks were also ineffective.

The patient was operated on October 10, 2003, and a 20-contact
grid was placed over the MC. After neurophysiologic studies were
completed, a definitive electrode was implanted.

Improvement in pain, allodynea, hyperesthesia, and sympa-
thetic changes was remarkable. VAS fell from 10 to 2. During the
double-blind period, pain and CRPS returned to baseline levels.
Improvement has been maintained for over 3 years.
4. Results

Table 2 and Fig. 4 summarize the results in our patients. Two
patients had CRPS type I syndrome (MC1 and 2), and MC3 and 4
had a type II syndrome, while MC5 had Electromyography (EMG)
changes that were most likely scleroderma-related, in which mo-
tor function was difficult to assess in view of deformities in
joints and skin secondary to the disease’s arthritic component.
In four cases, the pulse amplitude necessary to obtain pain relief
was relatively low (from 2.0 to 3.5 V) with minimal variations
during the first year ON stimulation. In the case without analge-
sic response, increasing the charge density by several folds
(130 Hz, 450 ls, and up to 7.0 V) did not result in any analgesic
effect.

During a longer follow-up period, two of our patients required a
progressive increment in pulse amplitude to maintain the analge-
sic response. Despite the increments, MCS became ineffective.
These two cases were re-evaluated. One of the patients had devel-
oped epidural fibrosis that interfered with MCS, which was sus-
pected as by means of the increase in electrodés impedance
>2000 ohms and the loss of effect to evoke cortico-cortical poten-
tials by setting the IPG stimulation at 6–10 Hz, 450 ls, and up to
10.5 V [46]. Diagnosis was corroborated at surgery.

In the remaining patient (MC2), plain X-ray film showed migra-
tion of the distal part of the electrode outside the area where it was
Please cite this article in press as: Velasco F et al. Motor cortex electrical stim
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originally placed. Once these problems were identified and solved
surgically, MCS regained its efficacy (Fig. 2).

MC4 experienced a stable analgesic response in the entire arm,
but allodynea in thumb area persisted unchanged during the
3 years ON-MCS. The patient was finally treated with left C5–C7
DREZotomy that improved the pain but not discoloration and
swelling in hand.

In other words, in all patients in whom MCS was effective to in-
duce analgesia, it also produced a decrease of hyperalgesia, allody-
nea, and sympathetic changes in the painful territories. These cases
had preserved motor function and no areas of anesthesia. In con-
trast, cases in which areas of anesthesia and paralysis were in-
cluded in the painful territory, MCS had no effect on pain, or on
sensory or sympathetic changes of denervated areas.

Fig. 4 shows the results of evaluations performed prior to
surgery (baseline), a month after onset of MCS, during the OFF-
stimulation period of the double-blind trial, and at the end of the
follow-up period (36–72 months) by VAS, MPQ, and Bourhis scales.
Results are presented in percentage of maximal possible score for
each scale. It can be observed that the values of all scales decreased
during ON-MCS periods, except the MPQ in MC2 at 1 month, while
these values tended to return to baseline levels during the OFF-
stimulation period of the double-blind period, except for MPQ in
MC3. At the end of the follow-up period, improvement in VAS
oscillated between 44% and 80%, MPQ score ranged from 35% to
89%, and the Bourhis score, from 17% to 52%. It was remarkable
that there was no correlation in decrements of VAS and decre-
ments in scores of other scales in individual cases.

No immediate complications were seen in these patients, while
at the long-term one patient experienced a traumatic fracture of
the electrode at 3 years, one had epidural fibrosis at 14 months
ON stimulation, and another had an electrode migration 5 years
after electrode implantation.

5. Discussion

5.1. Efficacy of MCS in treating CRPS

Although the reduced number of cases included in the present
report comprises an obvious limitation, our experience may be of
interest, considering that there has been only one case reported
of type II CRPS treated successfully with MCS in the literature
published in English [40]. MCS was effective in controlling pain,
ulation applied to patients with complex regional pain syndrome. PAIN�
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Fig. 4. Follow-up of four patients with chronic motor cortex electrical stimulation (MCS), by means of visual analog scale (VAS) (dark columns), McGill pain questionnaire
(MPQ) (clear columns), and Bourhis scale (dashed columns). BL, baseline levels at 1-month ON stimulation; DB, during the period OFF stimulation of the double-blind
maneuver and final evaluation performed at 36–72 months. Results are presented as percentage of maximal possible score for each scale.
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reducing or abolishing allodynea, and reducing sympathetic
changes in CRPS of various etiologies, such as traumatic injuries
of brachial plexus, hemangiectasy, and scleroderma-associated
neuropathy. Decrease in MCS-induced allodynea and hyperalgesia
has been related with favorable outcome [47], as has been normal-
ization of threshold for temperature changes in the painful terri-
tory [13].

Decrease in CRPS-related sympathetic disturbances induced by
MCS appears to have the same prognostic value as changes in sen-
sory abnormalities. The remarkable and unexpected improvement
in CRPS-associated sympathetic symptoms could not be quantita-
tively measured. Indeed, there are no clinimetric scales for evaluat-
ing sympathetic changes alone or in combination with pain. In the
cases reported in this study, attempts to quantify these changes
through oximetry, microcirculation Doppler studies, and galvanic
skin response for perspiration and bone densitometry did not pro-
vide consistent data. However, changes in color, swelling, and per-
spiration were obvious for the patient and examiners and occurred
to be time-locked with MCS initiation and termination. They were
evident only in painful territories that preserved partially or totally
their motor innervations, and not in those with complete-denner-
vation. In fact, in our two cases in which MCS did not improve sym-
pathetic symptoms, these were confined to a totally paralyzed
territory. In MC3, motor and sensory dennervation included the
entire painful territory (anesthesia dolorosa) and in MC4, the terri-
tory with complete-dennervation (C5–C7) sympathetic distur-
bances remained unchanged. In both cases, dorsal and ventral
roots corresponding to areas with complete-dennervation were
found avulsed during a DREZotomy surgical procedure, performed
after MCS had failed.

In contrast, in the territories with partial denervation including
the entire arm, shoulder, and upper chest as in MC1, 2, and 5, or
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restricted to proximal arm and shoulder as in MC4, both pain
and sympathetic changes were significantly improved only in the
territory with partial denervation (Fig. 3).

5.2. Mechanism of action

A central analgesic mechanism has been proposed on the basis
of comparative Positron Emission Tomography (PET) studies per-
formed before and after MCS. Neuronal activation (hyper-metabo-
lism) of cortical and thalamic areas related with sensory input
(sensory thalamus) and emotional interpretation of pain (cingula-
ted cortex) was induced by MCS [15,16,32,33].

Moreover, it has been reported that activation of thalamus and
cingulated cortex occurs differentially in cases with good analgesic
response and not in those that have failed [33]. Although this
hypothesis has been well elaborated, it could not explain the
observation that totally denervation of painful territories prevents
analgesia induced by MCS in our cases.

Other hypotheses to explain MCS’s analgesic effect, is the con-
trol of sensory input at the level of the spinal cord through
descending fibers originated in motor cortex (MC) [23,30]. Cortical
control on spinal cord sensory input has been extensively demon-
strated through anatomical, physiological end neuro-chemical
studies in experimental animals [2,12,14,18,19,26,31,39]. Cortical
projections terminate in all spinal cord laminae and synapse with
spinal cord inhibitory interneurons [3,14,27]. In part, the cortical
control on spinal neurons uses brain stem connections [1,9].

Most studies have focused on the inhibitory effect of MC on dor-
sal horn neuronal activity and there is experimental evidence that
MCS inhibits dorsal neurons response to nociceptive stimuli [39].
In man, MCS has been shown to increase the metabolism of areas
placed in the ventral mesencephalon [32], which may indicate that
ulation applied to patients with complex regional pain syndrome. PAIN�
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part of the analgesic response is mediated by descending fibers be-
yond the thalamic sensory nuclei. Conceivably, in those cases with
CRPS with minimal or partial peripheral nerve lesion, descending
cortical fibers would be acting on a preserved mechanism at the
dorsal root entry zone (DREZ), while in the case of complete avul-
sion of the dorsal root this mechanism would be disrupted and
therefore MCS results ineffective. In cases MC3 and 4, MCS was in-
deed inefficient in controlling pain in painful territories with com-
plete nerve avulsion. It is true that successful analgesic effect of
MCS in plexus avulsion have been described in other reports
[28,29]. However, there is no description of the degree of deaffer-
entation in the reported cases, particularly motor deficits, because
some had amputated limbs. Besides, 3 out of 6 patients had poor
outcome (10% VAS improvement) and the other cases had a vari-
able degree improvement. These cases were not reported to have
CRPS sympathetic changes. Our patients with preserved motor
function had excellent results, the one with partial motor deaffer-
entation of the painful area had mild improvement and only the
patient with complete deafferentation had no response.

The hypothesis of a disrupted DREZ gate mechanism explaining
the failure of MCS on pain control is debatable, since DREZotomy
has been found highly effective in cases of pain secondary to plexus
nerve avulsion [41]. In our own cases, DREZ operation relieved pain
in the territories with total denervation, accompanied by complete
avulsion of dorsal and ventral roots found during surgery.

A possible alternative explanation may be that ventral roots play
some role in pain control. It might be in part mediated by sympa-
thetic mechanisms initiated in the lateral horn, with sympathetic fi-
bers exiting in ventral roots and profusely communicated to other
segmental spinal cord levels. This goes along with the observation
that sympathetic changes often extend beyond the dermatomes
of the damaged roots, and that spinal cord stimulation (SCS) im-
proves CRPS beyond the stimulated spinal cord segments [4,5]. An-
other possibility is that unmyelinated fibers traveling in the ventral
roots may convey sensory information as has been proposed by
others [10,11,22] although this is controversial.

5.3. Analgesic effect in MCS

MCS loss efficacy over time has been attributed to plastic
changes in the painful area’s cortical representation [20]. To deal
with this phenomenon, several leads have been used in a compli-
cated and aggressive stimulation program. In our cases, the MCS
analgesic effect remained fairly stable for periods up to 6 years,
and decreased efficacy in some cases was derived from complica-
tions that could be identified and treated (traumatic breaking of
the electrode, epidural fibrosis, and electrode displacement). We
would recommend exploring these possibilities prior to engaging
in more complicated processes.

5.4. Undesirable events

As mentioned above, 3 of our patients presented undesirable
events:

1. Electrode breakage has been a complication reported in all pro-
cedures that use electrical stimulation through implanted elec-
trodes. Several recommendations have been made to minimize
this possibility, such as fixing the connector cable and electrode
junctions to the bone at the level of the mastoid, placing the
electrode subcutaneously in a deeper layer, avoiding loops to
reduce the possibility of skin erosions, etc. However, electrode
breakage secondary to a direct trauma over its subcutaneous
trajectory during an assault seems unavoidable risk.

2. In regard to the epidural fibrosis presented in one case and the
electrode migration presented in another case, these may be in
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part caused by the available hardware used for MCS. We are
using a tetrapolar plate electrode designed for SCS, which is
rigid, thick and has no space to place sutures to be fixed to
the Dura. The design of a 12-contact-electrode for cortical
recording and stimulation, that would avoid a two surgical
stage procedure, it could be more flexible to adapt to cortical
convexity and have a rim to place sutures that will fix it to
the Dura, is already under consideration in several companies
that built neurostimulators.
6. Conclusions

MCS is efficient in controlling CRPS regardless of its etiology.
Vast painful territories may be covered using a single tetrapolar
electrode. Sensory and sympathetic changes accompanying CRPS
are decreased by MCS, and this effect may serve as a predictive fac-
tor. The mechanism of action probably involves spinal cord struc-
tures including spinal sympathetic nucleus and ventral roots.
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