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Motor cortex stimulation for neuropathic pain
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Summary

Since the initial publication of Tsubokawa in 1991, epidural motor
cortex stimulation (MCS) is increasingly reported as an effective surgical
option for the treatment of refractory neuropathic pain although its
mechanism of action remains poorly understood. The authors review
the extensive literature published over the last 15 years on central and
neuropathic pain. Optimal patient selection remains difficult and the
value of pharmacological tests or transcranial magnetic stimulation in
predicting the efficacy of MCS has not been established. Pre-operative
functional magnetic resonance imaging (fMRI), 3-dimensional volume
MRI, neuronavigation and intra-operative neurophysiological monitor-
ing have contributed to improvements in the technique for identifying
the precise location of the targeted motor cortical area and the correct
placement of the electrode array. MCS should be considered as the
treatment of choice in post-stroke pain, thalamic pain or facial anesthesia
dolorosa. In brachial plexus avulsion pain, it is preferable to propose
initially dorsal root entry zone (DREZ)-tomy; MCS may be offered
after DREZotomy has failed to control the pain. In our experience, the
results of MCS on phantom limb pain are promising. In general, the ef-
ficacy of MCS depends on: a) the accurate placement of the stimula-
tion electrode over the appropriate area of the motor cortex, and b) on
sophisticated programming of the stimulation parameters. A better
understanding of the MCS mechanism of action will probably make it
possible to adjust better the stimulation parameters. The conclusions of
multicentered randomised studies, now in progress, will be very useful
and are likely to promote further research and clinical applications in
this field.
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Introduction

Neuropathic types of pain (NP) are considered as dif-
ficult to treat, heterogeneous clinical syndromes that are
secondary to a wide variety of peripheral and/or central
nervous system injuries [2]. Currently, the pathophysio-
logical mechanisms of neuropathic pain are much better
understood [2, 16]; however, since the introduction of

anticonvulsant and tricyclic antidepressant drugs in the
management of NP, little progress has been made in the
pharmacological treatment of this condition [44].

As early as late 1960s, the neuromodulation-based
concept of the ““gate control theory”, was followed by
the development of minimally invasive and reversible
neurostimulation techniques; this represented a major
step forward in the treatment of intractable neuropathic
pain. Chronic spinal cord stimulation (SCS) is a mini-
mally invasive percutaneous, epidural and increasingly
adjustable technique because it is performed with multi-
polar and multichannel electrodes; however, it will con-
trol only pain secondary to incomplete peripheral nerve
damage [20]. Deep brain stimulation (DBS) of the sen-
sory thalamic nuclei has offered disappointing long-term
results, especially in central pain [23]. This explains the
interest aroused by motor cortex stimulation (MCS);
this alternative treatment was proposed, in 1991, by
Tsubokawa et al. [S0] and was based on data derived
from experiments in animal models of central sensory
deafferentation pain. MCS inhibits the spontaneous tha-
lamic neuronal hyperactivity induced by spinothalamic
tractotomy [40]. The first clinical benefits were seen in
cases of thalamic pain [51] or neuropathic facial pain [29].

The action mechanism of MCS remains poorly under-
stood. It has been proposed that it may be related to the
inhibition of nociceptive ascending pathways at the tha-
lamic [3, 47, 48], or spinal level [43]. These scientific data
have not been validated in humans. Furthermore, they do
not explain the observed prolonged antinociceptive ef-
fects. Other proposed mechanisms involve supraspinal
structures, namely the cingulate gyrus, orbitofrontal
cortex, and brainstem [12, 35]. There are many unclear
or unsettled issues that must be addressed. These include
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the action mechanism, the best possible electrode struc-
ture, the optimum stimulation parameters, and the cor-
rect stimulation depth; the latter should be determined
after taking into account the cortex layers and the orien-
tation of the fibers in the motor cortex. Despite all these
uncertainties, nearly 300 cases have been reported de-
scribing MCS applications to most types of intractable
peripheral and central neuropathic pain [1, 3, 6, 47].
Many clinical studies have reported beneficial effects,
but in several reports, the results were contradictory [18].
Similarly to all other neuromodulation techniques, the
patients must be strictly selected; this is especially im-
portant in MCS because the optimum indications are not
yet fully determined. Many studies [32, 33, 36, 45] have
emphasized that the degree and duration of the analgesic
effect depend on the accuracy of electrode placement
on the motor cortical area that corresponds ideally to
the somatic area of pain. This objective is difficult to
achieve because: a) the patient does not feel any stimu-
lation-induced paraesthesias, and b) the sensory deaffer-
entation is often associated with cortical reorganization
[11, 28, 37, 56].

Patient selection criteria

The diagnosis of neuropathic pain (NP) must be con-
firmed by a multidisciplinary evaluation. The pain should:
a) be localized in an area of extensive sensory deaffer-
entation (hypoaesthesia), b) be secondary to either a
peripheral nerve damage or a central nervous system
lesion (or malfunction) which can be demonstrated by
neuroimaging, electrophysiology or surgical exposure,
and c) be a symptom of a non-progressive condition.
Furthermore, it should be possible for the pain to be
classified definitively as NP according to the classifica-
tion proposed by Rasmussen et al. [39]. NP should have
an intense character and a chronic progression for over
6 months and should be intractable to pharmacological
or physical treatments. It is important to investigate
whether the patient has received any benefits from
properly prescribed and observed anticonvulsant or anti-
depressant treatments. The development of new anticon-
vulsants has prolonged the period of medical treatment
before NP is recognized as being refractory [2, 39, 44].
Some authors [8, 47, 58] have attributed predictive value
to certain pharmacological tests such as the lack of
response to morphine, the attenuation of pain by barbi-
turates and the response to transcranial magnetic stimula-
tion (TMS) [7, 22, 30, 34]. The predictive value of these
tests has not been established [42].
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Targeting and surgical technique

The first objective of the procedure is to define ac-
curately the motor cortex area that corresponds to the
somatic area of pain and should be stimulated. Current
neuroimaging techniques allow us to determine directly
the anatomical position of the central sulcus (CS) and
indirectly the somatotopic representation of the motor
homunculus (Area 4) in the precentral gyrus. The theo-
retical cortical target to be identified and stimulated de-
pends on the size of the somatic region of pain. The main
body segments and their respective motor cortex areas to
be stimulated are described below:

1) face: lower part of the central gyrus,

2) upper limb and hand: middle part of the central gyrus
between the inferior frontal sulcus and the superior
frontal sulcus, and

3) lower limb and trunk: upper part of the central gyrus
between the superior frontal sulcus and the interhemi-
spheric fissure.

The distal part of the lower limb lies on the inner surface
of the hemisphere, and therefore, it cannot be directly
stimulated epidurally; this limb representation, however,
can be extended to the upper part of the motor gyrus
[55]. With current neuronavigation methods, it is possi-
ble to reconstruct three-dimensionally the cortex from
morphological MRI data and identify these anatomical
structures precisely. These topographical data can be
subjected to image fusion with functional MRI (fMRI)
data obtained during an actual motor task [31, 36, 38, 45]
or a virtual motor task [41, 45]; the latter should corre-
spond to the pain territory in a painful phantom limb, or
to the neighbouring territory in cases of complete motor
deficits (upper limb following brachial plexus avulsion).
This correlation is particularly useful because the deaf-
ferentation may have reorganized the motor cortex and
therefore reduced or displaced the target area that should
be stimulated. Some authors use TMS to identify the
motor cortex and then combine TMS with neuronaviga-
tion [34] and PET data [35, 45].

Intraoperative techniques

Craniotomy

The initial procedure by Tsubokawa consisted of a sim-
ple burr hole under local anaesthesia. This has been re-
placed by a small craniotomy [10, 32—35], which offers
the advantage of better intraoperative neurophysiological
exploration and minimizes the risk of a post-operative
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epidural haematoma. The location and borders of the
craniotomy are defined by neuronavigation analysis of
the preoperative targeting data. A 4-5-cm sized bone
flap is sufficient; alternatively, a 5-cm-diameter trephine
craniotomy may be done when the target lies on the outer
surface of the hemisphere (face or upper limb).

Intraoperative neurophysiological exploration

The first stage consists of pinpointing the CS on the
dural surface. In practice, neuronavigation is sufficient
but, if there is doubt, target confirmation can be done by
recording somatosensory evoked potentials (SEPs) after
stimulation of the contralateral median nerve at the wrist
[33, 55]. The SEPs are recorded using an electrode grid
with multiple poles (20—-40) or the 4-contact plate elec-
trode with contacts 4 mm in diameter spaced 10 mm apart
(Resume®, Medtronic Inc., Minneapolis, USA). Many
studies have provided evidence of a relationship between
the location of the CS and the location of the N20/P20
phase reversal [47, 53]. The N20 is elicited in the motor
gyrus area that corresponds to the hand, i.e. in front
of the CS. In several NP conditions that are accom-
panied by severe sensory deafferentation (e.g. brachial
plexus avulsion), the intraoperative SEPs cannot be used.
Furthermore, the intraoperative SEPs recorded after tri-
geminal or tibial nerve stimulation are often difficult to
interpret. Therefore, it is useful to check the quality of
SEPs intra-operatively.

The second stage is critical. It consists of localising
accurately the targeted cortical area by MCS. It may be
difficult to induce transdurally muscle contractions in
the somatic area of pain because: 1) the dura-to-cortex
distance is affected by the variable thickness of the sub-
arachnoid space or the presence of cortical atrophy,
2) the stimulation delivered by the neurostimulators is
not intense (10 mA max), and 3) the suppression of neu-
ronal activity by general anaesthesia [33, 34]. In prac-
tice, it is possible to use the final quadripolar electrode
(Resume®) to perform this motor stimulation test and
to couple the electrical stimulation (pulse width: 1 msec,
low frequency: 1-3 Hz, intensity: 5—10 mA, monophasic
pulse) with electromyographic (EMG) recording of the
activity of the appropriate muscles. Thus, it is possible to
detect a subclinical response without necessarily induc-
ing muscle contraction.

Placement of the electrode array

Based on the intraoperative electrophysiological data
and the extent of the pain territory, one or two quadri-
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polar plate electrodes (Resume®) are sutured to the dura
either perpendicularly or parallel to the SC; the electrode
orientation depends on surgeon’s preference but it is
important to have at least two poles over the targeted
motor cortex. The electrode extensions are tunnelled
and connected to an implantable pulse generator (IPG),
(ITREL 3® or SYNERGY®, Medtronic Inc., Minneapolis,
USA) which is inserted in the subclavicular or the lateral
thoracic region. Experience has shown that it is not
worthwhile to perform a prolonged percutaneous stim-
ulation test intraoperatively; the identification of the
optimal stimulation parameters may require multiple ad-
justments because the patient usually does not feel any
MCS-induced paraesthesias or sensations. The param-
eters are selected empirically and usually are: amplitude:
2V (1-4V), frequency: 40 Hz (25-55 Hz), pulse width:
120 psec (60—180 psec).

It is important that the negative contact (cathode) is
placed over the motor cortex area that corresponds ide-
ally to the territory of somatic pain. Most surgeons
prefer bipolar stimulation with the negative contact
(cathode) over the motor area and the positive contact
(anode) over the sensory area [47]. In bipolar stimulation,
both cathode and anode electrode contacts are active and
their position can be relevant to the clinical effects of
MCS [26]. The response of any cortical fiber varies and
depends on its orientation in the stimulation-induced
field [15]. An interpolar distance of 20-30 mm is pre-
ferred in order to cover widely the motor cortex area. It is
possible to apply bipolar stimulation using the ITREL 3®
system. The time course of the analgesic effect is
variable. Under optimal neuroanatomical conditions,
Tsubokawa [47] reported that the pain begins to de-
crease 5 minutes after the start of MCS and disappears
completely after 10—20 minutes; after stimulation is
stopped, there is a 2- to 6-hour post-MCS effect. Based
on these observations, he recommended intermittent
stimulations with a rate of 5-7 per day. Conversely,
Nguyen et al. [34] underlined the latency of the analge-
sic effect, which is rarely immediate but may last for
several days. Very often, it is found that the intensity
must be increased in order to keep the stimulation effi-
cacious; this can be explained by an increase in the im-
pedance of the “electrode to dura” contact.

Results

A literature review in the Pubmed beginning in 1991
identified 29 publications, describing over 251 patients
[3, 6, 34, 47]. It is difficult to compare their results
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because most studies are retrospective and use different
assessment scales. No prospective studies have been
published and the number of available controlled studies
is limited. A randomized (on/off) multicentered study is
currently being conducted in France.

Central pain

Thalamic pain syndromes are intractable, disabling,
and particularly resistant to medical and conservative
treatments. The long-term failure of DBS in this type
of NP has been verified. Tsubokawa et al. [49] reported
disappointing results following stimulation of the sen-
sory nuclei of the thalamus; although the initial effect
was satisfactory in certain patients, tolerance to stimula-
tion developed in a few months and, after 2 years the
stimulation was efficacious only in 38% of the cases.
More recently, following a literature review of long-term
results, Levy et al. [23] reported that, in 24 cases, the
DBS improvement rate was only 24%; the compli-
cations were uncommon (5.3%) but serious (5 cerebral
haemorrhages). The main indication of MCS is post-
stroke pain [50, 51]. Nguyen et al. [34] estimated that
our experience on the treatment of this condition by
MCS is based on over 159 cases of central pain sec-
ondary to ischaemic or haemorrhagic stroke; the MCS
success rate was 52% (83/159). Table 1 summarizes the
results of the main published series on MCS. Several
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authors [18, 34] have underlined that the association of
pain with a major motor deficit is a poor prognostic
indicator. Nevertheless, the management of central pain
by MCS should be considered as an alternative treatment
of confirmed efficacy.

Trigeminal neuropathic pain

Trigeminal neuropathic pain is one of the most com-
mon indications of MCS. This type of NP is most often
secondary to an iatrogenic injury to the roots of the
trigeminal nerve (thermocoagulation or conventional
surgery). MCS has replaced the chronic stimulation of
the Gasserian ganglion in the treatment of trigemino-
pathic pain. In the latter procedure, it is possible to per-
form not only a prolonged percutaneous test-stimulation
but also a long-term stimulation of the ganglion [19];
there is, however, a serious risk of late dislodgment of
the percutaneously inserted electrode. The alternative
method of electrode implantation through a temporal
approach is a major surgical procedure. This technique
has been abandoned gradually, although its results were
satisfactory in facial neuropathic pain of central or pe-
ripheral origin [46]. The results of thalamic stimulation
were disappointing [23]; in 12 cases of anaesthesia
dolorosa, the long-term success rate was only 18%. With
regard to MCS, 47 cases have been reported in the
literature; the success rate was high with the average

Table 1. Published series on the results of MCS on central neuropathic pain

Authors Patients number/ Follow-up in months Success rate at latest follow-up

(reference number) age range (years) (>50% analgesia)

Tsubokawa et al. [51] 11/52-72 >24 45% (5/11)

Nguyen et al. [34] 18 46 (mean) marked improvement (>60%): 7
satisfactory improvement (40-60%): 8
failure (<40%): 3

Meyerson et al. [29] 3 - 0%

Yamamoto et al. [57] 28/35-72 >12 46%

Mertens et al. [27] 16/29-78 23 (mean) 67%

Saitoh et al. [42] 8 26 (mean) 25% (2/8)

Caroll et al. [9] 5 40% (2/5)

Table 2. Published series on the results of MCS on trigeminal neuropathic pain

Authors Patients number/ Follow-up Success rate at latest follow-up

(reference number) age range (years) in months (>50% analgesia)

Meyerson et al. [29] 5/44-71 4-28 100% (5/5)

Herregodsts et al. [14] 5/40-45 15 (mean) 88% (4/5)

Ebel et al. [10] 7/37-81 5-24 43% (3/7)

Nguyen et al. [32, 34] 22 marked improvement (>60%): 59% (13/22)

Brown and Barbaro [3] 8/37-73

satisfactory improvement (40-60%): 23% (5/22)
10 (mean) 75%




Motor cortex stimulation for neuropathic pain

Table 3. Published series on the results of MCS in neuropathic limb pain
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Authors Indications Patients Mean follow-up Success rate at latest

(reference number) number in months (range) follow-up (%)

Nguyen et al. [33] brachial plexus avulsion 2 50%

Mertens et al. [27] brachial plexus avulsion 4 50%

Saitoh et al. [42] brachial plexus avulsion 4 19 25%
phantom limb pain 2 20 50%

Sol et al. [45] phantom limb pain 3 27.3 67%

Caroll et al. [9] phantom pain 3 - 67%

Pirotte et al. [36] plexus avulsion 3 - 33%

Lazorthes et al. [21] phantom 7 42 (6-76) 85%

Katayama et al. [18] phantom limb pain 5 >24 20%

long-lasting improvement being evaluated as greater to
50% in 73-75% of the cases (Table 2).

Neuropathic limb pain

In this group, MCS may be indicated only after SCS
either has failed or is contraindicated. This category
includes patients with NP secondary to complete sensory
deafferentation after either brachial plexus avulsion or
limb amputation (phantom limb pain). Table 3 sum-
marizes the main published series. In brachial plexus
injuries, the results are not satisfactory (average success
rate 40%). In this condition, it is not feasible to identify
the CS by intraoperative SEP monitoring. Therefore, it is
preferable to perform a DREZotomy as the first proce-
dure of choice. In phantom limb pain, the results are var-
iable with an average success rate of 55% [9, 33, 34, 42].
We have reported comparable results [41, 45]. In a
recent retrospective study [21], in 7 patients with a
mean follow-up of 42 months (range: 6—76), the success
rate was 85% (excellent: 3, significant: 3, failure: 1).
Conversely, Katayama et al. [18] reported conflicting
results; he achieved a lasting analgesic effect in 6
of 19 patients with painful phantom limbs after SCS.
Of 10 patients who did not respond to SCS, he reported
lasting improvement after thalamic DBS (nucleus ven-
tralis caudalis) in 6 cases (60%), whereas only 1 out of
5 patients treated by MCS had a lasting improvement
(success rate: 20%). In this article, there was little infor-
mation on the pre- and intraoperative identification of
the motor cortex target; in addition, 3 of the 5 patients
who received MCS had brachial plexus avulsion without
being clear whether this was associated with an amputat-
ed upper limb. MCS represents the preferred treatment
in phantom limb pain which is otherwise considered
intractable and irreversible. The historical failures of
sensory cortex removals are well-known [24, 25, 52]. In
a literature review, Levy et al. [23] reported 5 cases of

Table 4. Published series on the results of MCS in post-spinal lesion
pain

Author Indication Patients Success rate
(reference number) number at latest
follow-up (%)
Nguyen et al. [33] post-trauma 4 75
paraplegia
Mertens et al. [27] post-trauma 3 100

periventricular gray matter (PVG) DBS who had an ini-
tial good response (4 of 5 improved) but a disappointing
long-term response (only 1 of 5 improved); this was not
confirmed by the recent study of Katayama et al. [18].

Post-spinal lesion pain

This type of NP, particularly in the lower limbs,
represents a very difficult problem because the pain is
bilateral and the cortical target area is located near the
midline. To overcome this difficulty, surgeons have
implanted the electrodes interhemispherically [42]; this,
however, induces an increased risk of complications.
Paradoxically, Nguyen [33] has reported that unilateral
cortical stimulation can have a bilateral effect (Table 4).

Side effects and complications

Complications are uncommon and of moderate se-
verity. The most serious are epilepsy, and epidural or
subdural haematomas; they occur approximately in 3%
of the cases.

Stimulation-induced seizures

These have been seen mostly during the test-stimula-
tion period [29]. Their incidence during chronic MCS is
very low if the stimulation intensity remains below the
motor threshold. The incidence can become higher after
“intense reprogramming’ [13, 34].
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Epidural haematoma

Theoretically, if the dura is correctly secured around
the edges of the craniotomy, the risk is negligible. How-
ever, several cases have been reported, especially during
the early period of MCS, when the electrodes were
inserted through a single burr hole [29, 51].

Skin ulceration and infection

This is a common risk which is associated with the
implantation of any stimulation device. In the literature,
the frequency is estimated between 0.7 and 2.2%. Any
implantation should be postponed as long the patient has
untreated urinary, pulmonary or other infections.

Loss of efficacy

After the initial benefit, which may last for several
months, some authors have reported a tolerance-like phe-
nomenon [10]. In such cases, the efficacy can be restored
by replacing the electrode on a more optimal cortical tar-
get [33, 45, 51]. Sometimes, a simple increase in the
electrode-dural impedance is required by either increasing
the stimulation intensity or changing the bipolar config-
uration. A loss of efficacy secondary to neural plasticity
and reorganization of the deafferentated cortical area is
another possibility; this hypothesis led Henderson et al.
to perform “intensive reprogramming” in order to re-
store the initial efficacy [13].

Conclusions

Neuropathic pain (NP) is considered as a difficult-
to-treat clinical condition which is associated with var-
ious lesions in the peripheral or central nervous system.
Antidepressant and anticonvulsant medications are con-
sidered as the primary treatment and offer satisfactory
relief to most patients [2, 44]. Over the last few years, a
new approach to the treatment of NP has developed; this
is based on the current understanding of pain mechanisms
and aims to target specifically these mechanisms [54].
This rational approach cannot yet be implemented widely
because of difficulties in converting our understanding
of the pathophysiological mechanisms, obtained from
animal studies, to treatment protocols in patients [16].
Nevertheless, chronic motor cortex stimulation (MCS)
is no more just a promising method; it has gained an
established role in the treatment of chronic intractable
pain secondary to sensory deafferentation. It provides a
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therapy to a category of pain which until now has been
proved resistant to any other treatment. In certain types
of central neuropathic pain, such as post-stroke pain,
MCS constitutes the first-choice therapeutic alternative
after the failure of medical and conservative treatments.
The same applies to facial anaesthesia dolorosa.
Conversely, in pain secondary to brachial plexus avul-
sion, it is preferable to propose first selective ablative
surgery, such as DREZotomy. Other indications need to
be confirmed, even if lasting efficacy has been reported
by various authors in “phantom limb pain” or paraplegia-
related pain.

The efficacy of MCS depends directly on the accurate
placement of the stimulation electrode over the appro-
priate area of the motor cortex. The primary motor cor-
tex that corresponds to the somatic area of pain may
have been displaced because of either brain plasticity
or cortical reorganization secondary to the sensory deaf-
ferentation or to the causal lesion in the nervous system.
Brain mapping using fusion of three-dimensional vol-
ume MRI with fMRI in combination with intraoperative
electrophysiology is a valid technique for identifying the
precise location of the targeted motor cortex. There are
still many unclear issues such as which neurons or axons
should be stimulated, which cortical afferents or efferents
are stimulated by MCS, and whether antidromic stimu-
lation contributes to the clinical effects. Multicenter pro-
spective studies are being conducted. They will describe
larger clinical series with a ‘“‘study design” of MCS
that includes ““on/off” sequences evaluated in a “blind”
manner. Hence, the conclusions of these studies are ex-
pected to be of particular significance. A better under-
standing of MCS mechanisms of action will probably
make it possible to program better the stimulation pa-
rameters; currently, the programming remains empirical
and is based on practical clinical observations. Experi-
mental studies predicting the bioelectrical effects of
MCS by computer modelling [26] and more sophisti-
cated neuronal fiber models are in the stage of develop-
ment and are likely to promote further research and
clinical applications in this field.

References

1. Bonicalzi V, Canavero S (2004) Motor cortex stimulation for central
and neuropathic pain. Pain 108: 199-200

2. Bouhassira D, Attal N (2004) Novel strategies for neuropathic pain.
In: Villanueva L, Dickenson A, Ollat H (eds) The pain system in
normal and pathological states: a primer for clinicians. IASP Press,
Seattle, pp 299-309

3. Brown JA, Barbaro NM (2003) Motor cortex stimulation for central
and neuropathic pain: current status. Pain 104: 431-435



Motor cortex stimulation for neuropathic pain

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Brown JA, Pilitsis JG (2005) Motor cortex stimulation for central
and neuropathic facial pain: a prospective study of 10 patients and
observations of enhanced sensory and motor function during stim-
ulation. Neurosurgery 56: 290-297

. Canavero S (1995) Cortical stimulation for central pain. J Neurosurg

83: 1117

. Canavero S, Bonicalzi V (2002) Therapeutic extradural cortical

stimulation for central and neuropathic pain: a review. Clin J Pain
18: 48-55

. Canavero S, Bonicalzi V, Dotta H, Vighetti S, Asteggiano G (2003)

Low role repetitive TMS allays central pain. Neurol Res 23:
151-152

. Canavero S, Bonicalzi V, Pagni CA, Castellano G, Merante R,

Gentile S, Bradac GB, Bergui M, Benna P, Vighetti S (1995)
Propofol analgesia in central pain: preliminary clinical observations.
J Neurol 242: 561-567

. Carroll D, Joint C, Maartens N, Shlugman D, Stein J, Aziz TZ

(2000) Motor cortex stimulation for chronic neuropathic pain: a
preliminary study of 10 cases. Pain 84: 431-437

Ebel H, Rust D, Tronnier V, Boker D, Kunze S (1996) Chronic
precentral stimulation in trigeminal neuropathic pain. Acta Neu-
rochir (Wien) 138: 1300-1306

Flor H, Elbert T, Knecht S, Wienbruch C, Pantev C, Birbaumer N,
Larbig W, Taub E (1995) Phantom limb pain as a perceptual cor-
relate of cortical reorganization following arm amputation. Nature
357: 482-484

Garcia-Larrea L, Peyron R, Mertens P, Gregoire MC, Lavenne F,
Le Bars D, Convers P, Mauguiere F, Sindou M, Laurent B (1999)
Electrical stimulation of motor cortex for pain control: a combined
PET-scan and electrophysiological study. Pain 83: 259-273
Henderson JM, Boongird A, Rosenow JM, Lapresto E, Razai AR
(2004) Recovery of pain control by intensive reprogramming after
loss of benefit from motor cortex stimulation for neuropathic pain.
Stereotac Funct Neurosurg 82: 207-213

Herregodts P, Stadnik T, De Ridder F, D’Haens J (1995) Cortical
stimulation for central neuropathic pain: 3-D surface MRI for easy
determination of the motor cortex. Acta Neurochir Suppl 64:
132-135

Holsheimer J, Manola L (2005) Differential effects of cathodal and
anodal stimulation in MCS. 7th INS Meeting, Rome (Proceedings)
Jensen TS, Baron R (2003) Translation of symptoms and signs into
mechanisms in neuropathic pain. Pain 102: 1-8

Katayama Y, Fukaya C, Yamamoto T (1998) Poststroke pain control
by chronic motor cortex stimulation: neurological characteristics
predicting a favourable response. J Neurosurg 89: 585-591
Katayama Y, Yamamoto T, Kobayashi K, Kasai M, Oshima H,
Fukaya C (2001) Motor cortex stimulation for phantom limb pain: a
comprehensive therapy with spinal cord and thalamic stimulation.
Stereotact Funct Neurosurg 77: 159-161

Lazorthes Y, Armengaud JP, Da Motta M (1987) Chronic stimula-
tion of the gasserian ganglion for the treatment of atypical facial
neuralgia. Pacing Clin Electrophysiol 10: 257-265

Lazorthes Y, Verdié JC, Sol JC (2005) Spinal cord stimulation for
neuropathic pain. Handbook of clinical neurology’s volume on
pain. Elsevier (in press)

Lazorthes Y, Sol JC, Cintas P, Lotterie JA, Verdie JC, Fowo S, Berta
S, Aryan HE, Park SM, Meltzer HS (2005) Chronic motor cortex
stimulation for phantom pain control. 55th Annual Meeting, Congress
of Neurological Surgeons (CNS), Boston, MA (Proceedings)
Lefaucheur JP, Drouot X, Keravel Y, Nguyen JP (2001) Pain relief
induced by repetitive transcranial magnetic stimulation of précen-
tral cortex. Neuroreport 12: 1-3

Levy RM, Lamb S, Adams JE (1987) Treatment of chronic pain by
deep brain stimulation: long-term follow-up and review of the
literature. Neurosurgery 21: 885-893

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

43

Lewin W, Phillips CG (1952) Observation on partial removal of
the post-central gyrus for pain. J Neurol Neurosurg Psychiatry 15:
143-147

Mahoney CGdeG (1944) The treatment of painful phantom limb by
removal of post-central cortex. J Neurosurg 1: 156—162

Manola L, Roelofsen BH, Holsheimer J, Harani E, Geelen J (2005)
Modelling motor cortex stimulation for chronic pain control: elec-
trical potential field, activating functions and responses of simple
nerve fibre models. Med Biol Eng Comput 43: 335-343

Mertens P, Nuti C, Sindou M, Guenot M, Peyron R, Garcia-Larrea L,
Laurent B (1999) Precentral cortex stimulation for the treatment of
central neuropathic pain. Stereotact Funct Neurosurg 73: 122-125
Merzenich MM, Nelson RI, Stryker MP, Cynader MS, Schoppmann
A, Zool JM (1984) Somatosensory cortical map changes following
digit amputation in adult monkeys. J Comp Neurol 224: 391-405
Meyerson BA, Lindblom U, Lind G, Herregodts P (1993) Motor
cortex stimulation as treatment of trigeminal neuropathic pain. Acta
Neurochir Suppl 58: 150-153

Migita K, Tohru U, Kazunori A, Shuji M (1995) Transcranial
magnetic cord stimulation in patients with central pain: technique
and application. Neurosurgery 76: 1037-1040

Mogilner AY, Rezai AR (2001) Epidural motor cortex stimulation
with functional imaging guidance. Neurosurg Focus 11: E4
Nguyen JP, Keravel Y, Feve A, Uchiyama T, Cesaro P, Le Guerinel
C, Pollin B (1997) Treatment of deafferentation pain by chronic
stimulation of the motor cortex: report of a series of 20 cases. Acta
Neurochir Suppl 68: 54-60

Lefaucheur JP, Decq P, Uchiyama T, Carpentier A, Fontaine D,
Brugieres P, Pollin B, Feve A, Rostaing S, Cesaro P, Keravel Y
(1999) Chronic motor cortex stimulation in the treatment of central
of neuropathic pain: correlations between clinical, electrophysio-
logical and anatomical data. Pain 82: 245-251

Nguyen JP, Lefaucheur JP, Moubarak K, Cesaro P, Palfi S, Keravel
Y (2004) Novel strategies for modern Neurosurgery. In: Villanueva
L, Dickenson A, Ollat H (eds) The pain system in normal and
pathological states: a primer for clinicians. IASP Press, Seattle,
pp 311-326

Peyron R, Garcia-Larrea L, Deiber MP, Cinotti L, Convers P,
Sindou M, Mauguiere F, Laurent B (1995) Electrical stimulation
of précentral cortical area in the treatment of central pain: electro-
physiological and PET study. Pain 62: 275-286

Pirotte B, Woordecker Ph, Neugroschl C, Baleriaux D, Wilker D,
Metens Th, Denolin V, Joffroy A, Massager N, Brotchi J, Levivier
M (2005) Combination of functional magnetic resonance image-
guided neuronavigation and intraoperative cortical brain mapping
improves targeting of motor cortex stimulation in neuropathic pain.
Neurosurgery Suppl 2 56: 344-359

Pons TP, Garrahty PE, Ommaya AK, Kaas JH, Taub E, Mishkin M
(1991) Massive cortical reorganisation after sensory deafferentation
in adult macaques. Science 252: 1857-1860

Rao SM, Binder JR, Hammeke TA, Bandettini PA, Bobholz JA,
Frost JA, Myklebust BM, Jacobson RD, Hyde JS (1995) Somato-
topic mapping of the human primary motor cortex with functional
magnetic resonance imaging. Neurology 45: 919-924
Rasmussen PV, Sindrup SH, Jensen TS, Bach FW (2004) Symptoms
and signs in patients with suspected neuropathic pain. Pain 110:
461-469

Rinaldi PC, Young RF, Albe-Fessard D, Chodakiewitz J (1991)
Spontaneous neuronal hyperactivity in the medial and intralaminar
thalamic nuclei of patients with deafferentation pain. J Neurosurg
74: 415-421

Roux FE, Ibarrola D, Lazorthes Y, Berry I (2001) Chronic motor
cortex stimulation for phantom limb pain: a functional magnetic
resonance imaging study: technical case report. Neurosurgery 48:
681-688



44

42.

43.

44.

45.

46.

47.

48.

49.

50.

Saitoh Y, Shibata M, Hirano S, Hirata M, Mashimo T, Yoshimine T
(2000) Motor cortex stimulation for central and peripheral déaf-
férentation pain. J Neurosurg 92: 150-155

Senapati AK, Huntington PJ, Peng YP (2005) Spinal dorsal horn
neuron response to mechanical stimuli is decreased by electrical
stimulation of the primary motor cortex. Brain Research 1036:
173-179

Sindrup SH, Jensen TS (1999) Efficacy of pharmacological treat-
ment of neuropathic pain: an update and effect related to mechan-
ism of drug action. Pain 81: 389-400

Sol JC, Casaux J, Roux FE, Lazorthes Y (2001) Chronic motor cor-
tex stimulation for phantom limb pain: correlations between pain
relief and functional imaging studies. Stereotact Funct Neurosurg
77: 172-176

Taub E, Munz M, Tasker RR (1997) Chronic electrical stimulation
of the gasserian ganglion for the relief of pain in a series of 34
patients. J Neurosurg 86: 197-202

Tsubokawa T (2002) Motor cortex stimulation for relief of central
deafferentation pain. In: Burchiel KJ (ed) Surgical management of
pain. Thieme, New York, pp 555-564

Tsubokawa T, Katayama Y (1998) Motor cortex stimulation in
persistent pain management. In: Gildenberg PL, Tasker RR (eds)
Textbook of stereotactic and functional neurosurgery. Mc Graw
Hill, New York, pp 1547-1556

Tsubokawa T, Katayama Y, Yamamoto T et al (1985) Deafferenta-
tion pain and stimulation of thalamic sensory relay nucleus. Appl
Neurophysiol 48: 166—171

Tsubokawa T, Katayama Y, Yamamoto T, Hirayama T, Koyama S
(1991) Chronic motor cortex stimulation for the treatment of central
pain. Acta Neurochir Suppl 52: 137-139

Y. Lazorthes et al.: Motor cortex stimulation for neuropathic pain

51. Tsubokawa T, Katayama Y, Yamamoto T, Hirayama T, Koyama S
(1993) Chronic motor cortex stimulation in patients with thalamic
pain. J Neurosurg 78: 393-401

52. White JC, Sweet WH (1969) Pain and neurosurgeon: a forty-year
experience. Charles C. Thomas, Springfield IL, p 401

53. Wood CC, Spencer DD, Allison T, McCarthy G, Williamson PD,
Goff WR (1988) Localization of human sensorimotor cortex during
surgery by cortical surface recording of somatosensory evoked
potentials. J Neurosurg 68: 98—111

54. Woolf CJ, Max MB (2001) Mechanism-based pain diagnosis: issues
for analgesic drug development. Anesthesiology 95: 241-249

55. Woolsey CN, Erickson TC, Gilson WE (1979) Localization in so-
matic sensory and motor areas of human cerebral cortex as deter-
mined by direct recording of evoked potentials and electrical
stimulation. J Neurosurg 51: 476-506

56. Wu CWH, Kaas JH (1999) Reorganization in primary motor cortex
of primates with long-standing therapeutic amputation. J Neurosci
19: 7679-7697

57. Yamamoto T, Katayama Y, Hirayama T, Tsubokawa T (1997)
Pharmacological classification of central post-stroke pain: compar-
ison with the results of chronic motor cortex stimulation therapy.
Pain 72: 5-12

58. Yamamoto T, Katayama Y, Tsubokawa T, Koyama S, Maejima S,
Hirayama T (1991) Usefulness of the morphine/thiamylal test for
the treatment of deafferentation pain. Pain Res (Tokyo) 6: 143—146

Correspondence: Yves Lazorthes, Department of Neurosurgery,
C.H.U. Rangueil, 1 Avenue Jean-Poulhes, 31054 Cedex, France. e-mail:
ylazorth@cict.fr





