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A probabilistic map of negative motor areas of
the upper limb and face: a brain stimulation
study

Fabien Rech,"2 Guillaume Herbet,z’3 Yann Gaudeau,"'s Sophie Méziéres,6
Jean-Marie Moureau,*’ Sylvie Moritz-Gasser?* and Hugues Duffau®?

Negative motor responses (NMRs) are defined as movement arrests induced by direct electrical stimulation of the brain. The
NMRs manifest themselves after the disruption of a corticosubcortical network involved in motor control, referred to as
the ‘negative motor network’. At present, the spatial topography of the negative motor areas (NMAs) is poorly known. Hence,
the objectives of the present study were to establish the first probabilistic map of the NMAs of the upper limbs and face, identify
potential subareas, and investigate the NMAs’ relationships with the primary motor cortex. A total of 117 patients with low grade
glioma underwent awake surgery with direct electrostimulation. The Montreal Neurological Institute coordinates of sites eliciting
NMRs (face and upper limbs) were registered. A probabilistic map was created, and subareas were identified in a cluster analysis.
Each cluster was then plotted on the Glasser atlas and the 1200 Subjects Group Average Data from the Human Connectome
Project, in order to study connectivity and compare the results with recent parcellation data. We elicited 386 NMRs
(mean + standard deviation current intensity: 2.26 + 0.5 mA) distributed throughout the precentral gyrus in both hemispheres.
In each hemisphere, we found two clusters for facial NMRs. For upper limb NMRs, we found two clusters in the right hemisphere;
and three in the left. Each cluster overlapped with parcellations from the Glasser atlas. For the face, the NMAs were associated
with areas 55b and 6v. For the upper limbs, the NMAs were linked to areas 6v, 6d, and 55b. Each NMA cluster showed a specific
pattern of functionally connected areas, such as the inferior frontal gyrus, supplementary motor area, parietal areas, and posterior
superior temporal gyrus. The white matter pathways projecting to these subareas involved the frontal aslant tract and the
frontostriatal tract—both of which are well known to be associated with NMRs. This study constitutes the largest series to
date of NMRs mapped to the lateral surface of both hemispheres. Rather than being randomly distributed, the NMAs appeared
to be well structured and corresponded to parcellations identified by functional neuroimaging. Moreover, the white matter path-
ways known to drive NMRs are also connected to regions encompassing NMAs. Taken as a whole, our results suggest that NMAs
belong to a large-scale modulatory motor network. Our new probabilistic map might constitute a valuable tool for use in further
clinical and fundamental studies of motor control.

1 Department of Neurosurgery, Central Hospital, CHRU Nancy, 29 avenue du Maréchal de Lattre de Tassigny, F-54000 Nancy,
France

2 ‘Plasticity of Central Nervous System, Stem Cells and Glial Tumours’ group, INSERM U1051, Institute for Neurosciences of
Montpellier, F-34295 Montpellier, France

3 Department of Neurosurgery, Gui de Chauliac Hospital, Montpellier University Medical Center, 80 avenue Augustin Fliche, F-

34295 Montpellier, France

Centre de Recherche en Automatique de Nancy, UMR 7039, Faculté de médecine, Université de Lorraine, F-54000 Nancy, France

Université de Strasbourg, 30 rue Maire Andre Traband, F-67500 Haguenau, France

Université de Lorraine, L.E.C.L., INRIA-BIGS, CNRS UMR 7502, F-54506 Vandoeuvre-les-Nancy, France

Centre de Recherche en Automatique de Nancy, UMR 7039, CNRS, Université de Lorraine, F-54000 Nancy, France

NN B

Received April 29, 2018. Revised December 2, 2018. Accepted December 14, 2018. Advance Access publication February 7, 2019
© The Author(s) (2019). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For Permissions, please email: journals.permissions@oup.com



Atlasing negative motor areas

Correspondence to: Professor Hugues Duffau, MD, PhD

BRAIN 2019: 142; 952-965 | 953

Department of Neurosurgery, Gui de Chauliac Hospital, CHU Montpellier

80 Avenue Augustin Fliche, F-34295 Montpellier, France
E-mail: h-duffau@chu-montpellier.fr

Keywords: negative motor area; awake surgery; electrical stimulation mapping; motor control; probabilistic map

Abbreviations: AF = arcuate fasciculus; FAT = frontal aslant tract; FEF = frontal eye field; FST = fronto-striatal tract; MPA =
maximal probability area; NMA = negative motor area; NMR = negative motor response; PMR = positive motor response; SLF =

superior longitudinal fasciculus; SMA = supplementary motor area

Introduction

Negative motor responses (NMRs) are defined as the com-
plete inhibition of movement without the loss of muscle
tone or consciousness, and are elicited by direct electrosti-
mulation of the brain (Liiders et al., 1987). Negative
motor areas (NMAs) correspond to the cortical areas at
which electrostimulation can induce an NMR of the face
or upper or lower limbs, and are distributed across the
medial and lateral surfaces of both hemispheres (Liiders
et al., 1995). However, the NMRs’ functional significance
remains poorly understood; in particular, it is not clear
whether or not they have an inhibitory role (Filevich
et al, 2012). Recently, several studies showed that
NMRs can also be elicited by stimulating the white
matter under premotor areas (Schucht et al., 2013; Rech
et al., 2014). As it was possible to identify NMRs at the
cortical and the subcortical level, the existence of a net-
work involved in motor control, called the ‘negative motor
network’, was assumed. The white matter pathways sub-
serving this network [namely the frontal aslant tract (FAT)
and the frontostriatal tract (FST)] have been described
(Kinoshita et al., 2015; Rech et al., 2016). Based on
these findings, Rech et al. (2017) described the conse-
quences of damaging part of the negative motor network
on motor function, i.e. impairments of bimanual coordin-
ation and fine movements. Nevertheless, the cortical pro-
jections of the white matter tracts subserving the negative
motor network, and the precise spatial distribution and
coordinates of the cortical sites eliciting NMRs have not
been investigated in detail. Furthermore, their relationships
with the primary motor areas and others cortical and sub-
cortical structures involved in motor control are still
poorly known. As a consequence, and on the same lines
as Penfield and Brodley’s (1937) study of the primary
motor cortex, we sought to describe for the first time the
spatial distribution of cortical NMRs in 117 patients
operated on for diffuse low grade glioma. We created a
probabilistic map and identified clusters of responses cor-
responding to subparts of a broader corticosubcortical
motor control network.

Patients and methods

Patients

The present study included adult patients treated for low-grade
glioma at Gui de Chauliac Hospital (Montpellier University
Medical Center, Montpellier, France) between 2012 and
2016. In a clinical examination, the neurosurgeon checked
for possible neurological impairments in general and motor
impairments in particular, since the latter constituted an exclu-
sion criterion. All the patients were operated on under ‘awake’
conditions with functional brain mapping, and presented at
least one brain site eliciting an NMR during electrical stimu-
lation. All patients underwent a language assessment with a
neuropsychologist and a speech therapist.

Each patient provided his/her informed consent prior to sur-
gery. The study was conducted in accordance with our insti-
tution’s ethical standards for a retrospective study. The
stimulation mapping data were obtained during routine clin-
ical practice and not as part of an experimental investigation.
Our standard surgical approach includes awake craniotomy
with direct electrical stimulation mapping. Patients consented
to the retrospective extraction of clinical data from their med-
ical records.

Cortical mapping

Each patient underwent the surgical resection of low grade
glioma with intraoperative direct electrical stimulation map-
ping, as described previously (Duffau et al., 1999). This pro-
cedure increases the quality of the resection while sparing
functional networks and thus increasing the patient’s quality
of life (De Benedictis et al., 2010).

A large bone flap was created to systematically expose the
precentral gyrus and obtain positive mapping. After exposure
of the brain, ultrasonography was used to determine the
tumour boundaries. Next, electrical stimulation (60Hz, bi-
phasic, 1 ms pulse width; delivered for 4s via a bipolar elec-
trode with a tip-to-tip distance of 5 mm) was used to determine
the functional boundaries. Patients were asked to count from 1
to 10 and to concurrently perform alternating flexions and
extensions of the contralateral upper limb [all joints perform-
ing the same movement at the same time, i.e. the elbow (range:
0 to 90°), wrist and all fingers, with complete closure and
opening of the hand, and while the shoulder remained at
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rest] at a frequency of 0.5 Hz (i.e. one flexion-extension cycle
every 2s). The stimulation intensity was increased in 0.5 mA
increments (from a baseline intensity of 1 mA to a maximum
intensity of 4 mA) until speech arrest or a movement disorder
(contraction/inhibition) was elicited. After determining the
stimulation threshold, cortical mapping was initiated by de-
livering electrical stimulations at the same intensity over the
whole exposed surface of the brain (and at least the precen-
tral gyrus, tumour areas and peri-tumoural areas). These par-
ameters were not modified during the cortical and subcortical
mapping. Indeed, it was not mandatory to increase the stimu-
lation intensity after finding the optimal threshold because
this surgical protocol can be accomplished without inducing
permanent impairments, i.e. by avoiding false-negative sites
(Boetto et al., 2015). Furthermore, increasing the intensity
might lead to intraoperative seizures, greater current diffu-
sion and thus false-positives, which might disturb the
mapping.

Moreover, electrocorticography was not applied; a recent
study showed that electrocorticography-free awake surgery
for glioma is safe, reproducible, and associated with excellent
functional and oncological outcomes. Furthermore, after-dis-
charges occur mainly at intensities >4 mA (median: 6 mA) in
the frontal lobe, which explains why maintaining a low
stimulation threshold drastically reduces the incidence of
these discharges. In fact, subcortical mapping is essential
during tumour resection; it guides the resection along the
fibres up to eloquent cortical areas, helps the surgeon to op-
timize the resection in cortical areas, and also sometimes en-
ables supratotal resection with zero margins around crucial
epicentres. This method allows the neurosurgeon to rule out
false-positives caused by after-discharges (Boetto et al.,
2016).

For the mapping, the patient was asked to perform an
object naming task (DO 80) (Metz-Lutz et al., 1991) at
the same time as the motor task described above. This dual
task was monitored by a neuropsychologist or a speech
therapist. A site was considered to be functional if (i) stimu-
lation led to an impairment; and (ii) the cessation of stimula-
tion led to normalization three times in a non-sequential
manner (i.e. without stimulating the same site twice in
succession).

With regard to motor function, we recorded NMRs and
positive motor responses (PMRs). A PMR was defined as the
contraction of a muscle or muscle group responsible for an
involuntary movement (Penfield and Boldrey, 1937). An
NMR was defined as the complete inhibition of movement
without the loss of muscle tone or consciousness (Liiders
et al., 1987). The neuropsychologist or speech therapist
checked whether the movement disorder was due to contrac-
tion or inhibition and, for inhibition, whether the movement
was slowed down or interrupted despite the presence of muscle
tone and consciousness. This assessment was performed for
speech, the face, and the upper limbs.

Each response to electrical stimulation was identified by a
sterile tag placed directly on the brain’s surface. Resection was
then performed until cortical and subcortical functional
boundaries were identified. Photographs were taken before
and after the resection for off-line data processing. The patient
was anaesthetized, and the surgical site was closed.
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Normalization and extraction of
coordinates

The surgical protocol included preoperative MRI (acquired
1day before surgery) and postoperative MRI (acquired 1day
and 3 months after surgery), including 1 mm isometric 3D T,
sequences used for normalization, as described previously
(Herbet et al., 2016; Rech et al., 2016). Briefly, each MRI
dataset was first converted into the NIFTI format using
MRIcroGL software (http://www.mccauslandcenter.sc.edu/mri-
crogl/). Next, the data were normalized with SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/), implemented in
the MATLAB environment (version R2016a, The Mathworks,
Inc., Natick, MA, USA). Anatomical landmarks (such as vessels
and sulci on perioperative photographs, pre- and postoperative
MRI) and surgical reports were used to determine the optimal
location of electrical stimulation responses. Next, each response
was plotted on a normalized 3D rendering template (the ICBM
152 asymmetrical template) with a 3mm radius spherical
volume of interest (VOI) in MRIcron (http://www.mccausland-
center.sc.edu/crnl/mricron/). A 3mm radius was chosen with
regard to the electrode’s tip-to-tip distance of the (5 mm). The
Montreal Neurological Institute (MNI) coordinates (x, y, z) of
each stimulation site (the centre of the spherical volume of
interest) were extracted and recorded. Responses were then
categorized as a PMR or an NMR in the right or left hemi-
sphere, and as affecting the face, speech, or the upper limb.

Establishment of a probabilistic map

As described in the literature (Mandonnet et al., 2007; Ius
et al., 2011; Herbet et al., 2016), each stimulated voxel was
binarized to a value of 0 (no response) or 1 (response) for each
kind of response; this enabled us to generate a binarized map
for each patient and each response. In a given patient, the
value was set to 1 for all the voxels located on a site con-
sidered to be functional (i.e. after three stimulations eliciting
the corresponding response in a non-sequential manner, as
described above). Next, the probability with which a voxel
elicited a specific kind of response was determined (using
MRlIcron software) from the ratio of the total number of pa-
tients in whom the voxel was functional and from the total
number of times the voxel was stimulated (corresponding to
the total number of patients operated on the same side). The
following equation was then applied:

P=(V1+V24...+Vx)/n

where P is the probability of observing a given response, V is
the value (1) of the voxel for the given response, x is the total
number of times the voxel was considered to be functional,
and 7 is the number of patients operated on for the same
hemisphere. Brain shift and postoperative artefacts on MRI
meant that it was not possible to precisely measure the
exposed surface area of the precentral gyrus during the pro-
cedure. A probabilistic map was created by computing the
binarized map and laying it over the ICBM 152 asymmetrical
template, using MRIcroGL software for 3D surface rendering.
Therefore, areas of stimulations could be displayed and not
only the centre of the sphere.
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Cluster analysis

The objective here was to establish whether NMRs over the
precentral gyrus could be categorized into several subareas.
For each kind of motor response, we performed a cluster ana-
lysis using MATLAB, as previously described (Tate et al.,
2014; Herbet et al., 2016). The number of clusters was deter-
mined by applying the k-medoid algorithm to the centre of
each volume of interest—enabling one to plot the centroid
on the surface of the brain. The optimal number of clusters
was determined with two distinct methods: the Davies Bouldin
algorithm (Davies and Bouldin, 1979) and the average silhou-
ette method (Rousseeuw, 1987) by varying the number of clus-
ters from 2 to 10. Stimulation points were grouped into their
respective clusters, and results were carried over onto the
ICBM 151 asymmetrical template. The probability with
which each cluster elicited an NMR was calculated by dividing
the number of patients who presented at least one NMR in the
cluster by the number of patients operated on the same side.

For each cluster, a map was created to determine the prob-
ability with which each voxel in the cluster elicit the associated
response. The probability was calculated by applying the equa-
tion described above.

Comparison with an atlas

Our method generated several clusters for each kind of NMR.
We sought to compare these results with previous parcellations
of the precentral gyrus. To this end, we used the Glasser atlas
(Glasser_et_al_2016_HCP_MMP1.0_6, from https://balsa.wustl.
edu/sceneFile/show/Zvk4) because its parcellation map is built
on structural, connectivity and functional data (from task-based
and resting state-based functional MRI) (Glasser et al., 2016).
The Glasser atlas describes multiple functional areas inside the
precentral gyrus, and so we matched our clusters with the
atlas’s parcellations. As both methods have different sources
of functional data, we reasoned that a comparison of the re-
spective areas might provide valuable information on the func-
tional organization of the precentral gyrus. Therefore, using the
Connectome Workbench (https://www.humanconnectome.org/
software/connectome-workbench), each cluster of NMRs was
overlapped on the Glasser atlas, and its border and centroids
were plotted over the brain template. It was then possible to
determine which areas (if any) of the Glasser map matched with
a given cluster.

Functional connectivity analysis

Each cluster’s functional connectivity was analysed against the
1200 Subjects Group Average Data from the Wu-Min HCP
Data dataset (Van Essen et al., 2012) downloaded from the
Connectome database (Marcus et al., 2011). Use of the
Connectome Workbench enables one to assess the functional
connectivity of a chosen region by plotting a seed on it. One
seed was set per cluster; given that a cluster could overlap with
two or more areas, the best seed location was calculated. The
seeded area was chosen from among the parcellations that
overlapped with the cluster. Next, the maximum probability
area (MPA) was checked, along with the centroid’s position.
When the MPA and centroid were at the same position, the
seed was plotted at that location. If there was a mismatch
between the MPA and the centroid, the MPA was chosen as
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the seed location. When there was more than one MPA, the
centroid position was chosen as the seed location if it matched
with an MPA. If centroid was located outside MPAs, seeds
were tested on each MPA.

White matter pathways

To highlight the neural networks associated with the NMRs
and better understand the results of the functional connectivity
analysis, we looked at which association pathways might em-
anate from each area harbouring a cluster. To this end, we
used a recent tractography-based atlas (Rojkova et al., 2016)
that provides cortical projections of white matter tracts. Each
cluster or association pathway connected to the precentral
gyrus was plotted on a 3D brain template using MRIcroGL,
in order to analyse the overlapping areas and the functional
connectivity. Moreover, the relationships between clusters and
projection pathways known to be involved in the negative
motor network were also analysed. Lastly, we identified the
cortical terminations that overlapped (partially or totally) with
the clusters, in order to determine whether the latter consti-
tuted part of or all of a tract.

Data availability

Anonymized data will be shared by request from any qualified
investigator.

Results

A total of 117 patients were included in the study. The
characteristics of the patients and tumours are summarized
in Table 1. The most common tumour sites were frontal
(45.30%), frontotemporo-insular (19.66%), and temporal
(17.09%). No permanent impairments were observed at
3 months after the surgery.

A total of 527 sites were documented on the lateral sur-
face of the brain [mean =+ standard deviation (SD) per brain:
4.50 4 2.2 sites]. In all, there were 386 NMRs (accounting
for 73% of all responses) and 141 PMRs (27% of all re-
sponses) (Table 2). The NMRs were equally distributed over
the two sides of the brain (right: 34.9%; left: 38.3%), as
were the PMRs (right: 14.6%; left 12.1%) (Fig. 1).

Positive motor responses

The PMRs were distributed over on the precentral gyrus,
on the lateral surface of the hemisphere. Facial PMRs were
located in and around the primary motor area of the face
(Fig. 1). Upper limb PMRs were located more dorsally, i.e.
in and around the hand knob corresponding to the primary
motor area for the upper limb and the hand (Fig. 1).
However, the areas associated with PMRs in both hemi-
spheres extended outside the primary motor cortex. The
distribution of PMRs throughout the motor and premotor
areas has been described in detail elsewhere (Penfield and
Boldrey, 1937; Duffau et al., 2003; Mikuni et al., 2006;
Tate et al., 2014; Borggraefe et al., 2016).
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Negative motor responses

The NMRs were distributed across the precentral gyrus
(Fig. 1), as previously described (Mikuni et al., 2006;
Filevich et al., 2012; Tate et al., 2014). Interestingly,
NMRs were more frequently elicited at a similar mean
intensity (2.26 £ 0.5 mA for NMRs, and 2.2 + 0.4 mA
for PMRs) (Table 2). For a given patient, the NMRs
were always situated more rostrally than the PMRs.

On both hemispheres, facial NMRs were distributed over
the precentral gyrus (from the sylvian fissure to the superior
frontal sulcus; Fig. 2). Stimulation of these sites elicited
speech arrest. Given the surgical conditions (i.e. time con-
straints), the goal of the mapping was to rapidly identify
functional boundaries for tumour resection (Duffau et al.,
1999). Consequently, when speech arrest was elicited, it
was not possible to perform another task—moving the
tongue to distinguish between a pure ‘facial’ NMR from
a ‘speech arrest” NMR, for example. Facial NMRs were
elicited over the precentral gyrus on both hemispheres in
a high proportion of patients (94.34% for the right and
89.06% for the left; Table 3). Only one facial NMR was
observed for the (left) pars opercularis; the inferior frontal

Table | Characteristics of population and tumour

Population

Patients, n 117
Age, years, mean &+ SD 39+ 10
Male:female ratio 0.95
Handedness

Right 84.62%
Left 11.97%
Ambidextrous 3.42%
Tumour side

Right 45.30%
Left 54.70%
Contralateral to handedness 52.99%
Tumour location

Frontal 45.30%
Fronto-temporo-insular 19.66%
Parietal 11.11%
Temporal 17.09%

Table 2 Characteristics of stimulation sites

F Rech et al.

gyrus was invaded by the tumour in only 12% of cases and
the pars opercularis stimulated in 82% of cases
(Supplementary Tables 1 and 2). Seven stimulations of the
retrocentral gyrus elicited face NMRs. For each hemisphere,
two clusters were identified. The first one (cluster A, Fig. 3)
extended over the precentral gyrus from the superior frontal
sulcus to the inferior frontal sulcus, and overlapped with
areas 55b and 6d from the Glasser parcellation. Its centroid
was located at the junction between areas 55b and 6v on
the left hemisphere, and between area 55b and the frontal
eye field (FEF) on the right hemisphere. The maximum
probability of finding a facial NMR in this cluster was
situated at the junction between areas 6v and 55b on the
left hemisphere (15%), and within area 55b on the right
hemisphere (12%), rostrally to the face primary motor
cortex. Considering the data on the cluster border, the max-
imum probability, and the centroid position as a whole,
there was a good match between cluster A and area 55b.

The second cluster (cluster B, Fig. 3) was located more
ventrally, in the ventral premotor cortex; this corresponded
to area 6v in the Glasser parcellation. The MPAs were
found dorsally and ventrally on the right (26%) but were
less extensive on the left (29%). Centroids were located
ventrally to area 6v to the same extent on both hemi-
spheres. Therefore, area 6v matched well with cluster B,
and was chosen as the seeding site.

Upper limb NMRs were distributed from the sylvian fis-
sure to the hand knob (Fig. 4). They were located rostrally
to the primary motor cortex. As had been seen for facial
NMRs, there was a high frequency of upper limb NMRs
over the precentral gyrus (95.31% for the left hemisphere
and 100% for the right) (Table 2). Seven stimulations over
the retrocentral gyrus elicited NMRs.

Two clusters were found on the right hemisphere (Fig. 5).
One cluster (cluster A, Fig. 5) was located below the infer-
ior frontal sulcus, and corresponded to areas 43 and 6v
and part of area 55b in the Glasser parcellation. Its cen-
troid was located in the postero-inferior part of area 6v.
MPAs (P = 16%) were broadly distributed on both sides of
the border between areas 6v and 55b. Therefore, centroid
position was used to determine the seed and area 6v was
chosen. The second cluster (cluster B, Fig. 5) overlapped
with areas 6d and 55b and the FEF in the Glasser

Negative motor responses

Positives motor responses

226 +05
73.24% (n = 386)
Right: 34.91%
(n=184)

Current intensity, mA, mean £ SD
Overall response proportion (n = 527)

Detailed response rate
Face/speech arrest
Upper limb

39.85% (n=210)
33.40% (n = 176)

22+ 04
26.76% (n = 141)
Left: 38.33% Right: 14.61% (n = 77)

(n=202)

Left: 12.14%
(n=64)

16.51% (n = 87)
10.25% (n = 54)
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Table 3 Probability of negative motor responses for
each cluster and hemisphere

Response Right Left Overall
hemisphere hemisphere

Facel/speech arrest 94.34% 89.06% 91.45%

Cluster A 37.74% 4531%

Cluster B 71.70% 70.31%

Upper limb 100.00% 95.31% 95.8%

Cluster A 71.70% 54.69%

Cluster B 39.62% 12.5%

Cluster C 39.06%

This table shows the overall probability for each hemisphere to elicit a negative motor
response and the probability for each cluster in its hemisphere.

Left hemisphere

Right hemisphere

| Cluster A .

Cluster B

N —— ——

Cluster B

F. Rech et al.

parcellation. The MPA (P = 11%) was located over areas 55b
and 6d, and the centroid was located at the junction between
the ventral part of area 6d and FEF. Thus, two seeds were
used: one over area 55b, and another over area 6d.

Three clusters were found on the left hemisphere. Cluster
A (Fig. 5) was located below the inferior frontal sulcus, and
corresponded to all of area 6v and parts of areas 43 and
44, Tts centroid was located inside the MPA (P =20%) in
the middle of area 6v, giving the seed location. Cluster B
(Fig. 5) was located rostrally to primary motor cortex for
the upper limbs and hands, and overlapped within area 6d.
The associated MPA (P =4%) was located at the junction
between the FEF and area 6d, whereas the cluster’s centroid

| Probabilistic map ‘

| Parcellation map ‘

| Functionnal connectivity | | White matter pathways

e

am

—
m o=

o

€

0.836

Figure 3 Cluster analysis of face/speech arrest NMAs. Each row corresponds to a cluster. First column: a probabilistic map of the cluster
(colour bar scales were adjusted to highlight differences inside the precentral gyrus). Second column: overlap between the cluster boundaries
(cluster A = red dots; cluster B = yellow dots) and the Glasser parcellation map (area 6 m = white; area 6d = red; FEF = brown; area 55 = yellow;
area 6v = blue; area 43 = purple; area 44 = black; black triangle = centroid). Third column: areas functionally connected to the corresponding

cluster, according to the Wu-Min HCP Data dataset (high connectivity = yellow; low connectivity = red; the colour bar represents Pearson’s r;
seed = black circle; Glasser parcellation map = black line). Fourth column: overlap (purple) between clusters (red) and white matter pathways

(opaque blue = cortical projection; transparent blue = subcortical fibres).
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Figure 4 Probabilistic map of upper limb NMRs for each hemisphere. The colour bar indicates the probability. Scales were adjusted for

each hemisphere, to highlight differences inside the precentral gyrus.

was located in the centre of area 6d. The seed was placed
over the MPA, in area 6d. Cluster C (Fig. 5) was located
between clusters A and B (rostrally to the face’s primary
motor area), and covered all of area 55b and the upper
part of area 6v. The cluster centroid and the MPA
(P=14%) straddled the boundary between areas 6v and
55b. The seed was placed in area 55b, at the border
between areas 55b and 6v.

Functional connectivity

Our clustering (based on electrical stimulation) provided func-
tionally segregated areas that overlapped with the Glasser
parcellation. Establishing the same map with a different tech-
nique reinforces Glasser et al’s results. As explained above,
we were able to associate each cluster with a cortical area of
the Glasser parcellation on the basis of the MPA, the centroid
position and the cluster border. We then analysed each clus-
ter’s functional connectivity (Figs 3 and 35).

Face cluster A was correlated with area 55b, whereas face
cluster B was located more ventrally and was associated
with area 6v. The upper limb cluster A matched with area
6v. On the right hemisphere, the upper limb cluster B was
distributed dorsally over areas 55b and 6d. On the left
hemisphere, the upper limb cluster B was restricted to
area 6d, and cluster C overlapped with area 55b.

Accordingly, three main areas (6v, 6d and 55b) emerged
from our results and were used as seeds in the functional
connectivity analysis, as described above. The functional
connectivity analysis revealed that area 55b was connected
ventrally with area 6v, the inferior frontal gyrus, and the
superior temporal gyrus, dorsally with area 6d, posteriorly
with the primary motor cortex and the retrocentral gyrus,
and medially with the pre-supplementary motor area
(preSMA) and the cingulate gyrus.

Area 6v was functionally connected posteriorly with the
primary motor cortex and the retrocentral gyrus, dorsally
with the superior parietal lobule and area 6d, and medially
with the cingulate gyrus and the SMA.

Area 6d was connected posteriorly to the primary motor
cortex the retrocentral gyrus and the parietal lobe, and
medially to the cingulate gyrus.

White matter pathways

Several tracts are known to project fibres to the precentral
gyrus and therefore to areas corresponding to the clusters
found in the present study (Makris et al., 2005; Catani
et al., 2012; Martino et al., 2013). We used Rojkova’s
atlas to determine which white matter tracts might be con-
nected to the negative motor network. The long branch of
the arcuate fasciculus (IAF) and the anterior arcuate fasci-
culus (aAF), the superior longitudinal fascicle IT (SLF II) and
III (SLF II), the FST, and the FAT were identified as white
matter pathways of interest because they all project to the
NMAs on the precentral gyrus. In Rojkova’s atlas, these
pathways overlapped fully or partially with our clusters.

Face cluster A overlapped with the projections of the IAF,
SLF 11, and FST, while face cluster B overlapped with the
projections of the aAF, SLF III, IAF, and FAT.

Upper limb cluster A overlapped with the cortical termina-
tions of the IAF, aAF, and FAT. Cluster B matched the cor-
tical projections of the FST and SLF II. Lastly, cluster C
overlapped with the projections of the SLF II, IAF and aAF.

Discussion

The spatial distribution and
underlying connectivity of
negative motor responses

The spatial distribution of NMRs has long been a topic of
interest (Penfield and Boldrey, 1937; Liiders et al., 1987,
1995; Filevich et al., 2012; Tate et al., 2014; Borggraefe
et al., 2016). However, comparisons between studies are
complicated by the lack of a robust set of coordinates
(Filevich et al., 2012). The present study is the first to
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Figure 5 Cluster analysis of upper limb NMAs. Each row corresponds to a cluster. First column: probabilistic map of the cluster (colour
bar scales were adjusted to highlight differences inside the precentral gyrus). Second column: overlap between cluster boundaries (cluster A = red
dots; cluster B = yellow dots; cluster C = purple) and the Glasser parcellation map (area 6 m = white; area 6d = red; FEF = brown; area

55b = yellow; area 6v = blue; area 43 = purple; area 44 = black; black triangle = centroid). Third column: areas functionally connected to the
corresponding cluster, according to the Wu-Min HCP Data dataset (high connectivity = yellow; low connectivity = red; the colour bar represents
Pearson’s r; seed = black circle; Glasser parcellation map = black line). Fourth column: overlap (purple) between clusters (red) and white matter
pathways (opaque blue = cortical projection; transparent blue = subcortical fibres).

provide a probabilistic map of the cortical NMAs (based
on the analysis of the spatial distribution of the NMRs) on
the lateral face of the hemispheres in 117 patients. In all
cases, the mapping protocol was based on intraoperative
direct electrical stimulation. Our 3D probabilistic map of
NMAs might be of value in further clinical and fundamen-
tal studies of movement and movement disorders.

First, the spatial distribution observed here was in agree-
ment with previous reports (Mikuni et al., 2006; Filevich
et al., 2012; Enatsu et al., 2013; Tate et al., 2014
Borggraefe et al., 2016). In our study, however, NMRs
were more elicited frequently (mean number of NMRs
per patient: 3.3) and at lower stimulation intensities
(mean: 2.26 + 0.5 mA) than in the literature (range: 5 to
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15 mA) (Liders et al.,, 1987, 1995; Enatsu et al., 2013;
Borggraefe et al., 2016). We found that facial NMRs
(right: 94.34%; left: 89.06%) and upper limb NMRs
(right: 100%; left: 95.31%) were most frequently elicited.
Consequently, our study provided a unique, reproducible,
homogeneous dataset about NMRs that is amenable to clus-
ter analysis. Our analysis is the first to show that NMRs are
neither distributed widely (in contrast to previous sugges-
tions of a lack of precise organization on the hemisphere’s
lateral surface) (Mikuni et al., 2006; Filevich et al., 2012;
Borggraefe et al., 2016) nor somatotopically localized over
the inferior frontal gyrus (Liiders et al., 1995); in fact, we
found that NMRs were grouped into several areas over the
precentral gyrus. Brain plasticity cannot be responsible for
the fact that only one NMR was found over the inferior
frontal gyrus, since the latter was invaded by the tumour in
only 12% of cases. Moreover, previous studies did not
report NMRs over the inferior frontal gyrus (Mikuni
et al., 2006; Borggraefe et al., 2016).

Concerning face NMRs, our cluster analysis revealed two
epicentres: one in area 6v, and the other in area 55b. First,
cluster B (in area 6v) appeared to be connected to the SMA,
which is consistent with the frontal aslant tract connecting the
posterior region of the inferior frontal gyrus and the precen-
tral gyrus to the SMA (Catani et al., 2012). Moreover, sti-
mulation of the FAT can generate speech arrest (Kinoshita
et al., 2015), as can stimulations of the SMA (Liiders et al.,
1987; Filevich et al, 2012). This cluster is probably also
connected at a subcortical level to the retrocentral gyrus by
frontoparietal loop-driving NMRs (Almairac et al., 2014).
Second, cluster A was more broadly distributed but the loca-
tions of the MPA and the centroid tend to highlight area 55
b. This might mean that cluster A was connected to the
inferior frontal gyrus, the superior temporal gyrus, the
SMA, the preSMA, and the face representation of the primary
motor cortex—a larger network than for cluster B.

Upper limb NMRs also showed specific epicentres. On
the right hemisphere, cluster A was located over the ventral
premotor cortex and appeared to be connected to the SMA,
the primary motor cortex, the dorsal premotor cortex and
retrocentral gyrus. Cluster B was rostral to the primary
motor cortex for the upper limb, and corresponded to
area 6d (which is equivalent to the dorsal premotor
cortex). Dorsal and ventral premotor cortex are connected
both to each other and to the primary motor cortex, as
shown in the functional connectivity map (Fig. 5) and as
previously described in a non-human primate (Dum, 2005).
On the left hemisphere, a third cluster (cluster C) emerged
from our analysis; it was located on area 55b, and over-
lapped partly with area 6v and the FEF. The overall dis-
tribution of the upper limb NMRs in both hemispheres is
the same. Interestingly, the third upper limb cluster was
located in the left hemisphere within a region (area 55b)
with connections to many other areas. It is noteworthy
there was a difference between left- and right-handed
patients with regard to the probability of eliciting an
NMR in this cluster (P=12.5% for left-handed patients

BRAIN 2019: 142; 952-965 | 961

and 42.8% for right-handed patients). However, this dif-
ference was not statistically significant—probably as a
result of the small number of left-handed patients. Since
handedness might be due to asymmetric connections
between the primary motor cortex and dorsal premotor
cortex (as shown in resting state MRI experiments) (Pool
et al., 2015), we hypothesize that the asymmetry observed
in our study might also be related (at least in part) to
handedness.

Understanding the role of the nega-
tive motor network

The axonal connectivity mediating the negative motor net-
work has been recently described (Schucht et al., 2013;
Almairac et al., 2014; Rech et al., 2014, 2016, 2017,
Kinoshita et al., 2015). Although we are starting to under-
stand the subcortical pathways underpinning motor con-
trol, very little is known about these pathways’ cortical
projections. Two main tracts are thought to be responsible
for NMRs in the frontal lobe: the FAT and the FST
(Kinoshita et al., 2015) (Figs 3 and 5). The FAT connects
the precentral and inferior frontal gyrus to the SMA,
whereas the FST connects the precentral gyrus to the
basal ganglia. The NMRs show a somatotopic distribution
(Rech et al., 2016). Nevertheless, our present study shows
that the distribution of the NMRs over the precentral gyrus
is far more complex; despite a broadly somatotopic distri-
bution (face/ventral, upper limb/dorsal), some of the face
and upper limb NMA clusters are intermingled. Thus, cor-
tical projections from the FAT and the FST cannot alone
account for the subcortical connectivity, since they do not
completely overlap with the NMAs. Consequently, other
white matter pathways might be involved, such as the
IAF, aAF, and SLF. Moreover, intragyral tracts connecting
the NMAs to the primary motor cortex and somatosensory
areas might also be involved. Interestingly, some clusters
only partially overlapped with white matter tracts; this
might mean that the segregation could be greater in these
clusters. Conversely, various subparts of a tract can project
to different clusters, which might account for inter-cluster
plasticity for clusters targeted by the same white matter
pathways (Mikuni et al., 2006; van Geemen et al., 2014).
In future multimodal imaging studies, our probabilistic map
might help researchers to better understand the white
matter tracts that subserve motor control in this region.

The role of the negative motor
responses

The NMAs’ role—and particularly whether they have an
inhibitory function—remains subject to debate. Some
researchers assume that electrical stimulation disrupts sites
with a positive motor function, whereas other researchers
consider that NMAs inhibit motor control (Chauvel et al.,
1996; Filevich et al., 2012). Our present results showed
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that at the cortical level, NMRs could be elicited all over
the precentral gyrus at a lower stimulation intensity than in
previous series (Liiders et al., 1987, 1995; Enatsu et al.,
2013; Borggraefe et al., 2016), whereas PMRs (elicited at
similar stimulation intensities) were frequently located
immediately in front of the central sulcus. At the subcorti-
cal level, NMRs can also be elicited by stimulating the
white matter tracts connected to the NMAs (Schucht
et al., 2013; Rech et al, 2014, 2016)—corresponding
here mainly to the FAT and the FST (Figs 3 and 3)
(Kinoshita et al., 2015). Given that these bundles are
located in front of the pyramidal tract that emerges from
the PMR, our results suggest that (i) the cortico-subcortical
negative motor network has an inhibitory role per se; and
(i) PMRs are not artificially disrupted through intracortical
inhibitory connections. In fact, the latter mechanism is very
unlikely during direct stimulation of the axonal fibres emer-
ging from the cortical NMAs, which are anatomically dis-
tinct from the pyramidal fibres (Schucht et al., 2013).

The role of the dorsal and ventral premotor cortices in
grasping and reaching are well known (Chouinard and
Paus, 2006; Takahashi et al., 2017). These areas are also
involved in internally and externally driven movements—
notably thanks to connections between premotor and parie-
tal areas (Ariani ef al., 2015). Both areas contain representa-
tions of the arms and hands (He et al., 1993), and are
connected to each other and to the primary motor cortex
(Dum, 2005; Catani et al., 2012). Our results show that
clusters of NMAs are located on the dorsal and the ventral
premotor cortex, and that these clusters might be function-
ally connected to the primary motor cortex and the parietal
lobe. Hence, these clusters of NMAs might have a role in the
control of arm and hand movements during reaching and
grasping and in internally or externally driven movements.

Moreover, the NMA sites correspond to those associated
with the mirror neuron system (Buccino et al., 2004;
Cattaneo and Rizzolatti, 2009; Rizzolatti and Sinigaglia,
2016), namely the dorsal and the ventral premotor
cortex. Furthermore, the cluster located over area 55b
appears to be functionally connected to structures like the
inferior frontal gyrus and the superior temporal gyrus,
which are well known components of the mirror neuron
system (Rizzolatti and Sinigaglia, 2016). Interestingly, a
mechanism for action suppression involving the ventral pre-
motor cortex’s mirror properties has been suggested in the
macaque (Kraskov ef al., 2009). Along the same lines, we
hypothesize that NMAs play a role in inhibiting self-move-
ment during action observation in humans.

The value of a probabilistic map of
negative motor areas in neurosur-
gery, neurology and neuroscience
Detailed knowledge of the cortical organization of a net-

work of NMAs might help the neurosurgeon to plan the
surgical procedure. It might also facilitate brain mapping
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during tumour and epilepsy surgery. Indeed, cortical map-
ping of the negative motor network could be performed first
in the MPAs, with a view to finding NMAs more quickly.
Detection of the negative motor control network is essential
for preserve fine motor skills during lesional surgery in and
around the precentral gyrus. This argues for mandatory
awake mapping to identify NMAs, regardless of the lesion’s
side and patient’s handedness. Furthermore, the identifica-
tion of new epicentres within the negative motor network
(such as the extra-frontal areas connected to the precentral
NMAs) suggests that one should be cautious regarding
motor function during awake surgery in brain regions
other than the premotor areas. This probabilistic map also
adds new decisional components that can be discussed with
the patient and his/her family before surgery (e.g. the ‘onco-
functional ratio: the balance between more complete
tumour resection and the risk of subtle motor impairments)
(Duffau and Mandonnet, 2013).

Our probabilistic map might also be useful in under-
standing the pathophysiology of movement impairments
and predicting recovery in brain-damaged patients based
on the injured subareas; this has already been demonstrated
for the subcortical part of the negative motor network
(Rech et al., 2017). In the same field, our atlas could be
used to determine which area should be targeted during
non-invasive brain stimulation, in order to prevent an
imbalance between the primary motor cortices and to facil-
itate rehabilitation (Takeuchi et al., 2005; Bradnam et al.,
2013).

Moreover, our atlas might help to provide a better under-
standing of the neural network subserving the cortical
motor system control and the latter’s connections with
deep subcortical structures like the basal ganglia. The abil-
ity to use electrical stimulation to interrupt movement with-
out loss of consciousness or muscle tone might open new
perspectives for treating movement disorders and perhaps
identifying new targets for brain stimulation.

From a more fundamental viewpoint, our probabilistic
map provides a unique dataset with regard to the cortical
origins of the so-called modulatory motor network
(Schucht et al., 2013; Rech et al, 2014, 2016). The
NMAs identified in this study could be used as regions of
interest for exploring the motor control network’s func-
tional and structural connectivity (e.g. by using task-based
or resting state functional MRI and tractography).

Limitations

Some of the present study’s limitations are inherent to the
pathology studied and the corresponding stimulation pro-
tocol. First, given the fact that the precentral and postcen-
tral gyri were affected in 7% and 6% of cases, respectively,
we cannot rule out the possibility that the NMA locations
in these cases were distorted by the presence of the tumour.
Moreover, the protocol for awake mapping during glioma
surgery differs from that of extraoperative evaluation in
epilepsy surgery (Mikuni et al., 2006; Borggraefe et al.,
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2016). To avoid after-discharges and seizures and reduce
operating time, we did not increase the stimulation intensity
after the threshold had been established. This method has
proven its effectiveness in reducing the incidence of intrao-
perative seizures and in optimizing functional outcomes
and the extent of resection (Duffau et al., 2003; Boetto
et al., 2015). This difference in intensity level might explain
the lack of NMRs over the inferior frontal gyrus or the
rostral premotor areas (Mikuni et al., 2006; Borggraefe
et al., 2016).

Differences in stimulation protocol between our present
work and literature studies of NMRs complicate a direct
comparison of the results. The current density in our study
might have been higher than in the literature because of a
smaller electrode surface area, with a greater risk of current
diffusion to subcortical fibres. However, cortical stimula-
tion is more focal because the lower inter-electrode distance
decreases the edge-effect (Nathan et al, 1993).
Nevertheless, if subcortical current diffusion had been
responsible for false-positives, we should have found
NMRs at locations that had never before been described;
this was not the case.

Interestingly, the spatial distribution of anatomical sites
over the precentral gyrus observed here was quite similar to
those in previous studies of smaller numbers of patients but
with different protocols (Mikuni et al., 2006; Borggraefe
et al., 2016). Even though NMRs were elicited by a
lower intensity here, it is likely that the main NMAs are
located in the precentral gyrus. The other NMAs observed
on the lateral face of the hemisphere might belong to high-
order areas, which would be connected to the core NMAs
and constitute an input gate for the negative motor net-
work (Mandonnet et al., 2009). These results are consistent
with the fact that some studies using subdural electrodes
did not find any NMRs on rostral premotor areas either
(Mikuni et al., 2006; Enatsu et al., 2013).

One further issue is whether the type of elicited response
depends on the stimulation protocol (Mikuni et al., 2006).
In the present study, we did not increase the stimulation
intensity; as a consequence, some PMR sites located in the
same position as NMR sites might have been ignored.
However, PMRs that occur at higher intensity might be
due to a current diffusion to the PMA. Even though our
study’s stimulation parameters might have modified the
nature of the response (NMR versus PMR) and thus the
mapping, our results were very reproducible from one
patient to another and with regard to other studies
(Mikuni et al., 2006; Enatsu et al., 2013; Tate et al.,
2014; Borggraefe et al., 2016). Furthermore, the existence
of cortical NMRs is relevant, given the existence of sub-
cortical NMRs (responses that cannot be converted into
PMRs by increasing the intensity). Moreover, the glioma
resection protocol used in the present study is a common,
standard procedure (Duffau, 2004; Szelényi et al., 2010);
hence, our probabilistic map will probably reflect the ‘real-
life’ clinical results that surgeons will obtain during surgery.
Time constraints prevented us from assessing an NMR in
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detail (for example, asking the patient to move the tongue
after a speech arrest, or specifically moving the fingers after
an upper limb NMR). Accordingly, we cannot rule out the
possibility that we underestimated the full extent of the
NMRs. Further research is needed to tackle this issue.
Next, some NMAs could have been missed because the
surgery did not expose the entire cortical surface. Hence,
our probabilistic map will having to be updated by adding
new stimulation sites in other patients.

Lastly, we failed to show a difference between left and
right-handers for cluster C—probably because there were
few left-handers in our cohort: in future studies, this
hypothesis will be checked by increasing the number of
investigating sites.

Conclusion

The present report describes the largest series to date of
patients presenting NMRs during electrical brain mapping.
Our unique probabilistic map shows that NMAs are clus-
tered and not randomly distributed. The NMAs appear to
be part of a complex, large-scale, corticosubcortical subnet-
work involved in motor control. Better knowledge of the
NMASs’ cortical distribution and their underlying connectiv-
ity might be useful for neurosurgeon-patient discussions,
surgical planning, and intraoperative brain mapping in
the fields of tumour and epilepsy surgery. Our map might
also facilitate the prediction of motor recovery after brain
damage and guide the rehabilitation process. Lastly, the
map might help to understand the pathophysiology of
movement disorders—perhaps by enabling the definition
of new targets for brain stimulation. In addition to the
map’s clinical value, a better understanding of the negative
motor network’s functional anatomy might help neuros-
cientists to refine neurocognitive models of movement and
to identify new regions of interest for functional neuroima-
ging. In summary, our probabilistic map represents a solid
basis for further clinical and fundamental studies of motor
control.
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