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Abstract

Functional brain mapping during awake surgery procedures is the gold standard technique in the management of left frontal
lobe tumors. Nevertheless, a unified picture of the language subsystems encountered during left frontal lobe mapping is still
lacking. We retrospectively analyzed the 49 cortical and the 33 axonal sites of functional language mapping performed in 17
patients operated for a left frontal lobe glioma under awake conditions. Sites were tagged on the postoperative MRI, based on
anatomical landmarks and intraoperative photography. All MRIs and tags were then registered in the MNI template. Speech
disturbances related to motor functions (speech arrest—with or without superior limb arrest—, stuttering, and vocalization) were
grouped together as “motor—speech” responses. Anomias, semantic paraphasia, perseverations, and PPTT errors were classi-
fied as “lexico-semantic” responses. MNI-registered axonal sites were used as seed for computing disconnectome maps from
a tractogram atlas of ten healthy individuals, as implemented in the BCB toolkit. The cortical distribution of lexico-semantic
responses appeared to be located anteriorly (pars triangularis of the inferior frontal gyrus and posterior end of the middle and
superior frontal gyrus) compared to motor—speech responses (lower end of the precentral gyrus and pars opercularis). Within
the white matter, motor—speech responses and lexico-semantic responses overlapped on the trajectory of the aslant and fronto-
striatal tracts, but the lexico-semantic sites were located more anteriorly (mean Y coordinate on the MNI system was 21.2 mm
for lexico-semantic sites and 14.3 mm for the motor—speech sites; Wilcoxon test: W =60.5, p=0.03). Moreover, disconnectome
maps evidenced a clear distinction between the two subsystems: posterior fronto-striatal and frontal aslant tracts, corpus callosum
and cortico-spinal tract were related to the motor—speech sites, whereas anterior frontal aslant tract, inferior-fronto-occipital
fasciculus (IFOF) and anterior thalamic radiations were related to the lexico-semantic sites. Hence, we evidenced distinct ana-
tomical substrates for the motor—speech and lexico-semantic systems. Regarding the aslant/fronto-striatal system, an anterior to
posterior gradient was found, with a lexico-semantic role for the anterior part and a motor—speech involvement for the posterior
part. For tumors abutting the precentral sulcus, posterior boundaries of the resection are made of motor—speech sites, meaning
that the anteriorly located lexico-semantic system is no more functional, as a result of network reorganization by plasticity.
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Abbreviations

DEBS Direct electrical brain stimulation
SFG Superior frontal gyrus

MFG  Middle frontal gyrus

IFG Inferior frontal gyrus

FAT Frontal aslant tract

FST Fronto-striatal tract

fMRI  Functional magnetic resonance imaging
MRI  Magnetic resonance imaging

Pop Pars opercularis

Ptr Pars triangularis

SMA  Supplementary motor area

vPMC Ventral pre-motor cortex

IFOF  Inferior fronto-occipital fasciculus
Introduction

The human language ability is currently envisioned as
emerging from a temporally orchestrated pattern of activi-
ties within a spatially delocalized set of cortical, striatal,
thalamic and cerebellar areas. Neurobiologically, the most
prominent view is the dual-stream model, which stipulates
in its original form a dorsal pathway supporting sound to
sensorimotor integration, and a ventral pathway mapping
sound to meaning (Hickok and Poeppel 2004). This model
was also shown to fit well with the known subdivision
of the language system, inherited from studies in cogni-
tive (neuro)psychology, in the two major dimensions that
are phonology and semantics: both for auditory modality
(Saur et al. 2008) and picture naming (Duffau et al. 2013),
phonology is associated with the dorsal stream and seman-
tics with the ventral stream (see also Halai et al. 2018) for
a recent neuropsychological account of this anatomo-func-
tional dissociation). In a convergent albeit slightly differ-
ent perspective, another interpretation of the dual-stream
model (Bornkessel-Schlesewsky et al. 2015) suggested
that the dorsal stream is implicated in the treatment of
order-sensitive sequence-based combinatorics [thus mak-
ing a link with syntactic abilities (Friederici 2012)], while
the ventral streams are involved in the building of order-
insensitive dependency-based combinatorics [in keeping
with the bilateral hub-and-spoke model of semantic mem-
ory (Lambon Ralph et al. 2017)]. In any case, the left fron-
tal lobe can be viewed as the anterior convergence zone
of the two streams, thus playing an essential role in cross-
stream integration (Bornkessel-Schlesewsky et al. 2015;
Sarubbo et al. 2016). As such, several cortical epicenters
of the left frontal lobe have been identified as “language”
areas (Price 2012), including the SMA and pre-SMA at the
posterior end of the superior frontal gyrus (SFG) (Hertrich
et al. 2016; Lou et al. 2017), the dorso-lateral premotor/
prefrontal cortex at the posterior end of the middle frontal

@ Springer

gyrus (MFG) (Duffau et al. 2003; Sun et al. 2013; Glasser
et al. 2016) and the Broca’s areas at the posterior end of
the inferior frontal gyrus (IFG).

Thanks to the advent of diffusion MRI and tractog-
raphy, the structural connectivity supporting the dual-
stream model has been progressively elucidated (Saur
et al. 2008; Axer et al. 2013; Dick et al. 2014; Friederici
2015). Briefly, the main white matter pathways of the dor-
sal stream are the arcuate fasciculus and the third branch
of the superior longitudinal fasciculus, while the IFOF/
extreme capsule fiber systems are the main associative
pathways of the ventral stream, although the ILF and unci-
nate fasciculus are also involved (see for example Ripollés
et al. (2017) and Papagno et al. (2014) for the role of these
pathways in semantic learning and proper name retrieval,
respectively).

In parallel to neuroscience advances gained from non-
invasive functional MRI studies in healthy individuals and
to cognitive neuropsychology advances from lesional stud-
ies in brain-damaged patients, direct electrical brain stimu-
lation (DEBS) contributed to further refine the role of each
pathway within the language network [see Duffau et al.
(2002), (2005) for seminal studies and Duffau (2015) for
arecent review]. However, contrarily to temporal tumors,
for which the stems of the IFOF or AF can be selectively
stimulated (typically generating semantic paraphasias and
phonological errors, respectively), the observed pattern of
language errors generated when mapping frontal tumors
is not so clear-cut. Indeed, due to the intermingling of
white matter fibers in the frontal lobe, stimulation will
impact simultaneously callosal fibers, cortico-striatal fib-
ers, thalamo-cortical fibers, intralobar associative fibers,
and interlobar associative fibers of both the dorsal and ven-
tral streams. Hence, several language pathways have been
proposed as functional boundaries for the left language-
dominant frontal lobe, such as the terminations of the
dorsal (superior longitudinal and arcuate fasciculus) and
ventral (inferior fronto-occipital and uncinate fasciculus)
pathways in the SFG, MFG and IFG [see De Benedictis
et al. (2012) for a review], the frontal aslant tract (FAT)
joining the mesial frontal lobe to IFG (Vassal et al. 2014;
Sierpowska et al. 2015; Fujii et al. 2015; Kinoshita et al.
2015; Ookawa et al. 2017), and the fronto-striatal tract
(FST) joining the mesial frontal lobe to the caudate and
putaminal nuclei (Kemerdere et al. 2016).

Consequently, we currently lack a clear and unified pic-
ture of the exact kind of errors that can be encountered when
mapping (cortically and) axonally the left frontal lobe. In
this paper, we review the functional sites constituting the
boundaries of resection in a surgical series of 17 patients
with left language-dominant frontal glioma, with the aim of
getting an integrated anatomo-functional pattern of language
errors observed during intraoperative mapping under DEBS.
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Methods
Patient’s cohort

We retrospectively reviewed a consecutive series of sur-
gical cases of brain gliomas operated under awake con-
ditions at Lariboisiere Hospital between June 2011 and
March 2017.

The inclusion criteria were: (1) glioma located in the
left frontal lobe; (2) the presence of positive language
functional sites evoked during the frontal brain mapping
by DEBS; (3) availability of at least three brain MRIs:
before surgery, immediate postoperatively, and late post-
operatively (>3 months); (4) availability of at least three
complete language examinations by a speech therapist
before surgery, immediate postoperatively, and late post-
operatively (>3 months).

Patients characteristics are given in Table 1. Seven-
teen patients (11 males and 6 females) were included.
The mean patient age was 45.5 years (range 29-74 years).
Thirteen patients were right-handed, two were left-handed,
and two were ambidextrous. Seizures were the present-
ing symptoms in 12 patients (66%), and headache was the
main presenting symptoms in 3 (17%). Two patients had
a speech deficit as presenting symptom (11%) and none
had a motor or sensory deficit. The histological results
revealed ten low-grade gliomas (6 oligodendrogliomas,

3 astrocytomas and 1 oligo-astrocytoma), one anaplas-
tic astrocytoma, two anaplastic oligodendrogliomas, and
four glioblastomas. Table 1 summarizes the basic patient’s
demographic and clinical data.

Tumor location

Based on the preoperative MRI, we classified the frontal
lobe lesions as anteriorly or posteriorly located. Tumors
were considered to be located posteriorly in the frontal lobe
when they involved the posterior end of the superior, mid-
dle or inferior frontal gyrus, abutting the pre-central sulcus.
Anterior-located tumors were defined as those in which the
posterior limit of the tumor was located at least 1 cm ante-
riorly to the precentral sulcus.

According to our definition, 9 of 17 lesions were located
posteriorly, accounting for 53% of cases (see Table 1). The
remaining eight patients harbored anteriorly located tumors.
Figures 1 and 2 show the spatial distribution of the preopera-
tive tumors, for the anterior and posterior groups, respec-
tively. Figure 3 gives the global distribution of the postop-
erative surgical cavities.

Functional mapping
All patients underwent awake surgery under local anaes-

thesia for cortical and axonal language mapping. After
removal of the bone flap and opening of the dura mater,

Table 1 Summary of patient
and brain lesion characteristics

Patient no. Sex *

Age (years) Lesion type

WHO grade Loca-  Clinical presentation

tion

group
1 M L 52 Glioblastoma v A Aphasia and hemiparesis
2 F R 66 Glioblastoma v A Expressive aphasia
3 F L 46 Glioblastoma v A Headache
4 F R 46 Oligodendroglioma 1II A Generalized seizures
5 M A 41 Oligo-astrocytoma 1L A Generalized seizures
6 M R 57 Oligodendroglioma 1II A Generalized seizures
7 M R 29 Oligodendroglioma 1II A Headache
8 F R 42 Astrocytoma I P Generalized seizures
9 F A 30 Astrocytoma II A Generalized seizures
10 F R 53 Astrocytoma II P partial seizures
11 M R 47 Oligodendroglioma 1II P Generalized seizures
12 M R 48 Oligodendroglioma 111 P Generalized seizures
13 M R 31 Glioblastoma v P Headache
14 M R 30 Astrocytoma I P Generalized seizures
15 M R 53 Oligodendroglioma 111 P Generalized seizures
16 M R 29 Oligodendroglioma 1II P Generalized seizures
17 M R 74 Oligodendroglioma 1I P Generalized seizures

Location group: A anterior, P posterior
“L left-handed, R right-handed, A ambidextrous

@ Springer
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Fig. 1 Spatial distribution of
preoperative tumors for the
anterior group

Fig.2 Spatial distribution of
preoperative tumors for the
posterior group

brain mapping was performed cortically by use of 60 Hz
bipolar adjustable constant current electrical stimula-
tion (Nimbus, Hemodia). In each case, the bone flap was
made sufficiently large to expose the ventral premotor cor-
tex, onto which intensity stimulation was progressively
increased from 1 mA up to 2 mA by 0.25 mA steps until
eliciting speech arrest during the counting task. Once the
threshold intensity has been determined, cortical functional
mapping is then started at this intensity and progressively
increased by 0.5 mA steps up to 3 mA. Cognitive functions
were always monitored using a double task (DO 80 picture
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naming (Metz-Lutz et al. 1991) combined with continuous
repetitive movement of superior limb), under the supervi-
sion of a speech therapist. Non-verbal semantic association
task, i.e., pyramids palm and trees test (PPTT) (Howard et al.
1992) was also performed in 10 out of the 17 patients. In
those patients, depending on the surgeon’s choice for deline-
ation of functional resection boundaries, only brain areas
shown to be unresponsive to picture naming were remapped,
or the whole exposed brain surface was remapped. Axonal
mapping was performed at an intensity between 2 and 3 mA.
Picture naming (and PPTT in 10 cases) was constantly
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Fig.3 Spatial distribution of the
postoperative cavities for the
whole series

monitored throughout the resection. Stimulation was applied
at regular time intervals, whenever the surgeon anticipated
a likely response [based on anatomical landmarks and/or
occurrence of errors, that can be spontaneous or induced
by the ultrasonic surgical aspirator (Carrabba et al. 2008)].
A site was considered as eloquent if the same dysfunction
was observed repeatedly in at least two out of three trials.
Resection was stopped when eloquent sites were identified.

Brain mapping responses

We considered the following responses evoked during
DEBS:

e Pure speech arrest: stopping of counting (superior limb
movement preserved).

e Complete motor arrest: simultaneous arrest of both
speech and superior limb movement during double tasks.

e Stuttering: unvoluntary repetition of the first syllable of
a word.

e Slow speech: unvolontary slowness of elocution.

e Vocalization: unvoluntary speech output, like “aaaaah”.

e Anomia: impossibility to name the item in the DO 80,
while the patient is still able to say “this is a...” during
the naming tasks.

e Semantic paraphasias: the output belongs to the same
semantic field as the target (Duffau et al. 2005).

e Verbal perseverations: the patient naming a previous pic-
ture rather than the new one.

e PPTT errors: impossibility or errors in accomplishing
the semantic association in the PPTT.

Within the white matter, it was observed that anomia,
verbal perseverations and semantic paraphasia could be
generated during the successive stimulation trials on the
same stimulation site. The final assignment of the site to
one of these categories was based on the most frequent
error type.

Registration of pre- and postoperative MRI
on the MNI template

Registration of native T1w images (preoperative and postop-
erative) to the MNI 2009¢ Nonlinear Asymmetric T1w tem-
plate (http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM 1
52NLin2009) was performed using ANTs (Avants et al.
2011) with the cross-correlation metric. To obtain optimal
registration parameters such as the number of iterations, the
smoothing and the gradient step size had to be fine-tuned.

Skull stripping is an operation that can improve registra-
tion results; the ANTSs brain extraction script was used on
the original data and only the skull-stripped T1w were used
for the registration to the skull-stripped MNI template. Area
around the tumor for the preoperative T1w image and cavity
for the postoperative T1w image were used as lesion masks
to stabilize the registration algorithm and improve the qual-
ity of the results.

@ Springer
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Quality of the registrations was validated visually to
ensure that the algorithm provided adequate results with
pathological brains.

Pointing cortical functional sites on the MNI
template

The cortical landmarks observed in intraoperative pho-
tography were mainly based on the vasculature network at
the cortical surface. Volume rendering was used to locate
functional sites onto the subject native preoperative T1w
in MI-Brain (Rheault et al. 2016) (https://www.imeka.ca/
mi-brain), based on their relative position to nearby veins
and arteries (see illustrative case on supplementary figure
S1). The volume rendering parameters were manually set
to maximize the visibility of the vasculature at the surface.
Once a site was located on the 3D surface rendering, the
axial/coronal/sagittal slices were used to pinpoint its exact
position in the native MRI. Then, a spherical region of inter-
est (ROI) was positioned at this location in the software.
The ROIs were then moved to the MNI template using the
nonlinear deformation field, resulting in ROIs aligned with
the MNI template. Finally, ROIs were converted to nifti file
to be visualized as overlay in MRIcroGL (http://www.cabia
tl.com/mricrogl/) along the MNI T1w image.

Pointing white matter functional sites on the MNI
template

The deep white matter functional sites observed in intraop-
erative photographs were located in the postoperative MNI
(median time after surgery: 4 months, range 3—6 months),
based on surrounding anatomical landmarks as stated in the
operative report (sulcal anatomy, ventricular anatomy, deep
gray nuclei anatomy, see illustrative case on supplementary
figure S2). Then a spherical region of interest (ROI) of 5 mm
diameter was positioned accordingly in MI-Brain. Result-
ing ROIs were further aligned with the MNI template and
finally converted to nifti file, to be visualized as overlay in
MRIcroGL along the MNI T1w image.

Color coding of the different error types

For the purpose of visualization, the different language
cortical sites were tagged with a specific color: (1) sites of
complete motor arrest (i.e., both speech and superior limb
arrest) were colored yellow; (2) speech arrest and vocaliza-
tion were marked in red; (3) sites producing anomia were
colored green; (4) PPTT errors were marked in light blue.
The same color coding was used for axonal sites with:

e acceleration of both speech and superior limb also
marked in yellow,
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e stuttering and slow speech sites also marked in red,
e semantic paraphasias and verbal perseverations also
marked in green.

All the language epicenters were also categorized more
broadly into two groups. Speech arrest, complete motor
arrest or acceleration of both speech and superior limb,
vocalization, slow speech and stuttering were grouped
together as “motor—speech” responses; while anomia,
semantic paraphasias, verbal perseverations and PPTT errors
were classified as “lexico-semantic” responses.

Tractotron analysis

Tractotron of the BCBToolkit (Foulon et al. 2018) (http://
www.brainconnectivitybehavior.eu/) was used to identify
which white matter tracts were stimulated on functional
sites. Tractotron is a software using FMRIB software library
(FSL), as well as recently published white matter tract
atlases in the MNI152 referential (Rojkova et al. 2016) to
determine the pattern of disconnection induced by a lesion.
For each 5 mm sphere centered on each functional site, Trac-
totron provides a probability of belonging to each tract of
the atlas. For each site, we extracted the first three tracts
with the highest probabilities. Other tracts with probability
greater than 90% were also selected, up to a total of five
tracts per site.

Disconnectome maps

For each stimulation site, a disconnectome map was cal-
culated using BCBtoolkit (Foulon et al. 2018). This
approach—that was chosen because individual patients’ dif-
fusion-weighted MRI were not available—uses a set of ten
healthy controls’ (Rojkova et al. 2016) diffusion-weighted
imaging datasets to track fibers passing through each 5 mm-
diameter spherical ROI representing a stimulation site. For
each participant, tractography was estimated as indicated in
Thiebaut de Schotten et al. (2011). ROIs of stimulation sites
in the MNI152 space are registered to each control native
space using affine and diffeomorphic deformations (Klein
et al. 2009; Avants et al. 2011) and subsequently used as
seed for the tractography in Trackvis (http://cds.ismrm.org/
ismrm-2007/files/03720.pdf). Tractographies from the stim-
ulation site ROIs were transformed in visitation maps (Thie-
baut de Schotten et al. 2011a, b), binarized and brought back
to the MNI152 using the inverse of precedent deformations.
Finally, we produced a probability map by averaging at each
point in MNI space the normalized visitation map of the ten
healthy subjects. Hence, for each stimulation site, the value
in each voxel of the resulting disconnectome map takes into
account the interindividual variability of tract reconstruc-
tions in healthy controls and indicates the probability (from
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0 to 100%) that a voxel is connected to the stimulation site
(Thiebaut de Schotten et al. 2015). Finally, disconnectome
maps related to “motor—speech” responses and “lexico-
semantic” responses were averaged separately and the dif-
ference between the two averaged maps was computed.

Statistical methods

Statistical analysis made use of the non-parametric
Mann—Whitney—Wilcoxon test, with the lexico-semantic or
motor error types as categorical variables, and the MNI-
coordinates as continuous variable. Significance was consid-
ered for p <0.05. The tests were implemented under Rstudio
(version 1.0.143).

Results
Cortical mapping

A total of 49 cortical language sites were found. Figure 4
shows the spatial distribution of these sites on the cortical
surface. Table 2 also summarizes these responses and gives
MNI coordinates of the sites.

The speech arrest sites were located in the precentral
gyrus (n=38), in the pars opercularis (n=1), or in the post-
central gyrus (n=1). Finally, one vocalization site was also
grouped with these speech arrest sites (Fig. 4 and supple-
mentary figure S3A; total of 11 sites).

Complete motor arrest sites were usually evoked in the
beginning of the cortical mapping. They were found in the
precentral gyrus (n=38), [including 4 sites at the lower end
of the precentral gyrus, i.e., at the level of ventral premotor
cortex (VPMC)] or located in the supplementary motor area

Fig.4 Cortical map of motor—speech (yellow and red marks) and lex-
ico-semantic (green and light blue marks) language sites

Table 2 MNI coordinates of the cortical functional sites

X Y zZ Language errors
=71 -22 28 Speech arrest
2 —-65 4 24 Speech arrest
-6l 19 10 Anomia
3 -56 -1 51 CMA
-55 36 15 Anomia
-95 13 63 Anomia
4 -56 -3 53 CMA
-39 6 65 Anomia
-51 25 39 Anomia
-51 25 39 PPTT
5 -54 2 50 Speech arrest
—42 5 66 Anomia
-22 8 75 Anomia
—-42 5 66 PPTT
-22 8 75 PPTT
6 —64 3 34 Speech arrest
—-62 21 16 Speech arrest
—44 -19 70 Vocalization
-28 30 62 PPTT
7 -55 2 53 Speech arrest
—-60 27 12 Anomia
-50 32 33 Anomia
8 —-65 -6 35 CMA
-32 6 68 Anomia
9 -63 -4 35 Speech arrest
—66 1 17 CMA
—58 11 36 Anomia
—49 15 50 Anomia
-37 18 58 Anomia
—58 26 -1 Anomia
10 —40 —11 67 CMA
—40 4 68 PPTT
11 —-63 7 Speech arrest
-59 28 5 Anomia
-55 42 Anomia
12 —64 4 27 Speech arrest
-61 17 14 Anomia
13 —-67 1 13 Speech arrest
-62 14 15 anomia
-29 3 75 Anomia
14 —65 7 8 CMA
-19 11 77 CMA
—-43 16 59 Anomia
-26 3 75 PPTT
15 —-62 15 17 CMA
-60 25 15 Anomia
—45 12 57 Anomia
-59 11 39 PPTT
16 —65 9 16 CMA

17 - - - -
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(SMA) (n=1) (Fig. 4 and supplementary figure S3B; total
of 9 sites).

Two crucial epicenters for naming process were observed:
the first corresponding to Ptr (n="7) and Pop (n=3) of IFG;
the second epicenter located in the dorso-lateral premotor
cortex at the level of the posterior end of MFG (n=38) and
SFG (n=3). (Fig. 4 and supplementary figure S3C; total of
22 sites).

Errors in semantic association were located at the level
of pre-SMA, i.e., in the posterior end of SFG (n=3), in the
posterior end of MFG (n=3), and at the junction between
MEFG and the precentral gyrus (n=1) (Fig. 4 and supplemen-
tary figure S3D; total of 7 sites). Of note, three of these sites
were also referenced as anomia sites during picture naming.

Overall, the lexico-semantic responses appeared to be
located anteriorly compared to motor—speech sites, and no
overlapping was seen among these two epicenters.

White matter mapping

A total of 33 sites (average 2 sites/patients, range 1-4) were
identified within the white matter pathways. Figure Sa—c
shows the spatial distribution of these sites, while Table 3
gives their MNI coordinates. The distribution of distur-
bances was as follows:

1) colored in yellow: 8 complete motor arrests, 1 accelera-
tion of both speech and superior limb movement;

2) colored in red: 4 vocalizations, 2 stuttering, 1 slow
speech;

3) colored in green: 11 anomia, 1 semantic paraphasia, 3
verbal perseverations;

4) colored in light blue: 2 PPTT errors.

Despite some degree of overlap, the lexico-seman-
tic sites (green + light blue) are located anteriorly to
the motor—speech (yellow +red) epicenters. This visual

observation was statistically confirmed: the mean Y value
within the MNI system was 21.2 for the lexico-semantic
sites, compared to 14.3 for the motor sites (Wilcoxon rank
sum test: W=60.5, p=0.03).

Interestingly, in the 9 of 17 cases of posteriorly located
tumors, no naming or semantic errors were evoked during
axonal mapping of the posterior wall of the cavity. Instead,
the posterior functional sites were related to motor—speech
responses.

Tractotron analysis

The selected results of the Tractotron analysis are given
in Table 3, while the complete sets can be found as sup-
plementary material. They highlight that stimulations sites
affected mainly the corpus callosum and frontal commissural
fibers, the frontal aslant tract, the fronto-striatal tract, the
frontal superior longitudinal tract, and the anterior thalamic
radiations.

Disconnectome maps

Figure 6 shows the subtraction between the motor—speech
and lexico-semantic disconnectome maps. This analysis
revealed that stimulation inducing motor speech impair-
ment was located on a circuit involving the cortico-spinal
tract (CST), and posterior portions of the fronto-striatal and
frontal aslant tracts. Alternatively, lexico-semantic errors
were induced following a stimulation of the inferior fronto-
occipital fasciculus, anterior thalamic radiation as well as
the anterior portion of the fronto-striatal and frontal aslant
tracts.

Finally, motor—speech and lexico-semantic systems
included, respectively, middle and anterior fibers of the body
of the corpus callosum.

Fig.5 Axonal map of motor—speech (yellow and red marks) and lexico-semantic (green and light blue marks) language sites. a Anterior view. b

Lateral view. ¢ Superior view

@ Springer
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Table 3 MNI coordinates of axonal functional sites
X Y VA Type of response Tract 1 Tract 2 Tract 3 Tract 4 Tract 5
P1 -17 15 16 VP ATR (1.0) CC (0.95) FST (0.86)
P2 -5 15 20 Anomia CC (1.0) FC (1.0) Cing (0.98) Cing_ant (0.92)
P3 -17 25 8 Anomia CC (1.0) ATR (1.0) FC (1.0)
P4 -17 12 19 VP ATR (1.0) CC (0.99) FC(0.88)
-36 28 12 Anomia SLF III (0.96) CC(0.82) ATR (0.66)
P5 -25 24 7 Anomia FST (1.0) IFOF (0.98) ATR (0.90)
=25 24 22 VP CC (0.99) FST (0.96) ATR (0.96) FC (0.94)
-14 27 36 Sp CC (1.0) FC (1.0) Cing_ant (0.99) SLF1(0.96) Cing (0.92)
P6 -12 32 39 PPTT CC(1.0) FC (1.0) SLF1(0.97) Cing_ant (0.94)
—16 23 20 Stuttering CC(1.0) FC (1.0) Cing (0.82)
P7 -17 10 20 CMA ATR (1.0) CC (0.99) FC (0.90)
P8 -30 22 40 Anomia CC (1.0) FSL (0.96) SLFII (0.91)
-17 22 23 CMA CC (1.0) FC (1.0) Cing (0.94)
-35 21 19 Slow speech SLF III (0.98) FAT (0.92) CC (0.91)
P9 -24 20 24 CMA CC (1.0) FAT (0.94) FST (0.94) ATR (0.94) FC (0.92)
P10 -20 12 57 CMA FAT (1.0) CC (0.95) FC (0.94)
-22 7 53 PPTT FSL (0.92) CC (0.91) FAT (0.76)
P11 -26 17 20 Anomia Pons (0.98) FST (0.96) CC (0.94) FAT (0.94) ATR (0.90)
-24 9 22 Anomia FAT (1.0) FST (0.94)) CC (0.92) ATR (0.90)
P12 -26 0 36 CMA FAT (1.0) CC (0.99) CST (0.97) FST (0.96) Pons (0.92)
P13 —-24 7 32 CMA FAT (1.0) CC (1.0 FC (0.96)
-29 28 16 Anomia FST (0.96) SLF III (0.92) CC (0.90)
P14 -19 29 42 Anomia FSL(0.96) FAT (0.92) SLF I (0.90)
—-18 28 50 CMA FAT (0.98) FC (0.98) CC (0.97) FSL (0.96) FST (0.9)
—-12 27 58 Vocal FAT (1.0) FC (0.98) CC (0.97)
P15 -25 21 49 Anomia FSL(0.96) CC (0.93) SLF1(0.52)
-10 14 64 CMA CC (1.0) FC (0.98) FAT (0.90) ATR (0.90)
P16 —11 14 61 Vocal CC (1.0) FC (1.0) ATR (0.92) FAT (0.90)
-20 11 53 Vocal FAT (0.96) CC (0.91) FSL (0.90)
—-24 8 41 Acceleration CC (1.0) FAT (1.0) FC (0.98)
P17 -20 -1 52 Vocal CC (1.0) CST (1.0) SLF1(0.99) FC (0.98) FST (0.96)
-15 9 60 Anomia CC (1.0 FAT (1.0) FC (0.98) ATR(0.92) FST (0.9)
—18 -1 60 Stuttering CC (1.0) CST (1.0) FST (0.98) SLF1(0.97) FC (0.96)

ATR anterior thalamic radiations, Cing cingulum, CC corpus callosum, CST cortico-spinal tract, FAT frontal aslant tract, FC frontal commissural
tract, F'SL frontal superior longitudinal, FST fronto-striatal tract, IFOF inferior fronto-occipital fasciculus

Discussion

This study aimed to produce a map of language findings
during left frontal gray and white matter intraoperative
electrical stimulation. A total of 82 language disturbances
evoked during functional language mapping performed in
17 patients operated on for a left frontal lobe glioma under
awake conditions were categorized as part of two main
categories. A motor—speech category, accounted for motor
responses related to language functions, in which speech
arrest, complete motor arrest, stuttering and vocalization
were included. In the lexico-semantic category, anomia,
semantic paraphasia, verbal perseverations, and PPTT

errors were included, as tapping different aspects of the
lexico-semantic system.

The distribution of lexico-semantic responses appeared
to be located anteriorly compared to motor—speech
responses, at both cortical and white matter levels. Fur-
thermore, disconnectome maps allowed the distinction
between the two systems: the motor—speech subsystem
correlated to the posterior part of fronto-striatal and fron-
tal aslant tracts, whereas the lexico-semantic subsystem
correlated to the anterior part of frontal aslant tract, ante-
rior thalamic radiations, and IFOF.
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Fig.6 Substraction between
the motor—speech and lexico-
semantic disconnectome maps.
The percentage corresponds
to the difference between the
average disconnectome map
of motor—speech sites and the
average disconnectome map
of lexico-semantic sites. Blue
color is used when motor—
speech > lexico-semantic, and
red color when lexico-seman-
tic > motor—speech

Dissociation between motor-speech
and lexico-semantic sites at the cortical level

At the cortical level, speech arrests were found within the
precentral gyrus, especially at the level of vPMC (foot of
precentral gyrus, just above the sylvian fissure). Anomia
and semantic paraphasias were located more anteriorly, at
the level of pars triangularis of IFG and also in the poste-
rior end of MFG. The present results are in line with previ-
ous reports. The largest study of language cortical mapping
found most of speech arrest sites in the precentral gyrus
and pars opercularis, while anomia sites were predomi-
nantly located in the pars triangularis (Sanai et al. 2008).
However, no anomia sites were reported in the posterior
part of the MFG in this study. Such a distribution was also
confirmed in a very recent study, with an in-depth analysis
of probability and variability of these two kinds of errors
(Chang et al. 2017). On the contrary, another large study
(Tate et al. 2014) reported anomia sites within the poste-
rior part of MFG (confirming the preliminary data from the
same group (Duffau et al. 2003), but not within the pars
triangularis. Methodological differences might explain such
discrepancy. First, the anomia versus speech arrest errors
can be adequately identified only if the patient is asked to
say “this is a” before naming the picture (Mandonnet et al.
2017). Such requirement was not systematically reported
in the aforementioned studies. Furthermore, the stimulation
parameters—particularly current intensities—might differ
between centers. Indeed, the intensities at which the effects
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are observed are usually not mentioned. In the present study,
the intensity for generating speech arrest in the precentral
gyrus ranged around 1-1.5 mA. At these intensities, no other
sites could be identified. Indeed, anomia, semantic parapha-
sia and PPTT errors were generated by cortical stimulation
at intensities around 2.5-3 mA. Our hypothesis is that the
cortical surface involved in the lexico-semantic process of
picture naming is larger than the surface involved in purely
motor aspect of speech. Hence, by increasing the intensity,
the stimulation impacts a sufficiently large area to inhibit
the function of naming. An alternative hypothesis would
be that by increasing intensity, the electrical disturbance
reaches neurons located in deeper cortical layers, thus gen-
erating action potentials in the axons of associative pathways
(Vincent et al. 2017). Such action potentials would disturb
not only the locally stimulated patch of cortex, but also the
whole network comprising cortical sites connected to the
stimulated site (Mandonnet et al. 2010). Further electro-
physiological studies are needed to decide between these
two hypotheses.

Dissociating the anatomical substrates
of the motor-speech and lexico-semantic systems

In 2008, a tractography study described for the first time
an associative fiber complex, interconnecting the SMA/
pre-SMA of SFG to sus-sylvian precentral gyrus, and Ptr
and Pop of IFG (Lawes et al. 2008). Following this seminal
report, this fiber system was further described (Ford et al.
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2010; Kinoshita et al. 2012; Vergani et al. 2014) and finally
named the frontal aslant tract (FAT) (Thiebaut de Schot-
ten et al. 2012). It was also shown that the nodes in SFG,
MFG and IFG constituted a network, with the FAT and
U-fibers linking any two pairs of these three cortical sites
(Catani et al. 2012). Finally, electrophysiological studies
with cortico-cortical evoked potentials provided evidence
for the direct connection between SFG and IFG (Swann et al.
2012; Ookawa et al. 2017). Otherwise, an antero-posterior
functional organization for both Broca’s region and SMA/
Pre-SMA areas was also demonstrated in several studies,
based on brain activation on functional magnetic resonance
imaging (fMRI). Amunts et al. demonstrated, using an fMRI
verbal fluency task combined with a cytoarchitectonic prob-
abilistic map of the left frontal lobe, that the anterior por-
tion of Broca region is more implicated in semantic aspects
of language, while the more posterior portion is involved
in speech programming (Amunts et al. 2004). Such antero-
posterior gradient organization of language in Broca’s area
and vPMC was also shown by electrophysiological record-
ings (Cerri et al. 2015). The same concept holds true regard-
ing the posterior mesial SFG: the SMA proper is mainly
activated for articulatory process, while the pre-SMA area
is more involved in encoding word selection process (Alario
et al. 2000).

In agreement with these previous results, our observa-
tions support an antero-posterior organization in language
production within the left frontal lobe with:

e The motor—speech network that comprises the SMA
area (at the level of the pre-SMA/SMA junction) and
the vPMC, interconnected through the posterior part of
the FAT. These two areas would constitute the core of
the motor control network of speech, implementing the
feedback control policy, as hypothesized in recent com-
putational models of optimal motor control (Shadmehr
and Krakauer 2008). Accordingly, these two areas also
project to the striatum through the posterior part of the
FST, in keeping with the computation of the “cost to go”
in the basal ganglia. Of note, this motor—speech system
could also encompass areas in the supramarginal gyrus,
in which state estimation is supposed to be coded, based
on sensory feedback from parietal operculum and supe-
rior temporal gyrus. Of note, the supramarginal gyrus
and parietal operculum are connected to the vVPMC
through the third branch of the SLF, but in the present
series, all resections being anterior to the precentral sul-
cus, we could not identify this so-called “articulatory
loop” (Duffau et al. 2003a, b). Moreover, the contralat-
eral SMA is also connected to this system through the
corpus callosum homotopic and heterotopic projections
(De Benedictis et al. 2016), explaining why callosal fib-
ers appeared in the disconnectome map, and why patients

can recover from mutism following unilateral resection
of left-dominant SMA (Krainik et al. 2004). Last but
not least, it does not come as a surprise that the cortico-
bulbar tract is also evidenced in the disconnectome map
as part of the motor—speech system. Indeed, it is well
known that the vPMC and SMA are in fact premotor
areas, and that those areas have direct connections with
both primary motor areas and with the spinal cord or
bulbar region (Dum and Strick 1991; Schucht et al. 2013;
Mandonnet and Duffau 2014).

e The lexico-semantic system comprises the pre-SMA area
and the dorso-lateral premotor cortex in the posterior end
of MFG and the pars triangularis in the IFG. These three
sites are interconnected through branches of the FAT,
with SFG-IFG long-range connections and SFG-MFG
and MFG-IFG short-range connections. This lexico-
semantic system is of course more widespread, as it also
encompasses parietal and temporal sites, connected to the
frontal lobe through the IFOF (as evidenced by discon-
nectome map), as well as the thalamus, connected to the
frontal lobe through the anterior thalamic radiations (also
evidenced by disconnectome map). Such anatomical sub-
strate of the lexico-semantic system is in good agreement
with the recent proposal of subdivision of labor in the
semantic system, with an executive subsystem, gathering
pars triangularis, posterior part of middle temporal gyrus
and pre-SMA, acting over the semantic stores, located
bilaterally in the antero-ventral temporal areas (Lambon
Ralph et al. 2017). Of note, the role of the dorsal stream
(and in particular, the arcuate fasciculus) in the lexico-
semantic system is still a matter of debate.

Plasticity of the lexico-semantic system

The anatomo-functional reorganization of language func-
tions in glioma patients thanks to brain plasticity has been
extensively described in the literature (Duffau 2005, 2014;
Kong et al. 2016; Ghinda and Duffau 2017), the preservation
of long-range associative pathways being the main condi-
tion of a successful reshaping of language networks (Herbet
et al. 2016). In particular, regarding frontal language areas,
several authors have reported on the resectability of Broca’s
area (Benzagmout et al. 2007; Wu et al. 2008; Lubrano et al.
2010), or the SMA/pre-SMA area (Peraud et al. 2002; Nel-
son et al. 2002; Russell and Kelly 2007; Voss et al. 2013),
with no or minimal long-term deficit in picture naming.
However, there are only very few reports investigating the
underlying reorganization leading to recovery after the
usual transient impairment following the resection of such
areas. Some studies supported the recruitment of homotopic
contralateral areas [see (Rosenberg et al. 2008; Kosla et al.
2015; Gebska-Kosla et al. 2017) for Broca’s area resections
and (Krainik et al. 2004; Acioly et al. 2015; Chivukula et al.

@ Springer



1162

Brain Structure and Function (2019) 224:1151-1165

2018) for SMA resections], some others highlighted the role
of perilesional rearrangement (Kristo et al. 2015), and one
study highlighted the role of both perilesional and contralat-
eral areas changes (Briganti et al. 2012).

To our knowledge, the question of the plasticity of the
transverse connections in SFG-MFG, MFG-IFG, and
SFG-IFG has never been investigated. Interestingly, in
patients with posterior-most tumors, the lexico-semantic
system could not be identified as the posterior boundary
of the resection within the white matter, and only speech
or complete motor arrest could be generated posteriorly by
stimulation. We interpret this observation as a preoperative
compensation of the anterior part of the FAT/FST by plastic-
ity. Such remodeling might be favored by the triangulation
between the lexico-semantic epicenters of SFG, MFG, and
IFG, which are also linked through the ventral (and perhaps
also dorsal) stream to the other temporal and parietal nodes
of the lexico-semantic system. Last but not least, eight of the
nine posterior cases were lower-grade glioma (WHO grade
II and III). These tumors are characterized by a long initial
period of slow growth rate that could have facilitated the
implementation of efficient plasticity mechanisms.

Limitations

This study suffers from a relatively low number of patient-
cases. Moreover, the fact that tumors with different grades
might lead to different levels of plasticity and network reor-
ganization makes it difficult to generalize the present results
to healthy individuals. Finally, the step consisting of locating
the stimulation sites on the post-op MRI is user depend-
ent, and we expect some uncontrolled variability, due to the
fact that the grid of anatomical landmarks is rather coarse.
Nonetheless, this is currently the best way to deal with the
issue of reporting stimulation points on the post-op MRI, at
least for teams, who, like ours, do not have the opportunity
to use an intraoperative MRI. Moreover, the registration to
the MNI template might also induce some uncertainty, due
to the brain structure displacement caused by the surgical
cavity, but in a reproducible user-independent manner.
Last but not least, the pathways of the dorsal stream (SLF
III, arcuate fasciculus) were not evidenced in the present
study. On one hand, this is coherent with the fact that we did
not report about the white matter phonological sites, which
constitute the hallmark of the arcuate fasciculus stimula-
tion, or speech arrest, which constitutes the hallmark of the
SLF III stimulation. On the other hand, this could be also
due to the choice of the underlying white matter pathway
atlas. Indeed, in this atlas (Rojkova et al. 2016), arcuate fas-
ciculus and SLF III terminations are located mainly within
the lower end of the precentral gyrus, with little extension
to the pars opercularis, that is, within areas spared by the
resections in the present series. If the underlying atlas would
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have included terminations of these pathways within the pars
triangularis and posterior end of MFG, as suggested by some
authors (Fernandez-Miranda et al. 2014; Wang et al. 2015),
we might have found an implication of these pathways in
the lexico-semantic and/or motor—speech functional sites.

Conclusion

In this study, we reported that lexico-semantic errors were
found anteriorly to motor—speech disturbances, both at the
cortical and axonal levels. We interpret these findings as
an antero-posterior functional gradient within the frontal
lobe language subsystems, with an anterior part involved
in lexico-semantic processing, and a posterior part involved
in motor—speech aspects of language. In a near future, this
distinction could be further explored by the new methodol-
ogy of axono-cortical evoked-potentials (Yamao et al. 2014;
Mandonnet et al. 2016; Boyer et al. 2018).
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