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Surgical resection of the epileptogenic zonewithin the frontal lobe can be a very effective treatment formedically
refractory epilepsy originating from this area. While much of the frontal lobe consists of highly eloquent tissue,
surgery is not necessarily contraindicated as long as the epileptogenic zone is well-localized and the tissue
resected is limited. Resection of the primary motor cortex was described by Victor Horsley in the 19th century
and was used frequently in the early 20th century for a variety of neurological disorders including epilepsy; im-
provements in surgical techniques and mapping has led to a resurgence of its use in the past few decades. Al-
though many surgeons are hesitant to resect tissue adjacent to the primary hand area based on fears of new
motor deficits, there is extensive evidence that focal resections are well-tolerated over the long-termwith resid-
ual weakness that is fairly mild: some patients experience postoperative weakness, including hemiparesis, but a
stereotypical recovery of strength from proximal to distal muscles occurs over months, and only one quarter will
have a permanent neurologic deficit, usually consisting of difficulty with finemotor movements. Themain alter-
native to surgical resection is subpial transection, characterized by a small decrease in postoperative deficits and
significantly worse seizure outcomes. The treatment of patients with seizures originating from this region re-
quires a solid understanding of the structural and functional anatomy of the frontal lobe.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Extratemporal epilepsymakes up roughly one-third of refractory ep-
ilepsy, with frontal lobe epilepsy (FLE) making up the majority of those
cases. Frontal lobe epilepsy is likely the second most common form of
focal epilepsy [1]. It is frequently refractory to antiepileptic drugs and
therefore represents a very important target for neurosurgeons. Surgical
treatment of FLE represents between 10 and 20% of epilepsy surgeries,
second in frequency only to temporal lobe epilepsy [2]. Due to a combi-
nation of factors, the diagnosis and surgical treatment of FLE is often sig-
nificantly more complex than temporal lobe epilepsy. In a subset of
these patients, seizures originate from the primary motor area. The
resulting seizure semiology allowed for surgical treatment long before
the modern era of electrophysiologic diagnosis. The techniques of pri-
mary motor area resection have been “resurrected” multiple times,
but likely remain underutilized. Armedwith the knowledge of the ben-
efits of motor cortex resection, this technique provides a powerful tool
for surgeons in treating patients with epilepsy.
e Western Reserve University,
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2. Background

2.1. Frontal lobe epilepsy

The diagnosis of FLE is frequently more difficult than other focal ep-
ilepsies. It is important for epilepsy surgeons to have strong knowledge
regarding the different types of FLE, especially when discussing motor
cortex resection. Difficulties in electrographic localization make seizure
semiology an extremely important component in the diagnosis of FLE.
Frontal lobe epilepsy unfortunately provides an excellent example of
the limitations of surface electroencephalography (EEG). Due to itsmul-
tiple important and complex functions, the frontal lobe utilizes a large
number of high velocity white matter pathways that project diffusely.
The EEG, therefore, often shows a widespread focus or generalized sei-
zure pattern, oftenwithout clear focal abnormalities. Themedial and in-
ferior surfaces of the frontal lobe are electrically “hidden” from scalp
electrodes. Given the common occurrence of hypermotor manifesta-
tions in FLE, much of the ictal activity can be hidden in artifact.

These difficulties in electrophysiologic diagnosis of FLE were
highlighted by a case series reported by Pondal-Sordo [3]. This patient
series had excellent seizure control following precentral gyrus resec-
tion. However, only 26% of patients had electrophysiologic evidence of
seizures originating from the central lobe. Interictal spikes in the central
lobe were present in only 32% of patients. Most impressive of all, 18% of
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these patients had no interictal findings on their scalp EEG. However,
careful study of seizure semiology still provides robust localization in-
formation that help guide surgical treatment of FLE.

Seizure semiology in FLE can be categorized as central, premotor,
and prefrontal. Central epilepsy presents with motor and sensory phe-
nomena. This is often seen as a sensory aura [4] with an akinetic or
tonic seizure. Seizures of the supplemental motor area classically
cause tonic seizures of the bilateral extremitieswith retained conscious-
ness. Themotor movements usually consist of bilateral shoulder abduc-
tion with elbow flexion, bringing the wrist in approximation with the
acromion. The lower extremities are similarly abducted at the hips,
but with knee extension.

The sequence offindings can differentiate primary tonic seizures and
the tonic component of secondarily generalized seizures. In primary
generalized tonic seizures, tonic extension occurs simultaneously in all
four extremities. In secondary tonic seizures, there is often a motor se-
quence that points to the electrophysiologic source. This sequence be-
gins with head version, which represents a contralateral tonic seizure
of the cervical musculature. If examined carefully, a matching tonic sei-
zure of the contralateral facial musculature also usually develops. Next
is the “M2e sign”, which Penfield and Jasper described as the “fencing
posture”. This tonic posture consists of shoulder abduction and external
rotation with flexion of the elbow. When combined with the tonic
versive seizure, the patient appears to be looking at their hand, which
is above and lateral to their shoulder. The sequence completes with
the “sign of four” position, with the raised arm becoming tonically ex-
tended and the contralateral arm flexing across the abdomen, such
that the palm is touching the antecubital fossa.

Put together, FLE often shows a sequence of phenomena that is eas-
ily recognizable and provides a wealth of localization information. Head
version, tonic facial seizure, theM2e sign, and the “sign of four” all local-
ize to the contralateral hemisphere. For the “sign of four”, it should be
stressed that the seizure localizes to the hemisphere that is contralateral
to the tonically extended arm [5].

By tracking the progression of aura and seizure semiology, the sur-
geon can improve the localization of the epileptogenic zone. This
knowledge allows for better planning of invasive electrophysiologic
studies to further define the epileptogenic zone. When placed properly,
invasive electrodes can also be used to simulate symptoms of lesioning.
This can be very useful in patients with distorted cortical anatomy or
during patient counseling prior to performing destructive procedures.
Knowledge of the semiology also helps prevent two common errors in
epilepsy surgery: incomplete resection of the epileptogenic zone and
unnecessary resection of the symptomatogenic zone.

2.2. Surgical and functional anatomy of the hand area of the primary motor
cortex

The precentral gyrus is commonly described in neuroanatomical
texts by its sulcal boundaries. These landmarks are useful in prepared
specimens or on radiographic studies. However, in the operating
room, the sulci are obscured by a layer of arachnoid and occupied by
large veins. Because of the geometry of the sulcus, it is alsomore difficult
to see the curves of the sulcus superficially. Sulcal anatomy should
therefore be used to identify the precentral gyrus on preoperative imag-
ing, which is then confirmed intraoperatively by gyral anatomy and ste-
reotactic navigation. It should be stressed that the most important, and
most difficult, phase of anatomic localization is before dissection occurs.
As the dissection progresses, the sulci are increasingly visible at a
greater depth. As the sulci deepen, the curves of the sulci become
more prominent [6] and easier to identify.

The precentral “knob” describes the consistent convolution located
in the precentral gyrus that corresponds to hand area of the primary
motor cortex. It has also been called a “bayonet” [7], “step-like” [7], “zig-
zag” [7], “insulization” [8], “hook” [8], and “knuckle” [9]. In the modern
context of preferential axial imaging, the best descriptive term for it is
likely an “omega” [10]. The medial edge of the precentral knob is 2.2
cm from midline, with a base width of 1.5 cm and height of 7 mm [6].
Ten percent of patients have an additional involution, which causes it
to look like an epsilon symbol on axial imaging [6].

Unsurprisingly, the majority of literature regarding localization of
the precentral gyrus discusses the most superficial portions of the anat-
omy. However, in themultiple descriptions of these structures, there are
a few anatomic descriptions of the deeper anatomy, which has great
value for neurosurgeons. Yousry et al. [6] reported a very detailed and
insightful description of the depth of the central sulcus. In addition to
detailed dissection of fixed specimens, this study also correlated those
findings with anatomic and functional magnetic resonance (MR) imag-
ing. The appearance of the hand knob is due to two small sulci that run
perpendicular to the central sulcus [11].When dissecting into the depth
of the central sulcus, the curve of the sulcus increases, transitioning
from a sinusoidal to a semicircular curve [6]. These findings have been
confirmed by another group [11], again showing that deep exploration
of the central sulcus accentuates the appearance of the omega sign. An-
other important finding is that the central sulcus is interrupted by a
small ridge of tissue in 6% of specimens [11]. Thus, when identifying
the depth of the central sulcus, it should not be overly alarming to
find a discontinuity.

When direct identification of the precentral gyrus is not feasible due
to distorted anatomy or prior surgical procedures, the central sulcus can
be used to aid with localization. In one cadaveric study, after removing
the arachnoid and optimizing the specimens, neurosurgeons andneuro-
radiologists were unable to directly identify the hand knob in 22% of
specimens by shape alone [11]. Multiple methods of localizing the cen-
tral sulcus have been well-described and will be briefly discussed.

The first method is identification of the shape of the central sulcus,
which is likely of little utility when it is not possible to identify the
precentral gyrus. For completeness, the most precise description for
identifying the shape of the central sulcus is anteriorly convex genu
followed by a posteriorly convex genu and then another anteriorly con-
vex genu [6]. Amuchmore useful technique is following one of the fron-
tal sulci to an intersectionwith a portion of the precentral sulcus [12,13].
The precentral sulcus is usually segmented into a superior precentral
sulcus and inferior precentral sulcus [14]. The inferior frontal sulcus in-
tersects the inferior precentral sulcus in roughly 70% of specimens [13].
The superior frontal sulcus intersects the superior precentral sulcus in
roughly 80% of specimens [15]. Additionally, in roughly 90% of speci-
mens, the precentral sulcus is the sulcus immediately posterior to the
anterior ascending Sylvian ramus [13]. The precentral sulcus also only
reaches the midline in roughly 10% of specimens [15].

Because of variation in individual anatomy, none of the above tech-
niques are 100% reliable. However, when combined, their accuracy
should significantly increase. There are also a few traditional localiza-
tion techniques that should bementioned for completeness. These tech-
niques are mentioned for completeness; however, they have shown to
have very poor inter-rater reliability [16,17]. The precentral gyrus is
roughly 50% thicker in width than the postcentral gyrus [18,19]. In the
sagittal view of radiographic studies, the “bracket” sign can be seen
[19]. This corresponds to the pars marginalis, which is a portion of the
cingulate gyrus that separates the paracentral lobule from the
precuneus, which can be used to localize the postcentral gyrus. How-
ever, axial localization has a much higher inter-rater consistency than
using the pars marginalis [17].

In patients with epilepsy, the normal anatomy is often distorted by
abnormal development or a space occupying lesion. It is therefore im-
portant to combine these localization techniques to minimize the risk
ofmisidentification of the precentral gyrus.When evaluatingdiscrepan-
cies between the methods, it should be remembered that using the
shape of the precentral knob has the highest inter-rater consistency in
localizing the precentral gyrus.

It is important to stress that the functional localization of handmotor
function does not abruptly stop at the base of the precentral gyrus.
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Motor function is very frequently localized to the central sulcus and the
anterior aspect of the postcentral gyrus. This finding has been reported
in functional MR imaging [10,20,21], with cortical stimulation using
subdural grids [22,23]. These more modern techniques also reinforce
Penfield's original findings [24,25] that cortical stimulation of the
postcentral gyrus induces contralateral motor responses.

3. Resection of the hand motor area

The first known description of the primarymotor cortex resection is,
not surprisingly, attributed toVictorHorsley. In 1869,when describing a
patient with simple motor seizures originating in the hand, he first
posed the possibility of resecting the affected cortex. In 1887, he de-
scribed six patients in which he performed intraoperative mapping
followed by resection of the epileptogenic zone in the precentral
gyrus. He noted that “only slight and temporary paresis follows”. This
procedure was repeated by Keen [26], Nancrede [27], Lloyd and Deaver
[28], and Gowers [29] in the late 19th century and early 20th century
with similar results. In 1901, Cushing learned cortical stimulation from
Charles Sherrington and, in 1903, reported a focal resection in the
precentral gyrus [30].

Horsley was the first to move from these small, focal resections to
more aggressive resections. In 1909, he resected the entire hand region
in a fourteen-year-old boy with athetosis. His report [31] wonderfully
described what would eventually become known as the classic pattern
of recovery following this procedure. Immediately after surgery, the
arm was completely paretic. At three weeks, the patient recovered
proximal function, consisting of abduction, and adduction of the shoul-
der. This was followed by recovery of elbow flexion, then elbow exten-
sion, then wrist flexion. By one year, the patient had recovered some
motor function in the hand, butwhen possible, he still had a strong pref-
erence for using the contralateral hand for fine motor function.

Ernst Sachs [32] and Leonard Furlow [33] “resurrected” what they
termed the “Horsley operation” in the late 1930s. They reported their
results in sixteen patients that confirmed Horsley's results. All patients
had complete resolution of seizures with immediate postoperative pa-
resis followed by recovery of proximal then distal function. They
noted that their patients never recovered fine motor control in the af-
fected hand, but were able to return to work. In the next two decades,
similar results were reported by Otfrid Foerster [34], T.J. Putnam [35],
Paul Bucy [36], and Wilder Penfield with Theodore Rasmussen [25]. In
1947, Cobb Pilcher [37] reported an important series of 41 patients
Table 1
Case series reporting surgical outcomes and seizure control following surgical resection in prim
surgery. Deficits were considered long-term if they were present at the authors' last date of fo

Citation Year Number of
patients

Seizure
improvement (%)

Engel class
I/II

Lehman et al. 1995 20 90% 60%
Hufnagel et al. 1997 5 60% 60%
Sandok et al. 1998 14 93% 78%
Cukiert 2001 4 100% 100%
Cohen-Gadol et al. 2003 4 100% 75%
Mikuni et al. 2005 1 100% 100%
Pondal-Sordo et al. 2006 51 83% 46%
Chamoun et al. 2007 1 100% 100%
Behdad et al.a 2009 6 NA 83%
Benifla et al.a 2009 22 91% 82%
Sarkis et al. 2010 17 88% 76%
de Oliveira et al. 2011 48 100% 81%
Delev et al. 2014 46 72% 65%
Kim et al. 2015 33 85% 64%
Eldin et al. 2015 2 100% 100%
Zhang et al. 2017 9 89% 63%
Total 280
Weighted Average 84.8% 67.8%

NA — information not available.
a Denotes study only included pediatric patients.
with an impressive duration of follow-up. At six years after surgery,
half had improvement in their seizure frequency. Roughly one-third of
patients had postoperative paresis, one-third with mild postoperative
weakness, and one-third with no postoperative weakness. Importantly,
at six-year follow-up, all patients had complete resolution of upper ex-
tremity weakness.

Interestingly, nearly every famous neurosurgeon in the early 20th
century published use of this procedure for the treatment of movement
disorders. The development of this procedure and the involved neuro-
surgical personalities is the subject of an excellent review article [34].
The work of these pioneers has continued to advance, especially in the
past twenty years. Since 1995, there have been sixteen case series
[38–48] reporting use of this technique, totaling 280 patients (see
Table 1).

4. Technique and potential complications

The surgical treatment of epilepsy requires careful preoperative as-
sessment. The patient's seizure semiology reflects the symptomatogenic
zone. Electrophysiologic data should be examined should be correlated
semiology to identify the irritative zone and seizure onset zone. The
patient's MR imaging should be carefully studied for the presence of
focal cortical dysplasia, which is a common cause of central lobe epi-
lepsy. It has been reported that patients with cortical dysplasia have a
lower incidence of postoperative deficit with improved seizure control
[41,49]. However, the small number of patients in most case series has
not been able to statistically prove this. As discussed above, preopera-
tive identification of the relevant anatomy is paramount to surgical
planning. If invasive electrophysiologic data are needed to confirm the
location of the epileptogenic zone, the suspected symptomatogenic
zone provides a guide of what anatomic regions need to be evaluated.

The following technique is a description of the authors' preferred
method for motor cortex resection. The patient is placed in a Mayfield
head holder and positioned supine. A craniotomy is performed to ex-
pose the postcentral and precentral gyri. The hand knob of the
precentral gyrus should be exposed, even if it is not in the planned
area of resection. This is important for intraoperative testing, as the
hand region represents the best location to perform evoked motor po-
tentials. Additionally, given the high incidence of preoperative cortical
reorganization, this provides a consistent structural landmark to help
orient the surgeon. When exposing these areas, it is vitally important
to preserve the large veins draining into the superior sagittal sinus.
ary motor cortex. Postoperative deficits were defined as new neurologic deficits following
llow-up.

Immediate postoperative
deficit (%)

Long-term postoperative
deficit (%)

Mean duration of
follow-up (years)

60% 25% 10.9
60% 60% 1.5
14% 7% 6.0
100% 0% 1.6
100% 25% 3.5
100% 0% 1.5
50% NA 4.2
100% 100% 3.0
50% 50% 2.3
91% 36% 4.1
NA 59% 3.7
42% 0% 5.1
83% 28% 5.8
67% 15% 5.2
100% 0% 2.5
100% 33% 5.5

58.4% 23.1% 3.9
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Injury to these veins can cause venous infarction, often recognized clin-
ically by a dense motor deficit that involves function outside of the re-
section cavity.

Electrocorticography (ECoG) is performed to verify the location of
the eloquent tissue. This step is especially important for patients with
epilepsy, inwhom cortical anatomy and functionmay be altered. The ir-
ritative zone can be identified by observing for interictal spikes. Locali-
zation of the irritative zone can be correlated with preoperative
invasive electrophysiologic findings to improve localization of the epi-
leptogenic zone. The epileptogenic zone is defined as the minimum
amount of cortex that must be resected to produce seizure freedom
[50]. This area is therefore a theoretical construct. However, when pos-
sible, the surgeon should have a planned area for resection that includes
the predicted epileptogenic zone. In our practice, this area is labeled on
the stereotactic navigation software to allow for better intraoperative
localization.

While the technique of ECoG is familiar to epilepsy surgeons, when
planning resection of the primary motor cortex, it should be remem-
bered that it can be more difficult to obtain motor evoked potentials
in patients under 10 years of age [51]. However, case series of motor
cortex resection in pediatric patients [44,52] have not reported difficulty
with this technique. Stimulation parameters often vary between epi-
lepsy centers. A commonly used [53] technique is bipolar stimulation
with a biphasic 60-Hz squarewave with a pulsewidth of 1 s. At each lo-
cation, stimulation is started with 1 mA and increased by 1 mA until a
change in function or afterdischarges appear on ECoG [54]. Standard
precautions are taken during mapping, the most important being im-
mediate availability of cold sterile saline for termination of induced ep-
ileptic activity.

Cortex is resected in a subpial fashionwith strict borders at themar-
gins of the predicted epileptogenic zone. If the epileptogenic zone can-
not be estimated preoperatively, use of ECoG can assist in estimating
the necessary extent of resection. Similar tomultiple subpial transection
(MST) or hippocampal transection, resection can be performed until
there are no interictal features seen on ECoG [40]. Unfortunately, use
of ECoG is not always reliable for determining the necessary extent of
resection. During resection, it is important to respect vascular distribu-
tions and the subcortical white matter. The epileptogenic zone is
made up of cortical neurons in a parallel fashion. The association fibers
and vascular supply are located perpendicular to the cortex andmust be
avoided during resection. Some authors [3] advocate identification of el-
oquent tissue, halting the resection when eloquent tissue is encoun-
tered, and instead performing subpial transection in those areas. As
discussed below, this surgical strategy significantly changes both the ef-
ficacy and morbidity of the procedure.

Surgical complications are perhaps best defined as deviations from
the normal postoperative course [55]. Using this definition, the overall
complication rate frommotor cortex resection is very low, as immediate
postoperative hemiparesis is expected following resection of the pri-
mary motor cortex. In modern case series [3,38–42,44,48,52,56], there
are no reported perioperative mortalities or notable complications.
The most commonly mentioned complication in these series is a sub-
dural hematoma following subdural grid placement in preoperative
workup. This technique requires a relatively small surgical exposure
and short operative time and is often performed in young, healthy pa-
tients. However, the sum of these reports still represents a relatively
small and likely biased sample. The most frequent and important com-
plication of this technique is a lack of seizure control. Given the likeli-
hood of at least a subtle long-term postoperative deficit, the potential
for a lack of seizure control is an important topic to discusswith patients
before surgery.

5. Efficacy and motor function outcomes

Motor cortex resection is very effective for treating patients with re-
fractory epilepsy that originates from the precentral gyrus. In a total of
280 patients with resection of the primary motor cortex (Table 1),
some seizure improvement was seen in 85% and 68% of patients had
an Engel Class I or II outcome [57]. Nine studies [3,39,41–44,46,48,52]
classified and reported seizure outcome according to the Engel scale,
with one study reporting classification subtypes [52]. Fifty-five percent
of patients had an Engel Class I outcome, 14% experienced an Engel Class
II outcome, 17% experienced an Engel Class III outcome, and 12% expe-
rienced an Engel Class IV outcome.

An immediate postoperative deficit occurred in 58% of patients with
23% of patients reporting a long-termdeficit. The time course and sever-
ity of postoperative motor deficits are important topics to both the sur-
geon and patient. The most common pattern of weakness is consistent
with Horsley's original report and is consistent with our current under-
standing of the role of theprimarymotor cortex in voluntarymotor con-
trol. This pattern beginswith an immediate, dense postoperative paresis
of the affected area that lasts for roughly two weeks. Recovery then be-
gins in the proximal limb and proceeds distally over the next few
months. For the upper extremity, this pattern of recovery consists of
shoulder movement followed by elbow flexion. Recovery of elbow ex-
tension occurs, followed by recovery of wrist flexors and, lastly, hand
function.

Unfortunately, the literature is inconsistent in reportingmany of the
important details of long-term postoperative deficits. All of the
reviewed case series report that patients recover some degree of
strength in the affected limb [3,38–48,52,56,58,59]. However, in most
series, patients with complete postoperative hemiplegia usually do
not recover complete strength in the affected limb [3,38–48,52,56,58,
59]. If they do completely recover strength, there is often residual dys-
function of fine motor control in the upper extremity [41,43,44,47,48,
59]. In the series that report objective measurements in strength out-
comes [43,46,52], 28% had long-term residual weakness. Of these pa-
tients, 67% had weakness graded as 4/5 or better. For upper extremity
fine motor outcomes, the best outcome measure was used by Rougier
et al. [60]. They utilizedWade's scale [61] for upper extremity outcomes,
which provides a clinically relevant and objectivemeasure of finemotor
deficit in the upper extremity.

Lower extremity strength appears to recover better than upper ex-
tremity strength. When lower extremity paresis recovers, the most
common functional outcome reported is the ability to ambulatewithout
assistance, with or without the use of an orthosis. While this is not con-
sistently reported, when it is available [44,46,59,62], authors have re-
ported that all patients are ambulatory. Return to work is
unfortunately only rarely reported [40,48,62], but should be included
when possible, as it provides an excellent patient-centered functional
outcome that likely describes a patient's functional deficits as well as
their seizure outcome.

The face area of the primarymotor cortex deserves special attention,
as functional outcomes include both facial symmetry and language
function following resection. Seizure control is still excellent following
resection in this area, with just over 90% of patients having an Engel
Class I or II outcome. Multiple series [3,38,41,44,56] have reported
speech and motor results following resection of the face area of the
dominant precentral gyrus, with some reporting detailed outcomes. A
total of 37 case reports that describe outcomes following selective resec-
tion of the facial portion of the primarymotor areawere found in the lit-
erature. The incidence of immediate postoperative facial weakness is
unfortunately notwell-described, but appears to be similar to other por-
tions of the primary motor area. Seven of the 37 patients had long-term
facial weakness, equating to roughly 20% of patients. Facial weakness
has been shown to have a mild to moderate effect on quality of life
[63,64], but it should also be remembered that long-term facial weak-
ness has been shown to bemuchmore distressing to observers than pa-
tients [65].

The incidence of immediate postoperative dysphasia following re-
section of the facial region appears to be roughly 40%. This almost uni-
versally resolves, with 8% of patients having long-term dysphasia.
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Notably, one of the cases reporting permanent dysphasia occurred in a
patient with bilateral speech representation and had a speech deficit
following a right-sided resection in the face region of the precentral
gyrus. The high rate of recovery of postoperative dysphasia has been at-
tributed to the bilateral cortical representation of facial motor function.
However, it would be expected that this samemechanismwould trans-
late to a lower rate of long-term facial motor weakness, which does not
appear to be the case. It is also worth noting that, generally speaking,
motor deficits in the extremities recover full strength but often have
subtle difficulties with fine motor movement. While facial movements
certainly consist of predominately fine motor movements, it appears
that this resection of this area is more prone to persistent paresis.

Following resection of the primary motor region, the exact mecha-
nisms of functional recovery have not been fully explained. It is likely
multifactorial and related to the relatively diffuse nature of eloquent
neurologic function aswell as the tendency for remapping of neurologic
function in the setting of focal epilepsy. Eloquent areas are often pre-
sented as highly localized and isolated. This concept originated in
Brodmann's cytoarchitectural areas and was reinforced as functional
techniques became available. It also was somewhat of a necessary inac-
curacy to facilitate teaching of functional neuroanatomy. However, data
from intraoperative cortical stimulation have consistently shown that,
while there is overlap between patients, most eloquent functions have
a much more diffuse localization than the simple models used for edu-
cational purposes. This concept was well-described by Ojemann in
1979 [66] by reporting the large variability in the localization of the
“speech areas” between individual patients.

These findings have been repeated for multiple eloquent areas and
are especially important to remember in patients with long-standing
epilepsy. Preoperative cortical reorganization has been frequently re-
ported in patients with seizures originating from the precentral gyrus
[48,49,67–70]. Remapping of primarymotor function has been reported
in the supplementalmotor area [67] and postcentral gyrus [48,67], with
multiple reports of patients with no preoperative motor function in the
precentral gyrus [49,68–70]. For patients without preoperative
remapping of function, the best comparison is likely patients with a
stroke involving the primarymotor cortex. Following recovery of partial
function, functional imaging in these patients shows that function is
reorganized to the intact portions of the motor cortex or shifted poste-
riorly towards the postcentral gyrus [71].

This diffuse nature of functional networks likely represents a key
component of functional recovery. The residual, functional components
of the network allow for recruitment of cortical areas to restore func-
tion, leading to remapping of function. Using multiple different modal-
ities, it has been shown that many patients have remapped function to
other gyri. Preoperatively, patients with lesions involving the central
Table 2
Case series reporting surgical outcomes and seizure control following subpial transection in th
simultaneous resective procedures. However, none of these resective procedures involved the p
ing surgery. Deficits were considered long-term if they were present at the authors' last date o

Citation Year Number of
patients

Seizure
improvement (%)

Engel class
I/II

Morrell et al. 1989 16 NA NA
Wyler et al. 1995 6 83% 0%
Rougier et al. 1996 7 71% 29%
Hufnagel et al.b 1997 8 100% 88%
Pacia et al. 1997 3 100% 33%
Schramm et al. 2002 20 45% 15%
Devinsky et al.b 2003 13 77% 54%
Pondal-Sordo et al. 2006 1 0% 0%
Behdad et al.a 2009 7 NA 67%
Delev et al.b 2014 20 100% 45%
Total 101
Weighted average 59.4% 33.4%

NA — denotes data not available in original publication.
a Denotes study only included pediatric patients.
b Denotes patients also had simultaneous resections outside of precentral gyrus.
lobe have been observed to have abnormal mapping of their motor
function [72,73] into the ipsilateral premotor area, contralateral
premotor area, contralateral primary motor area, or ipsilateral somato-
sensory cortex. The combination of diffuse networks and the likelihood
of partial preoperative remapping likely underlie much of the recovery
following resection of the primary motor cortex.

6. Alternative procedures

The alternative procedures for motor cortex resection consist of the
same techniques that epilepsy surgeons employ in other anatomic
areas. These alternative techniques are also subject to the same limita-
tions that are seen when used in other areas. Topectomy [52], subpial
transection (see Table 2), and responsive neurostimulation (RNS) [74]
have been used in FLE. Responsive neurostimulation is still a relatively
new technique, and limited data are available regarding epilepsy origi-
nating frommotor cortex. However, data from a large randomized con-
trol trial [74] showed that RNS only decreased seizures by 21% when
compared to sham treatment with only 7% of patients becoming sei-
zure-free. In a stark reminder of the importance of treatingmedically re-
fractory epilepsy, four of the 191 patients died from sudden unexpected
death in epilepsy (SUDEP) during the two-year study.

Multiple subpial transection warrants the most attention, as this
technique is often advocated as an alternative to resection. Morrell in-
troduced this technique in 1989 [62] and reported 16 cases of subpial
transection in the primarymotor area. Therewere nopostoperative def-
icits; however, only 55% of patients had an improvement in seizure con-
trol. In subsequent case series of subpial transection in the primary
motor cortex [3,52,58,59,75–78], a total of 101 cases have been re-
ported. The efficacy of MST appears to be much lower than resection,
with only 33% of patients achieving an Engel Class I outcome. This pro-
cedure does have a lower incidence of postoperative deficit; however, it
is much closer to resection than expected. Eighteen percent of patients
have a long-term deficit following MST, compared to 24% following
resection.

Interestingly, the efficacy of subpial transection in the primary
motor cortex appears to be worse than other anatomic areas. Given
the small size of most case series, the efficacy varies greatly between re-
ports (see Table 2). In a large meta-analysis of subpial transection of all
anatomic locations [77], 62% of patients had Engel Class I [79] seizure
outcomes following subpial transection alone. The addition of resection
with MST increased this rate to 68%. As expected, MST with resection
had a higher rate of neurologic deficit (23%) compared to MST alone
(19%). When comparing these data with the reported cases of MST in
motor cortex (Table 2), it is clear that outcomes are different when
discussing epilepsy localized to the motor cortex.
e primary motor cortex. As noted, some of the included studies included patients that had
rimarymotor cortex. Postoperative deficitswere defined as newneurologic deficits follow-
f follow-up.

Immediate postoperative
deficit (%)

Long-term postoperative
deficit (%)

Mean duration of
follow-up (years)

50% 50% 5.0
0% 0% 1.2
29% 0% 2.2
100% 63% 1.8
33% NA 1.8
35% 0% 4.1
NA 8% 4.9
0% 0% 4.2
29% 0% 2.3
80% 25% 6.1

43.6% 18.8% 4.1
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Three reports [3,52,58] have directly compared resection and
subpial transection in the primary motor cortex. When combined,
these three series show 80% seizure control for resection, compared to
only 46% for subpial transection. These studieswere retrospective in na-
ture and likely contain significant selection bias. However, the majority
ofmodern case series of subpial transection in the primarymotor cortex
show a significantly lower seizure control rate than reported in other
cortical areas. In one series of six patients [75], all experienced seizures
in the two weeks following MST in motor cortex.

Follow-up reports have shown that there is a significant incidence of
delayed seizure recurrence between years two and five following sur-
gery. One series [76] reported an 18.5% delayed recurrence rate, with
another [78] reporting a 35% delayed recurrence rate. Subpial transec-
tion is a valuable technique that provides another tool in the armamen-
tarium of surgeons treating patients with epilepsy. However, when
comparing MST and resection in the motor cortex, MST appears to
have relatively similar morbidity with significantly worse efficacy.

7. Conclusions

Resection of the primary motor cortex is a very effective procedure
for epilepsy that arises in this region, and limited resection is well-toler-
ated as long as the area removed is carefully defined and not extensive
with careful delineation of the epileptogenic zone and mapping of
motor areas. After total resection of hand motor area, there is usually
dense postoperative weakness, but this improves over time, with com-
plete proximal recovery and restoration of functional grasp in amajority
of individuals. The alternative of MSTs leads to better short-termmotor
outcome, but epilepsy outcome is inferior, and long-term motor out-
come is similar to that of resection. Seizure andmotor outcome are usu-
ally excellentwith total resection of a well-localized epileptogenic zone,
so the presence of eloquent tissue within a limited epileptogenic zone is
not necessarily a contraindication to surgical resection. A detailed
knowledge of clinical and anatomic features of FLE is important for suc-
cessful management.
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