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Abstract: Neural foundations of syntactic gender processing remain poorly understood. We used elec-
trostimulation mapping in nine right-handed awake patients during surgery for a glioma within the
left hemisphere, to study whether the cortico-subcortical structures involved in naming versus syntac-
tic gender processing are common or distinct. In French, the article determines the grammatical gen-
der. Thus, the patient was asked to perform a picture naming task and to give the appropriate article
for each picture, with and without stimulation. Cortical stimulation elicited reproducible syntactic gen-
der disturbances in six patients, in the inferior frontal gyrus (three cases), and in the posterior middle
temporal gyrus (three cases). Interestingly, no naming disorders were generated during stimulation of
the syntactic sites, while cortical areas inducing naming disturbances never elicited grammatical gen-
der errors when stimulated. Moreover, at the subcortical level, stimulation of the white matter lateral
to the caudate nucleus induced gender errors in three patients, with no naming disorders. Using cor-
tico-subcortical electrical mapping in awake patients, we demonstrate for the first time (1) a double
dissociation between syntactic gender and naming processing, supporting independent network model
rather than serial theory, (2) the involvement of the left inferior frontal gyrus, especially the pars trian-
gularis, and the posterior left middle temporal gyrus in grammatical gender processing, (3) the exis-
tence of white matter pathways, likely a sub-part of the left superior longitudinal fasciculus,
underlying a large-scale distributed cortico-subcortical circuit which might selectively sub-serve syntac-
tic gender processing, even if interconnected with parallel sub-networks involved in naming (semantic
and phonological) processing. Hum Brain Mapp 32:331-340, 2011.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Although many lesion and functional neuroimaging
studies have tried to better understand neural basis of
syntactic gender processing in the past decade [Badecker
et al., 1995; Bordag et al., 2006, Comrie and Helm, 1997;
Eddington, 2002; Friederici et al., 1999; Friedmann and
Biran, 2003; Heim, 2008, Heim et al.,2002, 2005;
Hofmann et al.,, 2007; Huber et al.,, 2004; Miceli et al.,
2002; Padovani et al.,, 2005; Vigliocco and Nicol, 1998],
the mechanisms underlying this complex function
remain poorly known. Different neurocognitive models
have been proposed, especially at the word level. One
postulates that the phonological form of the target word
becomes activated only after the corresponding abstract
lexical representation (the “lemma”) has been selected
[Levelt et al., 1999; Roelofs, 1992]. In an alternative
model, semantic representations can directly activate
word forms, without assuming an intervening lemma
code [Caramazza and Miozzo, 1997]. Despite recent
advances in noninvasive tools which enable to perform
more accurate anatomo-functional correlations and to
build probabilistic maps [Vigneau et al, 2006], the
debate is still open.

Interestingly, during brain surgery for resection of
intrinsic cerebral tumors, it has become common clini-
cal practice to awake patients to assess the functional
role of both cortical and subcortical structures, so that
the surgeon can maximize the extent of resection
without inducing permanent neurological worsening
[Duffau, 2005; Duffau et al.,, 2008a]. Patients perform
cognitive tasks, such as picture naming, while the sur-
geon temporarily inactivates restricted cerebral regions
by means of electrical stimuli (the brain has no recep-
tors for pain) [Berger and Hadjipanayis, 2007; Duffau
et al,, 2005a]. As a consequence, intraoperative electro-
stimulation mapping represents a unique opportunity
to investigate the neural foundations of cognitive func-
tions such as language [Duffau, 2008; Duffau et al,
2002,2003a,2005b, 2009; Plaza et al., 2008; Thiebaut de
Schotten et al., 2005]. However, although intraoperative
language assessment mainly focused on articulation,
phonology, and semantics, syntactic processing has
received less attention.

Here, for the first time to our knowledge, we used
the method of awake mapping to study whether the
cortico-subcortical areas involved in syntactic processing
versus lexical access and speech production (i.e., dis-
rupted by electrostimulation during a grammatical gen-
der task and a picture naming, respectively) are
common or distinct. In other word, the question asked
was: is it possible to elicit a transient syntactic gender
error without disturbing the lexical access and the pro-
duction of the target word? It is worth noting that we
focused on grammatical gender, because it allows draw-
ing conclusion about syntactic features that go beyond
gender.

MATERIALS AND METHODS
Patients

Nine French right-handed adults were operated while
awake for a glioma involving the left dominant hemi-
sphere using electrical language mapping (Table I).

This series included six men and three women, ranging
in age from 27 to 47 years (mean age 34 years). All
patients were right-handed as assessed by the Edinburgh
inventory [Oldfield, 1971]. Presenting symptoms were seiz-
ures in eight cases and headaches in one patient.

All patients had normal preoperative neurological and
language examinations. Presurgical performances on the
“Boston Diagnostic Aphasia Examination” [Goodglass and
Kaplan, 1983] as well as on the picture-naming test “DO
80” [Metz-Lutz et al., 1991] were normal.

The topography of the tumor was accurately analyzed
on a preoperative MRI (T1-weighted images after gadolin-
ium enhancement in all orthogonal planes, and FLAIR-
weighted axial images).

Surgical Procedure: Intraoperative
Electrostimulation Mapping

All patients underwent surgery under local anesthesia so
that functional (especially language) cortical and subcortical
mapping could be carried out using direct electrical stimula-
tion. This method, including the electrical parameters, was
previously described by the authors [Duffau et al,
2002,2005a,2008a]. 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 2 to 6
mA—Nimbus*, Hemodia) was applied to the brain of
awake patients. Tumor boundaries were also systematically
obtained using repeated ultrasonography.

Before starting with the resection, cortical mapping was
performed. The current intensity adapted to each patient
was determined by progressively increasing the amplitude
in 1 mA increments from a baseline of 2 mA until a func-
tional response was elicited, with 6 mA as the upper limit,
with the goal of avoiding the generation of seizures. The
patient was asked to perform counting (regularly from 1
to 10) until speech arrest was induced at the level of the
ventral premotor cortex [Duffau et al., 2002, 2003a,2005b,
2008a]. Thereafter, picture naming was used to identify
the crucial language sites known to be inhibited by stimu-
lation [Ojemann et al.,, 1989]. We used the DO 80, which
consists of 80 black and white pictures selected according
to variable such as frequency, familiarity, age of acquisi-
tion, and level of education [Metz-Lutz et al., 1991]. In this
subgroup of patients, we did not apply other language
tasks, because of limitation of time, due to the fact that the
tumors were voluminous (mean volume: 60 mL).

The patient was never informed when the brain was
stimulated. The stimulation started with picture onset, and
was continued until the good answer was given by the
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Preoperative
DO 80 (3 months)
80/80
80/80
80/80
80/80
80/80
80/80
80/80
80/80

“Naming” sites
detected by
stimulation

pSTG, SMG, AG
DLPMC
Pars opercularis IFG
Pars opercularis IFG
pSTG
Pars opercularis IFG, DLPMC
Pars orbitaris IFG
DLPMC

pPMTG
Pars orbitaris IFG
Pars triangularis IFG

“Syntactic” sites detected by stimulation
pPMTG
Subcortical white matter around
the caudate
Pars opercularis IFG
Pars triangularis IFG + Subcortical
white matter
Subcortical white matter

Glioma location
Left frontal lobe (SMA)
Left insula

Left frontal lobe (DLPMC)
Left frontal lobe

Left frontal lobe (including

Broca’s area)
Left frontal lobe (including

Left parietal lobe (SMG, AG)

TABLE I. Clinical, radiological, and surgical characteristics of the nine patients
Left temporal lobe (pMTG)

80/80
80/80
80/80
80/80
80/80
80/80
80/80
80/80

DO 80

Presenting Preoperative
symptoms
Seizures
Seizures
M Headache
Seizures
Seizures
Seizures
Seizures
Seizures

M
F
M
M

F
F

M

37
27
30
26
43
47
37
33

Patient Age Sex

patient or up to 4 s (beyond this delay, another item was
presented to the patient). At least one picture presentation
without stimulation separated each stimulation, and no
site was stimulated twice in succession, to avoid seizures.
Each cortical site (size 5 x 5 mm?, due to the spatial reso-
lution of the probe) of the entire cortex exposed by the
bone flap was tested three times. Indeed, it is agreed
nowadays, since the seminal publication of Ojemann et al.
[1989], that three trials are sufficient to assure if an area is
crucial for language, by generating disturbances during its
three stimulations, with normalization of language as soon
as the stimulation is stopped. This limitation of trials and
task is required by the timing of the surgical procedure,
because the patient is awake.

The type of language disturbances was detailed by a
speech therapist, who was always present in the operating
room during the functional mapping. She used a classifica-
tion previously detailed, that is, speech arrest, anomia,
dysarthria (disorders of the articulatory realization from
one to several phonemes), phonemic paraphasia (disorders
of the phonological form of the word), semantic parapha-
sia (disorders of the meaning of the word), slowness with
initiation disturbances, perseveration (repetition of the pre-
vious item while the next item is presented to the patient),
and hesitation [Duffau et al.,2005b,2008a; Gatignol et al.,
2004; Gil Robles et al., 2005].

80/80

pSTG

Inferior Frontal Gyrus

around the caudate
pPMTG

Mapping of Syntactic Gender Processing

It is worth noting that, in the naming task, the picture
was preceded by a short sentence to read, “ceci est ...,”
namely the French translation of “this is ...,” to check
that there were no seizures generating complete speech
arrest if the patient was not able to name the picture.
Interestingly, the grammatical article was not written on
the screen between the sentence and the picture. In French,
the article determines the grammatical gender, namely
“un” for masculine noun and “une” for feminine noun.
However, there is no correlation between gender and the
semantic or phonological characteristics of the noun. In
other words, in French, the form of the indefinite article
tested does not depend on the phonology of the following
words, as it does in some languages. Therefore, the patient
was asked to give the appropriate article for each picture,
and any disturbance in syntactic gender selection elicited
by stimulation (i.e., “un” for “une” or vice-versa) was also
detailed by the speech therapist in addition to the naming
task itself.

Each eloquent area was marked using a sterile number
tag on the brain surface, and its location was correlated
with the anatomical landmark (sulci/gyri/tumor bounda-
ries) previously identified on ultrasonography studies. A
photograph of the cortical map was always made before
resection.

During a second surgical stage, the tumor was removed
by alternating resection and subcortical stimulation. The

Dorsolateral Premotor Cortex; IFG

Broca’s area)
Left parietal lobe

80/80

Seizures
Male; F = Female; pSTG = posterior Superior Temporal Gyrus; pMTG = posterior Middle Temporal Gyrus; SMG = Supramarginal Gyrus; AG

M

27

Angular Gyrus; SMA = Supplementary Motor Area; DLPMC

Abbreviations: M
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TABLE Il Item list of the DO 80

French (English)

Cloche (Bell)
Fauteuil (Armchair)
Train (Train)
Eléphant (Elephant)
Canard (Duck)

Lit (Bed)

Aspirateur (Vacuum cleaner)

Chien (Dog)

Poire (Pear)

Bougie (Candle)
Accordéon (Accordion)
Cheval (Horse)

Sapin (Fir)

Etoile (Star)

Canon (Cannon)
Serpent (Snake)
Brouette (Wheelbarrow)
Pied (Foot)

Fraise (Strawberry)
Rhinocéros (Rhinoceros)
Chapeau (Hat)
Tambour (Drum)

Paon (Peacock)
Téléphone (Phone)
Citron (Lemon)

Avion (Plane)

Drapeau (Flag)

Lion (Lion)

Couteau (Knife)

Balai (Broom)

Peére Noel (Santa Claus)

Chat (Cat)
Arrosoir (Watering can)
Grillage (Wire mesh)
Kangourou (Kangaroo)
Main (Hand)
Ciseaux (Chisel)
Papillon (Butterfly)
Brosse (Brush)
Chaise (Chair)
Ecureuil (Squirrel)
Sabot (Clog)
Pipe (Pipe)
Bouteille (Bottle)
Coeur (Heart)
Vache (Cow)
Rose (Rose)
Peigne (Comb)
Corde a sauter (Skipping rope)
Ours (Bear)
Casserole (Pan)
Cadenas (Padlock)
Zeébre (Zebra)
Louche (Ladle)
Seau (Bucket)
Masque (Mask)
Hélicoptere (Helicopter)
Poule (Hen)
Banc (Bench)
Lapin (Rabbit)
Commode (Chest of drawers)
Parapluie (Umbrella)

Tabouret (Stool)
Croix (Cross)
Balance (Scales)
Coq (Rooster)
Fleche (Arrow)
Cendrier (Ashtray)
Botte (Boot)
Escargot (Snail)
Hache (Axe)
Soleil (Sun)
Tortue (Turtle)
Champignon (Mushroom)
Bureau (Desk)
Girafe (Giraffe)
Canne (Walking stick)
Fourchette (Fork)
Poisson (Fish)
Marteau (Hammer)

functional pathways were followed progressively from the
cortical eloquent sites already mapped, to the depth of the
resection. The patient had to continue naming and provid-
ing the appropriate grammatical article when the resection
became close to the subcortical language structures, which
were also identified by functional inhibition during stimu-
lation as at the cortical level [Duffau et al., 2002, 2003b,
2005b, 2008a; Mandonnet et al., 2007]. Again, the type of
language disturbance was detailed by a speech therapist
throughout the resection. To perform the best possible tu-
mor removal without damaging functional areas, all resec-
tions were pursued until eloquent pathways were
encountered around the surgical cavity, then followed
according to functional boundaries. Thus, there was no
margin left around the cortico-subcortical eloquent areas.

Postoperative Course

Postoperative functional outcome was assessed by the
team as preoperatively, by using the same DO 80 and
BDAE tasks for language as before surgery, 3 months after
surgery. A control MRI was performed in all cases imme-
diately and at 3 months after surgery. The imaging studies

allowed us first to evaluate the extent of tumor removal
[Berger et al, 1994]. Second, postoperative MRI also
enabled us to analyze the anatomical location of language
pathways; that is, at the periphery of the cavity, where the
resection was stopped, a methodology that we have exten-
sively reported [Duffau et al.,, 2002, 2003b, 2005b, 2008a,
2008b, 2009; Gil Robles et al.,, 2005; Mandonnet et al.,
2007].

RESULTS
Preoperative Results

Results of preoperative DO 80 were normal in all
patients, with neither naming deficit nor grammatical gen-
der error, i.e., the appropriate article was given in 100% of
cases.

According to the preoperative MRI, five patients had a
tumor within the left frontal lobe; two patients had a tu-
mor within the left parietal lobe; one patient had a left in-
sular tumor; and one patient had a left temporal glioma
(for more detailed information see Table I; for the item list
of the DO 80 see Table II).
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Speech arrest A
Anomia O

Syntactic gender errors O Cortical sites i+ Subcortical sites

Figure 1.

Summary of language interference sites identified by direct elec-
trostimulation during counting and picture naming in nine
patients with a glioma involving the left dominant hemisphere,
with special emphasis on the site locations of syntactic gender
errors (both at cortical and subcortical levels). Thirty-one elo-
quent sites have been identified: 9 cortical sites eliciting speech
arrest during counting (one in each patient); 12 cortical sites
eliciting anomia (one in 7 patients, two in one patient, three in
one patient); 7 cortical sites eliciting syntactic disorders in 7
patients; and 3 subcortical sites eliciting syntactic disorders in 3
patients (see Results, operative findings, pages 7 and 8).

Operative Findings

All items processed without stimulation were correctly
performed (see Fig. 1).

In contrast, at the cortical level, electrostimulation
allowed the detection of language sites in all cases, with
no negative mapping.

First, reproducible speech arrest was elicited by stimu-
lating the ventral premotor cortex (i.e., the lateral part of
the precentral gyrus) in the nine patients during counting.

Second, stimulation induced reproducible anomia or
phonemic paraphasia or semantic paraphasia for at least
one cortical site in each patient (two and three naming
sites identified in two patients, respectively): within the
pars opercularis of the inferior frontal gyrus in three cases,
the pars orbitaris of the inferior frontal gyrus in one case,
the dorsolateral prefrontal cortex in three cases (posterior
part of the middle frontal gyrus), the supramarginal gyrus
in one case, the angular gyrus in one case, and the poste-
rior part of the superior temporal gyrus in three cases.
There has been never syntactic gender error generated
during stimulation of the naming sites. It is worth noting
that the words that induced anomia but correct article re-
trieval had no phonological characteristics (e.g., words
endings) that correlated with gender. Thus, the article was
not correctly retrieved on the basis of the partial availabil-
ity of phonological information. In addition, in cases of
semantic paraphasia, the patients were able to say the cor-

rect article of a name whose meaning was not known by
him or her.

Third, cortical stimulation also elicited reproducible syn-
tactic gender disturbance in six patients, with a wrong
selection of the article “un/une” (see Fig. 2): in three cases
by stimulating the inferior frontal gyrus—pars opercularis
in one case (Fig. 2A), pars triangularis in two cases, pars
orbitaris in one case (Fig. 2B)—and in three cases by stim-
ulating the posterior part of the middle temporal gyrus
(Fig. 2C). There were never naming disturbances gener-
ated during stimulation of the syntactic sites.

Finally, at the subcortical level, stimulation of the white
matter lateral to the head of the caudate nucleus induced
reproducible gender errors in three patients (Fig. 2D), with
no naming disorders.

Both at cortical and subcortical levels, a region was clas-
sified as “syntactic site” if the article was incorrectly pro-
duced 3/3 times. There was no preference for some
gender (feminine versus masculine noun) when these
errors occurred.

Postoperative Results

Three months after surgery, neurological and language
examinations were normal in the nine patients. In particu-
lar, there were neither naming deficit nor grammatical
gender error using DO 80 task, i.e., the appropriate article
was given in 100% of cases, as during the presurgical pe-
riod. The nine patients were able to resume a normal life.

Pathological examination diagnosed a glioma in all cases
(seven WHO Grade II gliomas and two WHO Grade III
gliomas). Postoperative MRI showed a total or subtotal
resection in six cases and a partial resection in three cases.

DISCUSSION

This is the first report of a transient and reproducible
induction of syntactic gender disorders during intraopera-
tive direct stimulation of the left dominant inferior frontal
gyrus, the posterior part of the middle temporal gyrus,
and/or the white matter lateral to the head of the caudate,
with no associated picture naming disturbances, showing
a double dissociation between both processing.

Models of Syntactic Gender Processing: The
Controversy

Grammatical gender is a feature present in many lan-
guages (e.g., Spanish, Catalan, Portuguese, French, Italian,
Hebrew, German, Dutch, Polish, and Russian), in which it
plays an important syntactic role. It is a property of nouns
used in these languages to signify syntactic agreement, for
instance between nouns and their determiners or nouns
and adjectives [Comrie and Helm, 1997]. Despite its rele-
vance in numerous languages, syntactic gender has not ex-
plicitly been included in most neurocognitive models of
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language processing. Moreover, for a long time, these
models mainly focus on syntactic frames at the sentence
level rather than on syntactic gender at the word level.
Interestingly, in recent years, syntactic gender process-
ing has attracted the interest of a growing number of
researchers. Several psycholinguistic studies on grammati-
cal gender have been published [Friederici et al., 2002;
Grodzinsky and Friederici, 2006; Schriefers and Teruel,
2000; van Berkum, 1997]. Nonetheless, different conflicting
models about the functional architecture of the language
processing systems have been proposed [Caramazza and
Miozzo, 1997; Levelt, 1999].

First, a large number of experimental studies support
the independent representation of grammatical gender in-
formation [Schriefers and Teruel, 2000]. Indeed, the per-
formances of aphasic patients [Avila et al., 2001; Badecker
et al., 1995; Henaff Gonon et al., 1989] and those of neuro-
logically intact speakers experiencing the “TOT phenom-
enon” [Caramazza and Miozzo, 1997, Miozzo and
Caramazza, 1997; Vigliocco and Nicol, 1998] are consistent
with the distinction between gender and phonological in-
formation. Given the autonomy of grammatical gender
from semantics and phonology in many languages, most
prominent psycholinguistic models postulate that gender
information is stored as a property of nouns at a represen-
tational level different from those specifying the corre-
sponding conceptual and phonological information.
Nonetheless, the “WEAVER model,” originally proposed
by Roelofs [1992] and refined by Levelt et al. [1999],
assumes three main layers. Whereas the top layer
describes the words meaning through a network of con-
ceptual connections and the third layer specifies the words
phonological forms (lexeme), the intermediate layer con-
tains the abstract lexical representation (lemma), which is
connected to nodes representing the words syntactic prop-
erties, such as grammatical gender. The lemma stratum
mediates between conceptual and phonological lexical in-
formation. The phonological form of the target word
becomes activated only after the corresponding lemma has
been selected, which in turn is activated by its correspond-
ing conceptual node. Then, according to this model, the re-
trieval of syntactic information is necessary for the
establishment of the morphologic code. In their alternative
model, called the “independent network,” Caramazza and
Miozzo [1997] also distinguish three separated networks
representing lexical-semantic, syntactic, and phonological
information. However, in this other model, semantic repre-
sentations can activate word forms directly, without
assuming an intervening lemma node. Therefore, the con-
troversy is not yet solved.

Double Dissociation Between Syntactic Gender
and Naming Processing Showed by Stimulation

Here, we used the reliable technique of direct cortico-
subcortical electrostimulation during awake surgery in lan-

guage areas [Duffau, 2005; Duffau et al.,2003a,2005b, 2009;
Gil Robles et al., 2005, Plaza et al., 2008; Thiebaut de
Schotten et al., 2005]. This method, which induces a tran-
sient virtual lesion, gives a unique opportunity to clarify
this disputed topic of the psycholinguistic literature.

The occurrence of grammatical gender errors in the ab-
sence of naming disturbances (i.e., with both preservation
of lexical access and word production) during focal stimu-
lation, as well as the induction of naming disorders with-
out gender errors during stimulation of other brain areas,
constitutes a strong argumentation in favor of a segregated
functional organization of language processing. This dou-
ble dissociation support the theory suggesting an inde-
pendency between syntactic, semantic, and phonological
information, organized in parallel networks, even if likely
interconnected [Caramazza and Miozzo, 1997]. Our data
contradict a strictly serial model in which it would not be
possible to obtain a gender grammatical error with no
phonological disturbances, considering the unidirectional

Figure 2.
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transmission of the information from the semantic to the
morpho-phonological level via the “lemma” [Levelt, 1999].
Indeed, according to this theory, the processing of each
type of information (semantic, syntactic, or phonological)
must be accomplished before starting with the next level.
Thus, to our knowledge, our results showed for the first
time the specific and reproducible occurrence of grammati-
cal gender errors without lexical access and phonological
disorders during a picture naming task, demonstrating
that the retrieval of syntactic information is not necessary
for the establishment of the morphologic code.
Furthermore, we have to acknowledge that grammatical
gender errors were not systematically noted during the
intraoperative mapping in the initial period of our experi-
ence. As a consequence, it is very likely that this transient
deficit occurred in several other patients, but that the data
were lost. In addition, it is worth noting that the observed
break down of “un/une” naming and the nonbreak down
of noun naming could also be interpreted as reflecting the
difference between open and closed class words (known

to differ in many respects, especially in neural representa-
tion), independently of syntactic processing. Nonetheless,
this hypothesis is very unlikely. Indeed, if the stimulation
had elicited disruption in closed classed words, it would
have induced the same kind of errors that observed when
eliciting disruption in open words (nouns), that is, anomia
or replacement of one noun by another noun. Interest-
ingly, it was not the case with regard to the grammatical
article. The patients never said no article, or never
replaced “un/une” by another closed class word, like for
instance “le, la, les, des ....” During stimulation over a
crucial area, the patients systematically said “un” for
“une” or vice versa, supporting the fact that it was really a
disturbance of the syntactic processing. We also have to
insist on the fact that in the DO 80 in French, there is no
link of meaning and gender like in German, and no link of
phonology and gender like in Spanish and Italian. More-
over, there is no link of morphology and gender, espe-
cially no “-ment” words, known to be masculine in
French. Finally, since stimulation is not restricted to 0-250

Figure 2.

A: Patient 3, Left: Preoperative axial fluid attenuation inversion
recovery (FLAIR)-weighted MRI showing a left insular glioma.
Right: Intraoperative view before resection and location of spe-
cific disturbances following electrical stimulation. The letter tags
demarcate the tumor boundaries identified using intrasurgical
ultrasonography. Complete speech arrest was produced with
stimulation in the ventral premotor cortex (i.e., the lateral part
of the precentral gyrus) (10), anomia but no gender errors with
stimulation in the pars opercularis of the inferior frontal gyrus
(13), and syntactic gender error but no naming disturbances
with stimulation in the pars opercularis of the inferior frontal
gyrus (12). The other letter tags correspond to sensory-motor
sites or areas generating transient hesitation when stimulated
during naming task without speech arrest, anomia or syntactic
gender disorders. a = anterior; p = posterior. B: Patient 6, Left:
Preoperative axial FLAIR-weighted MRI showing a left frontal gli-
oma. Right: Intraoperative view before resection and location of
specific disturbances following electrical stimulation. The letter
tags demarcate the tumor boundaries identified using intrasurgi-
cal ultrasonography. Complete speech arrest was produced with
stimulation in the ventral premotor cortex (20/21), anomia but
no gender errors with stimulation in the pars opercularis of the
inferior frontal gyrus (27/25) as well as in the dorsolateral pre-
frontal cortex (i.e. posterior part of the middle frontal gyrus)
(26), and syntactic gender error but no naming disturbances
with stimulation in the pars orbitaris of the inferior frontal gyrus
(28). The other letter tags correspond to sensory-motor sites
or areas generating transient hesitation when stimulated during
naming task without speech arrest, anomia or syntactic gender
disorders. a = anterior; p = posterior. C: Patient 9, Left: Preop-
erative axial FLAIR-weighted MRI showing a left parietal glioma.
Right: Intraoperative view before resection and location of spe-

cific disturbances following electrical stimulation. The letter tags
demarcate the tumor boundaries identified using intrasurgical
ultrasonography. Complete speech arrest was produced with
stimulation in the ventral premotor cortex (l), anomia but no
gender errors with stimulation in the posterior part of the supe-
rior temporal gyrus (14), and syntactic gender errors but no
naming disturbances with stimulation in the posterior part of
the middle temporal gyrus (12). The other letter tags corre-
spond to sensory-motor sites or areas generating transient hesi-
tation when stimulated during naming task without speech
arrest, anomia or syntactic gender disorders. a = anterior; p =
posterior. D: Patient 4, Left: Intraoperative view after resection
of a left frontal glioma and location of specific disturbances fol-
lowing electrical stimulation at both cortical and subcortical lev-
els. Complete speech arrest was produced with stimulation in
the ventral premotor cortex (l1/12), anomia but no gender
errors with stimulation in the pars opercularis of the inferior
frontal gyrus (29), and syntactic gender error but no naming dis-
turbances with stimulation in the pars triangularis of the inferior
frontal gyrus (40). Interestingly, subcortical stimulation of the
white matter around the head of the caudate nucleus, below the
cortical site 40, also elicited reproducible syntactic gender error
without naming disorders (anomia was specifically generated in
45). The other letter tags correspond to sensory-motor sites or
areas generating transient hesitation when stimulated during
naming task without speech arrest, anomia or syntactic gender
disorders. a = anterior; p = posterior. Right: Postoperative cor-
onal T2-weighted MRI confirming that the surgical cavity was
into the contact of white matter around the head of the caudate
nucleus, in particular with pathways coming for the inferior fron-
tal gyrus. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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ms [estimated speech planning time, see Sahin et al.,
2009], it is worth noting that not only planning but also
monitoring of syntax could have been effected by the stim-
ulation. However, using intraoperative stimulation, our
results support parallel rather than serial processing, even
if using local field potential, Sahin et al. suggested serial
rather than parallel processing.

Neural Basis of Syntactic Gender Processing

In the recent years, an increasing number of lesion
and functional neuroimaging studies [Bordag et al., 2006;
Eddington, 2002; Friedmann and Biran, 2003; Hofmann
et al., 2007; Huber et al., 2004, Miceli et al.,, 2002;
Padovani et al.,, 2005] have been carried out to assess
how the brain processes syntactic gender information,
but several aspects of this processing have not yet been
addressed. Levelt et al. [1998] were among the first ones
to investigate brain areas involved in syntactic gender
processing during language production. Based on a com-
prehensive review, Indefrey and Levelt [2004] suggested
that the middle portion of the left middle temporal
gyrus was a potential candidate for lemma selection and
retrieval processes—which in some psycholinguistic
models include syntactic gender [Levelt et al, 1999].
Interestingly, in a specific stimulus-onset asynchrony
(SOA) design between distractors and stimuli matters,
depending on the SOA and the triggered location one
might disrupt different processes [Indefrey and Levelt,
2004; Schuhmann et al, 2009]. Although our results
using intraoperative mapping do not support the serial
model, as detailed above, it is nonetheless worth noting
that stimulation of the posterior part of the left middle
temporal gyrus elicited reproducible syntactic gender
errors in three patients, pleading in favor of a key role
of this cortical area in syntactic processing.

Furthermore, functional imaging studies have also
found an implication of Broca’s area in active retrieval
and processing of gender information [Heim, 2008;
Miceli et al., 2002]. The dorsal part of BA 44 would be
more implied in phonological processing, whereas the
ventral portion might be related with syntactic process-
ing [Friederici et al., 2002; Hagoort, 2005]. Indeed, BA 45
activation occurred when the subject internally generated
morphological cues for subsequent gender decisions
[Heim, 2005]. However, gender decisions about visually
presented nouns in German [Heim et al., 2002, 2005]
and in Spanish [Hernandez et al., 2004; Hernandez
et al.,, 2007] yielded an effect in the left BA 44. Interest-
ingly, wusing intraoperative electrical mapping, we
showed that stimulation of the left inferior frontal gyrus,
especially the pars triangularis (BA 45) (in two patients
in the present series), as well as the pars opercularis
(BA 44)—and even the pars orbitaris—can generate re-
producible syntactic gender errors. Therefore, our find-
ings confirm that Broca’s area is also an angular stone

for grammatical gender processing. Interestingly, syntac-
tic gender comprehension has been localized in similar
networks in fMRI studies [e.g., Hammer et al., 2007],
suggesting a common syntax processing network for
production and comprehension.

Finally, it is important to insist on the fact that the
subcortical connectivity underlying syntactic processing
has received less attention in the literature. Interestingly,
direct electrostimulation of the white matter within the
left frontal lobe reproducibly elicited selective grammati-
cal gender disorders with no naming errors (in particu-
lar no phonological disturbances) in three patients. We
have to acknowledge that we did not perform diffusion
tensor tractography in these patients. Nevertheless, post-
operative anatomical MRI showed that the white matter
pathways where the resection was stopped (because
intraoperative stimulation induced syntactic disturbances)
were located around the head of the caudate nucleus
(Fig. 2D). Using this reliable method of anatomo-func-
tional correlation combining intrasurgical functional map-
ping and post-surgical MRI, that we extensively
validated in previous studies [Duffau et al.,2002, 2003b,
2005b, 2008b, 2009; Gil Robles et al., 2005; Mandonnet
et al,, 2007], we can hypothesize that at least a sub-part
of the left superior longitudinal fasciculus, known to run
laterally to the striatum and to go to Broca’s area [Duf-
fau, 2008; Duffau et al., 2002b], might subserve syntactic
processing.

Therefore, we argue that grammatical gender processing
is actually underlined by a large-scale cortico-subcortical
network involving the inferior frontal gyrus, the posterior
left middle temporal gyrus, and the superior longitudinal
fasciculus. Interestingly, on the basis of our findings, evi-
dence on the time course of information access might be
reinterpreted. The observed 40-ms delay from gender to
phonological access was hypothesized as to be related to
either serial/cascading processing [van Turennout et al.,
1997]. In fact, it could reflect the involvement of different
processing pathways.

CONCLUSIONS

Using the method of cortico-subcortical electrical map-
ping in awake patients, we demonstrate for the first time
(1) a double dissociation between syntactic gender and
naming processing, supporting independent network
model rather than serial model, (2) the involvement of the
left inferior frontal gyrus, especially the pars triangularis,
as well as the posterior part of the left middle temporal
gyrus in grammatical gender processing, (3) the existence
of white matter pathways, likely a subpart of the left supe-
rior longitudinal fasciculus, underlying a large-scale dis-
tributed cortico-subcortical circuit which might selectively
sub-serve syntactic gender processing, even if intercon-
nected with parallel sub-networks involved in naming
(semantic and phonological) processing.
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