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Abstract The neural correlates of stuttering are to date
incompletely understood. Although the possible involve-
ment of the basal ganglia, the cerebellum and certain parts
of the cerebral cortex in this speech disorder has previously
been reported, there are still not many studies investigating
the role of white matter fibers in stuttering. Axonal stim-
ulation during awake surgery provides a unique opportu-
nity to study the functional role of structural connectivity.
Here, our goal was to investigate the white matter tracts
implicated in stuttering, by combining direct electrostim-
ulation mapping and postoperative tractography imaging,
with a special focus on the left frontal aslant tract. Eight
patients with no preoperative stuttering underwent awake
surgery for a left frontal low-grade glioma. Intraoperative
cortical and axonal electrical mapping was used to interfere
in speech processing and subsequently provoke stuttering.
We further assessed the relationship between the subcor-
tical sites leading to stuttering and the spatial course of the
frontal aslant tract. All patients experienced intraoperative
stuttering during axonal electrostimulation. On postsurgical
tractographies, the subcortical distribution of stimulated
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sites matched the topographical position of the left frontal
aslant tract. This white matter pathway was preserved
during surgery, and no patients had postoperative stutter-
ing. For the first time to our knowledge, by using direct
axonal stimulation combined with postoperative tractog-
raphy, we provide original data supporting a pivotal role of
the left frontal aslant tract in stuttering. We propose that
this speech disorder could be the result of a disconnection
within a large-scale cortico-subcortical circuit subserving
speech motor control.
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Introduction

Stuttering is a speech disorder characterized by disruptions
in speech motor behavior (blocks, repeated or prolonged
articulatory and phonatory actions) that result in sound and
syllable repetitions, sound prolongations and broken words
[1-3]. Stuttering can be considered as a dynamic distur-
bance of motor control, even if there may be cases where
stuttering is explained by purely cognitive/linguistic or
emotional/psychological factors [4, 5]. Developmental
stuttering starts in childhood without any neurological
impairment, but with possible genetic derangements [5-7].
It persists in only 1 % of cases. Spontaneous recovery
before adulthood is proposed to reveal the maturation of
speech motor control mechanisms [8]. Acquired forms due
to a neurological disease or as a result of emotional trauma
may also occur in adults [9-12]. Neurogenic acquired
stuttering may be distinguished from other types of dys-
fluencies, including developmental stuttering by a number
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of features, and notably the absence of secondary symp-
toms (such as eye blinking or face grimacing) and signs of
anxiety, the absence of adaptation effect and the fact that
repetitions, prolongations and blocks may occur in all kinds
and positions of words, whatever the articulatory features,
number and complexity of syllable are [13].

Neuroimaging and lesion studies on the neural correlates
of stuttering have suggested the role of several brain areas,
including the supplementary motor area (SMA), the bilat-
eral sensorimotor cortices and auditory areas, the anterior
cingulate cortex, the bilateral frontal operculaec and the
cerebellar vermis [4, 14-18]. In addition, many authors
considered the main problem to be in the defective pro-
duction of timing cues provided by the basal ganglia—tha-
lamocortical circuit [5, 19, 20]. Indeed, lesions in thalamus
and/or striatum may cause acquired stuttering [21]. More-
over, in persistent developmental stuttering, a correlation
between severity of stuttering and activity in the basal
ganglia has been demonstrated. It was also shown that this
activity was modified by fluency shaping therapy through
long-term therapy effects that reflect speech production
improvement [22, 23].

For a long time, the white matter connectivity mediating
this large-scale network has received less attention. Recent
but still scattered evidence derived from diffusion imaging
yet suggests a decreased connectivity in the speech net-
work of stutterers, as testified by a reduced fractional
anisotropy within the white matter tracts underlying the left
sensorimotor corteX, the superior longitudinal fascicle, the
left corticospinal tract and the cerebellar peduncles [18,
24-27]. However, diffusion imaging is only an indirect
reflect of the actual functional connectivity, justifying the
need of more direct evidence.

Here, we used intraoperative direct electrical stimula-
tion (DES) during awake surgery for brain gliomas to
investigate the anatomo-functional connectivity subserv-
ing stuttering. DES mimics a transient virtual lesion of the
brain. If the patient produces incorrect responses during
DES, both at cortical and subcortical levels, the surgeon
leaves the region intact to preserve the patient’s cognitive
and sensorimotor functions. The location of electrically
inactivated subcortical structures can be precisely identi-
fied using postoperative diffusion tensor imaging. There-
fore, DES enables to map the white matter tracts
sustaining brain functions [28]. By this means, we were
able to demonstrate that stimulation-induced disruption of
the left frontal aslant tract (FAT) induced transitory
stuttering. On the basis of this original finding, we suggest
that this speech disorder could be the result of a discon-
nection within the large-scale cortico-subcortical circuit
underlying speech motor control.
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Patients and methods
Patients

Eight patients (5 females; age 34.7 & 7.9 years) diagnosed
with a diffuse low-grade glioma within the left frontal lobe
were selected from September 2012 to September 2014. In
all cases, they underwent maximal tumor resection under
local anesthesia with an intraoperative functional mapping
via electrostimulation. Sensorimotor and speech functions
were systematically assessed during the procedure.

In accordance with our care protocol, all patients
received a neurological examination before surgery,
including the Karnofsky Performance Status (KPS) score.
A language assessment was also performed by a trained
speech therapist the day before, immediately after (be-
tween 3 and 5 days) and 3 months after surgery.

All patients gave informed consent to participating in
the study.

Intraoperative functional mapping

The goal of WHO grade II glioma surgery is to maximize
the extent of resection while preserving the integrity of
eloquent networks by performing tumor removal according
to the individual functional limits [29, 30]. In accordance
with this approach, resections were performed under local
anesthesia so that a cortical and subcortical mapping could
be carried out using DES, as precisely described in previ-
ous works [31, 32]. A bipolar electrode with 5 mm spaced
tips delivering a biphasic current (pulse frequency of
60 Hz, single pulse phase duration of 1 ms, amplitude from
1 to 4 mA—Nimbus*, Newmedic) was applied on the
brain. DES has the transient effect (about 4 s) of a virtual
lesion. Therefore, if the region stimulated is critical within
a given functional network, the function sub-served by this
cortical area or this white matter tract will be disturbed
during a few seconds [28].

In practice, a wide craniotomy was performed under
sedation. The tumor margins were verified in relation to the
sulcal and gyral brain surface anatomy with ultrasonogra-
phy. Letters tags marked the cortical boundaries of the
glioma. Prior to tumor resection, a cortical mapping was
achieved in awake condition. This electrical mapping was
performed over the primary sensory-motor area and the
ventral premotor cortex (during a combined counting and
movement task) by progressively increasing the level of
stimulation of 0.5 mA (from a baseline of 1 mA) until a
functional response (movement disruption, dysesthesia,
articulatory disturbances or speech arrest) was elicited—
indicating the optimal threshold of stimulation [33].
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Language mapping was performed using the DO naming
test task [34], a French standardized naming test constituted
of 80 black and white drawn pictures presented on a com-
puter screen, and a semantic association task [35], a stan-
dardized visual non-verbal semantic test constituted of 52
black and white drawn pictures. A speech therapist and a
neuropsychologist analyzed speech and language disorders
induced during electrostimulation, i.e. speech arrest, anomia,
articulatory troubles, phonemic paraphasia, semantic para-
phasia, speech slowness, initiation troubles, perseveration or
other speech disturbances, especially stuttering.

The patient and the speech therapist/neuropsychologist
were unaware of the timing of electrostimulation applica-
tion. A cortical site was considered positive for speech and/
or language when any interference was met at three non-
sequential stimulations followed by a return to a normal
brain function after the end of stimulation. The same site
was never stimulated twice successively to avoid seizures.
All positive stimulation sites were marked with a tag
number and a photograph before resection was taken cap-
turing the cortical map.

After completion of cortical mapping, the glioma
resection was started during which the subcortical struc-
tures, especially the white matter tracts, were systemati-
cally stimulated while the patient performed a dual task
combining continuous picture naming with upper limb
movement. Pyramid and palm tree test (PPTT) was also
administrated to identify non-verbal semantic pathways
[36]. The same electrical parameters were used at the
subcortical level as the cortical one. The resection cavity
was extended up to the connecting fascicles, with no
margin, so that a maximal glioma resection was obtained,
while preserving critical subcortical structures. After
completion of the resection, a second photograph was taken
with numbered tags marking subcortical positive sites [28].

Imaging acquisition and analysis
MRI scanning protocol

All patients underwent a brain MRI acquisition 3 months
after surgery, including a 3D post-contrast T1-GRE
sequence and a 3D FLAIR sequence using a 3.0 T magnet
(Skyra, Siemens, Erlangen, Germany). The parameters
were set as follows: TR = 5000 ms, TE = 384 ms, TI
(inversion time) = 1800 ms, slice thickness = 0.898 mm,
matrix = 256 x 256. A diffusion tensor imaging (DTI)
was also acquired, consisting of diffusion-weighted echo
planar imaging sequences (TR = 6700 ms, TE = 82 ms,
FOV = 240 x 240 mm, matrix = 96 x 96, slice thick-
ness = 2.5 mm with no gap, effective resolution; 2.5 mm’>
isotropic voxels). Diffusion gradients were applied in 30
directions with b values of 0 and 1000 s/mm?.

Probabilistic tractography

For each subject, diffusion-weighted data were processed
using FSL (University of Oxford’s Center for Functional
Magnetic Resonance Imaging; Brain Software Library
release 5.0) and its FMRIB’s diffusion toolbox (FDT v2.0,
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT). The processing
included BET, DTIFIT and Bedpostx [37, 38]. Tracking was
performed in subject space using FDT probtrackx with the
default setting (5000 streamlines, step length = 0.5 mm,
curvature threshold = 0.2) [37]. Region of interests (ROI)
were defined to identify the frontal aslant tract: pars oper-
cularis of the inferior frontal gyrus was selected as the seed
region and pre-SMA as the target region on high-resolution
3D Tl1-weighted images using MRIcron software (http://
www.mccauslandcenter.sc.edu/mricro/mricron). ROIs were
manually delineated by following gyral and sulcal landmarks
for each patient, according to coordinates mentioned in
previous reports [39, 40]. The pre-SMA was manually
defined as the area of the medial frontal cortex in the superior
frontal gyrus lying dorsal to the cingulate sulcus and rostral
to the VCA line [41, 42]. ROIs were adapted manually
according to the shifts of brain parenchyma and surgical
margins on the postoperative MRIs. We did not perform any
control on the quality of these ROIs.

The voxels with the maximum connectivity value within
the resulting connectivity distribution map of each partic-
ipant were identified using MATLAB (the MathWorks,
Natick, MA). The masks of these maps were then gener-
ated using a threshold of 5 % of the maximum connectivity
value [43, 44].

Finally, T1 and resulting tracts were normalized in the
MNI space according to the MNI-152 1 mm® standard
brain template given in FSL using FLIRT (12 parameters).

Volume of interests and the measurements associated
with tracts

To determine the localizations of stimulation points according
to surgical cavities, volume of interests (VOI) were created
manually on 3D-T1 images for each patient. The intraopera-
tive stimulation points related to stuttering were established on
the basis of their spatial association with well-known func-
tional and anatomical landmarks, viewable on the intraoper-
ative pictures as previously reported [44, 45]. The stimulation
points were plotted in each postoperative b = 0 diffusion-
weighted images used in drawing the resection cavity. They
were all overlaid with the VOIs of thresholded tracts and
resection cavities on MNI-152 1 mm? brain.

In summary, T1 was coregistered to the MNI-152 1 mm
template using FLIRT while diffusion images were
coregistered to the T1 using the b0 image. This processing
allows to switch from T1 or diffusion space to MNI space.
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As a next step, we measured the minimum and mean
distances between the tracts and the stimulation points and
also the surgical cavities to evaluate the spatial relation-
ships of VOIs and the white matter fibers. We used an in-
house software to measure the distances between cavities,
stimulation points and thresholded tracts.

Anatomo-functional correlations

The exact location of the white matter fasciculi was
determined using both the types of dysfunction during
intraoperative electrostimulation mapping and anatomic
correlation with postoperative MRI and tractography.
Indeed, the control MRI examination carried out 3 months
after surgery allowed us to analyze accurately the
anatomical location of the eloquent pathways, i.e., by
definition at the periphery of the cavity, where the resection
was stopped according to the functional responses elicited
by intraoperative subcortical stimulation (with no margin).
It is worth noting that we have extensively used and vali-
dated this reliable and reproducible method in many pre-
vious studies—for a recent review, see [28].

Results
Patients

Patient’s sociodemographic and clinical characteristics are
summarized in Table 1.

Seizure was the initial clinical symptom in all patients
but one (incidental discovery). All patients had a Karnof-
sky Performance Status score of 90 or 100, with no func-
tional deficit on the preoperative neurological examination.
No patients had preoperative stuttering. The preoperative
MRI localized the tumor within the SMA in four patients,

Table 1 Demographic data of the patients

the pre-SMA in three patients and in the posterior part of
the middle frontal gyrus in one patient. A probability map
of the gliomas before surgery is shown in Fig. 1.

On postoperative MRI, the median extent of resection
was 96 %, with subtotal tumor removal in five cases, total
removal in two cases, and a supratotal resection in one case
(i.e. the postoperative resection volume was higher than
preoperative tumor volume, see [46]). According to the
intraoperative photos and postoperative MRIs, it was
understood that the resections were extended posterome-
sially to SMA in five patients and up to precentral sulcus in
three patients. Anterior part of the cingulate gyrus was
resected in four cases. The posterolateral limit was the
dorsolateral prefrontal cortex (DLPFC) in five patients and
the inferior frontal sulcus in two cases.

In the immediate postoperative period, six patients
experienced transient self-initiated difficulties of voluntary
actions, namely “initiation disorders”, affecting speech
with complete mutism. The eight patients resumed a nor-
mal life (KPS score of 90 or 100) within 3 months after
surgery, with a complete recovery of speech in all cases but
two, who still had slight speech initiation disorders. No
patients experienced postoperative stuttering. Note that all
patients had benefited from speech rehabilitation immedi-
ately after surgery.

Intraoperative findings

At the cortical level, DES over the ventral premotor cortex
(VPMC), i.e. the lateral part of the precentral gyrus, elicited
speech arrest in the eight patients. Primary motor area of
face and hand situated mesially to vPMC were evoked in
all cases, resulting in involuntary movement of face and
right upper extremity, respectively. During dual task of
counting and moving the upper extremity, complete arrest
of movement and speech was noted on the posterior and

No. Age Sex Tumor location EOR (%) Postoperative NA
Day 0-5 3 month
1 24 F Pre-SMA 97 Mutism Slight speech initiation disorders
2 27 F Pre-SMA 100 Slow cognitive functions Normal
3 30 M Mesial premotor 81 Mutism Normal
4 39 F Mesial premotor 81 Normal Normal
5 34 M Pre-SMA 87 Mutism Slight speech initiation disorders
6 34 F Dorsal premotor 100 Mutism Normal
7 48 M Mesial premotor 95 Mutism Normal
8 42 F Mesial premotor 97 Mutism Normal
F female, M male, EOR extent of resection, SMA supplementary motor area, NA neurological assessment
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Fig. 1 Probability map of the gliomas of eight patients before surgical resection

mesial part of superior frontal gyrus in the eight patients,
corresponding to cortical negative motor area. Anomia was
generated in three patients by stimulating the DLPFC on
the posterior part of the middle frontal gyrus and in one
patient by stimulating the pars opercularis of the inferior
frontal gyrus. Finally, a semantic paraphasia was observed
in one patient during DES of the mid-part of the middle
frontal gyrus. In addition, stimulation of DLPFC induced
disturbances during the PPTT in one patient. No stuttering
has been evoked cortically.

At the subcortical level, resection was pursued posteri-
orly until negative motor responses were found in all cases.
DES elicited interruption of movement of the upper limb in
the eight patients, associated with speech arrest in three
cases. Moreover, semantic paraphasia and/or anomia and/
or PPTT disorders have been generated in seven patients by
stimulating the lateral part of the resection cavity, corre-
sponding to the inferior fronto-occipital fascicle (IFOF)—
as we previously reported [31, 36, 47]. In addition, stim-
ulation of the head of the caudate nucleus provoked verbal
perseverations in four patients.

The main result is that subcortical DES of the fibers
running in the posterior wall of the resection cavity (and
running in the medial and inferior part of the cavity in one
case) elicited part-word stuttering during the naming test in
all patients. From a behavioral standpoint, this stuttering

was characterized by repetitions, prolongations and/or
blocks during the production of the target word (picture
name). Stuttering moments were neither related to articu-
latory features (i.e. stuttering could occur as well in
“peacock” as in “snake” or “lemon”) nor related to
number or complexity level of syllables. There were no
secondary symptoms such as eye blinking or facial gri-
macing, but the production was visibly effortful. Each of
these neuropsychological manifestations was analyzed and
recorded by an experienced appraiser (i.e., the speech
therapist or the neuropsychologist). The white matter tract
generating stuttering when stimulated has been surgically
preserved in the eight patients.

Tractography

On the postoperative tractographies, the left FAT was
observed as a white matter tract connecting pars opercu-
laris to pre-SMA in five, and to anterior SMA proper in
three cases (cases 3, 4, 7). Tract continuity was preserved
in all cases, thanks to subcortical functional mapping
during surgical resection. Figure 2 shows the tract recon-
struction of all the subjects.

The stimulation points, which caused stuttering during
surgery, overlapped with FAT in all patients (Fig. 3). All
the tracts were located posterior to the surgical cavities

@ Springer



162 J Neurol (2016) 263:157-167

Fig. 2 Tract reconstruction of all the subjects

Fig. 3 Overlap of FAT (blue) and the stimulation points (red) evoking stuttering during intraoperative DES for each patient
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except one tract that runs medially and inferiorly to the
resection cavity. The tracts coincided with the stimulation
points in seven cases and had a close relationship (min.
distance 1.3 mm.) in one case. The mean value of minimal
distances between the left FAT and the surgical cavity was
0.96 mm. (range 0—4.9 mm). The minimal distances from
left FAT to stimulation points had a mean value of 0.1
(range 0-1.3 mm).

Illustrative cases
Case 1 (patient 7) (Fig. 4)

A 48-year-old right-handed man without any neurological
deficits was evaluated for epileptic seizures. The MRI
revealed a diffuse tumor involving the left mesial premotor
area. The patient underwent awake surgery with intraop-
erative electrical cortical DES over the vPMC elicited
speech arrest. The primary motor cortex of hand and face
was also detected by stimulating the precentral gyrus more
medially. The tumor was removed up to the precentral
sulcus posteriorly and up to the inferior frontal sulcus lat-
erally. Verbal perseveration was elicited by electrostimu-
lation of the deep part of the cavity, near the head of the
caudate. Anomia during DO80 test was induced by DES of
the lateral part of the surgical cavity, corresponding to the
IFOF. The patient also interrupted movement of his right
arm during stimulation of the posterolateral edge of the
cavity, corresponding to the “negative motor network”
[45]. In addition, stuttering (repetition and prolongation of
the first syllable of words during picture naming) was

elicited by subcortical electrostimulation of the fibers
coming from anterior SMA (according to the postoperative
tractography, see Fig. 3), on the posterior edge of the
cavity, close to the sites generating arrest of upper limb
movement. The surgical resection was stopped according
to these functional boundaries, by preserving all fascicles.
The patient experienced a complete mutism in the imme-
diate postoperative period. He was discharged without any
sensory or motor deficits on the fifth day following surgery,
he benefited from speech rehabilitation, and he completely
recovered within the 3 months after resection. He never
had postoperative stuttering.

Case 2 (patient 6) (Fig. 5)

A 34-year-old right-handed female patient experienced
epileptic seizure leading to the discovery of a left frontal
glioma on MRI. During the awake surgery, DES allowed
the detection of cortical eloquent areas, i.e. the vVPMC
(speech arrest), the primary motor cortex of face and upper
limb in the central gyrus, and a site within the DLPFC
which generated PPTT disturbances during stimulation.
Subcortically, DES of the IFOF (running in the postero-
lateral wall of the surgical cavity up to the DLPFC) elicited
semantic disorders, during both D080 test and PPTT.
Posteriorly, subcortical stimulation induced negative motor
responses of the right upper limb. Posteromedially, stut-
tering (either blocks or syllable repetition) was evoked by
stimulation of fibers connecting the frontomesial cortex to
the inferior frontal gyrus, thus corresponding to the FAT,
as shown by postoperative tractography (see Fig. 2). The

Fig. 4 Illustrative case 1. The preoperative FLAIR and T1-weighted
MR images demonstrating a left frontal diffuse lesion invading SMA
and pre-SMA (a, b). The intraoperative picture of brain mapping (c).
Tags 2 and 3: vPMC (arrest of speech on the lateral side of premotor
cortex), tags 4 and /: primary motor areas of hand and face

(involuntary movements of hand and face). Tag 47: head of the
caudate nucleus (perseveration), tag 48: IFOF (anomia), tag 49:
negative motor network (interruption of the movement of right arm
during dual task), tag 50: FAT (repetition of the first syllable of the
words during picture naming)
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Fig. 5 Illustrative case 2. The preoperative cranial MRI revealing a
diffuse glioma in the premotor area (a, b). Intraoperative image after
resection of the tumor showing the cortical and subcortical stimula-
tion areas (c). Cortical eloquent areas which were detected by direct
electrical stimulation—tag 6: vVPMC (arrest of speech fluency), tag I:
negative motor area (arrest of facial movement), tag 2: primary motor
area of face (involuntary contraction on right side of the face), tags 3,

patient had mutism immediately after surgery, with no
sensorimotor deficit. She completely recovered within the
next weeks, thanks to speech rehabilitation. She never
experienced postoperative stuttering.

Discussion

To the best of our knowledge, it is the first study to use
intraoperative axonal mapping combined to postoperative
tractography to investigate the white matter correlates of
stuttering. Interestingly, Penfield and Welch have previ-
ously observed stuttering during cortical stimulation of the
SMA [48]. Later, Ojemann and Ward reported part word
stuttering by stimulating the thalamus [49]. More recently,
cases of stuttering have been described following implan-
tation of stimulating electrodes into basal ganglia nuclei for
other indications [50, 51]. These preliminary electrophys-
iological data already pled in favor of a wide cortico-sub-
cortical circuit underpinning stuttering. However, to date,
no electrostimulation mapping of white matter tracts has
been performed to study the subcortical pathways impli-
cated in stuttering.

Our findings provide direct support for a key role of the
left frontal aslant tract in stuttering. The characteristics of
the dysfluencies observed in our study are those of acquired
neurogenic stuttering (versus developmental stuttering) as
underlined in recent studies (for a review, see [13]),
namely: dysfluencies consist in either repetitions,
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4, 5: primary motor areas of hand and right upper extremity
(involuntary movements of right hand and upper limb), tag 7:
dorsolateral prefrontal cortex (perturbation during PPTT). Subcortical
stimulation findings—tags 48 and 49: pyramidal fibers (involuntary
dystonic movements of right upper extremity), tag 40: IFOF
(comprehension problems during PPTT), tags 42 and 43: negative
motor response, tag 50: FAT (stuttering during picture naming test)

prolongations or blocks and do not depend on articulatory
features, the patient does not appear anxious about the
stuttering behavior, but his production seems to be effort-
ful; there are no secondary symptoms such as eye blinking
or facial grimacing.

Using postmortem dissections and tractography, the
FAT has been described as a frontal white matter bundle
connecting the SMA proper and the pre-SMA to the pos-
terior inferior frontal gyrus, in particular pars opercularis
[52-55]. While its functional role is still poorly known, it
was recently proposed that degeneration of the FAT in
primary progressive aphasia might account for impairment
in verbal fluency [56]. Furthermore, Kronfeld-Duenias
et al. has shown diffusion properties of FAT in people with
persistent developmental stuttering in a recent DTI study
[57]. More recently, our team as well as Vassal et al.
demonstrated the implication of the left FAT on speech
control using intraoperative axonal mapping [44, 58].
However, the language deficit which was elicited by DES
of FAT in these studies was speech arrest, that is, a com-
plete blockage of articulation (anarthria, i.e. the loss of the
motor ability to speak, with no sound, no movement of the
face) and not a stuttering (syllable repetition which do not
depend on articulatory features, as defined above) as
observed in our present study.

It is already known that lesions of SMA proper and pre-
SMA may lead to speech disturbances affecting both flu-
ency and intonation [59]. Indeed, besides the role of SMA
proper in the execution of speech, pre-SMA is involved in
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supramotor actions such as word selection, planning and
coordination of movement sequences [60—63]. SMA is part
of the basal ganglia—thalamocortical circuit, which is pre-
sumed to be responsible for the temporal configuration of
internally driven sequential movements [64]. In a recent
investigation, Lu et al. hypothesized that uncontrolled
hyperactivity in basal ganglia—thalamus—pre-SMA circuit
could partly explain for difficulties in selection and
sequencing of speech movements in stutterers [20]. This is
in agreement with previous electrophysiological studies
which showed that SMA stimulation may elicit part word
repetition [48] and that stimulation of the left ventrolateral
thalamus may generate syllable repetition [49]. In addition,
the left ventral premotor cortex and posterior inferior
frontal gyrus contain cells encoding for learned speech
sounds [65]. Interestingly, it seems that SMA operates
initiation of planned speech actions [66]. Therefore, it has
been suggested that such a role in speech control was made
possible owing to the connections between SMA/pre-SMA
and pars opercularis/pars triangularis [59, 67].

In the current study, stuttering was elicited during DES
of the left FAT, as confirmed by probabilistic tractography.
Indeed, we evidenced close spatial relationships between
the intraoperative stimulation points and the FAT recon-
structed on postsurgical diffusion tensor imaging maps. In
addition, six patients experienced transient speech initia-
tion disturbances, eventually complete mutism, immedi-
ately following surgery, supporting that the resection came
into the contact of the FAT—as already demonstrated [44].
On the basis of these data, we hypothesize that this speech
disorder could be explained by a disconnection between
SMA/pre-SMA and the posterior part of the inferior frontal
gyrus due to a transitory dysfunction of the FAT. This
would be in agreement with previous research suggesting
that stuttering may be a problem of disruption between
articulation and movement control [20]. Therefore, we
could propose that FAT plays a role in control of timing
and planning of utterances as well as phonological
sequencing.

Our study suffers from certain limitations. Besides the
small number of patients, our series concerned only the left
hemisphere. Therefore, we cannot rule out a possible role
of the right FAT in stuttering. However, it is worth noting
that this pathway is left lateralized in most right-handed
healthy subjects [54, 68] and that we did not elicit speech
disorders during DES of the right FAT in our previous
stimulation study which included tumors in both hemi-
spheres [44]. Furthermore, previous neuroimaging inves-
tigation revealed that hyper-activation of the right
hemisphere in stuttering was probably due to compensatory
changes and that primary dysfunction was circumscribed to
the left hemisphere [69].

Another issue that should be addressed is the lack of
postoperative stuttering in our series of patients in spite of
the onset of other kind of speech disorders in the immediate
postsurgical period, related to a transient SMA syndrome.
Interestingly, the pre-SMA and SMA proper sub-loops
interconnected with different areas of globus pallidus and
thalamus have already been proposed for basal ganglia—
thalamocortical pathway [70]. In the same vein, we could
suggest the existence of different fiber layers in the FAT,
with distinct effects on speech production immediately
following resective surgery. Further dissection, imaging
and stimulation studies are needed to validate this
hypothesis.

Conclusion

Despite the small number of patients, this is the first study
combining intraoperative subcortical DES and postopera-
tive tractography that supports the involvement of the left
FAT in stuttering. We might suggest that the left FAT
could convey signals for timing and motor control of fluent
speech, and that its disruption may generate stuttering.
Therefore, we propose that this speech disorder could be
the result of a disconnection within a large-scale cortico-
subcortical network subserving speech motor control,
including the left FAT, in addition to the previously
reported basal ganglia—thalamocortical circuit.
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