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Microsurgical anatomy of language
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Abstract
The localizationist model, which focused on classical cortical areas such as Broca's
and Wernicke's, can no longer explain how language processing works. Over recent

3Moinhos De Vento Hospital, Porto Alegre, years, several studies have revealed new language-related cortical and subcortical

Brazil areas, resulting in a transition from localizationist concepts to a hodotopical model.
“Division of Neurosurgery, Hospital das
Clinicas da Faculdade de Medicina da
Universidade de Sao Paulo, Sao Paulo, Brazil

These studies have described language processing as an extensive and complex net-
work of multiple interconnected cortical areas and subcortical pathways, differing
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from the classical circuit described by the localizationist perspective. The hodotopical
model was made possible by a paradigm shift in the treatment of cerebral tumors,
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especially low-grade gliomas: total or subtotal tumor resections with cortical and sub-
cortical mapping on awake patients have become the gold standard treatment for
lesions located in the dominant hemisphere. In this article, we review current under-

stating of the microsurgical anatomy of language.
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1 | INTRODUCTION et al., 2008; Matsumoto et al., 2004; Tarapore et al., 2012). Because

of this shift from a localizationist to an associativist viewpoint, not

A solid understanding of topographic anatomy is a crucial principle of
tumor resection in neuro-oncology. Yasargil (1994) and Rhoton (2007)
described the microsurgical anatomy of the nervous system. Although
several other microsurgical studies have described classical language
areas accurately, this localizationist model cannot consistently provide
an ideal representation of the anatomical basis of language
processing.

A more accurate understanding of this subject has become possi-
ble thanks to recent publications on brain plasticity (Duffau, 2005,
2009, 2014; Duffau, Capelle, Denvil, Sichez, et al., 2003; Thiel
et al, 2001), glioma re-operations in language areas (Martino,
Taillandier, Moritz-Gasser, Gatignol, & Duffau, 2009), and cortical and
subcortical brain mapping (Bello et al., 2007; Catani, Dell'Acqua, Bizzi,
et al, 2012; Catani, Jones, & Ffytche, 2005; De Benedictis
et al.,, 2014; De Benedictis, Sarubbo, & Duffau, 2012; Duffau, 2007;
Duffau, 2015; Duffau et al., 2002; Duffau, Leroy, et al., 2008; Duffau,
Peggy Gatignol, et al., 2008; Duffau, Thiebaut De Schotten,

only the major tracts and cerebral fasciculi, but also the whole cortex
must be reviewed. The goal of the present study is to review the
microsurgical anatomy of language in conformity with emerging con-
cepts of hodotopy (Catani, 2007; Catani & ffytche, 2005; De
Benedictis & Duffau, 2011; Duffau, 2008; Duffau, 2015; Duffau,
Capelle, Denvil, Gatignol, et al., 2003).

2 | SUPPORTING DISSECTION MATERIAL

To illustrate this review, we added figures of hemispheric dissections.
Twelve brain hemispheres were collected from autopsies and fixed in
10% formalin for about 4 weeks. Caution was required to prevent
deformations caused by incorrect storage positions. Following the fix-
ation period, the brains were frozen at —12°C for another 4 weeks.
Ten of the formalin-fixed human brains were dissected using x3 to

x40 surgical microscope magnification. One of the authors (G. R. 1)
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performed the dissections at the Dianne and Gazi Yasargil Education
Center, University of Arkansas for Medical Sciences.

To enhance vessel visibility, we injected colored silicone into the
other two brains. On the 10 (not silicone-injected) brains, we per-
formed fiber dissections according to Klinger's method. First, we iden-
tified the sulci and gyri on the lateral surface of each brain. Then the
cortex was peeled, exposing the short-association fibers (U-fibers). As
the dissection progressed, we identified and separated the tracts and
fasciculi according to previous descriptions (Rubino, Rhoton, Tong, &
De Oliveira, 2005; Sincoff, Tan, & Abdulrauf, 2004; Ture, Yasargil,
Friedman, & Al-Mefty, 2000).

21 |
areas

Topographic anatomy of language—cortical

Classical language areas such as Broca's and Wernicke's areas do not
have the exact functions attributed to them decades ago
(Benzagmout, Gatignol, & Duffau, 2007; De Benedictis, Moritz-Gas-
ser, & Duffau, 2010; Maldonado et al., 2011; Martino et al., 2009;
Plaza, Gatignol, Leroy, & Duffau, 2009; Sarubbo, Le Bars, Sylvie,
Duffau, & Sarubbo, 2012; Tate, Herbet, Moritz-Gasser, Tate, &
Duffau, 2014). A connectionist model has recently replaced the classi-
cal principle of localizationism (Catani, 2007; Catani & ffytche, 2005;
De Benedictis & Duffau, 2011; Duffau, 2008; Duffau, 2015; Duffau,

Capelle, Denvil, Gatignol, et al., 2003). This new hodotopical model
perceives language as a system of integrating networks. Each network

is composed of hubs and pathways connecting the areas involved.

211 | Broca'sarea

Conventionally, this area is located in the inferior frontal gyrus
(Figure 1a). The posterior limit of the frontal lobe is the central sulcus,
which has a vertical orientation. The precentral sulcus is parallel to the
central sulcus and delimits the precentral gyrus. Anterior to the
precentral gyrus, the frontal lobe is divided into three portions (supe-
rior, middle, and inferior gyri) by the superior and inferior frontal sulci,
which are perpendicular to the precentral sulcus (Figure 1a).

The anterior horizontal, anterior ascending, and posterior rami of
the lateral sulcus (also called the Sylvian fissure) divide the inferior
frontal gyrus into three portions: pars orbitalis, pars triangularis, and
pars opercularis (Figure 1a). The apex of the pars triangularis is
directed inferiorly toward the junction of the three rami of the lateral
sulcus. This point coincides with the anterior limiting sulcus of the
insula. The pars orbitalis, pars triangularis, pars opercularis, and
precentral gyrus form the frontal operculum of the lateral sulcus. They
are related inferiorly to the planum polare in the temporal lobe
(Figure 1a). Broca's area is the region composed of the pars
triangularis and the pars opercularis of the dominant hemisphere.

FIGURE 1 Surface anatomy of the cerebral
hemispheres. (a) Lateral surface of the left
hemisphere. 1. Pars orbitalis; 2. Pars triangularis;
3. Ascending ramus of the lateral sulcus (Sylvian
fissure) and pars opercularis; 4. Posterior ramus of
the lateral sulcus; 5. Anterior horizontal ramus of
the lateral sulcus; 6. Middle frontal gyrus;

7. Superior frontal sulcus and superior frontal
gyrus; 8. Precentral sulcus and precentral gyrus;
9. Inferior frontal sulcus; 10. Central sulcus,
poscentral gyrus and poscentral sulcus; 11. Supra-
marginal gyrus; 12. Transverse temporal gyrus
(Heschl's gyrus); 13. Superior temporal sulcus and
gyrus; 14. Middle temporal gyrus; 15. Inferior
temporal gyrus. (b) Posterolateral view of the right
hemisphere. 1. Supramarginal gyrus; 2. Angular
gyrus; 3. Intraparietal sulcus and superior parietal
lobule; 4. Superior temporal gyrus; 5. Middle
temporal gyrus; 6. Inferior temporal gyrus.

(c) Lateral view of the left hemisphere with arterial
and venous preservation [Color figure can be
viewed at wileyonlinelibrary.com]
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Broca's area is classically related to expressive aphasia and is fre-
quently referred to as the motor area of speech. On the other hand,
the inferior frontal gyrus of the nondominant hemisphere is associ-
ated with prosody, the capacity to express emotions through modula-
tion of speech rhythm and intonation (Catani, Dell'Acqua, Bizzi,
etal, 2012).

Classical Broca's aphasia (or nonfluent aphasia) can be caused by
lesions outside Broca's area such as the postcentral parietal regions.
Dysfunction of Broca's area can result from injuries to its connections
with posterior and temporal language areas, and stimulation of Broca's
area rarely leads to suppression of speech output.

However, this symptom has been consistently related to ventral
premotor cortex stimulation (Tate et al., 2014), and the final common
speech output hubs seem to be the bilateral ventral premotor cortices
(Figure 1a). Stimulation of the precentral gyri on both sides, particu-
larly in their posterior regions, causes complete cessation of speech
output. In contrast, impaired ability to express emotions through the
modulation of speech intonation, rhythm, and gestural expression is
more often observed in injuries to the inferior frontal gyrus of the

nondominant hemisphere (Tate et al., 2014).

212 | Wernicke's area

Wernicke's area is classically related to comprehension or fluent apha-
sia. It is called fluent aphasia because a person afflicted with it can
express words fluently, yet without meaning. Although this area has
been defined as the posterior superior temporal gyrus (Figure 1a,b),
other nearby regions have also been considered as part of Wernicke's
area during the past 15vyears. They are the angular gyrus, sup-
ramarginal gyrus, middle temporal gyrus, and posterior superior tem-
poral sulcus (Figure 1b).

On its lateral surface, the temporal lobe is limited superiorly by
the posterior ramus of the lateral sulcus and posteriorly by the
parietotemporal and occipitotemporal lines. It is divided into three
main gyri (superior, middle, and inferior) by two main sulci (superior
and inferior temporal; Figure 1a,b). The parietal lobe is limited inferi-
orly by the lateral sulcus and the occipitotemporal line, anteriorly by
the central sulcus, medially by the longitudinal cerebral fissure and
posteriorly by the parietotemporal line. It has two main sulci, the post-
central and intraparietal. The intraparietal sulcus splits the lateral sur-
face of the parietal lobe into superior and inferior parietal lobules.

The inferior parietal lobule has two gyri, the supramarginal and
the angular (Figure 1b). The supramarginal gyrus is the posterior con-
tinuation of the superior temporal gyrus and wraps around the poste-
rior ramus of the lateral sulcus. The angular gyrus is the posterior
continuation of the middle temporal gyrus and turns in a superomedial
direction behind the posterior ramus of the lateral sulcus (Figure 1b).
Therefore, Wernicke's area is not precisely delimited, since it covers
the posterior superior temporal sulcus and the angular, supramarginal,
and middle temporal gyri of the dominant hemisphere.

Wernicke's aphasia, characterized by impaired auditory compre-

hension, repetition, and normal verbal fluency, is related to injuries to
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the posterior segment of the arcuate fasciculus (AF; Catani
et al., 2005; Catani, Dell'Acqua, Bizzi, et al., 2012). Injuries to the
nondominant side are related to impairments of the emotional aspects
of language and music (Catani et al., 2005; Figures 2a,b, 4c, 5b, 6b,
and 7a,b). The inferior parietal lobe, also known as Geschwind's terri-
tory, is involved in the analysis of phonological and temporal aspects
of words. Some authors have speculated that the angular gyrus is par-

tially responsible for the understanding of metaphors (Tremblay &
Dick, 2016).

2.1.3 | Exner'sarea

Exner's area, located in the middle frontal gyrus (MFG), has been con-
sidered the writing center since the nineteenth century. The MFG is
limited superiorly by the superior frontal sulcus, inferiorly by the infe-
rior frontal sulcus and posteriorly by the precentral sulcus (Figure 1a).
Exner's area is the posterior portion of the MFG, adjacent to the
precentral sulcus and anterior to the primary motor area of the hand

in the precentral gyrus.

214 | Cerebellum

The cerebellum is located posterior to the brain stem in the posterior
cranial fossa. It has a medial portion, the vermis, and two great lateral
masses, the hemispheres, and is connected to other structures by the
cerebellar peduncles. The superior cerebellar peduncle connects the
cerebellum to the cerebrum, the middle cerebellar peduncle connects
it to the pons, and the inferior cerebellar peduncle connects it to the
medulla oblongata and the olivary nucleus. Internally, there are four
paired nuclei of gray matter: dentate nucleus, emboliform nucleus,
globose nucleus, and fastigial nucleus. These central nuclei receive
fibers from the cerebellar cortex and send fibers to the cerebrum.

The cerebellum has both motor and nonmotor functions in lan-
guage. Cerebellar functions involving motor coordination have long
been established as essential for the control of articulation and clarity
of speech through the oropharyngeal vocal apparatus, dysfunctions of
which present as dysarthria.

However, only in recent decades has the nonmotor role of the
cerebellum in language been studied more thoroughly
(Ackermann, 2013). The cerebellum modulates higher-order cognitive
processes, contributing to other aspects of language such as motor
speech planning, verbal working memory, syntax processing,
phonological and semantic verbal fluency, reading, and writing
(Beaton & Marién, 2010; De Smet et al., 2013; De Smet, Baillieux, De
Deyn, Marién, & Paquier, 2007; Gordon, 1996; Highnam &
Bleile, 2011; Marién et al., 2014; Marien, Engelborghs, Fabbro, & De
Deyn, 2001; Murdoch, 2010; Paquier & Marién, 2005).

Neuroimaging studies have demonstrated that the sensorimotor
cerebellum is associated with regions in the anterior lobe, extending
into medial lobule VI and lobule VIII, while the neurocognitive cerebel-

lum is associated with regions in the posterior lobe, namely lobules VI
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and VII (Buckner, Krienen, Castellanos, Diaz, & Thomas Yeo, 2011;
Habas et al., 2009; Stoodley & Schmahmann, 2009). Nonmotor lan-
guage functions are frequently located in the posterior cerebellar lobe
of the nondominant hemisphere. This lateralization reflects a link
between the cortical language network and the cerebellum, subserved
by crossing cerebellar-cerebral connections. This anatomical dichot-
omy between motor and nonmotor cerebellum is also observed in the
cerebellar nuclei.

In some imaging studies, the cerebellar motor functions have
been related to rostral parts of the dentate nuclei, while nonmotor
cerebellar functions have been assigned to the ventrocaudal parts of
the dentate nucleus of the nondominant hemisphere (Thirling
et al., 2011). The emboliform and globose nuclei are related to motor
speech control because paravermal injuries are often followed by

dysarthria.

2.1.5 | Basal ganglia
The basal ganglia are telencephalic structures composed of gray mat-
ter nuclei in the central core, which are laterally covered by the insula.
They are composed of the striatum, the globus pallidus, the substantia
nigra, and the subthalamic nucleus. The striatum is divided into the
caudate nucleus, putamen, and nucleus accumbens (Figures 2a,b,3a,b,
and 4b).

The caudate nucleus is a large structure closely related to the lat-
eral ventricles throughout their extent. The head is its anterior
extremity, contiguous with the anterior part of the lentiform nucleus,

and forms the lateral walls of the frontal horn. The body is in the

central portion of the lateral ventricle. The tail describes a
posteroinferiorly-directed curve, extending from the atrium into the
roof of the temporal horn, and is contiguous with the amygdaloid
nucleus (Figures 2a and 3a,b).

The putamen and the globus pallidus form the lentiform nucleus,
and a thin layer of white matter separates them. Lateral to the insula,
the lentiform nucleus is separated medially from the caudate nucleus
and the thalamus by the internal capsule. The putamen is larger than
the globus pallidus and lateral to it. The nucleus accumbens is a gray
matter structure located between the head of the caudate nucleus and
the putamen (Figures 2a, 3a, and 4b). These areas are also related to
language function (Robles, Gatignol, Capelle, Mitchell, & Duffau, 2005).

2.2 | Cortical hubs

A hub is a functional epicenter that allows multiple data from
unimodal systems to be integrated multimodally (Duffau, Herbet, &
Moritz-Gasser, 2013).

221 |
form area

Visual word form area and visual object

The visual word form area (VWFA), so called because of its role in the
visual word form system, is located in the dominant fusiform gyrus.
The VWFA seems to be involved in the first stage of the reading pro-
cess (Cohen et al., 2000). It receives visual input from the occipital

cortex through the lower fibers of the posterior part of the inferior

FIGURE 2 Coronal view of the brain. (a) Coronal view with long association fiber representation. 1. Septum pellucidum; 2. Corpus callosum;
3. Caudate nucleus; 4. Internal capsule; 5. Anterior commissure; 6. Lentiform nucleus; 7. Insular compartment; 8. Opercular compartment;

9. Superior limiting sulcus; arcuate fasciculus (green); inferior occipitofrontal fasciculus (red); uncinate fasciculus (blue); inferior longitudinal
fasciculus (orange). (b) Coronal view with long association fiber representation. 1. Corpus callosum; 2. Fornix; 3. Lateral ventricle; 4. Third
ventricle; 5. Internal capsule; 6. Hippocampus; 7. Temporal horn of the lateral ventricle; superior longitudinal fasciculus lll—anterior segment
(black); arcuate fasciculus (green); inferior occipitofrontal fasciculus (red); inferior longitudinal fasciculus (orange) [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 3 Axial view of the brain. (a) Axial view with long association fibers representation. 1. Genu of the corpus callosum; 2. Head of the
caudate nucleus; 3. Internal capsule; 4. Lentiform nucleus; 5. Thalamus; 6. Insular cortex; 7. External capsule, claustrum and extreme capsule;
inferior frontal occipital fasciculus (red). (b) Axial view. 1. Planum polare; 2. Transverse temporal gyrus (Heschl's gyrus); 3. Corpus callosum;

4. Head of the caudate nucleus; 5. Thalamus [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Sagittal view of the brain. (a) Medial sagittal view. 1. Rostrum of the corpus callosum; 2. Genu of the corpus callosum; 3. Truncus
of the corpus callosum; 4. Splenium of the corpus callosum; 5. Sulcus of corpus callosum, cingulate gyrus and cingulate sulcus; 6. Fornix;

7. Anterior commissure; 8. Cuneus. (b) Sagittal view with long association fiber representation. 1. Head of the hippocampus; 2. Tail of the
hippocampus; 3. Amygdala; 4. Putamen nucleus; uncinate fasciculus (blue). (c) Sagittal view with long association fiber representation. Superior
longitudinal fasciculus Ill - anterior segment (black); arcuate fasciculus (green); middle longitudinal fasciculus (yellow) [Color figure can be viewed
at wileyonlinelibrary.com]
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longitudinal fasciculus (ILFp; Duffau, 2015; Zemmoura, Herbet,
Moritz-Gasser, & Duffau, 2015).

The visual object form area (VOFA) is adjacent to the VWFA, also
in the fusiform gyrus. The VOFA receives visual input from the occipi-
tal cortex through the upper fibers of the ILFp. Therefore, it is
involved in visual object recognition and the VWFA in visual word rec-
ognition (Duffau, 2015).

2.2.2 | Primary auditory cortex

The primary auditory cortex is the transverse temporal gyrus, also
known as Heschl's gyrus (Figures 1a, 3b, and 5a). The dominant pri-
mary auditory cortex is more associated with the ability to recognize
words, while the nondominant primary auditory cortex has the ability
to recognize nonverbal sounds (Tate et al., 2014). The transverse tem-
poral gyrus, located in the temporal operculum of the lateral sulcus,
runs mediolaterally on the inferior surface of the temporal lobe and
connects with the precentral gyrus in the frontal operculum. The
transverse temporal gyrus meets the postcentral gyrus in the lateral
sulcus, and this point is projected on the same coronal plane as the

external acoustic meatus.

223 | Insula

The insula is located deeply inside the lateral sulcus and can be
observed when the lips of the lateral sulcus are widely separated
(Figures 2a and 3a). The insula is separated from the opercula by
the superior, anterior, and inferior parts of the limiting sulcus
(Figure 5a,b). It is the external covering of the central core, which
comprises the extreme capsule, the external capsule, the internal
capsule, the claustrum, the basal ganglia, and the thalamus

(Figures 2a and 3a).

Also called the central lobe, the insula has a pyramidal shape, its
apex pointing in the anteroinferior direction. It has a lateral and an
anterior surface. The latter comprises the insular pole, the transverse,
and the accessory gyri. The insular apex, the limen insulae, is located
in the medial portion of the insular pole (Figure 5a,b). The uncinate
fasciculus (UF) fibers of the limen insulae are covered by gray matter
that extends from the end of the anterior long gyrus, passes through
the insular pole, and ends in the posterior orbital gyrus (Figure 2a).
The insular gyri are directed superiorly in a radial manner from the
limen insulae. The limen insulae limits the carotid cistern medially and
the lateral sulcus laterally (Tanriover, Rhoton, Kawashima, Ulm, &
Yasuda, 2004; Ture, Yasargil, Al-Mefty, & Yasargil, 1999).

The central sulcus of the insula divides its lateral surface into
anterior and posterior zones. The anterior zone has three to five short
gyri, while the posterior zone is formed by the posterior and anterior
long gyri (Figure 5a,b). The role of the insula and peri-insular struc-
tures in language processing is now better understood thanks to stud-
ies using trans-operatory language mapping (Duffau, Moritz-Gasser, &
Gatignol, 2009).

224 | Supplementary motor area and
presupplementary motor area

The supplementary motor area (SMA) lies in the medial region of the
superior frontal gyrus, rostral to the primary motor cortex. The
presupplementary motor area (pre-SMA) is just anterior to the SMA.
Inhibitory motor responses were observed after stimulation of the
SMA in awake patients (Penfield, 1954), which was later replicated
after stimulation of the pre-SMA as well (Luders, Dinner, Morris,
Wyllie, & Comair, 1995).

Transitory postoperative speech and motor disorders have been
observed after SMA resections in the dominant hemisphere (Krainik

et al., 2003). These disorders seem to be temporary because of

FIGURE 5

Insular view with frontal operculum resection. (a) Frontal operculum resection. Insular view. 1. Pars orbitalis; 2. Anterior limiting
sulcus; 3. Superior limiting sulcus; 4. Inferior limiting sulcus; 5. Central sulcus of the insula; 6. Apex of the insula; 7. Transverse temporal gyrus

(Heschl's gyrus). (b) Frontal operculum resection. Insular view with long association fiber representation. Arcuate fasciculus (green) [Color figure
can be viewed at wileyonlinelibrary.com]
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cortical plasticity and recovery has been attributed to the recruitment
and activation of the contralateral area (Krainik et al., 2003). Two sub-
cortical bundles are related to these areas: the frontal aslant tract
(FAT), which connects the pre-SMA to the pars opercularis, and the
frontostriatal tract (FST), which connects the SMA to the caudate
nucleus (Catani, Dell'Acqua, Bizzi, et al., 2012).

2.3 | Topographic anatomy of language—White
matter pathways

White matter consists of myelinated fibers, which are divided into
intrahemispheric association, inter-hemispheric association, and pro-
jection fibers. Projection fibers connect cortical to subcortical areas,
mainly through the fornix and internal capsule (Figures 2a,b, 3a, and
4a). The inter-hemispheric association fibers are the commissural
fibers that connect the cerebral hemispheres, namely the commissure
of the fornix, the anterior commissure, and the corpus callosum
(Figures 2a,b, 3b, and 4a).

Intrahemispheric association fibers connect cortical areas in the
same hemisphere and are divided into short (Figure 6a) and long asso-
ciation fibers. The short association fibers connect adjacent gyri, and
the long ones, the fasciculi, connect distant gyri. The main fasciculi are
the cingulum, the superior longitudinal fasciculus (SLF), the inferior
longitudinal fasciculus (ILF), the inferior occipitofrontal fasciculus
(IOFF), and the UF (Figures 2a,b, 3a, 4a-c, 5b, 6b, and 7a,b).

2.3.1 | Superior longitudinal fasciculus

The SLF is a long bi-directional bundle of neurons connecting parts of
the frontal, parietal, occipital, and temporal lobes. The AF is part of
the SLF. It arches around the insula after connecting the post-
erosuperior temporal cortex and the inferior parietal cortex to areas in
the frontal lobe. The SLF can be divided into long, anterior, and poste-
rior segments (Martino et al., 2013; Figures 2a,b, 4c, 5b, 6b, and 7a,b).

CNICAL WILEY-7

Diffusion tensor imaging (DTI) tractography and anatomical fiber
dissection studies showed that the SLF could be separated into deep
and superficial portions (Martino et al., 2011, 2013; Sarubbo, De
Benedictis, Milani, et al., 2015). The deep portion corresponds to the
classical AF. The superficial portion has two components: the horizon-
tal anterior segment and the vertical posterior segment.

According to Kamali, Flanders, Brody, Hunter, and Hasan (2014),
five subcomponents of the SLF have been described. The superior
horizontal fibers connect the superior parietal lobe (SLF-I), the angular
gyrus (SLF-I), and the supramarginal gyrus (SLF-IlI) to ipsilateral fron-
tal and opercular areas. The AF is the fourth component and connects
the superior temporal gyrus to the ventrolateral prefrontal cortex. The
fifth component connects the temporal and parietal lobes and is
known as the temporoparietal SLF (SLF TP; Catani et al., 2005; Frey,
Campbell, Pike, & Petrides, 2008; Makris et al., 2004; Makris &
Pandya, 2009; Zhang et al., 2010).

The anterior segment, also named SLF-IIl, connects the inferior
parietal lobe and the posterior portion of the superior temporal gyrus
to the frontal operculum. The posterior cortical terminations of this
bundle have been observed in the supramarginal gyrus, in the poste-
rior portion of the superior temporal gyrus and, less frequently, in the
angular gyrus.

In the posterior portion of the superior temporal gyrus, the fibers
of SLF-Ill are closer to the auditory radiation originating from the
transverse temporal gyrus. These fibers have a posterosuperior orien-
tation, curving around the end of the lateral sulcus, continuing anteri-
orly and passing along with the parietal and frontal operculum, lateral
to the AF. The anterior cortical terminations at the level of the frontal
operculum were observed in the ventral portion of the precentral
gyrus and, less frequently, in the posterior portion of the inferior fron-
tal gyrus (Martino et al., 2011, 2013).

The posterior segment connects the middle temporal gyrus to the
inferior parietal lobe. These fibers have a vertical orientation and pass
laterally to the AF. Inferiorly, the cortical terminations were found in
the posterior portion of the middle temporal gyrus and, less fre-

quently, in the inferior and superior temporal gyri. The superior

FIGURE 6

Fiber dissection. (a) Short association fibers. (b) Fiber dissection. Long association fiber representation. Superior longitudinal

fasciculus IlI- anterior segment (black); arcuate fasciculus (green); inferior occipitofrontal fasciculus (red); middle longitudinal fasciculus (yellow);
inferior longitudinal fasciculus (orange) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7

cortical terminations at the level of the inferior parietal lobe were con-
nected to the angular gyrus and, less frequently, to the supramarginal
gyrus and the inferior portion of the superior parietal lobe (Martino
etal, 2011, 2013).

The AF is a long white matter tract located deeper than the ante-
rior and posterior segments. It is possible to identify the vertically-
oriented AF at the level of the middle and inferior temporal gyrus and
to separate it from deeper structures. The AF curves around the cau-
dal limits of the insula, taking a horizontal and anterior direction. It
runs laterally to the corticospinal tract and reaches the parietal and
frontal operculum. The anterior cortical terminations, at the level of
the frontal operculum, connect to the ventral portion of the precentral
gyrus, to the posterior portion of the inferior gyrus and, less fre-
quently, to the MFG. Posteriorly, the cortical terminations of these
fibers are related to the inferior and middle temporal gyri (Martino
et al, 2011, 2013).

2.3.2 | Inferior longitudinal fasciculus

The inferior ILF connects the occipital cortex to the Ilateral
occipitotemporal gyrus. Through the lateral walls of the occipital and
temporal horns of the lateral ventricle, the ILF also connects the
occipital cortex to the temporal pole (Mandonnet, Nouet, Gatignol,
Capelle, & Duffau, 2007; Figures 2a,b, 6b, and 7a).

The ILF is composed of direct and indirect pathways. The direct
pathway connects the occipital lobe to the temporal pole, while the
indirect pathway is formed by U-shaped fibers, creating an occipi-
totemporal system (Mandonnet, Gatignol, & Duffau, 2009). The indirect
pathway runs inferolaterally to the optic pathways (Mandonnet
et al., 2009).

This fasciculus can be divided into posterior and anterior parts.
The posterior part of the ILF connects the visual cortex to the VWFA
and the VOFA, assisting in the initial stage of language processing.
The upper fibers of the posterior part seem to be connected to the

VOFA, while the lower fibers are supposedly connected to the VWFA.

Fiber dissection. (a) Fiber dissection. Long association fiber representation. Arcuate fasciculus (green); inferior occipitofrontal
fasciculus (red); middle longitudinal fasciculus (yellow); inferior longitudinal fasciculus (orange). (b) Fiber dissection. Long association fiber
representation. Arcuate fasciculus (green) [Color figure can be viewed at wileyonlinelibrary.com]

The anterior part of the ILF connects the left inferior temporal areas
(VOFA) to the temporal pole. Together with the UF, this forms the
indirect ventral semantic pathway (Duffau, 2015; Herbet et al., 2016;
Mandonnet et al., 2007, 2009).

2.3.3 | Inferior occipitofrontal fasciculus

The IOFF originates from the frontal lobe, connecting it to the occipi-
tal cortex, the temporobasal areas, and the superior parietal lobule
(Martino, Brogna, Robles, Vergani, & Duffau, 2010). As a single bun-
dle, the IOFF runs along the lateral border of the lentiform nucleus,
medial to the corona radiata. It reaches the occipital and temporal
lobes, lateral to the temporal and occipital horns of the lateral ventri-
cle (Figures 2a,b, 3a, 6b, and 7a).

Fiber dissection and DTI studies have established the dorsal
parieto-occipital and the basal temporo-occipital areas as the poste-
rior origin of the IOFF (Catani, Howard, Pajevic, & Jones, 2002;
Martino, Brogna, et al., 2010). Dissection studies have identified the
origins of the IOFF in the inferior occipital gyrus, the inferior portion
of the middle occipital gyrus, and, to a minimal extent, the lingual
gyrus. Two stems were identified in the inferior occipital gyrus. One
lies in its anterolateral part, at the border with the inferior temporal
gyrus, and the other in a more posteromedial region at the border
with the fusiform gyrus (Sarubbo, De Benedictis, Maldonado, Basso, &
Duffau, 2013).

In a recent fiber dissection and DTI reconstruction study, two
layers of the IOFF were described (Martino, Brogna, et al., 2010;
Martino, Vergani, et al., 2010). The superficial layer is anterosuperiorly
directed and ends in the inferior frontal gyrus, at the pars triangularis
and the pars orbitalis. The deeper layer comprises three portions: pos-
terior, middle, and anterior. The posterior component runs under the
junction of the pars triangularis and pars opercularis, ending in the
posterior region of the MFG and the dorsolateral prefrontal cortex
(DLPFC). The middle component ends in the most anterior part of the
MFG and the lateral orbitofrontal cortex (LOFC). The anterior
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component is directed toward the basal orbitofrontal cortex and the
frontal pole (Sarubbo et al., 2013).

2.34 | Uncinate fasciculus

The UF connects the inferior portions of the frontal lobe (such as the
orbitofrontal cortex) to the amygdala, the hippocampus and other
parts of the limbic system, at the level of the limen insulae (Figures 2a,
4b, and 7a). It also connects the temporal pole to the pars orbitalis.
The UF and the anterior part of the ILF form the indirect ventral
semantic pathway (Duffau, 2015; Duffau, Gatignol, Moritz-Gasser, &
Mandonnet, 2009).

235 | FATandFST

The FAT was recently described as an oblique pathway on the coronal
plane (Catani, Dell'Acqua, Vergani, et al., 2012; Ford, McGregor, Case,
Crosson, & White, 2010; Kinoshita et al., 2015; Oishi et al., 2008). It
connects the pre-SMA, in the superior frontal gyrus, to the pars oper-
cularis, in the inferior frontal gyrus (Catani, Dell'Acqua, Vergani,
etal, 2012).

A study combining intraoperative electrical mapping and
tractography revealed that the FAT takes part in the speech initiation
process (Kinoshita et al., 2015). It is left-lateralized in most right-handed
subjects, further suggesting its participation in the language process,
particularly in verbal fluency (Catani et al., 2013; Catani, Dell'Acqua,
Vergani, et al., 2012; Kinoshita et al., 2012; Kinoshita et al., 2015).

The pre-SMA seems to be involved in motor preparation for
speech (Nachev, Kennard, & Husain, 2008; Tremblay, Sato, &
Small, 2012), while the pars opercularis has been implicated in word
selection, language comprehension, word retrieval, and articulation
during speech production (Price, 2010). In view of this connection
between the pars opercularis and the pre-SMA, the FAT could be
involved in speech initiation (Broce, Bernal, Altman, Tremblay, &
Dick, 2015; Kinoshita et al., 2015).

The development of the FAT and its relationship with language
function were studied in 5- to 8-year-old children. This fasciculus
proved to be consistently right-lateralized (Broce et al., 2015), in con-
trast to the left-lateralized pattern found in adults (Catani, Dell'Acqua,
Vergani, et al., 2012). There was evidence of an increase in left laterality
with age, which could suggest gradual development (Broce et al., 2015).

The FST, also called the “subcallosal fasciculus” (Duffau
et al,, 2002), connects the SMA to the anterior part of the caudate
nucleus (Kinoshita et al., 2015). From the caudate nucleus, this white
matter tract runs around the anterior horn of the lateral ventricle and
then follows the ipsilateral FAT. There seems to be an association
between the FST and self-initiated movement. Together, the FST and
the FAT also seem to be involved in verbal fluency (Kinoshita
et al,, 2015). It is presumed that they form a negative motor network
involved in self-initiated movements and speech processes (Kinoshita
et al, 2015).
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3 | DISCUSSION

3.1 | Modern study techniques

The advance from a localizationist paradigm to a hodotopical model
has been largely driven by modern techniques that allow scientists to
study language function in vivo. While traditional models were built
on evidence from patients with cortical lesions (Berker et al., 1986),
current understanding derives from direct electrical stimulation (DES)
in awake craniotomies (Duffau, 2015), diffusion tensor imaging and
fiber tractography (Kamali et al., 2014), functional MRI (Price, 2010),
magnetoencephalography, and navigated transcranial magnetic stimu-
lation (Tarapore et al., 2012). These techniques provide a more accu-
rate insight into the actual organization and functioning of the human
brain and will continue to lead research in the yet unclear aspects of

language processing.

3.2 | Aspects of language function

tractographical  studies (Fernandez-Miranda
et al., 2008; Tire et al,, 2000) have facilitated the identification of

white matter tracts involved in language functions. Intraoperative

Anatomical and

DES provides a unique opportunity to discover the functional roles of
cortical hubs and subcortical pathways (Sarubbo, De Benedictis, Mer-
ler, et al., 2015).

Dysarthria is related to the lateral precentral and the postcentral
gyri on both sides of the brain, suggesting that the sensory system is
involved in modulating the articulatory process. Speech articulation is
presumed to be a bilateral process within the face motor cortices
(Tate et al., 2014; Figure 1a).

In anomia, speech is partially preserved but nouns are difficult to
retrieve. The epicenter of this function seems to be located in the
posterior superior temporal gyrus and the inferior parietal lobule of
the dominant hemisphere, corresponding to the “classical” Wernicke's
area (Figure 1a,b). Two other regions are related to anomia. One lies
more anteriorly within the inferior precentral gyrus, close to the lateral
sulcus. The other lies in the junction between the posterior MFG and
the precentral gyrus, which is also the junction between the dorsal
and ventral premotor cortices (Tate et al., 2014; Figure 1a).

Semantic and phonological processes are widely distributed
throughout the cortex in the dominant hemisphere. Semantics is asso-
ciated with the junction of the posterior superior temporal gyrus and
the supramarginal gyrus, pars triangularis, pars opercularis, and dorsal
premotor cortex (Figure 1a,b). Phonology is associated with the mid-
dle superior temporal gyrus, the pars opercularis, and the junction of
the dorsal and ventral premotor cortices (Figure 1a,b). The localization
of semantic and phonological processes in the pars triangularis and
the pars opercularis suggests that the classical Broca's area could
actually be involved in higher-order tuning of language (Tate
et al., 2014).

The AF (Figures 2a,b, 4c, 5b, 6b, and 7a,b) is associated with sev-
eral language dysfunctions such as Broca's aphasia, alexia, agraphia,
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conduction aphasia, reduced comprehension, anomia, dyslexia,
Wernicke's aphasia, and transcortical sensory aphasia (Catani,
Dell'Acqua, Bizzi, et al., 2012). Lesions in the uncinate (Figures 2a, 4b,
and 7a) and inferior longitudinal (Figures 2a,b, 6b, and 7a) fasciculi are
associated with semantic dementia. Injuries to the rostral portion of
the corpus callosum and the anterior commissure are associated with
right olfactory anomia. Cortical deafness for sounds or words is
related to lesions in auditory thalamic projections (Catani, Dell'Acqua,
Bizzi, et al., 2012).

Grammatical gender, an important aspect of syntactic processing,
was analyzed using DES. Syntactic gender disturbances were
observed by stimulating cortical regions in the dominant inferior fron-
tal gyrus and the posterior MFG (Figures 1a; Vidorreta, Garcia,
Moritz-Gasser, & Duffau, 2011). Axonal DES of the SLF can induce
specific grammatical gender disorders without other dysfunctions
(Duffau, 2015). On the basis of these findings, it was hypothesized
that an independent subnetwork interacts with the sub-circuit
involved in naming, an idea that supports the parallel hypothesis
(Duffau, 2015). The anatomical and functional bases of syntactic pro-
cesses are still unclear.

The verbal working memory system seems to involve the
frontoparietal articulatory loop in the dorsal phonological stream, sub-
served by the lateral part of the SLF. This loop connects the dorsal
part of the pars triangularis to the dorsal part of the supramarginal
gyrus (Figure 1a,b). It has been associated with phonological working
memory (Vigneau et al., 2006), allowing phonological information to
be stored temporarily (Duffau, 2014). Therefore, this network is prob-
ably involved in repetition. This hypothesis is supported by DES-
induced repetition disturbances in the posterior cortical terminations
of the lateral part of the SLF (Martino et al, 2011; Quigg &
Fountain, 1999; Quigg, Geldmacher, & Elias, 2006).

Intraoperative DES-elicited dysfunctions suggest a link between
language and executive function. For instance, DES of the inferior
frontal gyrus and the posterosuperior areas of the temporal lobe
(Figure 1a,b), with subcortical stimulation of the SLF (Figures 2b, 4c,
and 6b), produced involuntary language switching (Moritz-Gasser &
Duffau, 2009a). These findings led to the speculation that the
switching processes are subserved by a large-scale cortico-subcortical
network controlled by the executive system, comprising the prefrontal
cortex (Figure 1a), the anterior cingulum (Figure 4a), and the caudate
nucleus (Figures 2a and 3a,b; Duffau, Gatignol, et al., 2009). Further
evidence of a possible link between language and executive function
is the perseveration of the head of the caudate nucleus induced by
DES (Figure 3a; Robles et al., 2005).

3.3 | Language processing

A hodotopical model based on results from DES and functional stud-
ies has gradually replaced the localizationist viewpoint (Duffau, 2014,
2015). Hodotopy is the combination of cortical areas and connecting
pathways forming interactive networks (Catani, 2007; De Benedictis &
Duffau, 2011).

3.3.1 | Input

The first stage in the process of understanding language involves
visual, auditory, or somatosensory input. Visual perception is the first
stage of a language process elicited by visual input. The visual occipi-
tal cortex is connected to the posteroinferior temporal area (VOFA
and VWFA) by the ILF fibers (Figures 2a,b, 6b, and 7a), and stimulation
of this pathway triggers visual paraphasia (Catani et al., 2013; Gaillard
et al., 2006; Mandonnet et al., 2009).

Subcortical DES of the occipitotemporal white matter tracts on
the dominant hemisphere induced different symptoms in lower and
upper fibers. In the same patients, stimulation of lower fibers induced
alexia, while stimulating the wupper fibers induced anomia
(Duffau, 2015). Therefore, words and objects seem to be recognized
by two distinct and parallel pathways originating from the visual
occipital cortex.

Auditory input from the thalamus (Figure 3a,b) is processed in
multiple locations such as the posterosuperior temporal areas and the
supramarginal, angular, posterior middle temporal, superior, and mid-
dle occipital gyri (Figure 1a,b). These locations are interconnected by
U-fibers (Duffau, 2015).

Somatosensory input information received from the thalamus is
processed in the superior parietal lobule, the precuneus, the superior
cingulate cortex, the SMA, the primary motor cortex, the prefrontal
cortex, the MFG, and the orbitofrontal areas (Figures 1a,b and 4a),

which are also interconnected by U-fibers (Duffau, 2015).

3.4 | Routes: Semantic versus phonological
pathways

Visual and auditory language processes seem to branch into two main
pathways, ventral semantic and dorsal phonological, which interact
and work in parallel. In auditory language processing, the ventral
stream could be involved in mapping sound to meaning, the dorsal
stream in mapping sound to articulation (Hickok, 2012; Hickok &
Poeppel, 2007; Saura et al., 2008). For visual language processing, this
dual model was built on the basis of DES-induced separation between
phonemic and semantic processes, demonstrating that these pro-
cesses do not occur serially but in parallel (Duffau, 2014; Maldonado,
Moritz-Gasser, De Champfleur, et al., 2011).

3.4.1 | Ventral semantic stream
The direct pathway of the ventral semantic stream is subserved by
the IOFF (Figures 2a,b, 3a, 6b, and 7a). The IOFF connects the poste-
rior occipital lobe and the VOFA to frontal areas such as the dorsolat-
eral prefrontal cortex and the pars orbitalis (Figures 1a). DES of the
IOFF resulted in semantic paraphasia (Duffau, 2015).

In addition to the direct pathway, there is an indirect pathway
with a relay in the temporal pole. This indirect ventral stream is sub-

served by the anterior part of the ILF (Figures 2a,b, 6b, and 7a), which
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connects the VOFA to the temporal pole. From the temporal pole, the
information is relayed to the pars orbitalis by the UF (Figures 2a, 4b,
and 7a; Duffau, Gatignol, et al, 2009). This sub-network can be
bypassed to the direct pathway (IOFF) and functionally compensated
(Duffau, 2009).

Another sub-network, the middle longitudinal fasciculus (MLF;
Figures 6b and 7a), could be involved in the ventral semantic stream
(Saura et al., 2008). This pathway connects the angular gyrus to the
superior temporal gyrus (Figure 1a,b; Makris & Pandya, 2009). How-
ever, DES of this fasciculus has not elicited naming disorders, so its
specific functional role remains unknown (De Witt Hamer, Moritz-
Gasser, Gatignol, & Duffau, 2011).

3.4.2 | Dorsal phonological stream

The dorsal pathway is subserved by the SLF (Figures 2a,b, 4c, 5b, 6b,
and 7a,b) and can be divided into two components. The deeper one is
the AF (Figures 2a,b, 4c, 5b, éb, and 7a,b), which runs from the poste-
rior section of the middle and inferior temporal gyri, arches around
the insula and moves toward the ventral premotor cortex and the pars
opercularis (Figures 2a,b, and 5b).

In several studies, phonemic paraphasia was observed after DES
of white matter around the superior and posterior parts of the supe-
rior insular sulcus (Bello et al., 2007; Benzagmout et al., 2007,
Duffau, 2008; Duffau, Peggy Gatignol, et al., 2008; Maldonado,
Moritz-Gasser, De Champfleur, et al., 2011; Maldonado, Moritz-Gas-
ser, & Duffau, 2011). The VOFA, involved in both phonological and
semantic processes, is the posterior cortical origin of the dorsal path-
way. Stimulation of the AF induces conduction aphasia without
semantic disorders. Conduction aphasia is a phonemic paraphasia
combined with repetition disorders. These findings support the role of
the AF in phonological processing (Duffau, 2015).

The more superficial component of the dorsal stream is subserved
by the anterior part of the SLF (SLF Ill; Catani et al, 2005;
Duffau, 2015). Anarthria was observed after DES of SLF Il
(Figures 2b, 4c, and 6b; Duffau, 2015). This bundle connects the junc-
tion of the posterior part of the superior temporal gyrus and the sup-
ramarginal gyrus to the ventral premotor cortex. Therefore, this
system integrates somatosensory and auditory information with
phonological-phonemic information to be translated into articulatory
motor programs. This loop is also used during word repetition
(Duffau, 2015).

3.5 | Output

Speech output is severely or entirely suppressed in anarthria. Recent
studies based on cortical stimulation (Tate et al., 2014) have demon-
strated that speech output has two crucial epicenters located in the
precentral gyrus: the bilateral ventral premotor and the face motor
cortices. The ventral premotor cortex lies in the inferior portion of the

premotor gyrus just anterior to the primary motor cortex (Figure 1a)
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and seems to be the most important region associated with speech
output. It has similar patterns on both the dominant and nondominant
sides in left-handed and ambidextrous patients.

On the other hand, speech output was rarely suppressed by stim-
ulation of Broca's area (Tate et al., 2014). DES of the ventral part of
the superior temporal gyrus and the posterior part of the sup-
ramarginal gyrus also elicited articulatory disorders (Benzagmout
et al,, 2007; Duffau, Capelle, Denvil, Sichez, et al., 2003; De Witt
Hamer et al., 2011). This organization was similar in both hemispheres
(Duffau, Leroy, et al., 2008).

Anarthria was induced by subcortical DES of white matter in the
frontoparietal operculum and under the supramarginal gyrus
(Figure 1ab), anterolateral to the AF (Duffau, Capelle, Denvil,
Gatignol, et al., 2003; Maldonado, Moritz-Gasser, De Champfleur,
et al., 2011; Maldonado, Moritz-Gasser, & Duffau, 2011). SLF Ill, a
pathway mentioned in the dorsal phonological stream, seems to be
subserved by the operculo-opercular part of the SLF. DES of the
direct insulo-opercular connections also induced anarthria
(Benzagmout et al., 2007; Duffau, Moritz-Gasser, & Gatignol, 2009).
These findings could relate the ventral premotor cortex to the insula,
which is itself involved in the planning of vocal articulation
(Dronkers, 1996; Duffau, Moritz-Gasser, & Gatignol, 2009).

3.6 | Final considerations

Currently, functional imaging technology and direct cortical stimula-
tion are providing a new understanding of this complex network. Lan-
guage comprises many specific functions located in different
epicenters, which are correlated and interlinked by several pathways.
These areas and connections can also be reorganized and relinked
dynamically. In this study, we review the topographical anatomy and
update information from functional studies that help understand the
correlation between brain anatomy and language function.

Cortical and subcortical stimulation has challenged the classical
theory of brain function and provided new insights into these complex
networks. Broca's area, which comprises the pars opercularis and pars
triangularis in the inferior frontal gyrus on the dominant side, was sup-
posed to be essential for speech production. However, normal speech
function has been preserved after resection of Broca's area
(Benzagmout et al., 2007; Plaza et al., 2009).

Using current techniques, DES of the pars opercularis and pars
triangularis has rarely elicited cessation of speech output, but rather
phonological and semantic disorders. Therefore, Broca's area has been
linked to modulation of higher-order aspects of language
(Dronkers, 1996; Tate et al., 2014). On the other hand, speech output
was prevented by stimulation of regions in the precentral gyrus such
as the bilateral ventral premotor cortices and, less frequently, the face
motor cortices (Tate et al., 2014).

Furthermore, anomia has been associated with other areas
besides the classical Wernicke's area. This dysfunction resulted from
stimulation of a more anterior region within the superior temporal

gyrus, close to its junction with the inferior precentral gyrus. Anomia
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resulted after a region close to the junction of the dorsal and ventral
premotor cortices was stimulated (Tate et al., 2014).

Awake brain surgery with electrical mapping allows crucial areas
to be recognized, improving the preservation of function and evalua-
tion of the extent of resection. Understanding this complex and
changing network is essential for achieving the challenging goal of
continually providing better curative treatments while preserving
quality of life.

Although intraoperative cortical stimulation helps to correlate
function with anatomy, some issues interfere with the interpretation
of findings. Patients subjected to cortical stimulation often have brain
tumors that substantially modify brain anatomy. Slow-growing tumors
allow brain functions affected by the tumoral mass to be restructured.
This process is known as brain plasticity, which is the capacity of a
noncrucial area to assume another area's function. Brain plasticity
allows patients who have undergone surgery in a critical area to

restore the same function in a different region.

4 | CONCLUSION

Cortical and subcortical stimulation, in addition to functional studies,
has contributed to a better comprehension of language function. A
hodotopical model is gradually replacing the classical localizationist
theory. However, there are still numerous aspects of language anat-
omy to be revealed. A better understanding of the microsurgical anat-
omy of language can help us extend tumor resections while

minimizing language deficits.

CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

ORCID

Joao Paulo Mota Telles "= https://orcid.org/0000-0001-9322-0405

Nicollas Nunes Rabelo "= https://orcid.org/0000-0001-5238-8658

REFERENCES

Ackermann, H. (2013). The contribution of the cerebellum to speech and
language. Brain and Language, 127, 315-316.

Beaton, A., & Marién, P. (2010). Language, cognition and the cerebellum:
Grappling with an enigma. Cortex, 46, 811-820.

Bello, L., Gallucci, M., Fava, M., Carrabba, G., Giussani, C., Acerbi, F., et al.
(2007). Intraoperative subcortical language tract mapping guides surgi-
cal removal of gliomas involving speech areas. Neurosurgery, 60,
67-80.

Benzagmout, M., Gatignol, P.,, & Duffau, H. (2007). Resection of
world health organization grade Il gliomas involving Broca's area:
Methodological and functional considerations. Neurosurgery, 61,
741-752.

Berker, E. A. (1986). Translation of Broca's 1865 report. Archives of Neurol-
ogy, 43(10), 1065. http://dx.doi.org/10.1001/archneur.1986.
00520100069017.

Broce, I., Bernal, B., Altman, N., Tremblay, P., & Dick, A. S. (2015). Fiber
tracking of the frontal aslant tract and subcomponents of the arcuate

fasciculus in 5-8-year-olds: Relation to speech and language function.
Brain and Language, 149, 66-76. http://dx.doi.org/10.1016/j.bandl.
2015.06.006.

Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., & Thomas
Yeo, B. T. (2011). The organization of the human cerebellum estimated
by intrinsic functional connectivity. Journal of Neurophysiology, 106,
2322-2345.

Catani, M. (2007). From hodology to function. Brain, 130, 602-605.

Catani, M., Dell'Acqua, F., Bizzi, A., Forkel, S. J., Williams, S. C,
Simmons, A, ... de Schotten, M. T. (2012). Beyond cortical localization
in clinico-anatomical correlation. Cortex, 48, 1262-1287.

Catani, M., Dell'Acqua, F., Vergani, F., Malik, F., Hodge, H., Roy, P., ... de
Schotten, M. T. (2012). Short frontal lobe connections of the human
brain. Cortex, 48, 273-291.

Catani, M., & ffytche, D. H. (2005). The rises and falls of disconnection
syndromes. Brain, 128, 2224-2239.

Catani, M., Howard, R. J., Pajevic, S., & Jones, D. K. (2002). Virtual in vivo
interactive dissection of white matter fasciculi in the human brain.
Neurolmage, 17, 77-94.

Catani, M., Jones, D. K., & Ffytche, D. H. (2005). Perisylvian language net-
works of the human brain. Annals of Neurology, 57, 8-16.

Catani, M., Mesulam, M. M., Jakobsen, E., Malik, F., Martersteck, A.,
Wieneke, C., ... Rogalski, E. (2013). A novel frontal pathway underlies
verbal fluency in primary progressive aphasia. Brain, 136(8),
2619-2628. http://dx.doi.org/10.1093/brain/awt163.

Cohen, L., Dehaene, S., Naccache, L., Lehéricy, S., Dehaene-Lambertz, G.,
Hénaff, M.-A., & Michel, F. (2000). The visual word form area:
Spatial and temporal characterization of an initial stage of reading
in normal subjects and posterior split-brain patients. Brain, 123,
291-307.

De Benedictis, A., & Duffau, H. (2011). Brain hodotopy: From esoteric con-
cept to practical surgical applications. Neurosurgery, 68, 1709-1723
discussion 1723.

De Benedictis, A., Duffau, H., Paradiso, B., Grandi, E., Balbi, S., Granieri, E.,
... Sarubbo, S. (2014). Anatomo-functional study of the temporo-
parieto-occipital region: Dissection, tractographic and brain mapping
evidence from a neurosurgical perspective. Journal of Anatomy, 225,
132-151.

De Benedictis, A., Moritz-Gasser, S., & Duffau, H. (2010). Awake mapping
optimizes the extent of resection for low-grade gliomas in eloquent
areas. Neurosurgery, 66, 1074-1084.

De Benedictis, A., Sarubbo, S., & Duffau, H. (2012). Subcortical surgical
anatomy of the lateral frontal region: Human white matter dis-
section and correlations with functional insights provided by
intraoperative direct brain stimulation - laboratory investigation. Jour-
nal of Neurosurgery, 117, 1053-1069.

De Smet, H. J.,, Baillieux, H., De Deyn, P. P., Marién, P., & Paquier, P.
(2007). The cerebellum and language: The story so far. Folia
Phoniatrica et Logopaedica, 59, 165-170.

De Smet, H. J., Paquier, P., Verhoeven, J., & Marién, P. (2013). The cerebel-
lum: Its role in language and related cognitive and affective functions.
Brain and Language, 127(3), 334-342. http://dx.doi.org/10.1016/j.
bandl.2012.11.001.

Dronkers, N. F. (1996). A new brain region for coordinating speech articu-
lation. Nature, 384(6605), 159-161. http://dx.doi.org/10.1038/
384159a0.

Duffau, H. (2005). Lessons from brain mapping in surgery for low-grade
glioma: Insights into associations between tumour and brain plasticity.
Lancet Neurology, 4, 476-486.

Duffau, H. (2007). Contribution of cortical and subcortical ele-
ctrostimulation in brain glioma surgery: Methodological and functional
considerations. Neurophysiologie Clinique, 37, 373-382.

Duffau, H. (2008). The anatomo-functional connectivity of language
revisited. New insights provided by electrostimulation and
tractography. Neuropsychologia, 46, 927-934.


https://orcid.org/0000-0001-9322-0405
https://orcid.org/0000-0001-9322-0405
https://orcid.org/0000-0001-5238-8658
https://orcid.org/0000-0001-5238-8658
http://dx.doi.org/10.1001/archneur.1986.00520100069017
http://dx.doi.org/10.1001/archneur.1986.00520100069017
http://dx.doi.org/10.1016/j.bandl.2015.06.006
http://dx.doi.org/10.1016/j.bandl.2015.06.006
http://dx.doi.org/10.1093/brain/awt163
http://dx.doi.org/10.1016/j.bandl.2012.11.001
http://dx.doi.org/10.1016/j.bandl.2012.11.001
http://dx.doi.org/10.1038/384159a0
http://dx.doi.org/10.1038/384159a0

VANACOR ET AL.

Duffau, H. (2009). Does post-lesional subcortical plasticity exist in the
human brain? Neuroscience Research, 65, 131-135.

Duffau, H. (2014). The huge plastic potential of adult brain and the role of
connectomics: New insights provided by serial mappings in glioma sur-
gery. Cortex, 58, 325-337.

Duffau, H. (2015). Stimulation mapping of white matter tracts to study
brain functional connectivity. Nature Reviews. Neurology, 11, 255-265.

Duffau, H., Capelle, L., Denvil, D., Gatignol, P., Sichez, N., Lopes, M., ... Van
Effenterre, R. (2003). The role of dominant premotor cortex in lan-
guage: A study using intraoperative functional mapping in awake
patients. Neurolmage, 20, 1903-1914.

Duffau, H., Capelle, L., Denvil, D., Sichez, N., Gatignol, P., Lopes, M., ... Van
Effenterre, R. (2003). Functional recovery after surgical resection of
low grade gliomas in eloquent brain: Hypothesis of brain compensa-
tion. Journal of Neurology, Neurosurgery, and Psychiatry, 74, 901-907.

Duffau, H., Capelle, L., Sichez, N., Denvil, D., Lopes, M., Sichez, J.-P., ...
Fohanno, D. (2002). Intraoperative mapping of the subcortical lan-
guage pathways using direct stimulations. An anatomo-functional
study. Brain, 125, 199-214.

Duffau, H., Gatignol, P., Moritz-Gasser, S., & Mandonnet, E. (2009). Is the
left uncinate fasciculus essential for language?: A cerebral stimulation
study. Journal of Neurology, 256, 382-389.

Duffau, H., Herbet, G., & Moritz-Gasser, S. (2013). Toward a pluri-compo-
nent, multimodal, and dynamic organization of the ventral semantic
stream in humans: Lessons from stimulation mapping in awake
patients. Frontiers in Systems Neuroscience, 7, 44.

Duffau, H., Leroy, M., & Gatignol, P. (2008). Cortico-subcortical organiza-
tion of language networks in the right hemisphere: An ele-
ctrostimulation study in left-handers. Neuropsychologia, 46,
3197-3209.

Duffau, H., Moritz-Gasser, S., & Gatignol, P. (2009). Functional outcome
after language mapping for insular World Health Organization grade Il
gliomas in the dominant hemisphere: Experience with 24 patients.
Neurosurgical Focus, 27, E7.

Duffau, H., Peggy Gatignol, S. T. Mandonnet, E., Capelle, L., &
Taillandier, L. (2008). Intraoperative subcortical stimulation mapping of
language pathways in a consecutive series of 115 patients with grade
Il glioma in the left dominant hemisphere. Journal of Neurosurgery, 109,
461-471.

Duffau, H., Thiebaut De Schotten, M., & Mandonnet, E. (2008). White
matter functional connectivity as an additional landmark for dominant
temporal lobectomy. Journal of Neurology, Neurosurgery, and Psychiatry,
79,492-495.

Fernandez-Miranda, J. C., Rhoton, A. L, AIvarez-Linera, J., Kakizawa, Y.,
Choi, C., & de Oliveira, E. P. (2008). Three-dimensional microsurgical
and tractographic anatomy of the white matter of the human brain.
Neurosurgery, 62(Supplement 3), SHC989-SHC1028. http://dx.doi.
org/10.1227/01.neu.0000333767.05328.49.

Ford, A., McGregor, K. M., Case, K., Crosson, B., & White, K. D. (2010).
Structural connectivity of Broca's area and medial frontal cortex.
Neurolmage, 52, 1230-1237.

Frey, S., Campbell, J. S. W., Pike, G. B., & Petrides, M. (2008). Dissociating
the human language pathways with high angular resolution diffusion
fiber tractography. The Journal of Neuroscience, 28, 11435-11444.

Gaillard, R., Naccache, L., Pinel, P., Clémenceau, S., Volle, E., Hasboun, D., ...
Cohen, L. (2006). Direct intracranial, fMRI, and lesion evidence for the
causal role of left inferotemporal cortex in reading. Neuron, 50(2),
191-204. http://dx.doi.org/10.1016/j.neuron.2006.03.031.

Gordon, N. (1996). Speech, language, and the cerebellum. International
Journal of Language & Communication Disorders, 31, 359-367.

Habas, C., Kamdar, N., Nguyen, D., Prater, K. Beckmann, C. F,
Menon, V., & Greicius, M. D. (2009). Distinct cerebellar contributions
to intrinsic connectivity networks. The Journal of Neuroscience, 29,
8586-8594.

SRS -WiLEY-L=

Herbet, G., Moritz-Gasser, S., Boiseau, M., Duvaux, S., Cochereau, J., &
Duffau, H. (2016). Converging evidence for a cortico-subcortical net-
work mediating lexical retrieval. Brain, 139, 3007-3021.

Hickok, G. (2012). Computational neuroanatomy of speech production.
Nature Reviews Neuroscience, 13(2), 135-145. http://dx.doi.org/10.
1038/nrn3158.

Hickok, G., & Poeppel, D. (2007). The cortical organization of speech
processing. Nature Reviews Neuroscience, 8(5), 393-402. http://dx.doi.
org/10.1038/nrn2113.

Highnam, C. L., & Bleile, K. M. (2011). Language in the cerebellum. Ameri-
can Journal of Speech-Language Pathology, 20, 337-347.

Kamali, A., Flanders, A. E., Brody, J., Hunter, J. V., & Hasan, K. M. (2014).
Tracing superior longitudinal fasciculus connectivity in the human
brain using high resolution diffusion tensor tractography. Brain Struc-
ture & Function, 219, 269-281.

Kinoshita, M., de Champfleur, N. M., Deverdun, J., Moritz-Gasser, S.,
Herbet, G., & Duffau, H. (2015). Role of fronto-striatal tract and frontal
aslant tract in movement and speech: An axonal mapping study. Brain
Structure & Function, 220, 3399-3412.

Kinoshita, M., Shinohara, H., Hori, O., Ozaki, N., Ueda, F., Nakada, M., ...
Hayashi, Y. (2012). Association fibers connecting the Broca center and
the lateral superior frontal gyrus: A microsurgical and tractographic
anatomy. Journal of Neurosurgery, 116, 323-330.

Krainik, A., Lehéricy, S., Duffau, H., Capelle, L., Chainay, H., Cornu, P., ...
Marsault, C. (2003). Postoperative speech disorder after medial frontal
surgery: Role of the supplementary motor area. Neurology, 60, 587-594.

Luders, H. O., Dinner, D. S., Morris, H. H., Wyllie, E., & Comair, Y. G.
(1995). Cortical electrical stimulation in humans. The negative motor
areas. Advances in Neurology, 67, 115-129.

Makris, N., Kennedy, D. N., Mclnerney, S., Sorensen, A. G., Wang, R,
Caviness, V. S., Jr., & Pandya, D. N. (2004). Segmentation of subcom-
ponents within the superior longitudinal fascicle in humans: A quanti-
tative, in vivo, DT-MRI study. Cerebral Cortex, 15, 854-869.

Makris, N., & Pandya, D. N. (2009). The extreme capsule in humans and
rethinking of the language circuitry. Brain Structure & Function, 213,
343-358.

Maldonado, I. L., Moritz-Gasser, S., De Champfleur, N. M., Bertram, L.,
Moulinié, G., & Duffau, H. (2011). Surgery for gliomas involving the
left inferior parietal lobule: New insights into the functional anatomy
provided by stimulation mapping in awake patients: Clinical article.
Journal of Neurosurgery, 115, 770-779.

Maldonado, I. L., Moritz-Gasser, S., & Duffau, H. (2011). Does the left supe-
rior longitudinal fascicle subserve language semantics? A brain ele-
ctrostimulation study. Brain Structure and Function, 216(3), 263-274.
http://dx.doi.org/10.1007/s00429-011-0309-x.

Mandonnet, E., Gatignol, P., & Duffau, H. (2009). Evidence for an occipito-
temporal tract underlying visual recognition in picture naming. Clinical
Neurology and Neurosurgery, 111, 601-605.

Mandonnet, E., Nouet, A., Gatignol, P., Capelle, L., & Duffau, H. (2007).
Does the left inferior longitudinal fasciculus play a role in language? A
brain stimulation study. Brain, 130, 623-629.

Marién, P., Ackermann, H., Adamaszek, M., Barwood, C. H. S., Beaton, A.,
Desmond, J., et al. (2014). Consensus paper: Language and the cere-
bellum: An ongoing enigma. Cerebellum, 13, 386-410.

Marien, P., Engelborghs, S., Fabbro, F., & De Deyn, P. P. (2001). The
lateralized linguistic cerebellum: A review and a new hypothesis. Brain
and Language, 79, 580-600.

Martino, J., Brogna, C., Robles, S. G., Vergani, F., & Duffau, H. (2010). Ana-
tomic dissection of the inferior fronto-occipital fasciculus revisited in
the lights of brain stimulation data. Cortex, 46, 691-699.

Martino, J., Taillandier, L., Moritz-Gasser, S., Gatignol, P., & Duffau, H.
(2009). Re-operation is a safe and effective therapeutic strategy in
recurrent WHO grade Il gliomas within eloquent areas. Acta Neu-
rochirurgica, 151, 427-436.


http://dx.doi.org/10.1227/01.neu.0000333767.05328.49
http://dx.doi.org/10.1227/01.neu.0000333767.05328.49
http://dx.doi.org/10.1016/j.neuron.2006.03.031
http://dx.doi.org/10.1038/nrn3158
http://dx.doi.org/10.1038/nrn3158
http://dx.doi.org/10.1038/nrn2113
http://dx.doi.org/10.1038/nrn2113
http://dx.doi.org/10.1007/s00429-011-0309-x

VANACOR ET AL.

* L WILEY- SRS

Martino, J., Vergani, F., Robles, S. G., & Duffau, H. (2010). New insights
into the anatomic dissection of the temporal stem with special empha-
sis on the inferior fronto-occipital fasciculus: Implications in surgical
approach to left mesiotemporal and temporoinsular structures. Opera-
tive Neurosurgery, 66, 4-12.

Martino, J.,, De Witt Hamer, P. C., Berger, M. S., Lawton, M. T,
Arnold, C. M,, De Lucas, E. M., & Duffau, H. (2013). Analysis of the
subcomponents and cortical terminations of the perisylvian superior
longitudinal fasciculus: A fiber dissection and DTI tractography study.
Brain Structure & Function, 218, 105-121.

Martino, J., de Witt Hamer, P. C., Vergani, F., Brogna, C., de Lucas, E. M.,
Vazquez-Barquero, A, ... Duffau, H. (2011). Cortex-sparing fiber dis-
section: An improved method for the study of white matter anatomy
in the human brain. Journal of Anatomy, 219, 531-541.

Matsumoto, R, Nair, D. R, LaPresto, E., Najm, I, Bingaman, W,
Shibasaki, H., & Liiders, H. O. (2004). Functional connectivity in the
human language system: A cortico-cortical evoked potential study.
Brain, 127, 2316-2330.

Moritz-Gasser, S., & Duffau, H. (2009). Evidence of a large-scale network
underlying language switching: a brain stimulation study. Journal of
Neurosurgery, 111(4), 729-732. http://dx.doi.org/10.3171/2009.4.
jns081587.

Murdoch, B. E. (2010). The cerebellum and language: Historical perspec-
tive and review. Cortex, 46, 858-868.

Nachev, P., Kennard, C., & Husain, M. (2008). Functional role of the sup-
plementary and pre-supplementary motor areas. Nature Reviews Neu-
roscience, 9(11), 856-869. http://dx.doi.org/10.1038/nrn2478.

Qishi, K., Zilles, K., Amunts, K., Faria, A,, Jiang, H., Li, X, et al. (2008).
Human brain white matter atlas: Identification and assignment of com-
mon anatomical structures in superficial white matter. Neurolmage, 43,
447-457.

Paquier, P. F., & Marién, P. (2005). A synthesis of the role of the cerebel-
lum in cognition. Aphasiology, 19, 3-19.

Penfield, W. (1954). Mechanisms of voluntary movement. Brain, 77, 1-17.

Plaza, M., Gatignol, P., Leroy, M., & Duffau, H. (2009). Speaking without
Broca's area after tumor resection. Neurocase, 15, 294-310.

Price, C. J. (2010). The anatomy of language: a review of 100 fMRI
studies published in 2009. Annals of the New York Academy of
Sciences, 1191(1), 62-88. http://dx.doi.org/10.1111/j.1749-6632.
2010.05444 x.

Quigg, M., & Fountain, N. B. (1999). Conduction aphasia elicited by stimu-
lation of the left posterior superior temporal gyrus. Journal of Neurol-
ogy, Neurosurgery & Psychiatry, 66(3), 393-396. http://dx.doi.org/10.
1136/jnnp.66.3.393.

Quigg, M., Geldmacher, D. S., & Elias, W. J. (2006). Conduction aphasia as
a function of the dominant posterior perisylvian cortex. Journal of Neu-
rosurgery, 104(5), 845-848. http://dx.doi.org/10.3171/jns.2006.104.
5.845.

Rhoton, A. L. (2007). The cerebrum. Neurosurgery, 61, SHC-37-SHC-119.

Robles, S. G., Gatignol, P., Capelle, L., Mitchell, M. C., & Duffau, H. (2005).
The role of dominant striatum in language: A study using
intraoperative electrical stimulations. Journal of Neurology, Neurosur-
gery, and Psychiatry, 76, 940-946.

Rubino, P. A, Rhoton, A. L., Tong X., & de Oliveira, E. (2005). Three-
dimensional relationships of the optic radiation. Operative Neurosur-
gery, 57(suppl_4), ONS-219. http://dx.doi.org/10.1227/01.neu.
0000176415.83417.16.

Sarubbo, S., Le Bars, E., Sylvie, M. G., Duffau, H., & Sarubbo, S. (2012).
Complete recovery after surgical resection of left Wernicke's area in
awake patient: A brain stimulation and functional MRI study. Neurosur-
gical Review, 35, 287-292.

Sarubbo, S., De Benedictis, A., Maldonado, I. L., Basso, G., & Duffau, H.
(2013). Frontal terminations for the inferior fronto-occipital fascicle:
Anatomical dissection, DTI study and functional considerations on a
multi-component bundle. Brain Structure & Function, 218, 21-37.

Sarubbo, S., De Benedictis, A., Merler, S.,, Mandonnet, E., Balbi, S,
Granieri, E., & Duffau, H. (2015). Towards a functional atlas of human
white matter. Human Brain Mapping, 36(8), 3117-3136. http://dx.doi.
org/10.1002/hbm.22832.

Sarubbo, S., De Benedictis, A., Milani, P., Paradiso, B., Barbareschi, M.,
Rozzanigo, U., ... Chioffi, F. (2015). The course and the anatomo-
functional relationships of the optic radiation: A combined study with
“post mortem” dissections and “in vivo” direct electrical mapping. Jour-
nal of Anatomy, 226, 47-59.

Saur, D., Kreher, B. W., Schnell, S., Kummerer, D., Kellmeyer, P., Vry, M.-S,, ...
Weiller, C. (2008). Ventral and dorsal pathways for language. Proceedings
of the National Academy of Sciences, 105(46), 18035-18040. http://dx.
doi.org/10.1073/pnas.0805234105.

Sincoff, E. H., Tan, Y., & Abdulrauf, S. I. (2004). White matter fiber dis-
section of the optic radiations of the temporal lobe and implications
for surgical approaches to the temporal horn. Journal of Neurosurgery,
101, 739-746.

Stoodley, C. J., & Schmahmann, J. D. (2009). Functional topography in the
human cerebellum: A meta-analysis of neuroimaging studies.
Neurolmage, 44, 489-501.

Tanriover, N., Rhoton, A. L., Kawashima, M., Ulm, A. J., & Yasuda, A.
(2004). Microsurgical anatomy of the insula and the sylvian fissure.
Journal of Neurosurgery, 100, 891-922.

Tarapore, P. E., Tate, M. C,, Findlay, A. M., Honma, S. M., Mizuiri, D.,
Berger, M. S., & Nagarajan, S. S. (2012). Preoperative multimodal
motor mapping: A comparison of magnetoencephalography imaging,
navigated transcranial magnetic stimulation, and direct cortical stimu-
lation. Journal of Neurosurgery, 117, 354-362.

Tate, M. C., Herbet, G., Moritz-Gasser, S., Tate, J. E., & Duffau, H. (2014).
Probabilistic map of critical functional regions of the human cerebral
cortex: Broca's area revisited. Brain, 137, 2773-2782.

Thiel, A., Herholz, K., Koyuncu, A. Ghaemi, M., Kracht, L. W,
Habedank, B., & Heiss, W. D. (2001). Plasticity of language networks
in patients with brain tumors: A positron emission tomography activa-
tion study. Annals of Neurology, 50, 620-629.

Thirling, M., Kiper, M., Stefanescu, R., Maderwald, S., Gizewski, E. R.,
Ladd, M. E., & Timmann, D. (2011). Activation of the dentate nucleus in
a verb generation task: A 7T MRI study. Neurolmage, 57, 1184-1191.

Tremblay, P., & Dick, A. S. (2016). Broca and Wernicke are dead, or moving
past the classic model of language neurobiology. Brain and Language,
162, 60-71.

Tremblay, P., Sato, M., & Small, S. L. (2012). TMS-induced modulation of
action sentence priming in the ventral premotor cortex.
Neuropsychologia, 50(2), 319-326. http://dx.doi.org/10.1016/j.
neuropsychologia.2011.12.002.

Tire, U., Yasargil, D. C. H., Al-Mefty, O., & Yasargil, M. G. (1999). Topographic
anatomy of the insular region. Journal of Neurosurgery, 90, 720-733.

Ture, U., Yasargil, M. G., Friedman, A. H., & Al-Mefty, O. (2000). Fiber dis-
section technique: Lateral aspect of the brain. Neurosurgery, 47, 417.

Vidorreta, J. G., Garcia, R., Moritz-Gasser, S., & Duffau, H. (2011). Double
dissociation between syntactic gender and picture naming processing: A
brain stimulation mapping study. Human Brain Mapping, 32(3), 331-340.
http://dx.doi.org/10.1002/hbm.21026.

Vigneau, M., Beaucousin, V., Hervé, P. Y. Duffau, H. Crivello, F.,
Houdé, O., ... Tzourio-Mazoyer, N. (2006). Meta-analyzing left hemi-
sphere language areas: Phonology, semantics, and sentence
processing. Neurolmage, 30(4), 1414-1432. http://dx.doi.org/10.
1016/j.neuroimage.2005.11.002.

De Witt Hamer, P. C., Moritz-Gasser, S., Gatignol, P., & Duffau, H. (2011).
Is the human left middle longitudinal fascicle essential for language? A
brain electrostimulation study. Human Brain Mapping, 32, 962-973.

Yasargil, M. G. (1994). Microneurosurgery CNS tumors: Surgical anatomy,
neuropathology, neuroradiology, neurophysiology, clinical considerations,
operability, treatment options. Stuttgard, BW: Thieme Medical
Publishers.


http://dx.doi.org/10.3171/2009.4.jns081587
http://dx.doi.org/10.3171/2009.4.jns081587
http://dx.doi.org/10.1038/nrn2478
http://dx.doi.org/10.1111/j.1749-6632.2010.05444.x
http://dx.doi.org/10.1111/j.1749-6632.2010.05444.x
http://dx.doi.org/10.1136/jnnp.66.3.393
http://dx.doi.org/10.1136/jnnp.66.3.393
http://dx.doi.org/10.3171/jns.2006.104.5.845
http://dx.doi.org/10.3171/jns.2006.104.5.845
http://dx.doi.org/10.1227/01.neu.0000176415.83417.16
http://dx.doi.org/10.1227/01.neu.0000176415.83417.16
http://dx.doi.org/10.1002/hbm.22832
http://dx.doi.org/10.1002/hbm.22832
http://dx.doi.org/10.1073/pnas.0805234105
http://dx.doi.org/10.1073/pnas.0805234105
http://dx.doi.org/10.1016/j.neuropsychologia.2011.12.002
http://dx.doi.org/10.1016/j.neuropsychologia.2011.12.002
http://dx.doi.org/10.1002/hbm.21026
http://dx.doi.org/10.1016/j.neuroimage.2005.11.002
http://dx.doi.org/10.1016/j.neuroimage.2005.11.002

VANACOR ET AL.

Zemmoura, l., Herbet, G., Moritz-Gasser, S., & Duffau, H. (2015). New
insights into the neural network mediating reading processes provided
by cortico-subcortical electrical mapping. Human Brain Mapping, 36,
2215-2230.

Zhang, Y., Zhang, J., Oishi, K., Faria, A. V., Jiang, H., Li, X, et al. (2010). Atlas-
guided tract reconstruction for automated and comprehensive examina-
tion of the white matter anatomy. Neurolmage, 52, 1289-1301.

SRS -WiLEY-L=

How to cite this article: Vanacor CN, Isolan GR, Yu YH, et al.
Microsurgical anatomy of language. Clinical Anatomy. 2020;
1-15. https://doi.org/10.1002/ca.23681



https://doi.org/10.1002/ca.23681

	Microsurgical anatomy of language
	1  INTRODUCTION
	2  SUPPORTING DISSECTION MATERIAL
	2.1  Topographic anatomy of language-cortical areas
	2.1.1  Broca's area
	2.1.2  Wernicke's area
	2.1.3  Exner's area
	2.1.4  Cerebellum
	2.1.5  Basal ganglia

	2.2  Cortical hubs
	2.2.1  Visual word form area and visual object form area
	2.2.2  Primary auditory cortex
	2.2.3  Insula
	2.2.4  Supplementary motor area and presupplementary motor area

	2.3  Topographic anatomy of language-White matter pathways
	2.3.1  Superior longitudinal fasciculus
	2.3.2  Inferior longitudinal fasciculus
	2.3.3  Inferior occipitofrontal fasciculus
	2.3.4  Uncinate fasciculus
	2.3.5  FAT and FST


	3  DISCUSSION
	3.1  Modern study techniques
	3.2  Aspects of language function
	3.3  Language processing
	3.3.1  Input

	3.4  Routes: Semantic versus phonological pathways
	3.4.1  Ventral semantic stream
	3.4.2  Dorsal phonological stream

	3.5  Output
	3.6  Final considerations

	4  CONCLUSION
	  CONFLICT OF INTEREST
	REFERENCES


