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Summary: Since initial reports in the early 1990s, stimulation
of the M1 region of the cortex (MCS) has been used to treat
chronic refractory pain conditions and a variety of movement
disorders. A Medline search of literature between 1991 and
2007 revealed 512 cases using MCS. Although most of these
relate to the treatment of pain (422), 84 of them involve move-
ment disorders. More recently, several studies have specifically
looked at treating Parkinson’s disease (PD) with MCS. We

report here several of our own cases using MCS to treat post-
stroke and non-poststroke pain syndromes and movement dis-
orders (n � 8), PD (n � 4), ET (n � 2), and cortico–basal
degeneration (n � 1). We also cover the essential history of this
procedure and our current research using computational mod-
eling to understand further the underlying mechanisms of MCS.
Key Words: Motor cortex, cortical stimulation, deep brain
stimulation, chronic pain, Parkinson’s disease.

INTRODUCTION

The ground work for using chronic stimulation of the
primary motor cortex (MCS) to treat pain and a variety
of movement disorders spans over 50 years. Only in the
last 5 years, however, have several groups engaged in
consistent use of MCS. One does not normally link the
treatment of pain per se with the treatment of movement
disorders, but this has come to be the case with MCS.
Although direct extirpation of M1 was tried by Bucy and
others1,2 to treat Parkinson’s disease (PD) and other dis-
orders, stimulation of regions in the brain on a chronic
basis to treat movement disorders began in the 1970s,
when Mundinger3 tried stimulation of the sensory thal-
amus to treat spasticity and athetosis changes in five
patients.4 Removal of the sensory cortex (S1) to treat
pain was tried by Penfield and Jasper in a patient with
burning pain, but when the pain returned, resection of the
precentral gyrus completely ablated the pain.5 In 1955,
White and Sweet6 demonstrated only 13% relief with
postcentral resection.
As early as 1954, Heath7 reported stimulation of the

septal area in hopes of activating pleasure centers to
alleviate pain. Later, Woolsey et al.8 would show inhi-
bition of tremor and rigidity in PD patients by precentral

stimulation, although permanent implantation of elec-
trodes was not tried. In the mid-1980s, Hosobuchi9 im-
planted subcortical electrodes into the somatosensory
cortex of 44 chronic pain patients with promising results
for leg pain. In 1985 and then 1991, Tsubokawa and
colleagues reported chronic stimulation of the M1 region
to treat post-thalamic stroke pain.10,11 Finally, in 1998,
Nguyen et al.12 first reported using stimulation of this
same region to treat PD, completing the overlap of treat-
ment by using MCS to treat both chronic pain and move-
ment disorders. For the period between 1991 and 2007, a
Medline review revealed 512 cases of treatment with
MCS, for either pain (422 cases10,13–52), stroke rehabil-
itation (9 cases13,49,53), or movement disorders (84 cases,
22 of them being mixed MCS and deep brain stimulation
[DBS]).12,26,54–64 Some of the studies may have in-
cluded previously reported cases.
At this point, the group with the most experience with

MCS is still that of Tsubokawa and Katayama and their
group at Nihon University School of Medicine.23–27,59 A
review of their publications indicates a total of 88 pa-
tients (some patients apparently are included in multiple
reports). They not only explored MCS alone but also
compared it to DBS and SCS as separate therapies and in
combination. They found that 59% of patients who un-
derwent DBS or MCS for poststroke involuntary move-
ments had benefit and that 19% of the patients who
underwent MCS primarily for pain control also showed
improvement in their movement problems.24 For patients
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with phantom limb pain,27 the results were somewhat
different. Of the five patients with MCS, only one (20%)
demonstrated better pain relief than with either DBS in
the ventrocaudal nucleus of the thalamus (6/10, or 60%),
SCS (6/19, or 32%), or a combination thereof. Tsuboka-
wa’s initial study in 199110 and a follow-up in 199345

demonstrated 5 of 11 patients with ‘excellent’ outcomes
(defined as 100% improvement) at 2 years, compared
with 6 of 12 in the first year; however, 3 of 12 patients
who were defined as ‘good’ (60–80% improvement) at 1
year dropped to either ‘fair’ (40–60% improvement) or
‘poor’ (�40% improvement). These initial results none-
theless helped spur further investigation into MCS for
pain. In 1998, Katayama et al.25 reported 23 of 31 post-
stroke patients having satisfactory pain control in initial
results; at 2 years, however, pain control was satisfactory
in only 8 of the 23.
There have also been studies placing the electrodes in

the subdural space, closer to the direct cortical surface.
Three groups have described subdural placement of the
MCS electrode.41,47,48 From one of these report, there
were two hemorrhages among nine patients: one of the
two patients died 36 months after implantation and the
other patient was left in a persistent vegetative state.41

Programming algorithms and parameters for MCS
electrodes used to treat chronic pain problems have also
varied widely. Reported stimulation amplitudes range
from 0.5 V to 10.5 V, with a mean of 3.8 � 2.2 V, and
stimulation frequencies range from 5 Hz to 210 Hz, with
a mean of 51.1 � 35.7 Hz; pulse width varies from 1 �s
to 500 �s, with a mean of 251.2 � 141.1
�s.10,12,13,15,17,18,21,23,28–33,35,36,38–49,53,59,61,65 The most
common adverse effects consisted of short generalized
seizures, all of which were caused during the initial
testing phases; this was described in fewer than half of
the studies. Hardware failures and infection were the
second and third most likely complications, respectively.
Both Myerson et al.29 and Nguyen et al.66 reported he-
matomas, one of which was asymptomatic and the other
required surgical intervention.
Several groups in Italy have had a moderate amount of

experience using MCS as well. Their work has been
focused more on using MCS to treat movement disor-
ders, in particular PD, rather than pain.18,33,54,55,57,60,63

Results from these studies were promising in early
phases. The Italian Neurosurgical Society study group60

reported on a group of 16 patients, with a postsurgical
time of 3–30 months for the 10 patients ultimately ana-
lyzed. In that study, all but 1 of the 16 patients were
ineligible for DBS because of age, MRI findings, or
psychological problems. The mean length of disease of
the study population was 12.4 years. Of the 10 patients in
the analysis, 3 had �25% improvement on a global
rating scale, 6 had 25–50% improvement, and 1 had
�50% improvement after MCS. The stimulation param-

eters 2.5–6 V, 150–180 �s, and 25–40 Hz (although the
trial range was larger).
At a presentation by this group at the 2005 World

Society for Stereotactic and Functional Neurosurgery
meeting in Rome,67 the Italian Neurological Society
study group reported an improvement (decrease in
scores) in the UPDRS III at the 3- and 6-month time
periods, with a trend back to baseline thereafter. At an-
other international meeting in New York in 2006, data
were presented on patients up to 24 months after implan-
tation.68 A similar trend on the UPDRS III was seen with
a statistically significant improvement at 1, 3, and 6
months, with a trend back to baseline between 6 and 12
months; after 12 months, however, there again appeared
to be some improvement.
The M1 region of the cortex is in some sense the final

common link between deeper circuitry coordinating
movement and the spinal cord itself. It is one of the few
areas in which the pyramidal and extrapyramidal systems
interact. Disorders of movement, such as PD, tremor, or
dystonia, may therefore respond to some type of stimu-
lation of cells in this region, particularly in light of the
suggestive clinical precedents noted here. Moreover, the
cortex is likely to be integral in the perception of pain per
se, because complete lesioning of pathways in the pe-
riphery and spinal cord can still leave the patient sensing
pain as if from those very areas. Even a stroke in the
thalamus creates the sense of pain in one or more areas
damaged by the stroke, despite there being no injury
more distal in the nervous system. Electrically modulat-
ing the cortex may thus be able to exert a beneficial
outcome for patients with such pain.
Extradural MCS has advantages over DBS in that it

can be performed without the need for general anesthe-
sia, does not require stereotactic techniques or frame,
does not require microelectrode recordings, and in theory
virtually eliminates the possibility of creating a hemor-
rhage. It is therefore important to consider MCS as an
alternative or even preliminary procedure to DBS in
some cases. In particular, it should be considered in PD,
as well as in chronic severe refractory pain syndromes in
the face or upper extremity, which are coded by regions
within M1 on the more accessible lateral convexity sur-
face of the cortex.

METHODS

Surgical and cortical mapping technique
Although surgical access to the M1 region can be

obtained by means of only a single burr hole, we prefer
to make a small craniotomy opening. The midpoint from
nasion to inion is determined and an opening centered
over a line from �1 cm behind this midpoint toward the
anterior margin of the tragus is made using a curved
scalp incision. In this way, exposure for a craniotomy
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that measures roughly 5–6 cm in diameter is made and
can be adjusted slightly superiorly or inferiorly along the
convexity to map face or hand as desired. Typically, a
cerebellar retractor is the only instrument necessary to
maintain the opening during the procedure. We do not
use a Mayfield head holder, because the head does not
need to be rigidly held in place, which eliminates the risk
of further injury if a patient has a seizure induced by
mapping.
Both somatosensory and motor mapping can be used

intraoperatively to determine the course of the central
sulcus and the M1 region underlying the dura. We use
both methods in each case, for internal corroboration.
Somatosensory testing consists of placing the four-con-
tact Resume lead (Medtronic, Minneapolis, MN) on the
dura in a variety of directions, mostly perpendicular to
the suspected precentral gyrus. Median and ulnar nerve
somatosensory evoked potentials (SSEPs) are then run
using a 20 mA–100 �s monopolar square pulse at a rate
of 4.32 Hz. SSEPs are recorded from the Resume lead in

both a bipolar (contact 0–1, 1–2, 2–3) and a monopolar
(all referenced to the 10–20 location of Fpz) recording
montage. The central sulcus is determined as the point at
which the N20 response phase reverses (FIG. 1). This
process is performed in multiple locations, to map out the
central sulcus over the complete craniotomy opening,
and short regions just under the bone opening if needed.
Motor mapping consists of placing an anodal 5-mm

stimulation ball probe (Model E1564; Valleylab, Gos-
port, UK) on the dura over the M1 area referenced to a
cathode placed at Fpz. Stimulation consists of trains of
five stimuli each, at a rate of five trains per second, a
500-�s pulse width, and a 4-ms interspike interval. Stim-
ulation amplitudes are slowly increased at each location
starting at 5 mA and increasing to a maximum of 25 mA.
Stimulation can then be stopped when the first electro-
myographic (EMG) response is noted.
EMG needles are placed in bipolar fashion (separated

by 2 cm) in the orbicularis oculi, orbicularis oris, trape-
zius, deltoid, biceps, triceps, flexor carpi ulnaris, abduc-

FIG. 1. Use of the somatosensory evoked potentials (SSEP) reversal potential method to determine location of M1 extradurally.
Contacts 0–3 of a typical four-contact paddle-type electrode are shown, in this example with placement across the underlying central
sulcus. The waveforms at the upper left show the SSEP in each contact. The reversal of phase occurs, in this example, between contacts
1 and 2. The inset at the lower left is the intraoperative photo of this technique in use, revealing the relative size of the lead and the
craniotomy opening. By moving the lead around in different locations, the path of the sulcus can be mapped out on the dura.
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tor pollicis brevis, first dorsal interosseous, quadriceps,
tibialis anterior, and abductor hallucis muscles. Stimula-
tion is performed with a Grass S-88 and two SIU-7
constant current stimulus isolators (Astromed-Grass,
West Warwick, RI). Responses are recorded on a Cas-
cade neurological monitoring system (Cadwell, Ken-
newick, WA). Figure 2 shows an example of the findings
in the extensor and abductor pollicis brevis muscles with
this technique. In this fashion, two independent types of
intraoperative physiology may be used in locating the
precentral gyrus.
Critical for the ability to obtain these neurophysiolog-

ical data is the accompanying anesthetic technique. We
use a complete TIVA (total intravenous anesthetic) pro-
tocol, with a continuous dose of propofol combined with
either fentanyl or remifentanil. Standard doses are in the
range of 75–150 �g/kg/min for propofol and 0.05–0.5
�g/kg/min of fentanyl or remifentanil. No nitrous inha-
lational agent is used and no muscle relaxants are used.
Patient programming is typically begun within 24 h of

electrode implantation. At the initial programming ses-
sion, all contacts are checked in a monopolar setting
using 210 �s and 130 Hz. The voltage is slowly raised to
4.0 V, to look for adverse motor movements and sensory
changes. As amplitude is slowly raised, the patient state

is evaluated. One primary concern is the possible gener-
ation of seizure activity during these tests. To date, we
have had two seizures generated during the programming
phase. In one patient, a focal motor seizure may have
occurred 2 days after initial programming; it was not
witnessed by medical personnel, but the description fit
well with this type of seizure. This was a patient in whom
a seizure was generated during M1 mapping in the op-
erating room. Since then, all our MCS patients in whom
a seizure occurred during intraoperative mapping are
kept at �2.5 V for the first 2 weeks after surgery. We do
not prescribe antiepileptic medications, however. At 18-
month follow-up in 1 poststroke pain patient, a seizure
was generated while the stimulator voltage was being
raised from 4.0 V to 4.3 V. The patient’s voltage has
since been kept below 4.0 V, and no further seizure
activity has been noted.
In our four PD patients, contacts 1 and 2 were left on,

with the stimulator amplitude at 3.0 V, assuming the
patient was able to tolerate each of these settings. If a
patient felt unable to tolerate these settings, for any rea-
son, then either contact 3 or 0 alone was used instead. In
all cases, it was possible to activate two contacts at the
initial programming session.
The use of cathodal stimulation may seem odd, given

FIG. 2. Use of the cortical mapping technique for determining location of M1 regions. Three electromyograms (EMG) from muscles in
the upper extremity are shown, after stimulation with a ball-tip electrode in three locations on the dura. The EMG at the far left shows
activation of the extensor muscle in the forearm; the other two show activation of the abductor pollicis brevis muscle in the hand. This
technique corroborates the SSEP method (FIG. 1) and helps determine more precisely the underlying thresholds for individual muscle
groups.
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that it is known that, with transcranial motor stimulation,
anodal stimulation will generate D-waves and motor
evoked potentials at a lower intensity than with cathodal
stimulation.69 Due to the design of the present implant-
able stimulators, however, options are limited to cathodal
stimulation only. Also, and more importantly, work by
Hanajima et al.70 found that cathodal chronic stimulation
activated neurons in the motor cortex at levels lower than
did anodal stimulation. If minimal benefit was noted at
later sessions, more contacts were added to the monopo-
lar configuration. If this situation failed, then one contact
(either contact 0 or contact 3) was placed in the cathodal
mode and the other three contacts were set as the anode.
Other changes that were investigated when stimulation
either did not work, or started to lose efficacy, included
changing the pulse width to 410 �s, increasing the am-
plitude to 4.0 V, or changing the frequency to either 185
Hz or 80 Hz. Table 1 shows the stimulation parameters
relative to the surgical implant date.
In mixed poststroke patients or pure pain patients,

programming was basically similar during the initial
phase. Patient programming is typically begun, again,
within 24 h of electrode implantation. At the initial pro-
gramming session, all contacts are checked in a monopo-
lar setting using 210 �s and 130 Hz. The voltage is
slowly raised to 4.0 V while the patient is monitored for
adverse motor movements and sensory changes. As am-
plitude is slowly increased, the patient state is evaluated.
For upper limb pain care is taken to note the location of
the electrode contacts intraoperatively that are over the
painful area as determined by motor mapping. The elec-
trode configuration is designed to use the contact that is
centered over the area of highest motor response at the
lowest stimulation level found intraoperatively. Stimula-
tion amplitudes are started at 2.5 V, but in some cases
have gone up to �4.0 V. Pulse widths are started at 210
�s, but in most cases in which changes were needed they
have been dropped to 90 �s. In patients for whom MCS
for pain seems to have benefit, the frequency has been
kept at 130 Hz, but in other cases a variety of frequencies
are tried.

Modeling technique
To understand what effect MCS may be having on

both the overall motor system and on processing of pain
in general, we have performed studies in computational
modeling. The software (UNCuS) for this approach was
created and refined by one of the authors [J.E.A.] and is
described elsewhere.71,72 It allows us to simulate general
biophysics of each neuron on a conductance level, con-
nect thousands of such independent cells together, each
with electrotonic dendritic processing, and keep track of
each synaptic event and time step on a 0.25 ms timescale.
We created a basal ganglia model to study DBS effects

on the subthalamic nucleus (STN)73 and have now used
this to study the effects of cortical stimulation on move-
ment disorders. In the STN DBS model, we had a very
simplified cortical representation. In studies on the mech-
anisms of MCS for pain syndromes, we created a more
sophisticated cortical model that includes intrinsic six-
layer cortical anatomic connectivity, and used this in a
separate model to examine cortico–cortical and cortico–
thalamic processing, to explore how pain sensation
within S1 may be affected by M1 stimulation.
The circuitry representing cortex is shown by the sche-

matic in Figure 3. Anatomical findings to support these
connections in appropriate ratios and synaptic configu-
rations are found in the work of several groups.74–79

Although either more or less complexity within cortical
regions can be either supported or criticized, we tried to
account for a representation of the majority if not all of
the major known connections and ratios. In addition, it
was necessary to use subthreshold levels of stimulation
in cortex. This is determined clinically by trying to see
driving of motor units on EMG with 10 Hz stimuli.
We used a similar thresholding to determine the ap-

propriate level of MCS in the model by using the am-
plitude of stimulation in the electrodes that would change
the firing rate in �50% of the cortical cells. Although
many of these cells were closer to their baseline thresh-
olds than without stimulation, they were not altered sig-
nificantly in their baseline firing rates by the stimulation
alone. However, and perhaps more importantly, it is

TABLE 1. Motor Cortex Stimulation (MCS) Settings at Last Follow-Up Visit

Patient

Time
Since

Surgery,
mo

Left Hemisphere Right Hemisphere

Amplitude,
V

Pulse
Width,

�s
Frequency,

Hz

Contacts

Case
Amplitude,

V

Pulse
Width,

�s
Frequency,

Hz

Contacts

Case0 1 2 3 0 1 2 3

MCS1 18, 6* 3.2 240 130 � � � n/a 	 — — — — — — — —
MCS2 12 3.5 210 130 � � 	 	 n/a 3.5 210 130 n/a � � 	 n/a
MCS3 12 3.4 210 100 � � � n/a 	 3.2 210 100 � � � n/a 	
MCS4 6 OFF n/a n/a n/a n/a n/a n/a n/a OFF n/a n/a n/a n/a n/a n/a n/a

n/a � not applicable; � � cathode; 	 � anode; — � no electrode was implanted on this particular side for this patient.
*A new implantation 12 mo after the first surgery.
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likely that surface stimulation fields from a typical pad-
dle-type lead are affecting horizontally oriented fibers,80

rather than affecting vertically oriented fibers exiting the
cortex. Many of the horizontal fibers are from the stellate
category of interneurons within cortical layers 1, 2, and
3, and these are predominantly inhibitory in nature.81

Moreover, the Toronto group70 has found that typical
renderings of MCS stimulate both types of fibers, rather
than directly hyperpolarizing them, as has been at times
speculated. Combining these observations led us to apply
MCS in the model—at subthreshold levels for motor unit
driving—only to the stellate interneurons of M1 and not
to the pyramidal cells (FIG. 3), which are excitatory and
are more likely to be output cells from the cortex overall.

RESULTS

Clinical
Overall, we have operated on 15 patients using MCS

as a treatment (Table 2). Specifically in the PD group of

four patients, there was one infection 3 months after
implantation and one intraoperative seizure that was gen-
erated during motor mapping. There were no other com-
plications from the device, the implant procedure, or
postoperative programming of the device. One patient
developed a superficial infection of the extension wire
site and required removal of the device. He had improve-
ment of �50% over baseline in dyskinesias, but re-
gressed significantly when the device was removed (this
was the unilaterally implanted patient). After reimplan-
tation of the device several months later, he again im-
proved over preoperative baseline by nearly 50% again.
Two patients had a 20–30% (M2 and M3) reduction in

medication requirements at 3 months, but patient M3
started to need more medication at the 6- and 12-month
time points. One patient (M5), however, had a 37%
increased medication requirement. One patient had a re-
turn of dyskinesias after 3 months (M5); this patient had
initially improved, but then the amplitude of stimulation

FIG. 3. Schematic showing all of the interconnections of two regions of cortex simulated using the UNCuS software program71,72 and
regions of sensory and motor thalamus used to model pain processing and the effect of motor cortex stimulation (MCS) on S1. Arrows
in red indicate inhibitory synapses on their targets; those in green, excitatory. All six layers are represented in M1 and S1, but have
slightly different ratios of connectivities, based on supporting literature. The rendering at bottom shows the regions of cortex intended
to be represented: essentially a core of the surface of the gyrus of M1 and S1. Interconnections between M1 and S1 are intended to
be predominantly the U fibers and are also shown in the lower diagram.
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was reduced and the benefit was lost. Once the stimula-
tion amplitude was increased again, the patient’s dyski-
nesias were again better controlled.
We examined scores for UPDRS Part III (motor dis-

ability) over the initial 12 months of the study (FIG. 4;
Table 3). Although significant benefit in these motor
scores can be discerned within the initial 6 months, the
trend was returning to baseline by 12 months, suggesting
that there is only a transient benefit with MCS, at least
using parameters described herein. Tables 3 and 4 show
how the UPDRS total scores changed over time in the
ON medication–ON stimulation state for the UPDRS
part III scores and the total UPDRS. Table 5 shows the
changes in medication over the study period.
In our series of pain patients, results are even less

consistent. With the eight patients for whom pain played
a prominent role, five cases were poststroke pain, one
was atypical head pain due to a traumatic fall (this patient
failed both spinal and peripheral nerve stimulation), one
was atypical head pain, and one was due to complex
regional pain syndrome secondary to a brachial plexus
avulsion most likely (this patient had failed both a spinal
cord and peripheral nerve stimulator).
Of the five poststroke pain patients, three cases were

mixed pain and movement disorders. One of those three
(P7) received no benefit from the stimulation for either
the pain or the movement disorder. The other two (P4
and P5) received varying degrees of benefit. Patient P5
has good control of pain in her upper extremities and
face, with less pain control in her leg region and minimal
control of a third-limb sensation. Patient P4 has fair
control of her pain and fair control of an internal tremor.
The patient with atypical head pain due to a fall has had
no benefit from the MCS for pain in his contralateral
scalp, but is getting benefit in his ipsilateral scalp, curi-
ously.

FIG. 4. UPDRS part III (on stimulation, off medication) over the initial 12 months in four patients with Parkinson’s disease. Averaging
at each time point shows that benefit was seen over the first 6 months, but then returned nearly to baseline by 12 months.

TABLE 2. Our Series of MCS Patients

Patient ID Diagnosis

Time Since
Surgery,*

mo
Age,
years Outcome

P1 PSM 39 64 Fair
M1 ET 36 56 Poor
P2 PSM 36 61 Good
P3 NPSP 35 41 Fair
P4 PSM 34 64 Fair
P5 PSP 30 58 Good
M2 PD 27 73 Fair to

Poor
P6 PSM 23 49 Poor
M3 PD 21 67 Fair to

Poor
M4 ET 21 89 Poor
M5 PD 20 45 Good to

Fair
P7 PSP 17 64 Poor
M6 PD 16 66 Fair
M7 CBD 17 62 Poor
P8 CRP 1 45 —
Mean 25 60
Std Dev 10 12
Max 39 89
Min 1 41

CBD � cortico–basal degeneration; CRP � complex regional
pain; ET � essential tremor; NPSP � non-poststroke pain; PD �
Parkinson’s disease; PSM � poststroke mixed pain–movement
disorders; PSP � poststroke pain.
*As of the time of this report.
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Programming of our pain patients includes a wide
range of stimulation parameters with voltage varying
from 2.2 V up to 4.2 V, pulse width varying from 120 �s
up to 330 �s, and frequency varying from 50 Hz up to
130 Hz. All patients start with monopolar settings, but
often bipolar settings are used with more anodal contacts.
Benefits in our other MCS patients remain mixed.

Anecdotally, however, there have clearly been modest
successes in our hands. Recently, for example, we have
had three patients who each called in to say they had
noticed worsening of their symptoms over the previous
month or so and that maybe they needed reprogramming:
one patient with PD (M5) and two with poststroke upper
extremity pain (P5) or mixed (P1). At the programming
visit, it was found that each of them had completely
depleted the implantable pulse generator batteries; all
three regained the previous benefit level after the batter-
ies were replaced. None had a hand controller device to
check battery levels, nor had they been seen in the clinic
recently, where their batteries might have been checked
and noted to be waning.

Modeling
Significant findings in our original modeling of STN

DBS included appreciating that DBS had effects on glo-
bus pallidus pars interna (GPi) and thalamic cells only at
frequencies of �130 Hz (the level at which therapeutic
effects are seen), that subsequent variance of firing in
GPi and thalamus was more notable than average firing
rate changes, and that power spectral changes in the
thalamic tremor frequency range were significantly di-
minished with STN DBS.73 Changes in the GPi with

MCS in the model, in terms of firing rate and variance of
the interspike interval, are shown in Figure 5. Note that
both STN DBS and MCS significantly alter the variance
in GPi cells. Such changes were unexpected, but were
found in our STN DBS modeling73 and are also found
within the same basal ganglia model using MCS.
A more sophisticated model of the cortical anatomy

and physiology was used in a thalamo–cortical circuit, to
explore how pain signaling might be affected by MCS
subthreshold stimulation. Because only the interneurons,
the majority of which are inhibitory, had MCS applied, it
is likely that this region of M1 would exhibit a general
decrease in firing rate and, by definition, would not re-
veal motor unit driving by EMG. Figure 6 shows how
topographically arrayed synaptic input from sensory
thalamus of an 80-Hz regional stimulation (graphically
shown by cumulative activity; FIG. 6a) to the receiving
layer 4 pyramidal cells of S1 would also lead to de-
creased activity in these layer 4 pyramidal cells overall
(FIG. 7). Likely this is related to the U fiber (subcortical
arcuate fasiculi) excitation from M1 being inhibited lo-
cally by stimulation of the horizontally oriented axons of
the associative inhibitory cells. The lack of even baseline
excitation from M1 layer 5 pyramidal cells, which send
output to layer 4 pyramidal cells in S1, would create a
lower firing rate in those targets. Figure 6b shows the
cumulative change in firing rate graphed to reveal loca-
tion within this cortical region. Note that there is a con-
vergence and focus of activity going from sensory thal-
amus (FIG. 6a) to S1 pyramidal cells (FIG. 6b). The
significant change in activity is centered only within the

TABLE 3. UPDRS Part III (Motor) Scores During ON Medication and ON Stimulation

Patient

UPDRS III Score

Pre
ON

1 mo
ON

3 mo
ON

6 mo
ON

1 yr
ON

New 6
mo ON

MCS1 19 26 25 (Inf.) (Inf.) 23
MCS2 32 47 13 18 35 —
MCS3 24.5 12 18 27 5 —
MCS4 11 — OFF OFF — —

Inf. � infection.

TABLE 4. UPDRS Total Scores During ON Medication and ON Stimulation

Patient

UPDRS Total Score

Pre
OFF

Pre
ON

1 mo
ON

3 mo
ON

6 mo
ON

1 yr
ON

New 6
mo ON

MCS1 54 46 52 47 (Inf.) (Inf.) 51
MCS2 71 57 79 42 94 62 —
MCS3 70.5 53.5 23 32 54 37 —
MCS4 29 22 OFF OFF — —

Inf. � infection.
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topographically oriented region which was coding for the
painful stimulus coming from sensory thalamus.

DISCUSSION

Electrical interface with the nervous system has be-
come commonplace in recent years. Stimulation of the
cortex, in particular, has been tried for treating refractory
pain syndromes, especially in the upper extremity and
face, and for treating a variety of movement disorders
including PD, tremor, and poststroke dystonias.
It is important to compare MCS with DBS, even at this

early stage of development. DBS has become a standard
approach in treating patients with PD who have become
more or less refractory to further medical management.
However, many patients would be more comfortable
with DBS as an option, and many more neurologists
would be more comfortable referring patients for sur-

gery, if the risk of an intracerebral hemorrhage were
eliminated. This complication is rare by most accounts.
Our program has had no significant hemorrhages, and
one questionable minor hemorrhage, in �200 implants,
and most reported series suggest the risk is �2%, with a
range of 0.2% to 9.5%.82

MCS offers the possibility of a surgical option without
this risk. Moreover, the need to perform surgery awake
in these patients, typically with microelectrode recording
and macro stimulation, is also unnecessary with MCS. If
MCS is as effective as DBS in treating the cardinal
symptoms of PD, and shows itself to have equal or fewer
complications, or more comfort for the patient overall,
then it becomes a preferable option for this category of
patient.
Despite several reports suggesting that MCS is bene-

ficial in PD,60 our results are consistent with these find-
ings only within the first 12 months. More detailed anal-

FIG. 5. Variance (Var) and coefficient of variation (CV) of the interspike interval (ISI) within the globus pallidus pars interna (GPi) region
of our basal ganglia model with MCS at increasing amplitudes. The variance decreases significantly. This is similar to what we had found
previously with stimulation of the subthalamic nucleus in the same model.

TABLE 5. Levodopa Daily Milliequivalents

Patient

Daily Levodopa Milliequivalents

Pre 1 mo 3 mo 6 mo 1 yr
New
6 mo

MCS1 2140 2140 1874 (Inf.) pre 1044; post 1320 1520
MCS2 1204 754 654 1054 1054 —
MCS3 820 850 1000 910 950 —
MCS4 1090 1320 1090 1090 — —

Inf. � infection; pre � pre new implant; post � post new implant.
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ysis of these earlier studies suggests that patients often
benefited early on and then lost those gains over time.
One other preliminary study,83 using subdural electrode
placement, found benefit only in tremor scores for one
tremor-predominant patient. Akinesia, rigidity, and gait
demonstrated no improvement with MCS. Altogether,
these studies involved �27 patients (counting up the
patients from the Italian groups,60 the Canavero team,55

the one limited Toronto study,83 and our own patients).
Controversy still remains as to whether the best electrode
location is parallel or perpendicular to M1, extradural or
subdural, what parameters should be used for program-
ming postoperatively, what stimulation polarity has im-
portance, and whether results, if any, are immediate or
should be looked for only after weeks to months.
An important question relating to MCS is, what ele-

ments of the motor cortex are being stimulated? Are the
cortico–spinal fibers being stimulated directly, as occurs
with transcortical motor evoked potentials, or are we
stimulating something else? Animal studies by Drouot et
al.56 demonstrate a renormalization of both STN and GPi
firing rates after motor cortical stimulation in monkeys
lesioned with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP). The stimulation paradigm they used was
similar to ours in that they were stimulating with two
cathodal leads. An important finding in their study was
that the effect of MCS on STN and GPi firing rates was
almost immediate, whereas the clinical changes can take
from minutes to days to reveal themselves.
Our modeling efforts to date suggest that MCS may have

influence on the basal ganglia similar to that of STN DBS.
It may be, however, that most of the effects of MCS in
movement disorders are frommediation with outflow of the

M1 region to spinal cord circuitry. Moreover, whatever
effect it is having wanes over several months if parameter
settings are kept constant, suggesting that perhaps longer-
term changes eventually catch up within the circuitry (e.g.,
DNA and protein processes) to limit the effectiveness of
MCS. We have not modeled such changes explicitly, but
plan to explore these ideas in the future.
The delay in the time scale of clinical efficacy of

MCS, on the order of months, has been suggested by
others in this context. Specifically, Drouot et al.56 men-
tion the possibilities of secondary messengers or long-
term potentiation as possible reasons for this time differ-
ence. One speculation is that chronic MCS may alter not
only the firing patterns in the basal ganglia but also, due
to its location, the interactions between the pyramidal
and extrapyramidal systems. This then raises the ques-
tion of how long it may take for both the thalamo–
cortico–basal ganglia loops and the cortico–cortical
loops to equilibrate to the new signal patterns.
With respect to the modification of pain by MCS, our

representation of a painful stimulus arising through sensory
thalamic cells and carried on to S1 is then inhibited byMCS
acting on just the inhibitory interneurons of M1. This find-
ing in the model is supported by data demonstrating that the
M1 and S1 regions are inhibited by MCS (albeit likely at
higher amplitudes).70,84,85 In contrast, MCS excites both
outgoing pyramidal cells and inhibitory interneurons.70,84

One hypothesis from this line of thought is that subthresh-
old amplitudes of MCS excite only the horizontal inhibitory
fibers, whereas higher amplitudes of MCS also stimulate
excitatory layer 5 pyramidal cells (for instance) in M1 in
addition to the inhibitory interneurons and this increased
activity would override the inhibition and lead to motor unit

FIG. 6. (A) Cumulative activity over 20 s of simulated time with a pulsatile 80-Hz stimulus in a discrete region of the topographically
oriented sensory thalamus. The peak activity over time (in red) represents the activity coming from this area and coding for a more
specific region of the body. The cells synapse directly on layer 4 pyramidal cells in the S1 representation of the model (FIG. 3). (B)
Cumulative activity difference before and after MCS in the model. Note that MCS inhibits the activity level only in the discrete region of
S1 that would represent coding for the same specific body region, topographically driving it from the sensory thalamus.
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driving, which indeed does occur clinically (personal ob-
servation). It remains to be validated whether MCS drives
predominantly inhibitory fibers coursing horizontally
within the exposed parts of the M1 gyrus, and these in turn
lead to local inhibition and then subsequent lack of layer 5
excitation of S1 (thus inhibiting S1 by providing less exci-
tation as well), but our model does support this possibility.
In reviewing MCS results from both the pain and

movement disorder literature, it remains unclear whether
MCS represents a major advance as a treatment option or
has limitations that await further refinement. Our expe-
rience, although limited, suggests that in certain cases,
there is longer lasting benefit, at least over 12–24
months, clinically. Deciding which patients may or may
not have long-term benefit from MCS may prove to be

exceedingly difficult. Moreover, because the procedure
has a very low frequency side-effect profile, below that
of even DBS, it will likely be tried in many cases any-
way, after other methods of treatment have failed. De-
termining the cause of benefit or failure in patients with
MCS may then depend on electrode location, program-
ming parameters, patient selection, or some combination
of all three, varying from case to case. Further work may
succeed in providing answers to these questions.
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FIG. 7. Mean firing rates in the S1 cell population in the model, over 20 s of simulated time, for topographically active (A) and nonactive
(B) pain area in S1. MCS is activated only between 12 and 16 s and is off the rest of the time; the decrease in overall firing rate during
this time is significant (panel a). In the absence of stimulation (panel b), there is no change in S1 activity throughout the entire simulation.
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