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Abstract: Objectives: To ascertain the neural network mediating reading using intraoperative electrosti-
mulation. Experimental design: A cortical and axonal intraoperative electrical mapping of reading proc-
esses was achieved in seven patients who underwent awake surgery for a left occipitotemporal glioma.
We performed resection cavity overlapping and superimposition with a diffusion tensor imaging-
based white matter atlas. We assessed the relationship between the location of resection cavities and
the occurrence of reading impairments of regular, irregular, and pseudowords. Principal observations:
Intraoperative stimulation of the left posterior inferior temporal cortex (ITCp) elicited reading distur-
bances. Subcortical stimulation at the anterior portion of the visual word form area (VWFA) induced
addressed phonology (irregular words reading) disturbances. Subcortical stimulation of the connection
between VWFA and the posterior segment of the arcuate fascicle (AFp) induced both addressed and
assembled phonology (irregular and pseudowords reading) disturbances. Postoperative assessment
showed that resection of the posterior portion of the inferior longitudinal fascicle (ILFp), connecting
the visual cortex to VWFA, induced long-term and global reading impairment. Resection of the
terminations of left AFp in the ITCp-induced irregular and pseudowords reading disturbances with no
impairment of regular words reading. Resection of the anterior portion of ILF did not induce reading
impairment. Conclusions: Our data support an inner posterior-to-anterior hierarchical coding of letter
strings in the VWFA and a crucial role of the left ILFp to provide visual inputs to the VWFA. Further-
more, we suggest that the AFp is involved in an interactive feedback system between visual and
nonvisual information, recruited when reading irregular and pseudowords. Hum Brain Mapp 36:2215–
2230, 2015. VC 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Although recent studies have emphasized on the neural
circuitry implicated in reading [Cummine et al., 2013;
Epelbaum et al., 2008; Thiebaut de Schotten et al., 2012;
Yeatman et al., 2013], the anatomical connectivity that
may be concerned in sustaining reading processes is still
poorly documented. Nonetheless, a dual-route computa-
tional model of reading is currently widely accepted in sci-
entific community, mainly based on findings from brain-
damaged patients with acquired dyslexia [Damasio and
Damasio, 1983; Greenblatt, 1976; Marshall and Newcombe,
1973; Shallice and Warrington, 1980]. Dual-route models
dissociate the lexical-semantic pathway devoted to the
reading of meaningful words and the phonological path-
way devoted to the reading of nonwords and pseudo-
words [Coltheart et al., 2001; Perry et al., 2007, 2010; Zorzi
et al., 1998]. In other words, the lexical-semantic pathway
subserves “addressed phonology” that addresses the pro-
nunciation of all words known to the reader, while the
phonological pathway subserves “assembled phonology”
that assembles pronunciations based on spelling–sound
correspondences [Proverbio et al., 2004; Simos et al., 2002].

Besides, it has also been showed that the first steps
before phonological and semantic processing of reading
are supported by a visual word form system that connects
extrastriate occipital cortex to the left lateral occipitotem-
poral sulcus cortex, at the anterolateral aspects of the left
fusiform gyrus. This region, referred to as the visual word
form area (VWFA) [Cohen et al., 2000; Dehaene et al.,
2002; Dehaene and Cohen, 2011], receives homolateral vis-
ual inputs from the occipital pole via the ventral occipito-
temporal (vOT) region [Epelbaum et al., 2008; Vinckier
et al., 2007], more precisely via the posterior portion of the
inferior longitudinal fascicle (ILFp) [Coello et al., 2013a;
Martino et al., 2013a; Yeatman et al., 2013]; and contralat-
eral visual inputs via the corpus callosum (CC) [Molko
et al., 2002]. Although the existence of a specific role of the
VWFA is still debated [Dehaene and Cohen, 2011; Price,
2013; Price and Devlin, 2003, 2011; Wandell, 2011], its con-
tribution to the reading network is widely accepted
[Dehaene et al., 2005; Vinckier et al., 2007; Vogel et al.,
2011; Yeatman et al., 2013].

According to current models, visual word recognition is
mediated by an interactive system including (i) a feed-
forward orthographic processing of visual inputs that are
coded inside the VWFA in an inner posterior-to-anterior
organization (from letter strings to progressively longer
elements that finally form whole words [Dehaene et al.,
2005; Vinckier et al., 2007]) and (ii) nonvisual information

that are integrated via feedback and lateral connections in
the visual system [Dehaene et al., 2005; Twomey et al.,
2011]. These bottom-up and top-down modulations of
orthographic processing of words by the phonological and
semantic systems are not entirely understood nor
explained by the proposed neurocognitive models of read-
ing [Ans et al., 1998; Coltheart et al., 2001; Marshall and
Newcombe, 1973; Perry et al., 2007; Plaut et al., 1996;
Seidenberg and McClelland, 1989; Zorzi et al., 1998].
Besides, the anatomical fiber connections of the VWFA,
for which knowledge about their functional significance
may inform cognitive models of reading, are still a mat-
ter of debate. This is mostly due to the numerous fiber
crossings encountered in the occipitotemporal area
which cannot, at the time, be resolved by diffusion trac-
tography. Indeed, at least six association fiber tracts
cross or terminate in this region: the inferior longitudi-
nal fascicle (ILF), the inferior fronto-occipital fascicle
(IFOF), the long segment of the arcuate fascicle (AF) and
its posterior vertical segment (AFp), the vertical occipital
fascicle (VOF), and the fibers of the tapetum that form
the posterior CC.

Indeed, most of the anatomical data concerning neural
basis of reading has been provided by functional MRI
(fMRI) [Cohen et al., 2000; Dehaene et al., 2010; Dehaene
and Cohen, 2011; Henry et al., 2005; Jobard et al., 2003;
Mechelli et al., 2003; Mechelli et al., 2005; Simos et al.,
2002; Tsapkini et al., 2011; Twomey et al., 2011; Vinckier
et al., 2006], event-related potentials [Proverbio et al.,
2004], or magnetoencephalography [Marinkovic et al.,
2003]. Hence, the dorsal phonological and ventral lexico-
semantic routes of reading are concepts mainly supported
by cortical activations in frontal, parietal, and temporal
regions that have been related to different reading tasks
involving either phonological or semantic processing of
visual information. More specifically, in a review of fMRI
studies, cortical activations of the middle temporal gyrus
(MTG), basal temporal region, and pars triangularis of the
inferior frontal gyrus have been related to lexical process-
ing while cortical activations of the superior temporal
gyrus (STG), MTG, supramarginalis gyrus (SMG), and
pars opercularis of the inferior frontal gyrus (POp) have
been related to phonological processing of reading words
[Jobard et al., 2003]. These data provide strong but indirect
evidence that the ventral lexico-semantic pathway of read-
ing might be subserved by the IFOF and the dorsal phono-
logical pathway by the AF. Indeed, the cortical
terminations of these two major association bundles corre-
spond to the cortical areas described in fMRI studies [Cat-
ani et al., 2005; Duffau et al., 2013; Martino et al., 2013a,b;
Sarubbo et al., 2013].
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Even if a few recent studies emphasized on fiber con-
nections of the VWFA using diffusion tractography [Cum-
mine et al., 2013; Epelbaum et al., 2008; Yeatman et al.,
2013], the only tract that has been demonstrated to be a
posterior connection to the VWFA is the ILFp [Epelbaum
et al., 2008] whose interruption caused pure alexia
(namely, alexia without agraphia or anomia). Other sup-
posed connections to the VWFA are the AFp and the VOF.
The AFp has been found to be connected to the VWFA in
diffusion tractography studies [Epelbaum et al., 2008; Yeat-
man et al., 2013] and possibly involved in reading as the
temporoparietal connectivity (indirectly measured by the
fractional anisotropy in the AFp) is correlated with read-
ing skills [Thiebaut de Schotten et al., 2012]. The VOF,
which is not a “classical” association tracts, has been pro-
posed as a possible fiber tract involved in so called
“subangular alexia” [Yeatman et al., 2013] described in
two reports, one consecutive to a surgical resection of an
arteriovenous malformation [Greenblatt, 1976] and the
other consecutive to an infarct in the temporoparietal junc-
tion [Iragui and Kritchevsky, 1991]. Consequently, neither
anterior nor superior disruption of the connectivity of the
VWFA that could possibly involve the anterior portion of
the ILF (ILFa), the IFOF, or the AF has been reported to
cause reading disturbances.

In the present study, we investigated reading abilities of
seven patients during awake surgery of diffuse low-grade glio-
mas (LGG) involving the occipitotemporal region, and during
preoperative and postoperative neuropsychological assess-
ment. For each patient of our series, awake surgery and mea-
sure of reading abilities has not been made only for scientific
purposes but to obtain a maximal extent of resection of the gli-
oma while preserving neurological functions. This methodol-
ogy has already been used to investigate language [Khan et al.,
2014; Moritz-Gasser and Duffau, 2013], motor [Almairac et al.,
2014; Van Geemen et al., 2014; Kinoshita et al., 2014; Rech
et al., 2014; Schucht et al., 2013], or mentalizing processes [Her-
bet et al., 2013, 2014] but not reading except in one single study
[Roux et al., 2004], which only proposed a cortical mapping.
Hence, this is the first study to provide in vivo data based on
cortical, subcortical, and lesion-symptom to help understand-
ing brain mechanisms involved during reading.

MATERIALS AND METHODS

Patients

Between January 2010 and February 2014, seven patients
with a LGG (World Health Organization grade II glioma)
involving the left lateral and basal temporo-occipital lobe
underwent awake surgery with intraoperative language and
reading mapping. Informed consent was obtained from all
patients before surgery. Patient characteristics are summar-
ized in Table I. There were five males and two females
ranging in age from 23 to 59 years (mean age 41.9 6 12.4).
Educational level of all patients of the series was >9 years.
Seizure was the initial clinical symptom in all patients. The

Edinburgh inventory for handedness [Oldfield, 1971] showed
that five patients were right-handed and two patients were
ambidextrous. The standard neurological examination before
surgery was normal in all cases. The topography of the tumor
was accurately analyzed on a preoperative MR images
(T1-weighted and spoiled-gradient images obtained before
and after gadolinium enhancement in the three orthogonal
planes, FLAIR axial and T2-weighted coronal images).

Preoperative and Postoperative Functional

Assessment

Language function was assessed by a senior speech ther-
apist pre- and postoperatively. In addition, a verbal pho-
nological (saying words beginning by the letter “p” in 2
min) and semantic (saying animals names in 2 min) flu-
ency task [Cardebat et al., 1990], the DO 80 naming task
[Metz-Lutz et al., 1991], and a reading task that consisted
in overt reading of regular, irregular, and pseudowords
[Nespoulous et al., 1992] were administered to each
patient. No formal reliability assessment was conducted
on the scores. All the patients were tested in their native
language.

Preoperative language and reading examination was
performed the day before surgery. Immediate postopera-
tive assessment was achieved 3–5 days after surgery and
postoperative assessment was conducted 3 months after
surgery. All patients received speech rehabilitation in the
postoperative period.

Intraoperative Functional Mapping

All patients underwent awake surgery under local anes-
thesia to allow functional, especially language, reading,
and visual field, cortical and subcortical mapping with
direct electrical stimulation. This method has been exten-
sively described in previous studies [Duffau et al., 2002,
2005b, 2008]. After removal of the bone flap and opening
of the dura matter, ultrasonography was used on the corti-
cal surface to identify the tumor location. Tumor borders
were indicated with sterile letter tags. Prior to glioma
resection, the cortex was mapped in all patients. Electrosti-
mulation was delivered to the brain using a 5-mm spaced
tips bipolar stimulator and with a biphasic current inten-
sity between 1.5 and 4 mA (60 Hz, 1 ms single pulse
phase, Nimbus, Hemodia). Stimulation of each site lasted
maximum 3 s. Each cortical site was stimulated three
times. However, no area was stimulated twice in succes-
sion to prevent seizures. For language mapping, two tasks
were utilized. The first one was counting, where the
patients counted from 1 to 10 repeatedly, and the second
one was picture naming (DO 80 task), where the patient
first read a short sentence “ceci est. . .” (the French transla-
tion of “This is. . .”) and then named the picture presented
on the screen. This allows making a distinction between a
speech arrest (no sound) and naming disturbances, that is
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TABLE I. Patients characteristics and surgical findings

Patients Age, sex Handed-ness Tumor location

Intraoperative

mapping (reading)

Intraoperative

cortical mapping

(other functions)

Intraoperative subcort-

ical mapping (other

functions)

1 59, M Right handed Left parahippocampal/
fusiform

ILF (basal and
medial to the AF:
49): addressed
phon
disturbances

vPMC (1 and 2):
anarthria; mid
STG (8): anomia;
mid MTG (3):
switch French/
English

IFOF (ventricle roof,
not represented):
sem paraph; AF (50):
anomia and phon
paraph

2 23,M Right handed Left post MTG 6

post ITG
ILF (50): addressed

and assembled
phonology
disturbance

vPMC and PCG (1
and 2): anarthria;
PoCG (3 and 4):
articulatory
troubles and
involuntary
tongue
movements;
posterior STG (5):
sem paraph,
switch French/
English

IFOF (46 and 47): sem
paraph and anomia;
AF (48 and 49):
phon paraph

3 40, M Right handed Left post MTG
and ITG

ILF (48): addressed
phon
disturbances

vPMC (1 and 2):
anarthria; post
STG (3): anomia;
post MTG (4):
phon paraph and
pain

IFOF (50): anomia; AF
(49): anomia and
phon paraph

4 30, M Ambidext Left
parahippocampal/
fusiform

Post-inf MTG
(cortex 4):
anomia and
alexia; ILF (WM
48, not visible,
dorsal and lateral
to 49): addressed
phon
disturbances

vPMC (1):
anarthria; mid
STG (2): anomia;
post MTG (3):
anomia; post-inf
MTG (4): anomia
and alexia

AF (50): phon paraph;
OR (49): phosphenes

5 42, F Ambidext,
English
speaking

Left post MTG ILF (47): addressed
phon
disturbances

vPMC (1):
anarthria; mid
STG (2 and 3):
sem paraph and
anomia

IFOF (49 and 50): sem
paraph and anomia;
AF (48): phon
paraph and anomia;
(46): anomia

6 47, F Right handed Left fusiform/
basal occipital

post ITG (cortex 2):
alexia post ILF
(WM 40): alexia

post STG (1):
anomia; post
MTG (3) and
occipital lobe:
phon paraph and
anomia

IFOF (42): anomia
without alexia; AF
(underneath 3):
phon paraph; OR
(10 and 11): blurring
and phosphenes in
the right visual field

7 52, M Right handed Left fusiform/
occipital lobe

post MTG (cortex
6): alexia

Primary motor
cortex (1): face;
mid-post STG (2
and 3): anomia

IFOF (46): sem paraph
and PPTT
disturbance; In the
depth of the
superior temporal
sulcus (47) and of
the AG (48):
complete loss of
consciousness.

AF: arcuate fascicle; AG: angular gyrus; Ambidext: ambidextrous; F: female; IFOF: inferior frontooccipital fascicle; ILF: inferior longitu-
dinal fascicle; ITG: inferior temporal gyrus; M: male; MTG: middle temporal gyrus; OR: optic radiations; paraph: paraphasia;; PCG: pre-
central gyrus; phon: phonological; PoCG: postcentral gyrus; post: posterior; sem: semantic; PPTT: pyramidal palm-tree test; STG:
superior temporal gyrus; vPMC: ventral premotor cortex; WM: white matter.



the patient’s inability to name the picture but ability to
read the sentence out loud [Duffau et al., 2005b; Duffau,
2013; Vidorreta et al., 2011]. More precisely, an articulatory
disturbance (i.e., anarthria) was defined as such when the
patient was unable to pronounce correctly the introductive
sentence “This is a . . .” and the name of the picture,
because phonetic units were distorted, leading to the pro-
duction of distorted words with phonemes whose distinc-
tive features were degraded. Phonological paraphasia was
defined by the production of words near the target ones
but with phonological changes: phoneme elision (e.g., Fag
for flag), phoneme addition (e.g., Flagl for flag), change in
the distinctive features (e.g., Vlag for flag). For the latter
kind of disturbance, some attempts of self-corrections were
sometimes observed. Other disturbance types were anomia
and semantic paraphasia, that is the production of a word
semantically related to the target word (e.g., Dog for cat).

Both the speech therapist and patient were unaware of
when and where stimulations were delivered. If stimulation
elicited a reproducible language disturbance that is, at least
two of three stimulations induced the same type of deficit
(e.g., semantic paraphasia), a sterile number tag was placed
on this area to identify the functional epicenter. A photo-
graph of the cortical map was systematically taken before
resection. After the completion of cortical mapping, glioma
resection was started and subcortical structures were sys-
tematically stimulated in order to identify language path-
ways. During the resection and stimulation of subcortical
structures, the patient continued with the naming task and
the speech therapist analyzed the language disturbances in
real-time, i.e., articulatory disturbances, anomia, phonemic
paraphasia, or semantic paraphasia.

In addition to the naming task, a reading test was also
performed by the patient [Gil-Robles et al., 2013; Nespou-
lous et al., 1992], who had to name real regular and irregu-
lar words and pseudowords that were randomly
presented on the screen (see Fig. 1). Words used during
the reading task derived from the MT86 test [Nespoulous
et al., 1992], for which all psycholinguistic criteria (includ-
ing word frequency and word length) are controlled. As
pseudowords reading depends only on assembled phonol-
ogy without any possible compensation by addressed pho-
nology, an intraoperative inability to read pseudowords
while real words could be read was interpreted as an
assembled phonology disturbance. By contrast, as irregular
words reading depends mostly on addressed phonology,
without possible compensation by assembled phonology,
an intraoperative inability to read an irregular word was
interpreted as an addressed phonology disturbance.
Finally, regular words reading can be processed by both
addressed and assembled phonology. However, in skill
readers, it depends mostly on addressed phonology,
which, however, may be compensated by assembled pho-
nology. Thus, during regular words reading, an addressed
phonology disturbance may lead to compensatory letter-
by-letter reading strategy easily identifiable intraopera-
tively. On the contrary, an assembled phonology disturb-

ance may possibly lead to either no reading difficulty
(especially for frequent words) or complete alexia (for
infrequent words that would need phonological decoding).
If the error was not characterizable (for example when the
patient did not produce any sound, or when he/she said
“I don’t know”) the intraoperative reading task was sus-
pended a few seconds so that the speech therapist could
explore in more detail the nature of the error (for instance,
by asking the patient to spell the written word). This was
possible because when the surgeon interrupts the electrical
stimulation (i.e., when the stimulation probe is taken away
from the brain), the altered function recovers immediately
so that the patient can explain his/her difficulty or feelings.

Both intraoperative naming and reading tasks were
assessed in the native language of each patient. Bilingual
patients were tested in both their first and second languages.

Furthermore, online mapping of the optic radiations was
also achieved to prevent hemianopia. To this end, a modi-
fied picture-naming task was used, with presentation of
two objects situated diagonally on a screen divided into
four quadrants. An image was presented in the quadrant
to be saved and another image was presented in the oppo-
site quadrant. Direct subcortical electrostimulation was
repeatedly performed without the patient’s knowledge,
until optic radiations were identified by eliciting transient
visual disturbances such as blurred vision, shadow, phos-
phenes, or even visual illusions [Gras-Combe et al., 2012].
Finally, a nonverbal semantic association test (the so-called
pyramid and palm trees test) [Howard et al., 1992] was
administered. This task involves 52 black-and-white draw-
ings presented on a computer screen. For each target pic-
ture, two new pictures are proposed, and the patient is
asked to match one of these with the target according to a
semantic link, by pointing to the matching picture.

Figure 1.

Schema of the reading intraoperative task inspired from the

Montreal-Toulouse MT-86 test [Nespoulous et al., 1992] and

adapted to intraoperative conditions. Single words were consecu-

tively presented on the screen of a laptop computer. The test con-

sisted in a series of 20 words, whose type (regular, irregular, or

pseudowords) was presented at random. New words were regu-

larly presented every 4 sec, 0.5 sec after a beep, so that electrical

stimulation begun before the word appeared on the screen.
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To perform the best possible tumor removal and preser-
vation of functional areas, all resections were pursued
until eloquent pathways were encountered around the sur-
gical cavity, i.e., resections were achieved according to
functional boundaries. Thus, there was no margin left
between the surgical cavity and the adjacent functional
areas. After tumor removal, a photograph of the cortical
and subcortical maps was taken.

Resection Cavity Overlapping

Postoperative high-resolution three-dimensional (3D)T1
MRI scans acquired in the third month were normalized to a
standardized common space (Montreal Neurological Inti-
tute space) using cost function masking—a method allowing
to avoid bias caused by abnormal lesion-induced radiologi-
cal signals during the registration process [Andersen et al.,
2010; Brett et al., 2001]. Briefly, the lesion is contoured by
hand and subsequently transformed into a binarized image.
This image is used as a mask during the normalization
process, achieved in our study with SPM8 (http://www.fil.
ion.ucl.ac.uk/spm/software/spm8/) implemented in a
MATLAB environment (http://www.mathworks.com). The
lesion is then drawn on the normalized scan to yield an indi-
vidual volume of interest.

Resection cavity reconstructions were overlapped onto
the montreal neurological institute (MNI) template. The
IFOF, the ILF, and the AF, obtained from a fine-grained
DTI-based white matter atlas [Thiebaut de Schotten et al.,
2011], were also superimposed in this standardized space.
The different figures were created using MRIcroGL (www.
cabiatl.com/mricrogl).

Anatomo-Functional Correlations

The exact location of the white matter fascicles was deter-
mined using both the types of dysfunction during intraoper-
ative electrostimulation mapping and anatomic correlation
with postoperative MRI and tractography atlas. Indeed, the
control MRI examination carried out 3 months after surgery
allowed us to analyze accurately the anatomical location of
the eloquent pathways, i.e., by definition, at the periphery of
the cavity, where the resection was stopped according to the
functional responses elicited by intraoperative stimulation
(with no margin). It is worth noting that we have extensively
used this reliable and reproducible method in many previ-
ous studies [Coello et al., 2013b; Duffau et al., 2002, 2003,
2005a; Duffau, 2008; Van Geemen et al., 2014; Khan et al.,
2014; Mandonnet et al., 2007; Schucht et al., 2013].

RESULTS

The results of intraoperative and perioperative reading
and language assessments are summarized in Table I and
Table II, respectively. Mapping identified eloquent lan-
guage areas in all patients, indicating crucial participation
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of the left hemisphere in language, including, importantly,
the two ambidextrous patients. In the following, each
patient case is described individually.

Patient 1

Patient 1 (PD) was a 59-year-old right handed bilingual
(French/English) male. Preoperative reading, naming, and
verbal fluency tasks were normal. Intraoperative reading
mapping elicited addressed phonology disturbances when
stimulating the white matter anteriorly adjacent to the
VWFA, at the postero-inferior boundary of the resection
cavity (Fig. 2, first row, label 49). Resection cavity involved
posterior MTG and ITG, anterior fusiform gyrus and para-
hippocampl gyrus. The anterior portion of ILF was there-
fore disconnected from the VWFA and partially resected.

Immediate postoperative language and reading assess-
ment revealed a severe phonological disturbance leading to
a naming task result at zero and a significative worsening
of verbal fluency scores. Regular words reading were possi-
ble although difficult, while there was a complete alexia of
pseudowords and irregular words. Third month assessment
found a complete recovery of reading abilities while nam-
ing and verbal fluency had only partially recovered.

Patient 2

Patient 2 (JB) was a 23-year-old right-handed bilingual
(French-English) male. Preoperative language assessment
was normal. Intraoperative reading mapping elicited both
addressed and assembled phonology disturbances when
stimulating the white matter of the basal boundary of the
resection cavity (Fig. 2, second row, label 50), at the ante-
rior aspect of the VWFA. Resection cavity involved poste-
rior MTG and ITG, leading to a disconnection of the ILFa

Immediate postoperative assessment elicited a mutism
due to severe articulatory and/or phonological impair-
ment while comprehension was preserved. Third month
assessment showed a complete recovery of spoken lan-
guage and reading abilities.

Patient 3

Patient 3 (JL) was a 40-year-old right handed monolin-
gual (French) male. Preoperative language and reading
assessment was normal. Intraoperative reading mapping
elicited addressed phonology disturbance when stimulat-
ing the white matter of the ITG, anteriorly adjacent to the
VWFA (Fig. 2, third row, label 48). Resection cavity
involved the middle and posterior portions of the MTG
and ITG, the anterior portion of the STG, and respected
the temporal pole and temporo-mesial structures.

Immediate postoperative assessment revealed a mutism
due to severe articulatory and/or phonological impair-
ment with good preservation of comprehension. Third
month assessment showed a complete recovery of real reg-
ular words reading while reading pseudowords was diffi-

cult, and reading irregular words very difficult. Naming
and verbal fluency abilities recovered only partially.

Patient 4

Patient 4 (EB) was a 30-year-old ambidextrous monolin-
gual (French) male. Preoperative language and reading
assessment was normal. Intraoperative reading mapping
elicited an alexia when stimulating the posto-inferior MTG
cortex (the stimulation of this site had also induced
anomia) and addressed phonology disturbance when stim-
ulating the white matter of the MTG, posteriorly and supe-
riorly adjacent to the VWFA (Fig. 2, fourth row, label 48).

Immediate postoperative assessment showed a mutism
and third month assessment a difficulty to read pseudo-
words and irregular words, while reading regular words,
naming, and verbal fluency had completely recovered.

Patient 5

Patient 5 (AH) was a 42-year-old ambidextrous monolin-
gual (English) female. Due to her native language, the
verbal fluency task could not be administered, as well as
the reading task of irregular words. Preoperative assess-
ment was normal. Intraoperative reading mapping elicited
addressed phonology disturbance when stimulating the
white matter in the depth of the inferior temporal sulcus, at
the anterior aspect of the VWFA (Fig. 2, Fifth row, label 47).

Immediate postoperative assessment showed a slight
decrease (which did not reach the cut-off score at the nam-
ing task, no deficit at reading regular words but a severe
impairment at reading pseudowords. Third month assess-
ment showed a complete recovery except for reading
pseudoword, which remained difficult.

Patient 6

Patient 6 (NC) was a 47-year-old right-handed monolin-
gual female. Preoperative language and reading assessment
was normal. Intraoperative reading mapping elicited a com-
plete and “pure” alexia, i.e., with no naming impairment
when stimulating the posterior ITG cortex (Fig. 2, sixth row,
label 2). After resection of ILFp, reading was globally slow.
At the end of resection, white matter stimulation in the
depth of the posterior ITG, at the posterior aspect of the
VWFA (Fig. 2, sixth row, label 40) elicited a complete alexia.

Immediate postoperative assessment showed normal nam-
ing and verbal fluency performances, while reading assess-
ment was severely impaired for all types of words. Third
month assessment showed an improvement of reading abilities
for all types of words, even though reading remained slow.

Patient 7

Patient 7 (JMR) was a 52-year-old right-handed monolin-
gual male. Preoperative assessment showed an impaired
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Figure 2.

Preoperative FLAIR MRI, preresection cortical mapping photograph, postresection subcortical

mapping photograph, and postoperative FLAIR MRI (from left to right) of patients 1–7 (from top

to down). Cortical and subcortical stimulation sites eliciting a reading disturbance are tagged by

a white arrow on postresection cortical mapping photographs (third column). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

r Zemmoura et al. r

r 2222 r

http://wileyonlinelibrary.com


reading of pseudowords while reading of real words (regu-
lar and irregular) was normal as well as naming and verbal
fluency. Intraoperative reading assessment elicited a com-
plete and “pure” alexia when stimulating the posterior MTG
cortex (Fig. 2, seventh row, label 6). Note that after resection
of ILFp, intraoperative reading was slow but electrical stimu-
lation of the white matter did not worsen reading.

Immediate postoperative assessment showed a significa-
tive impairment of naming and semantic verbal fluency,
and a complete alexia of all types of words. Third month
assessment showed a complete recovery of naming and
verbal fluency tasks, and a partial recovery of reading abil-
ities which remained difficult for all kinds of words, espe-
cially for pseudowords.

DISCUSSION

We investigated the functional significance of the left lat-
eral and basal occipitotemporal cortex and its anatomical con-

nections in seven patients who underwent awake surgery by
means of an intraoperative cortico-subcortical mapping of
reading and language processes (see Fig. 3). In the light of
our results, we can outline the reading network and surgical
consequences on reading abilities as follows (see Fig. 4).

Our main intraoperative findings show that (i) intraopera-
tive electrical stimulation of the left posterior inferior tempo-
ral cortex-elicited reading disturbances in three patients; (ii)
subcortical stimulation of the anterior portion of the VWFA
systematically induced addressed phonology disturbance,
i.e., irregular words reading impairment; and (iii) subcortical
stimulation of the connection between VWFA and AFp
induced both addressed and assembled phonology distur-
bances, i.e., irregular and pseudowords reading impairment.

On the other hand, our postoperative findings show that
(i) resection of the ILFp connecting the visual cortex to the
VWFA induced permanent and global reading impair-
ment; (ii) resection of the terminations of the AFp in the
left ITGp white matter, located anteriorly and superiorly

Figure 3.

Resection cavity overlapping superimposed on the MNI tem-

plate. A: Resection cavities of patient 1 to patient 7 (from left

to right) on a left lateral 3D view and on a horizontal slice with

the ILF in blue and the IFOF in orange. Cortical and subcortical

stimulation sites are represented by yellow diamonds. B: Resec-

tion cavity overlapping on coronal and axial views showing the

ILF in blue and the VWFA (visible from slice 221 to slice 2)

respected by the cavities. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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to the VWFA, induced pseudowords and irregular words
reading disturbances in the three patients for whom this
region was resected; and (iii), importantly, the resection of
the ILFa did not induce reading impairment.

Interpretation of Intraoperative Data

Alexia induced by cortical stimulation

For obvious technical considerations, only the cortical
convexity of the occipitotemporal region can be stimulated
during awake surgery of diffuse LGG. Thus, the VWFA
located in the left lateral occipitotemporal sulcus is not
directly exposed during cortical mapping. Nevertheless, for
two patients, cortical stimulation of the posterior part of the
temporal cortex (precisely the inferior part of the MTG for
patient 7 and the ITGp for patient 6) elicited alexia for both
words and pseudowords, without anomia. Note that for
patient 4, stimulation of the cortical site eliciting alexia also
induced anomia. We therefore did not consider this site as
being specifically dedicated to reading as it could rather be
involved in speech production. Nevertheless, a careful anal-
ysis of cortical stimulation sites on Figure 3 shows that the
lateral occipitotemporal sulcus, i.e., the VWFA, is situated
just a few millimeters in the depth of the labeled sites.

Given that the VWFA was not directly stimulated, our
hypothesis to explain alexia during stimulation of the pos-

terior inferior temporal cortex is that a critical cortical
relay between the VWFA and the AF may have been dis-
organized during stimulation of this region. Indeed, it has
been proposed that the MTG, STG, SMG, and POp are
implicated during the phonological processing, i.e.,
grapho-phonological conversion, of visual orthographic
information [Jobard et al., 2003]; and it is also known that
the AF has cortical terminations in each of these gyri [Cat-
ani et al., 2005; Martino et al., 2013b].

If the electrostimulation had disturbed semantic process-
ing, one can suppose that the patients could have used a
letter-by-letter reading strategy, i.e., they could have used
the phonological pathway to compensate the lexical-
semantic pathway. On the contrary, we observed
“complete” alexia. In view of dual-route models of reading
[Coltheart et al., 2001; Perry et al., 2010; Zorzi et al., 1998],
we can assume that the phonological pathway implicated
in grapheme-phoneme conversion may have been dis-
rupted during stimulation of the posterior temporal cortex.

Addressed phonology disturbance induced by subcort-
ical stimulation

In four of the seven patients of our series, subcortical
stimulation of the basal occipitotemporal white matter,
anatomically located in the vicinity of the posterior Labb�e
vein (see Fig. 2), induced transient letter-by-letter reading

Figure 4.

Schema of the circuit including the VWFA, its visual inputs via

the ILFp and the CC, and bottom-up / top-down modulation via

the AFp, as part of the “reading network.” Transient disturb-

ance, i.e., electrical stimulation (thunder symbols) or permanent,

i.e., section or resection (arrows) of the represented tracts eli-

cited specific reading impairment. (a) Stimulation and resection

of the inferior termination of the AFp induced addressed and

assembled phonology disturbance, i.e., irregular and pseudo-

words reading impairment. (b) Stimulation of the anterior aspect

of the VWFA-induced addressed phonology disturbance, i.e.,

irregular words reading impairment. (c) Stimulation and resection

of the ILFa never induced reading impairment. (d) Stimulation of

the posterior aspect of the VWFA, and/or of its CC inputs, and

resection of the ILFp-induced “complete” alexia, i.e., reading

impairment of all kinds of regular, irregular and pseudowords.

CC, corpus callosum; ILFa, anterior portion of the inferior longi-

tudinal fasciculus; ILFp, posterior portion of the inferior longitudi-

nal fasciculus; AFp, posterior segment of the arcuate fasciculus;

VWFA, visual word form area. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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strategy, which demonstrates an “addressed phonology”
disturbance [Proverbio et al., 2004; Simos et al., 2002].

Hence, stimulation induced a specific impairment of
lexical-semantic processing of orthographic information,
which had to be processed by the sole phonological path-
way using “assembled phonology.” In all these four cases,
the VWFA and its visual inputs were systematically
spared, and the stimulation sites were located in the ante-
rior part of the visual word form system, thus disturbing
the visual processing of whole words but not of smaller
encoded letter combinations such as bigrams or trigrams,
which are processed more posteriorly in the occipitotem-
poral cortex [Dehaene et al., 2005; Dehaene and Cohen,
2011; Vinckier et al., 2007]. Therefore, we suggest that
direct stimulation of the anterior VWFA led to restricted
output information from the VWFA. As whole words
could not be encoded, small letter combinations needed to
be assembled using the phonological route before access to
the meaning.

Complete alexia induced by subcortical stimulation

Another interesting finding is the impairment not only
of “addressed phonology,” but also of letter-by-letter read-
ing during subcortical stimulation in two patients (patients
2 and 6), which signs the impairment of “assembled
phonology” [Proverbio et al., 2004; Simos et al., 2002]. The
stimulated sites were not involved in aloud speech
disturbances.

For patient 2, the subcortical site whose stimulation eli-
cited alexia, was located in the white matter of the poste-
rior ITG (Fig. 2, second row, label 50) between two sites
involved in phonological processing (labels 48 and 49).
Thus, it is likely that subcortical stimulation of the poste-
rior ITG interrupted the connection between VWFA and
AF, inducing the inability for the patient to address the
orthographic information toward the phonological dorsal
route.

For patient 6, subcortical stimulation alexia site, at the
posterior aspect of the VWFA, was not only located in the
vicinity of the VWFA (Fig. 2, sixth row, label 40) but was
also very close to a site involved in phonological process-
ing (not visible on photography), located just dorsally and
laterally to the VWFA. That configuration leading to a
transient disruption of the connection between VWFA and
AF may explain complete alexia induced by electrical stim-
ulation. Moreover, the ILFp of this patient was discon-
nected at the time of subcortical stimulation (see Fig. 3).
We also know that orthographic visual inputs to the
VWFA come not only predominantly from the homolateral
primary visual cortex via the inferior and lateral occipital
lobe [Marinkovic et al., 2003] but also from the contralat-
eral hemisphere via the corpus callosum [Binder and
Mohr, 1992; Carreiras et al., 2009; Cohen et al., 2000;
Molko et al., 2002]. Nonetheless, contralateral inputs are
much less efficient, i.e., that words presented in the right
visual hemifield have a priority access to the VWFA [Fink-

beiner et al., 2006], explaining that the section of the left
ILFp drastically reduces the visual inputs of the VWFA
and, therefore, induces easier disturbance of orthographic
processing when stimulating in the vicinity of the VWFA
or at the junction between contralateral visual inputs (CC
terminations) and VWFA.

It is worth noting that for patient 7, subcortical stimula-
tion did not induce reading disturbance, even though
reading had been globally altered after section of the ILFp.
Indeed, the lesion involved the occipital lobe so that the
resection cavity did not reach the left lateral occipitotem-
poral sulcus (see Fig. 3, which clearly shows the cortical
stimulation site close to the VWFA and the posterior resec-
tion cavity distant from the VWFA). In this case, subcorti-
cal stimulation site was distant from the VWFA. This
observation not only supports the hypothesis that direct
stimulation of the VWFA induces pure alexia but also the
hypothesis that the VWFA receives visual inputs from the
contralateral hemisphere through callosal fibers [Cohen
et al., 2000; Molko et al., 2002]—that can partially compen-
sate homolateral visual inputs when interrupted.

Interpretation of Postoperative Assessment

If we consider resection cavity overlapping illustrated in
Fig. 3, it is clear that the left lateral occipitotemporal sul-
cus, where is situated the VWFA, has been left in place in
all cases. Furthermore, if we carefully examine subcortical
stimulation sites that led to reading disturbance, we can
observe that they surround the VWFA, explaining why the
resection had to be stopped in all cases before to reach the
VWFA in order to preserve reading abilities. This observa-
tion strongly supports neuroimaging data that converge
on identifying the left lateral occipitotemporal sulcus as a
crucial area involved in reading processing [Cohen et al.,
2000; Gaillard et al., 2006].

However, even if the cortical site referred to as the
VWFA is mandatory for reading, postoperative assessment
has identified three different clinical situations considering
reading abilities after a surgical lesion in the left occipito-
temporal region. These three clinical presentations are dis-
cussed further, with emphasis on the possible
disconnections created by tumor resection between the
VWFA and its visual, phonological, and semantic inputs
and/or outputs.

Pure alexia after resection of the posterior portion of

the left ILF (disconnection between visual input and
VWFA)

In our series, the only two patients who presented long
term reading impairment of regular, irregular, and pseu-
dowords were patients 6 and 7. Resection cavity overlap-
ping showed that white matter of the vOT region, namely
the ILFp, was resected for those two patients, unlike the
other patients of the series (see Fig. 3). Moreover, the
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resection cavity of patients 6 and 7 did not involve the
VWFA itself, and involve neither its anterior, superior, lat-
eral, nor contralateral connectivity. Thus we can assume
that reading impairment of these two patients is a conse-
quence of the sole disconnection between VWFA and its
homolateral visual inputs.

Indeed, current neural models of reading usually admit
that the first step of visual words recognition is a feed-
forward processing of the visual input from the occipital
pole through the vOT cortex to the VWFA. This VWFA is,
therefore, a crucial integration center for visual informa-
tion before its distribution to both the lexical-semantic and
the phonological networks, which are engaged in the
meaning and the spelling of words. Moreover, as afore-
mentioned, even if the CC provides connections between
the VWFA and contralateral visual inputs [Binder and
Mohr, 1992; Cohen et al., 2000; Molko et al., 2002], it has
been shown that words presented in the right hemifield
have priority access to the VWFA [Finkbeiner et al., 2006],
explaining why a lesion of the left ILFp results in severe
slowing down of reading abilities. Our observation is then
comparable to others already discussed in literature [Dejer-
ine, 1892; Epelbaum et al., 2008; Greenblatt, 1976], which
describe “pure alexia” as a disconnection syndrome.

Pseudowords and irregular words alexia after
disconnection between VWFA and AF

Three patients of our series (patients 3, 4, and 5) pre-
sented long-lasting pseudowords and irregular words-
reading impairment while regular words reading was pre-

served. Observation of the resection cavities (see Fig. 5)
demonstrates that the left ITGp was the only structure
resected in all these three cases and was spared in other
patients of the series. As cortical stimulation of the
resected regions did not elicited reading disturbance, we
can suppose that the region involved is the white matter
of the left ITGp. Moreover, the ILFa was resected in
patients 3 and 5 but not in patient 4, allowing the conclu-
sion that the ILFa is neither crucial for reading, nor
responsible for the impairment of pseudowords and irreg-
ular words reading. Therefore, as resection cavities in the
ITGp remained lateral to the ILF and did not involve the
ILFp nor the CC, it is highly possible that the inferior ter-
mination of the AFp was the interrupted structure. In
other words, pseudowords and irregular words reading is
impaired when the VWFA is disconnected from the AFp,
even when visual inputs of the VWFA are preserved.

Reading aloud irregular words, which do not contain com-
mon print-to-sound correspondence, is likely to be highly
automatized, thus mainly requiring the “addressed
phonology” and depending little on “assembled phonology.”
On the other hand, the pronunciation of pseudowords,
which by definition do not possess entry in the “mental lex-
icon,” is dependent upon phonological decoding, i.e.,
“assembled phonology.” In other words, irregular words
and pseudowords reading should depend on different path-
ways involved in the reading network. Thus, to explain that
reading out loud irregular and pseudowords can be
impaired by an unique lesion, we propose that reading these
words do not rely on a simple serial, feed-forward neural
system, but rather on feedback connections linking visual to

Figure 5.

A: Resection cavity overlapping of patients 3, 4, and 5, superimposed on the MNI template. The

three cavities overlap on the left posterior inferior temporal gyrus and its underlying white mat-

ter. B: Posterolateral 3D view of resection cavity overlapping on the MNI template, with left

AFp in green. Inferior termination of the AFp corresponds with the region of maximum overlap.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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nonvisual information to create an interactive system for vis-
ual words recognition [Twomey et al., 2011]. According to
our observations, these feedback connections might therefore
be involved in both the semantic and the phonological path-
ways. More particularly, this interactive system should be
mostly recruited when spelling-sound incoherence (the case
for irregular words) or when absence of meaning (the case of
pseudowords) is detected; it should also rely on bottom-up /
top-down regulation subserved by the AF (and/or AFp),
after visual information have been feed-forward processed
via the ILFp to the VWFA. The hypothesis that the AFp is
crucial for reading and involved in both semantic and pho-
nological pathways, is reinforced by our intraoperative obser-
vations of addressed and assembled phonology difficulties
when stimulating the white matter of the superior aspect of
the VWFA in the vicinity of sites involved in phonological
processing (see Fig. 2 and Table I).

Interestingly, even if the IFOF has been systematically
identified during surgery by the occurrence of semantic
paraphasia, it was in all cases located dorsally and medi-
ally to intraoperative reading sites and to postoperative
resection cavities (see Fig. 3). Hence, we can assume that
the IFOF is not involved in reading difficulties observed in
patients 3, 4, and 5. On the other hand, these patients had
a preserved reading of regular words, which might, there-
fore, be processed via the lexical-semantic pathway,
namely the IFOF, without the need for any feedback inter-
action of the AF.

Complete recovery of reading performances

Finally, two patients of our series (patients 1 and 2)
showed a complete recovery of reading abilities 3 months
after surgery. Consequently, for these two patients, we can
postulate that either the entire reading network has been
preserved, or it has been fully compensated.

Analysis of the resection cavities (Fig. 3) shows that they
are the most anterior of our series, sparing the ITGp and
its underlying white matter which were resected in the
abovementioned group with impaired irregular and pseu-
dowords reading. Besides, the ventral segment of the IFOF
and the ILFa are the only association tracts that may have
potentially been damaged by the resection. Thus, neuroa-
natomical networks of reading, including major input and
output connectivity of the VWFA, must have been spared.
Consequently, we can correctly suppose that neither the
ventral segment of the IFOF, nor the ILFa (and, therefore,
nor the uncinate fascicle [UF]), although usually described
as components of the ventral semantic stream [Duffau
et al., 2013], are crucial for reading. Interestingly, this
could be considered in disagreement with a recent study
which showed a relationship between orthographic lexical
semantic processing in the ventral stream and fractional
anisotropy in the UF [Cummine et al., 2013]. However, we
would rather consider that the UF and, therefore, the indi-
rect ventral stream is indeed recruited during semantic
processing of reading but, as for speech, this indirect

stream might not be essential (i.e., probably compensable
by the IFOF) [Duffau et al., 2013; Mandonnet et al., 2007].

Limitations of the Study

Maximizing tumor resection while avoiding permanent
neurologic deficits was the principal goal of surgery in
these seven patients. Electrical stimulation was performed
to detect functional boundaries and was therefore
restricted to certain areas. As a result, further stimulation
sites leading to various reading responses might have
been missed. Moreover, intraoperative time constraints
limited subtle explorations. For example, we did not
explore the possible effect of word frequency on the depth
of reading impairment. Likewise, we did not perform any
repetition task which would have been able to help differ-
entiating a real assembled phonology difficulty from a
grapheme–phoneme conversion problem (i.e., we cannot
state if a difficulty in reading pseudowords is associated
with a difficulty in repeating pseudowords).

On the other hand, it is worth noting that no previous
study investigated reading during surgery. To our knowl-
edge, only two studies explored reading with intraoperative
cortical stimulation. Mani et al. [2008] demonstrated the
existence of a cortical center for visual words recognition, by
electrical cortical stimulation using subdural electrodes
placed on the basal occipitotemporal cortex for presurgical
planning of epilepsy. This area was located in the left lateral
fusiform gyrus and the left lateral occipitotemporal sulcus.
Another intraoperative study of reading [Roux et al., 2004]
found cortical reading-specific sites preferentially located in
the left inferior parietal or posterior temporal cortex. Our
study is, therefore, the first to provide preoperative, intrao-
perative, and postoperative clinical and anatomical data on
reading abilities. However, from a clinical perspective, our
patient sample was too small to draw definitive conclusion
about the importance of spared or sacrificed fibers for func-
tional reading outcome. This is also true for cortical stimula-
tions, which elicited a reading-specific site for only two
patients. Further studies are required to investigate the
influence of subcortical reading mapping on the occurrence
of postoperative reading disturbances.

We also have to acknowledge that we did not perform
DTI or fMRI before surgery. Nonetheless, even if the
VWFA position might vary significantly between subjects
[Yeatman et al., 2013], it is interesting to note that the use
of intraoperative electrical mapping allowed the identifica-
tion of eloquent cortical and subcortical structures in all
cases, with very good neurological outcome. Furthermore,
the method of using postoperative MRI with superim-
posed white matter tracts obtained from an atlas of
healthy subjects may have limitations in brain tumors due
to possible geometric distortion and displacement. How-
ever, we would like to insist on the fact that distortion is
very rare in low-grade gliomas, conversely to high-grade
gliomas. In addition, the possible displacement induced by
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the tumor has disappeared on postoperative MRI, because
in essence the glioma was removed. This is supported by
the fact that, on the resection cavity overlapping maps, the
subcortical structures identified during electrical mapping
(i.e., at the periphery of the cavity, where the resection
was stopped according to the functional responses elicited
by intraoperative stimulation) perfectly matched with the
white matter tracts obtained from atlas of healthy subjects.

Finally, we also have to acknowledge that, even though
postoperative speech rehabilitation might have an impact
on third month assessment, this impact is unfortunately
not quantifiable as speech rehabilitation has not been con-
trolled. We can only presume that the type of speech ther-
apy (i.e., therapy only focused on reading, vs. global
therapy on lexicon, cognitive, auditory, and visual proc-
esses) might influence postoperative scores, but this state-
ment should be the target of future works.

CONCLUSION

This is the first study combining intraoperative direct
stimulation mapping of reading abilities and postoperative
reading assessment, correlated with resection cavity overlap-
ping and MR diffusion tractography atlas. Taken as a whole,
our data demonstrate that (i) resection of the left ILFa does
not induce alexia; that (ii) resection of the left ILFp leads to
“pure alexia,” namely alexia without aphasia nor agraphia,
by disconnecting the VWFA from its main visual inputs;
that (iii) the most anterior part of the VWFA is required to
allow “addressed phonology” through the lexical-semantic
pathway, i.e., to read irregular words; and that (iv) inferior
termination of the AFp in the ITGp is a crucial part of the
network involved in assembled phonology and in reading
aloud pseudowords and irregular words (Fig. 4).

Hence, we can propose that (i) further surgical proce-
dures involving the ITGp and its subcortical white matter
should emphasize on a reading task dedicated to pseudo-
words and irregular words and (ii) that further studies
should consider this region as a potential important ana-
tomical pathway between orthographic processing of vis-
ual words in the VWFA and both phonological and
semantic modulation.
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