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Abstract: Objectives: Recent anatomical–functional studies have transformed our understanding of cere-
bral motor control away from a hierarchical structure and toward parallel and interconnected special-
ized circuits. Subcortical electrical stimulation during awake surgery provides a unique opportunity to
identify white matter tracts involved in motor control. For the first time, this study reports the findings
on motor modulatory responses evoked by subcortical stimulation and investigates the cortico-subcort-
ical connectivity of cerebral motor control. Experimental design: Twenty-one selected patients were oper-
ated while awake for frontal, insular, and parietal diffuse low-grade gliomas. Subcortical
electrostimulation mapping was used to search for interference with voluntary movements. The corre-
sponding stimulation sites were localized on brain schemas using the anterior and posterior commis-
sures method. Principal observations: Subcortical negative motor responses were evoked in 20/21
patients, whereas acceleration of voluntary movements and positive motor responses were observed in
three and five patients, respectively. The majority of the stimulation sites were detected rostral of the
corticospinal tract near the vertical anterior-commissural line, and additional sites were seen in the
frontal and parietal white matter. Conclusions: The diverse interferences with motor function resulting
in inhibition and acceleration imply a modulatory influence of the detected fiber network. The subcort-
ical stimulation sites were distributed veil-like, anterior to the primary motor fibers, suggesting de-
scending pathways originating from premotor areas known for negative motor response
characteristics. Further stimulation sites in the parietal white matter as well as in the anterior arm of
the internal capsule indicate a large-scale fronto-parietal motor control network. Hum Brain Mapp
34:3023–3030, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Our understanding of cerebral motor control has
changed over the last two decades. Brodmann differenti-
ated area 4 (primary motor cortex) and area 6 [Brodmann,
1909] which later became known as the supplementary
motor cortex [Penfield and Jasper, 1954]. Rizzolatti and his
team split the supplementary motor area (SMA) into a
SMA proper and a pre-SMA according to differing func-
tion and cytoarchitecture [Matelli et al., 1991; Rizzolatti
et al., 1996]. Furthermore, the premotor area was recog-
nized as an additional secondary area of motor control
[Fulton, 1935] involved in reaching movements [Geyer
et al., 2000; Rizzolatti et al., 1988]. This knowledge led to a
concept of hierarchical motor control, in which cortical
motor areas possessed clearly defined functions while
white matter received little attention. It was generally
believed that cognitive, visual, and somatosensory inputs
were integrated in the SMA. Initiation for movements
would then be sent from the SMA and the premotor area
to the primary motor area, which in turn would send
movement commands to the spinal motoneurons [Camp-
bell, 1905; Fulton, 1949; Rao et al., 1993; Wiesendanger,
1981; Wise, 1985]. This hierarchical concept, consisting of
SMAs and premotor areas providing complex movement
design to the primary motor cortex, and a primary motor
cortex having a monopoly on motor control over the spi-
nal cord, has recently been challenged by findings in the
macaque monkey and in humans [Nachev et al., 2008; Riz-
zolatti et al., 1998].

Tracer injection into the cervical spinal cord of macaque
monkeys showed that the SMA and the premotor area
have projections to the spinal cord [Dum and Strick, 1991].
In fact, secondary motor areas of the frontal brain seem to
contain nearly the same amount of corticospinal neurons
as the primary motor cortex [Dum and Strick, 1991]. The
secondary motor areas also appear to exert motor control
directly through projections on spinal cord motoneurons
in addition to their well-known cortical influence on the
primary motor cortex [Wise, 1996]. Projections from pri-
mary and secondary motor areas are markedly different in
the monkey: stimulation on the primary motor cortex
evoked larger and more frequent excitatory responses than
stimulation in the SMA (88 versus 48%, respectively)
[Maier et al., 2002].

Electrical stimulation of the human cortex performed ei-
ther to localize an epileptic focus or for functional map-
ping during surgery has provided us with valuable
information on cortical motor control [Duffau, 2001; Ikeda
et al., 2009]. A positive motor response may be readily
evoked through electrostimulation of the primary motor
cortex [Penfield and Bouldrey, 1937]. The secondary motor
areas such as the SMA and the premotor area, however,
remain unresponsive after standard stimulation and lead
to the typical complex movements of the extremities only
with a longer duration of stimulation [Graziano et al.,
2002].

Penfield and Jasper were the first in 1954 to observe ces-
sation of voluntary muscle contraction without alteration
of consciousness when selected areas rostral of the pri-
mary motor cortex were electrically stimulated [Penfield
and Jasper, 1954]. Lüders et al. confirmed these findings,
localized the areas within the posterior part of the inferior
frontal gyrus and the preSMA and termed the identified
locations ‘‘negative motor areas’’ (NMA) [Lüders et al.,
1987; Lüders et al., 1995].

Additional NAMs were detected anterior to the primary
motor cortex [Mikuni et al., 2006], corresponding to the
premotor area and the caudal SMA. Electrical stimulation
in this area during awake surgery elicited cessation of
movements of the upper extremities with additional cessa-
tion of movements of the leg and the tongue in areas ros-
tral to the reciprocal representation areas within the
precentral gyrus. Furthermore, a negative motor response
(NMR) was detected in the superior parietal lobule after
electrical stimulation [Mikuni et al., 2006], implying that
cortical NMAs are not restricted to the frontal lobe. How-
ever, the subcortical connectivity of these areas remains
unknown.

In awake surgeries for diffuse low-grade gliomas (LGG),
we use both cortical and subcortical electrostimulation
mapping to identify and preserve essential pathways [Duf-
fau et al., 2002]. Subcortical stimulation provides an
equally unique possibility to investigate axonal connectiv-
ity [de Benedictis and Duffau, 2011]. To better understand
the negative motor phenomenon, we moved on from su-
perficial cortical areas to investigate the underlying white
matter connections and extend our knowledge on the
hodology of motor control. We report here on a series of
patients in whom surgery was performed for frontal, insu-
lar, and parietal LGG. In addition, subcortical stimulation
sites that led to cessation or acceleration of movement,
and the characteristics of the evoked (negative) motor
responses were documented. We also identify the origin
and course of the newly detected fiber tracts. To our
knowledge, this is the first description of subcortical
NMRs.

PATIENTS AND METHODS

Patient Population

Twenty-one patients with diffuse LGGs in the frontal,
insular, or parietal lobe were selected from those admitted
to the Department of Neurosurgery, Gui de Chauliac Hos-
pital, Montpellier, France, from 2008 to 2011. Informed
consent was obtained from all patients prior to surgery.
Intraoperative subcortical electrostimulation mapping and
motor monitoring through continuous movements of the
extremities were performed in the 21 selected patients,
who underwent awake surgery.

All patients received a neurological examination prior to
surgery. Patients were also evaluated using Karnofsky
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Performance Status. Language was assessed by a speech
therapist using the Boston Diagnostic Aphasia Examination.

Intraoperative Electrostimulation Mapping

All patients underwent surgery under local anesthesia
so that functional cortical and subcortical mapping could
be carried out using direct brain stimulation. This method,
including the electrical parameter, was previously
described by the authors [Duffau et al., 2002; Duffau et al.,
2005]. A bipolar electrode with 5-mm spaced tips deliver-
ing a biphasic current (pulse frequency of 60 Hz, single-
pulse phase duration of 1 ms, amplitude from 1 to 4
mA—Nimbus*, Hemodia) was applied to the brain of the
awake patients. The current intensity used for the individ-
ual patients was determined by progressively increasing
the amplitude in 1-mA increments (from a baseline of 1
mA) until a functional response was elicited. Cortical elec-
trical stimulation was conducted for the identification of
eloquent cortical areas in every case (bipolar electrode, 5-
mm spaced tips, 60 Hz, single-pulse phase duration of 1
ms, 1.5–2 mA). In the first stage, tumor boundaries were
also obtained using ultrasonography. Then, before starting
with the resection, cortical mapping was performed. In all
cases, sensory-motor mapping was conducted first (to
elicit transient movement and/or paresthesia). All positive
stimulation sites were marked with a tag number. This
enabled to define the optimal threshold of stimulation.
However, our cortical mapping protocol did not include
continuous movements of the extremities, and therefore
NMAs were not identified.

During a second surgical stage, the tumor was removed
by alternating resection and subcortical stimulation, with
the same electrical parameters than at the cortical level,
without notification of the patient [Duffau et al., 2005].
Language was analyzed by a speech therapist present dur-
ing the awake phase [Duffau et al., 2002]. Furthermore,
our protocol of functional monitoring during tumor resec-
tion required patients to perform continuous movements
of the contralateral upper extremity: this test consisted of
repetitive and alternating flexion and extension of the arm,
hand, and fingers at a frequency at approximately 0.5 Hz.
Analogical continuous movements of the contralateral
lower extremity were analyzed during subcortical resec-
tion of the mesial SMA. A NMR was defined as cessation
of the described continuous movements without loss of
consciousness [Lüders et al., 1987; Lüders et al., 1995]. The
corresponding subcortical sites were marked with a num-
ber in case of reproducible motor interference, that is,
when symptoms were induced by at least three stimula-
tions. An intraoperative photography was taken, featuring
the positive cortical stimulation sites (motor, sensory, and
speech) as assessed by preresection cortical mapping and
marked by a number, as well as the subcortical stimulation
sites that led to motor interference. The characteristics of
the motor interference were noted together with eventual

positive motor responses and speech anomalies. To lessen
the intraoperative burden of the patient, the lower contra-
lateral extremity was tested only in selected cases of
mesial SMA, and motor interferences on the ipsilateral
extremities were not assessed.

Surgical Resection

Resection was extended up to functional boundaries
assessed by stimulation mapping that respected both elo-
quent cortical areas and essential subcortical pathways.
This approach limits neurologic deficits while maximizing
the extent of resection which is thought to have a positive
impact on the further course of LGG [Smith et al., 2008;
Soffietti et al., 2010]. The neurologic status was assessed
immediately after surgery and again after 3 months ana-
logical to the preoperative assessment.

Localization of Stimulation Sites

The exact localization of intraoperative subcortical stim-
ulation sites was determined by its spatial relation to vari-
ous anatomical (gyri, sulci, midline, and lateral ventricle)
and functional (motor, sensory, and speech) landmarks as
documented on intraoperative photography. The deter-
mined location of the stimulation site was plotted into the
postoperative magnetic resonance imaging (MRI). Indeed,
beyond the assessment of the extent of resection, this
imaging enabled the analysis of the anatomical location of
the eloquent areas, i.e. in essence, at the periphery of the
cavity, where the resection was stopped according to func-
tional boundaries—a methodology that we previously
reported [Duffau et al., 2002]. The anterior commissure–
posterior commissure, vertical lines tangential to the poste-
rior margin of the anterior and posterior commissure
(VAC and VPC, respectively) were used as a reference
frame for stimulation sites (Fig. 1). The NMR locations
were copied onto a mid-sagittal and a coronal (at the level
of the anterior leg of the internal capsule) schema of the
human brain (Fig. 1).

RESULTS

Patient Population

The mean patient age was 35 years (range, 24–50 years).
Of the 9 men and 12 women, 17 patients were right-
handed and 4 were left-handed according to the Edin-
burgh inventory. All 21 patients had a Karnofsky Perform-
ance Status of 90 or 100%. Seizures were the presenting
symptoms in all patients. Four patients had a slight speech
deficit and none had a motor or sensory deficit prior to
surgery. The preoperative MRI localized the tumor within
the SMA in 19 patients, the insula in one patient and sub-
jacent to the retrocentral gyrus in another patient (Table I).
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Characteristics of Subcortical Stimulation Sites

Cortical electrical stimulation was performed to localize
the precentral gyrus and speech areas according to our
mapping protocol. Subcortical electrical stimulation identi-
fied a total of 23 sites with motor interference in all 21
patients (Fig. 1). The sites identified during subcortical
electrical stimulation were located veil-like in a coronal

plane in 19 patients, ranging 2 cm subcortical down to the
anterior arm of the internal capsule rostral to the primary
motor fibers (Fig. 1). Three additional stimulation sites
were localized further anterior to the VAC line within the
frontal white matter and one site was found subjacent to
the retrocentral gyrus. In five patients, electrical stimula-
tion evoked positive motor response of the arm (and of
the leg in one patient) when at rest, in addition to inhibi-
tion of movement during voluntary continuous move-
ments at the same stimulation site (Fig. 1). Inhibition of
voluntary movement was evoked in 20 patients, and accel-
eration of movement in three patients. Continuous move-
ment in the contralateral lower extremity was monitored
only in two cases of mesial SMA resection, and both
patients showed additional movement inhibition of the
lower extremity during subcortical stimulation. The motor
arrest observed following electrical stimulation always
affected the continuous movement of the entire extremity
and lasted for a few seconds followed by normal continua-
tion of the transitory interrupted movement. Conscious-
ness was never impaired during the NMR. In three
patients, cessation of movements of the superior extremity
alternated with acceleration of the continuous movements
at the same stimulation site.

All patients recovered well from surgery and were dis-
charged home within 1 week following surgery. Fifteen
patients experienced postoperative worsening of speech.
Akinesia was noted in the contralateral arm in one patient
and in both the contralateral arm and the leg in another
patient. All patients with neurological worsening under-
went rehabilitation at home. On re-examination at 3
months, all patients had regained their respective preoper-
ative level.

DISCUSSION

Our understanding of cortical motor control has changed
radically over the last decades. The modulatory and hier-
archical concept of a SMA-generating motor sequence com-
mands and a primary motor cortex with a monopoly on the
transmission of motor commands to the spinal cord motor
neurons has been challenged by the findings of additional
motor areas within the frontal and parietal lobe [Matelli
et al., 1985; Filimon, 2010] and by the detection of cortico-
spinal fibers originating from secondary motor areas [Dum
and Strick, 1991]. Furthermore, the lack of clear anatomical
and functional borders between various motor areas [Gra-
ziano et al., 2002] has questioned the strictly localizationist
view. Surgical resection of the SMA leads to variable, but
mostly transient, motor, and speech deficits called the SMA
syndrome [Krainik et al., 2001; Krainik et al., 2004]. The
transient nature of the SMA syndrome and the lack of per-
manent motor deficits in patients with damage to the SMA
have been attributed to cortical plasticity in conjunction
with a vast subcortical network [Krainik et al., 2004]. To
comprehend the complex functioning of motor control, an
investigation of the cortico-subcortical network is manda-
tory [de Benedictis and Duffau, 2011].

Figure 1.

Sagittal (A) and coronal (B) planes. Sites with movement inhibi-

tion upon subcortical stimulation are marked with (*). Sites

with movement inhibition and positive motor response are

marked with a (l). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Cortical origin of the Identified Fibers

As previously mentioned, our protocol of cortical map-
ping did not include continuous movements of the extrem-
ities, and therefore cortical NMAs were not recorded.
Motor interference (inhibition, acceleration, or positive

response) was nevertheless reliably recorded in all patients

throughout the resection and subcortical mapping. How-

ever, several cortical areas are known to present identical

responses upon electrical stimulation, such as the here-

described subcortical fibers. These so-called ‘‘NMAs’’ are

TABLE I. Patient characteristics and motor responses with stimulation

Patient Age Sex Side Handedness
Affected

lobe
Characteristics of

Stimulation Results

Negative motor response Acceleration Positive motor
response

Speech
arrest

1 26 M L R Frontal Inhibition of arm and
leg movements

Arm and leg
movements

No

2 28 M L R Frontal Inhibition of arm and
leg movements

No No

3 36 F L R Parietal Inhibition of arm
movements

No No

4 25 F R L Frontal Inhibition of arm
movements

No Yes

5 25 M L R Frontal Inhibition of arm
movements

Arm
movements

No

6 44 F L R Frontal Inhibition of arm
movements

No No

7 43 M L R Frontal Inhibition of arm
movements

No No

8 35 F L R Frontal Inhibition of arm
movements

No No

9 42 F R L Frontal Inhibition of arm
movements

Arm
movements

No

10 39 F L R Frontal Inhibition of arm
movements

No Yes

11 38 M R L Frontal Inhibition of arm
movements

No No

12 40 M L R Frontal Inhibition of arm
movements

Arm
movements

No

13 31 F L R Insula None Acceleration of
arm movements

No No

14 41 F L R Frontal Inhibition of arm
movements

Arm
movements

No

15 41 M L R Frontal Inhibition of arm
movements

No Yes

16 34 F R L Frontal Inhibition of arm
movements

No No

17 28 F L R Frontal Site A: Inhibition of arm
movements

No Yes

Site B: Inhibition of arm
movements

No Yes

18 32 M L R Frontal Inhibition of arm
movements

No Yes

19 25 F R R Frontal None Acceleration of
arm movements

No No

20 50 M L R Frontal Site A: Inhibition of arm
movements

Acceleration of
arm movements

No No

Site B: Inhibition of arm
movements

No No

21 27 F L R Frontal Inhibition of arm
movements

No No

Abbreviations: M, male; F, female; R, right; and L, left.

r Subcortical Stimulation and Motor Control r

r 3027 r



located within the pre-SMA and the inferior frontal gyrus

in front of the primary motor face presentation Brodmann

area 44 [Lüders et al., 1987; Lüders et al., 1995; Penfield

and Jasper, 1954], as well as in front of the primary motor

cortex over the entire convexity [Mikuni et al., 2006] and,

in a single reported case, in the postcentral gyrus [Mikuni

et al., 2006]. The pre-SMA is known to have vast connec-

tions to prefrontal regions, but not to the central region or

parietal lobe or spinal tract [Dum and Strick, 1991; Hutch-

ins et al., 1988; Rizzolatti et al., 1996]. Furthermore, the

pre-SMA and the anterior SMA-proper were invaded and

destroyed by the tumor in most of our patients, making

them unlikely to be the origin of the here-described sub-

cortical fibers located just rostral of the corticospinal tract

(CST). The veil-like distribution makes the NMA in Brod-

mann area 44 and the parietal NMA equally unlikely to be

the corresponding cortical area for all stimulated fibers

although a subset of the fibers might be part of a parieto-

frontal loop. However, origin from the cortex within the

depth of the precentral sulcus cannot be excluded. In addi-

tion, five patients showed positive motor response when

at rest in addition to the described NMR at the same stim-

ulation site near the VAC line. These stimulated fibers

were too far anterior to be part of the primary motor fibers

originating from the precentral gyrus. We therefore believe

these fiber bundles, which show both inhibitory and exci-

tatory characteristics, to be of premotor origin, including

the posterior part of the SMA-proper.

Subcortical Trajectory of the Descending

‘‘modulatory motor pathways’’

The pre-Rolandic cortical NMAs located mainly within
the premotor area and the caudal SMA [Mikuni et al., 2006]
lie in the same coronal plane as the subcortical stimulation
sites in this study. These pre-Rolandic NMAs therefore
seem to be the most likely origin of the fibers detected in
our patients. The veil-like distribution of subcortical stimu-
lation sites in our study, ranging down to the anterior arm
of the internal capsule in a coronal plane, indicates a possi-
ble course toward the spinal cord. The premotor area is
known to comprise motor representations of the arm [Gen-
tilucci et al., 1988; Gerbella et al., 2010; Matelli et al., 1985;
Rizzolatti et al., 1988] and to have projections to the spinal
cord motor neurons [Dum and Strick, 1991; Maier et al.,
2002]. In fact, an average of 29% of all fibers at the cervical
medullar level originate from the SMA, and 31% from the
premotor area, implying a direct access of the SMA and the
premotor area to the spinal cord [Dum and Strick, 1991].
Thus, control of movement by the SMA and premotor areas
seems to be exerted directly on a spinal level in parallel to
the corticospinal input from the primary motor cortex
[Dum and Strick, 1991]. It is of interest that all patients
exhibited motor interference of the upper extremity. This is

in line with anatomical–functional findings in the macaque
monkey, which showed that the premotor area rostral of
the primary motor cortex contains vast motor representa-
tion areas of the arm, but not of the leg [Gentilucci et al.,
1988], whereas the SMA also comprises leg motor represen-
tation [Mitz and Wise, 1987; Rizzolatti et al., 1996]. In ac-
cordance with these studies, we observed motor
interference in two patients during stimulation of the mesial
frontal white matter (Fig. 1).

Possible Involvement of the Parietal Lobe and

Fronto-Parietal Connections

Furthermore, we evoked movement inhibition in the
white matter subjacent to the retrocentral gyrus and fur-
ther anterior within the frontal lobe (Fig. 1). Connections
of the detected fibers to known cortical NMAs in the pre-
SMA, the pre-motor area, and Brodmann area 44 are sug-
gested by the similarity of the motor response [Lüders
et al., 1987; Mikuni et al., 2006; Penfield and Bouldrey,
1937]. A single case of a parietal cortical NMA within the
retrocentral gyrus has been described [Mikuni et al., 2006].
The parietal lobe, however, is known to have strong con-
nections to premotor areas of the frontal lobe [Filimon
et al., 2010; Matelli and Luppino, 2001] and to contain
motor functions as demonstrated through cortical stimula-
tion in macaques and lesion studies in humans [Fogassi
and Luppino, 2005; Jackson et al., 2009]. Our findings of
subcortical fibers with inhibitory motor characteristics give
further evidence that the motor control network extends
beyond the frontal lobe into parietal areas.

Limitations of This Study

Maximizing tumor resection while avoiding permanent
neurologic deficits was the principal goal of surgery in
these 21 patients. Electrical stimulation was performed to
detect functional boundaries and was therefore restricted
to certain areas. As a result, further stimulation sites lead-
ing to various motor responses might have been missed.

In addition, only 2 of the 19 patients (11%) harboring
tumors within the SMA proper showed transient motor def-
icits (motor SMA syndrome). This stands in contrast to his-
torical cases, which showed motor SMA syndromes in 48%
of cases after resection of tumors within the SMA proper
[Krainik et al., 2001]. One could suspect that this low rate
of motor SMA syndrome might be indicative of a selection
of very anteriorly located frontal tumors. However, Figure
1 shows the localization of our stimulation points on the
posterior border of the resection cavity. One can thus see
that the resections encompassed the SMA proper in all fron-
tal cases, ruling out a selection of anteriorly located tumors
as the reason for the low rate of SMA syndromes.

On the other hand, it is worth noting that the functional
recovery following SMA syndrome was not always com-
plete. In the same article by Krainik et al. [2001], at 1 year
after surgery, three patients kept fine movement disorders
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(underutilization of the upper limb) and two patients had
bimanual coordination impairment. This is the reason why
in the present series, our surgical strategy was to remove
only noneloquent tissue and to stop resection after any in-
terference with motor function. This led to a termination
of surgery after the identification of inhibition and acceler-
ation of movement in anatomical sites just anteriorly to
the presumed corticospinal tract, and not because of posi-
tive motor responses owing to stimulation of primary
motor neurons themselves. In other words, we decided to
stop the resection according to functional boundaries,
including the network subserving motor control. There-
fore, it is likely that sparing fibers with motor modulatory
functions had influenced the occurrence rate of motor
SMA syndrome, as well as the quality of long-term recov-
ery. Indeed, on reexamination at 3 months, all patients
had regained their respective preoperative level. However,
our patient numbers is too small for a definite assessment
of the importance of those spared fibers for functional out-
come. Further studies are required to investigate the influ-
ence of subcortical motor mapping on the occurrence of
postoperative SMA syndrome.

CONCLUSIONS

The evidence of motor modulatory responses upon sub-
cortical electrical stimulation allows us to integrate recent
findings of cortical stimulation and anatomical studies,
and to postulate a veritable cortico-subcortical network of
motor control. This motor control network comprises fron-
tal and parietal fibers as well as a descending pathway
with inhibitory and excitatory characteristics, likely repre-
senting a direct projection from the premotor areas to the
spinal cord. The knowledge of this network will help to
guide surgery close to these structures in an attempt to di-
minish postoperative neurologic deficits. Further investiga-
tion of this network will shed light on functional deficits
following lesions of the involved structures. Furthermore,
a renewed classification of spinal cord projections originat-
ing from frontal premotor areas seems needed to distin-
guish these motor control fibers from the classical CST
originating from the precentral gyrus.
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