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Abstract: Objective. To assess the role of the superior longitudinal fascicle, the inferior fronto-occipital
fascicle, and the posterior parietal lobe in visuospatial attention in humans during awake brain sur-
gery. Experimental design. Seven patients with hemispheric gliomas (six in the right hemisphere)
entered the study. During surgery in asleep/awake anesthesia, guided by Diffusion Tensor Imaging
Fiber Tractography, visuospatial neglect was assessed during direct electrical stimulation by computer-
ized line bisection. Principal observations. A rightward deviation, indicating left visuospatial neglect,
was induced in six of seven patients by stimulation of the parietofrontal connections, in a location con-
sistent with the trajectory of the second branch of the superior longitudinal fascicle. Stimulation of the
medial and dorsal white matter of the superior parietal lobule (corresponding to the first branch of the
superior longitudinal fascicle), of the ventral and lateral white matter of the supramarginal gyrus (cor-
responding to the third branch of the superior longitudinal fascicle), and of the inferior occipitofrontal
fasciculus, was largely ineffective. Stimulation of the superior parietal lobule (Brodmann’s area 7) caused
a marked rightward deviation in all of the six assessed patients, while stimulation of Brodmann’s areas 5
and 19 was ineffective. Conclusions. The parietofrontal connections of the dorso-lateral fibers of the
superior longitudinal fascicle (i.e., the second branch of the fascicle), and the posterior superior parietal
lobe (Brodmann’s area 7) are involved in the orientation of spatial attention. Spatial neglect should be
assessed systematically during awake brain surgery, particularly when the right parietal lobe may be
involved by the neurosurgical procedure. Hum Brain Mapp 35:1334-1350, 2014.  © 2013 Wiley Periodicals,

Inc.
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INTRODUCTION

The neural correlates of the syndrome of left unilateral
spatial neglect [Heilman and Valenstein, 2011; Husain,
2008; Karnath and Rorden, 2012; Molenberghs et al., 2012;
Vallar, 2001] have been investigated in the last decades by
mapping and overlapping the lesions of series of right-
brain-damaged patients showing the deficit, as contrasted
with the lesions of patients without the disorder. The rele-
vant network, as suggested by lesion-clinical correlation
studies in right-brain-damaged patients, comprises: (a) the
inferior parietal lobule (IPL) (supramarginal gyrus (SMG)
at the temporo-parietal junction (TPJ) [Heilman and
Valenstein, 1972; Vallar and Perani, 1986; Golay et al,,
2008; Verdon et al., 2010], angular gyrus (AG) [Hillis et al.,
2005; Mort et al., 2003]), (b) the ventral premotor cortex in
the frontal lobe [Committeri et al., 2007, Husain and Ken-
nard, 1996], and (c) the superior temporal gyrus (STG)
[Karnath et al., 2001, 2004, with a greatest lesion overlap
in the middle part of the STG; Committeri et al., 2007].
Impairments in visuoexploratory tasks, such as cancella-
tion, appear to be more closely associated with frontal
damage, while posterior damage brings about a dispropor-
tionate rightward bias in line bisection [Daini et al., 2002;
Golay et al., 2008; Rorden et al., 2006; Verdon et al., 2010].

It has long been known that vascular lesions involving
and confined to right-sided white matter fiber tracts and
the right internal capsule [Cappa and Vallar, 1992, see Ta-
ble 2 for review; Hier et al., 1983; Stein and Volpe, 1983,
case #3; Vallar and Perani, 1986] may cause left spatial
neglect, disconnecting relevant cerebral areas [Cappa and
Vallar, 1992; Catani and Mesulam, 2008a; Hier et al., 1983,
for a recent discussion). Spatial neglect caused by damage
confined to the white matter was found to be an infre-
quent deficit, however, with its more frequent neuropatho-
logical association being extensive cortico-subcortical
lesions [Cappa and Vallar, 1992; Hier et al., 1983]. Later
neuroimaging-clinical correlation studies have highlighted
the contribution of disconnection mechanisms, and of
damage to the white matter. CT-Scan assessed lesions
involving the anterior, central and posterior white matter
[superior longitudinal fascicle (SLF), and inferior longitu-
dinal fascicle (ILF)], as well as the parietal, sensorimotor,
and anterior cingulate cortices, are more extensive in
patients with left visuospatial neglect; damage to the right
anterior cingulate and the parietal regions, particularly the
supramarginal gyrus, is a significant predictor of left
visuospatial neglect [Leibovitch et al., 1998].

The SLF is the largest of the fiber bundles that connect
the perisylvian frontal, parietal, and temporal cortices, as
described by Déjérine [1892] in his classical neuroanatomi-
cal work. Déjérine considered this large fascicle to include
the arcuate fasciculus (AF), using the term “faisceau longi-
tudinal supérieur” or “arqué” in his descriptions [Déjérine,
1914]. A Diffusion Tensor Magnetic Resonance Imaging
(DTI-MR) study in the human brain [Makris et al., 2005]
demonstrated that the SLF includes three branches (I-III,

arranged dorso-ventrally) plus the AF, and provides the
major parietofrontal connections. In the recent imaging lit-
erature there is a wide variability in the definition of the
different branches of the SLF and the AF [Catani et al.,
2005; Kaplan et al., 2010; Makris et al., 2005], and a large
overlapping between these connections. Indeed, the hori-
zontal portion of the AF (hAF, or frontoparietal or anterior
segment) runs parallel to the SLF II and the SLF III, and,
in many DTI-MR studies, it is generally considered to be
indistinguishable from fibers of the SLF III [Kaplan et al.,
2010]. The ILF connects the parahippocampal gyrus with
the posterior part of the IPL [Rushworth et al., 2006; Selt-
zer and Pandya, 1984].

The association of damage to these fiber tracts with left
visuospatial neglect has been elucidated in nonhemianopic
right-brain-damaged patients with lesions broadly extend-
ing in the vascular territory of the middle cerebral artery
[Doricchi and Tomaiuolo, 2003; He et al., 2007, for related
evidence; see also Ptak and Schnider, 2010], and in hemia-
nopic right-brain-damaged patients with lesions in the ter-
ritory of the posterior cerebral artery [Bird et al., 2006,
ILF]. In a recent study [Verdon et al., 2010], the damage
associated with visuospatial neglect involves, in the white
matter, the SLF and the superior occipitofrontal fascicle
[Catani et al., 2002]. A reanalysis of the data of Doricchi
and Tomaiuolo [2003] has suggested that the white matter
damage associated with left neglect involves the SLF II
and III, rather than the AF [Thiebaut de Schotten et al.,
2008]. A study using Diffusion Tensor Imaging (DTI)-MR
tractography [Urbanski et al., 2011] shows that six right-
brain-damaged patients with left spatial neglect had dam-
age to the inferior fronto-occipital fasciculus (IFOF), and
the anterior segment of the AF, as compared with six right
brain damaged patients with no spatial neglect; the
anterior segment of the AF links the IPL with the posterior
Broca territory/premotor cortex, and, as also discussed
above, may correspond to the SLF III [see also Catani
et al, 2005]. A recent MRI study in brain-damaged
patients, with mixed, mainly vascular, etiology, suggests a
role of damage to the SLF and the IFOF in patients with
left neglect [Chechlacz et al., in press]. A recent case report
[Ciaraffa et al., in press] associates severe visual neglect in
the acute poststroke stage with focal damage to the AF, in
its anterior segment, and in its long, direct segment, a
well-established pathway which connects the Wernicke
territory with the Broca territory [e.g., Rodrigo et al., 2007].

At variance from these findings, a recent longitudinal
study in a larger sample of stroke right-brain-patients
(using MRI- and CT-based voxel-wise lesion mapping, and
no tractography) points to a role of damage to a set of
regions including the superior and middle temporal gyri,
the basal ganglia, the IFOF, and the right uncinate fascicle
(UF) in chronic patients with spatial neglect [Karnath
et al.,, 2011]; the UF connects the anterior part of the tem-
poral lobe with the orbital and polar frontal cortices [Cat-
ani et al., 2002; Schmahmann et al., 2007].
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TABLE I. Clinical and Demographical Data of Seven Patients

Patient Handedness (score) Age/Sex Education (years of schooling) Lesion side/site Histology /grade
P1-AS L (0) 32/M 8 R/F-P mesial, lateral Oligodendroglioma /II
P2-DS R (10+1) 37/M 17 L/P mesial Astrocytoma /III
P3-LT R (10+2) 29/M 8 R/F-P mesial Oligodendroglioma /1L
P4-FV L (0+1) 35/M 8 R/F-T-P lateral Oligodendroglioma /II
P5-FF R (10+1) 37/M 8 R/T-P lateral Astrocytoma /III
P6-AGC R (8+1) 47 /M 13 R/P mesial Oligodendroglioma/IL
P7-ME R (9+2) 31/M 17 R/P mesial Oligodendroglioma /II

M: male. L/R: left-right. F/T/P: frontal, temporal, parietal.

While most patients with left spatial neglect have exten-
sive corticosubcortical lesions, the relative role of cortical
vs. white matter damage is a matter of controversy, with
some studies assigning a main role to white matter dam-
age. Particularly, the suggestion has been made that a
fronto-parietal disconnection plays a main causal role in
spatial neglect [Bartolomeo et al., 2007; Corbetta and Shul-
man, 2011; Corbetta et al., 2005; He et al., 2007], highlight-
ing the role of a fronto-parietal system in spatial attention
and representation [Vallar, 1998; Mesulam, 1981, 1999,
2002; Rizzolatti and Matelli, 2003]. In line with this view,
two right brain-damaged patients with left spatial neglect
showed damage to the cortex and the SLF, but not the ILF
[Rode et al., 2010]. Damage to frontal-occipital fiber bun-
dles (i.e., the IFOF) may be also relevant [Urbanski et al.,
2008, 2011]. By contrast, one study [Karnath et al., 2009]
keeps assigning a main role to the cortical damage; within
white matter fiber tracts, damage to the IFOF, but not to
the SLF, predicts spatial neglect.

A different approach involves direct electrical stimula-
tion (DES) during brain surgery [Foerster and Penfield,
1930; Ojemann et al., 1989; see Borchers et al., 2011, for a
recent discussion]: restricted cerebral regions are tempo-
rarily inactivated in awaken patients, while they perform
tasks of interest. The patients” behavior during DES allows
an online correlation between the deficit and the inacti-
vated area. Electrocortical stimulation mapping of the pos-
terior temporal region and the IPL by subdural electrodes
may produce spatial neglect [Kleinman et al., 2007]. In one
patient with a right temporo-parietal tumor, intraoperative
electrical stimulation of the middle portion of the STS dis-
rupted visual search, with, however, no lateral asymme-
tries, indicating left spatial neglect, while stimulation of
the more caudal portion of the STS was ineffective [Ghara-
baghi et al., 2006]. In a seminal study [Thiebaut de Schot-
ten et al., 2005, see also correction in Science, 2007, 317, n.
5838, p. 597], during brain surgery for tumor resection in
two right brain damaged left-handed patients (CAL and
SB), the stimulation of the right SMG, and of the caudal
portion of the STS, caused a rightward error in line bisec-
tion, indicating left spatial neglect. In patient SB the great-
est deviation was produced by the stimulation of the SLF
II. These conclusions were reached in two patients, who
were both left-handed, leaving open the possibility of a

noncanonical organization of cognitive functions and of
their neural underpinnings [Witelson, 1985; Witelson and
Kigar, 1988]. The assessment was made with a paper-and-
pencil clinical method, and the two patients used the left
(dominant) hand, contralateral to the damaged hemisphere
(contralesional). Right brain damaged patients with left
spatial neglect, when performing line bisection tasks, typi-
cally use the right hand, ipsilateral to the damaged hemi-
sphere (ipsilesional), and unaffected by sensorimotor
deficits [e.g., Vallar et al., 2000].

In this study, using a computerized line bisection task in
seven patients who underwent brain surgery for a glioma,
we investigated the effects of DES of white matter fiber
tracts, the SLF [Makris et al., 2005] and the IFOF [Catani
et al., 2002; Makris et al., 2007] in producing visuospatial
neglect. The effects of DES on some posterior parietal cort-
ical regions were also assessed.

MATERIALS AND METHODS
Patients

Seven male patients entered this study. The protocol
was carried out in accordance with the ethical standards
of the Declaration of Helsinki (BMJ 1991; 302: 1194), in
compliance of a protocol approved by the local Ethical
Committee. Clinical and demographical data are reported
in Table I. Six of the seven patients came for clinical obser-
vation because of epileptic seizures, one patient (AS) pre-
sented with a transient weakness of the left limbs. The
preoperative neurological examination of all patients was
normal. In particular, no motor, somatosensory, and visual
half-field deficits were observed. Each patient was submit-
ted to an extensive standard neuropsychological battery in
the week before the surgical procedure. The evaluation
included tests assessing: nonverbal intelligence; verbal and
visuospatial short- and long-term memory; selective and
divided attention; orofacial, ideomotor and constructional
apraxia, language and spatial cognition [see Bello et al.,
2006 for details]. The results of the neuropsychological
evaluation are summarized in Supporting Information.
Handedness was assessed by means of The Edinburgh In-
ventory Questionnaire, which provided a 12-point score,
with 10 questions assessing the hand, one the eye and one
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the foot; a 10 plus 2 score denoted a complete right-hand-
edness, a 0 score a complete left-handedness [Oldfield,
1971]. Functional MR imaging (fMRI) was performed to
assess language dominance by using a verb generation
and a picture-naming task. Tumor volume was calculated
on T2-weighted MRI scans for low-grade gliomas, and on
postcontrast T1-weighted MRI scans for high-grade glio-
mas via a computerized system [Bello et al., 2007]. Histol-
ogy was classified according to the WHO brain tumor
classification [Rousseau et al., 2008].

Baseline Assessment for Visuospatial Neglect

In the visuomotor tasks patients used the ipsilesional
hand, unaffected by sensorimotor deficits: the six right
brain-damaged patients used their right hand, left-brain-
damaged patient P2-DS his left hand. The following test
were used: (1) line bisection [Ronchi et al., 2009]; (2) line
[Albert, 1973], letter [Diller and Weinberg, 1977; Vallar
et al., 1994], and star [Wilson et al., 1987] cancellation; (3)
sentence reading [Pizzamiglio et al.,, 1992]; (4) drawing:
copying [Gainotti et al., 1972; Fortis et al., 2010], and draw-
ing from memory the hours of a clock. Details about the
baseline tests for visuospatial neglect are provided in Sup-
porting Information. The neuropsychological battery was
administered to six patients, while one patient (P6-AGC)
was not available for testing. None of the patients showed
preoperative clinical evidence of visuospatial neglect.

Touch Screen Line Bisection

The participant’s task was to touch the subjective mid-
point of horizontal black lines 19.6 cm in length, and 1
mm in width. Stimulus generation and presentation were
controlled by a PC, connected to a touch screen, and run-
ning E-Prime (Psychology Software Tools, Inc.). Patients
performed the task reclined on their contralesional
shoulder, using the upper limb and the index finger of the
ipsilesional hand. The six right brain damaged patients
were reclined on their left shoulder and used their right
hand. Left brain damaged patient P2-DS was reclined on
his right shoulder, and used his left hand. The experi-
menter initiated each trial. After a random interval a beep
alerted the participant, and 200 ms afterwards a line
appeared. In order to prevent patients from performing
the task just pointing straight ahead, the position of the
line was randomized so that its midpoint fell within an
imaginary square of 1 cm” centered on the rectangular
screen. In different trials, each line position was jiggled, so
that its midpoint was positioned randomly within an
imaginary square of 1 cm?, in the center of the screen. The
mean overall deviation of the midpoint of the line from
the objective center of the screen was —0.08 mm (SD
+3.02, range +0.5 to —0.5 mm) in the horizontal (x) axis,
and +0.18 mm (SD +2.91, range +0.5 to —0.5 mm) in the
vertical (y) axis. It is unlikely that these minor (+5 mm

maximum from the center of the screen) and random dis-
placements of the objective midpoint of the line affected
the patients” performances. Significant effects of the posi-
tion of the to-be-bisected line have been reported when
the stimulus was placed entirely to the left or to the right
of the midsagittal plane of the body, with a more severe
neglect for left-sided lines [Heilman and Valenstein, 1979;
Schenkenberg et al., 1980; Vallar et al., 2000]. Furthermore,
these random displacements occurred in both the stimula-
tion and the non-stimulation trials.

During surgery, by an auditory warning when deliver-
ing the DES, the neurosurgeon prompted the neuropsy-
chologist to start each bisection trial on the PC. As soon as
participants gave their response the line disappeared, with
no time response limits. No visual feedback was provided
as to the localization of the participant’s response on the
touch screen. The patient’s response was recorded in terms
of touch-screen coordinates in pixels, subsequently con-
verted in millimeters. The score was the deviation of the
participant’s unseen touch from the objective midpoint.
Positive score denoted a rightward displacement, negative
scores a leftward displacement.

Control data were collected from 10 neurologically
unimpaired male participants (mean age 28.5, SD +6.35,
range 21-40), who performed the bisection task (30 trials)
reclined on their left shoulder, using their right hand, and
from five neurologically unimpaired male participants
(mean age 34.8 years, SD +4.91, range 27-39), who per-
formed the bisection task (30 trials) reclined on their right
shoulder, using their left hand.

Statistical Analysis

The average bisection scores of each patient during each
stimulation session were compared with the patient’s own
bisection scores under condition of no cerebral stimulation
by t tests [Crawford and Garthwaite, 2002]. The average
scores after stimulation of the different brain regions in
the individual patients were compared by a mixed model
analysis of variance [Raudenbush and Bryk, 2002].

Diffusion Tensor Imaging

Preoperative MR imaging was performed on a Philips
Intera 3.0-T (Best, The Netherlands) system with a maxi-
mum field gradient strength of 80 mT/m. A multi-channel
head coil was used for the reception of the MR signal. DTI
data were acquired using a single-shot echo planar imag-
ing (EPI) sequence (TR/TE 8,986/80 ms) with parallel
imaging (SENSE factor, R = 2.5). Thirty-two diffusion gra-
dient directions (b = 1,000 s/mmz), and one image set
without diffusion-weighting were obtained. A field of
view measuring 240 x 240 mm? and a data matrix of 96 x
96 were used, leading to isotropic voxel dimensions (2.5 x
2.5 x 2.5 mm®). The data were interpolated in-plane to a
matrix of 256 x 256 leading to voxel size of 0.94 x 0.94 x
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2.5 mm®. Acquisition coverage extended from the medulla
oblongata to the brain vertex (56 slices, no gap). The
sequence was repeated twice consecutively, and data were
averaged off-line to increase signal-to-noise ratio. DTI Stu-
dio software —see below— automatically performed an
average of the two sequences acquired separately. DTI
datasets were aligned offline to the echo-planar volume
without diffusion weighing on a PC workstation using the
AIR (Automatic Image Registration) software to correct
artifacts due to rigid body movement during scan acquisi-
tion. Three-dimensional Fast Field Echo (FFE) T1-weighted
imaging (TR 8 ms; TE 4 ms; image resolution equal to
DTI) was performed for anatomic guidance. Images were
analyzed using DTI Studio version 2.4.01 software (H.
Jiang and S. Mori, Johns Hopkins University, Kennedy
Krieger Institute, Baltimore, MD) [Basser et al., 1994; Jiang
et al., 2006], obtaining main eigenvector and fractional ani-
sotropy (FA) maps. From their combination, color maps
were generated with conventional color-coding [Pajevic
and Pierpaoli, 1999]. Color was assigned for each voxel
using the main eigenvector (corresponding to the largest
eigenvalue) of the diffusion tensor: red voxel in the maps
represented right-left (or left-right) direction, green indi-
cated anterior—posterior (or posterior-anterior) direction,
and blue represented superior-inferior (or inferior—supe-
rior) direction.

Subcortical connections were reconstructed using the
“fiber assignment by continuous tracking” (FACT) method
[Mori and van Zijl, 2002; Mori et al., 1999]. The eigenvec-
tor associated with the largest eigenvalue was assumed to
represent the main fiber direction in the voxel. An FA
threshold of 0.1 and a turning angle >55° were used as
criteria to start and stop tracking [Bello et al., 2008], allow-
ing reconstruction of fibers also through regions of tumor
infiltration, in order to guide intraoperative stimulation.

To reconstruct the SLF, a first region of interest (ROI)
was placed on a coronal section at the level of a high-ani-
sotropy region on color maps laterally to the central part
of the lateral ventricle; a second ROI was placed in a peri-
trigonal site at the level of the descending branch of the
tract. Then, dissection of the three subcomponents of the
SLF, and of the AF, was obtained using AND operation.
ROIs were selected on color maps according to anatomic
knowledge and to previous literature [Makris et al., 2005],
in sections perpendicular to the main course of the stem
portions of the SLF I, SLF II, SLF III, and the AF. Specifi-
cally, progressing through coronal and axial sections on
color maps, the voxels pertaining to the stem portions of
fiber pathways were determined by their relative location
and the orientation of diffusion properties of the tissue, as
described by Makris et al. [2005]:

1. The SLF I is located in the white matter of the supe-
rior parietal and superior frontal lobes, and extends
to the dorsal premotor and dorsolateral prefrontal
regions; voxels anterior-posteriorly oriented on color
maps contained within the dorsomedial part of the

hemisphere in the frontal and parietal lobes were
selected, to isolate only fibers of the SLF I with AND
operation.

2. The SLF II extends from the AG to the caudal-lateral
prefrontal regions; voxels with tensor information
that was oriented anterior—posteriorly on coronal sec-
tions of color maps in the region above the insula, the
extreme capsule, the claustrum, the external capsule,
the lenticular nucleus, and the internal capsule were
selected with AND operation to dissect fibers of the
second subdivision of the SLF.

3. The SLF III is situated in the white matter of the pari-
etal and frontal opercula, and extends from the SMG
to the ventral premotor and prefrontal regions; voxels
anterior—posteriorly oriented on color maps within
the frontoparietal opercular region were selected, to
isolate only fibers of the SLF III with AND operation.

4. The AF extends from the caudal part of the STG to
the lateral prefrontal cortex, in contiguity to the ventral
surface of the SLF II fibers. For this tract, voxels ante-
rior—posteriorly oriented on color maps located later-
ally to the trigonal region of the lateral ventricle were
selected on axial sections on color maps at the level of
the vertical part of the AF with AND operation.

All the dissections were accurately inspected in order to
ensure the reliability of the subcortical trajectory of each
component.

To reconstruct the IFOF, a two-ROIs approach was used,
with a first ROI placed on a coronal section at the level of
the anterior part of the external capsule, on a coronal
plane passing through the junction of the frontal and tem-
poral lobes; at this level the IFOF runs in contiguity with
the UF; a second posterior ROI was placed on a coronal
section at the level of the occipital lobe, to isolate only
fibers of the IFOF with AND operation [Bello et al., 2008].

Finally, reconstructed white matter tracts were superim-
posed on volumetric postcontrast Tl-weighted images,
previously coregistered to the mean of all diffusion-
weighted images using the SPM5 software (Statistical
Parametric Mapping software, Wellcome Trust Centre for
Neuroimaging, University College London, UK; available
at: http://www fil.ion.ucl.ac.uk/spm). This allowed evalu-
ating the anatomical relationship between the tracts and
the tumor lesions. Tractography reconstructions of the
three branches of the SLF, plus the AF, and of the IFOF
were represented in different colors (see Fig. 1): SLF I
fibers were depicted in green, SLF II in blue, SLF III in yel-
low, and AF in red; IFOF fibers were shown in azure.

DTlI-fiber tractography (FT) data were saved as a com-
patible format (DICOM) to be transferred to the Neurona-
vigational System (BrainLab, Munich, Germany) using
Medx Software (Medical Numerics, Inc.). The Neuronavi-
gational System performed an automatic coregistration
between tractography datasets and the preoperative MR
images acquired with references applied on the skull
of the patient by a voxel-by-voxel intensity matching
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Figure 1.

Patient P4. A) Preoperative deterministic tractography recon-
structions superimposed on axial Tl-weighted images; SLF |
fibers are depicted in green, SLF Il in blue, SLF Il (that includes
fibers of the horizontal part of the AF) in yellow, AF in red, and
IFOF in azure. The white asterisk and the green arrow show
the DES site of the SLF Il, which caused a rightward bisection
error during intraoperative stimulation. B) Morphologic FLAIR
axial (upper) and coronal (lower) images of the tumor, showing
both the displacement and the infiltration of SLF fibers along the
tumor margins: specifically, the second branch was much closer
to the tumor border than the third branch and the AF, which
was located more laterally and ventrally, and the first branch,
which was displaced superiorly. This information was available
during surgery, because tractography reconstructions were
loaded into the neuronavigation system. At surgery, tumor

non-linear algorithm. The result was the fusion in the
same space of anatomical and functional datasets. As an
estimate for the clinical navigation accuracy, the target
registration error localizing a separate fiducial, which was
not used for registration, was documented. Furthermore,

resection was immediately performed at a subcortical level close
to these tracts, in order to reduce the risk of brain shift. The
patient was asked to perform the bisection test, with the sites cor-
responding to bisection deviations being registered into the neu-
ronavigation system. Axial and coronal sections correspond to the
positive sites at stimulation. These sites were found in the sub-
cortical white matter of the parietal lobe, in a location consistent
with the trajectory of the SLF Il at a dorsal level: note that fibers
of this branch lie dorsally to the fibers of the AF. C) Intraoperative
pictures of the surgical cavity at the beginning (upper) and at the
end of tumor resection (lower); numbers correspond to the sites
where DES induced intraoperatively a rightward bisection error
at cortical (“3” indicates BA7b), and subcortical (SLF Il) levels; “1”
and “2” indicate BA 39; at a subcortical level also a motor
response was induced.

repeated landmark checks were performed during surgery
to ensure overall ongoing clinical navigation accuracy.

To substantiate preoperative findings, postoperative
deterministic and probabilistic tractographies were also
performed. Postoperative deterministic tractography was
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performed with an FA threshold of 0.2 and fiber angles of
less than 40° and 55° between two connected pixels [Mori
et al., 2005; Oishi et al., 2008]. These FA and angular
thresholds were more selective than those used preopera-
tively [Bello et al., 2008]. Seed ROI were placed on axial
sections in correspondence to the stimulation sites previ-
ously recorded on the neuronavigational system, at the
level of the subcortical white matter of the angular gyrus;
then, a coronal ROI was delineated around the white mat-
ter of the frontal lobe on a section passing through the an-
terior commissure, to isolate with AND operation all the
parietofrontal fibers from stimulation areas.

Postoperative probabilistic tractography analyses on pre-
operative scans were performed in all patients, by using
stimulation sites recorded during interventions as seeding
masks. All scans were transferred to a Linux-based Sun
workstation; the DICOM files of each DTI acquisition were
converted into a single multivolume ANALYZE 7.5 file,
and were then corrected for eddy currents using the
‘eddycorrect’ algorithm implemented in FSL v4.1 (avail-
able at: http://www.fmrib.ox.ac.uk/fsl/). After this core-
gistration step, the two b = 0 volumes of each patient
were extracted and averaged. A multitensor model was fit-
ted to the diffusion data using the FDT (FMRIB'’s Diffusion
Toolbox) v2.0 software tool (available at: http://
www.fmrib.ox.ac.uk/fsl/fdt/), and allowed modeling
multiple fiber orientations per voxel [Behrens et al., 2007].
Probabilistic tractography analysis was carried out using
the method described by Behrens et al. [2003], extended to
multiple fibers, as implemented in the FDT software tool
[Behrens et al., 2007]. The program FSL view (available at:
http:/ /www .fmrib.ox.ac.uk/fsl/fslview/) was used to vis-
ualize images and create masks. Seed masks for tractogra-
phy were placed in correspondence to the stimulation sites
previously marked on the volumetric postcontrast T1-
weighted scan on the neuronavigational system (see
above), and then co-registered to the mean of all diffusion-
weighted images using SPMb5. For all these sites, seed
masks were identified and positioned in the subcortical
white matter from axial views. A coronal waypoint mask
at the level of the white matter of the frontal lobe was also
used, in order to include from the calculation of the con-
nectivity distribution only tracts that passed through both
these masks. An exclusion mask at the midline level on a
sagittal plane was used, to restrict the pathways to the
hemisphere ipsilateral to the seed mask, so that all stream-
lines from the seed region that intersected with the exclu-
sion mask were discarded.

Surgical Procedure

Surgery was performed in asleep/awake anesthesia to
monitor both motor and language function, at the cortical
and subcortical level. Six patients had a right frontoparie-
tal craniotomy exposing the parietal lobe, the superior
temporal sulcus, and the precentral and postcentral gyri.

One patient (P2) had a left fronto-parietal craniotomy.
Neuronavigation was available and loaded with volumet-
ric T2, FLAIR and postgadolinium T1 imaging, and DTI
data including the corticospinal tract, the three branches (I,
II, IIT) of the SLF, the AF [Schmahmann and Pandya, 2006;
Schmahmann et al., 2007], and the IFOF [Catani and Thie-
baut de Schotten, 2008]. Repeated checks were performed
with external and internal fiducials to assess the mainte-
nance of the neuronavigation accuracy. Surgery was per-
formed according to functional boundaries by the aid of
motor, language, and visuospatial cortical and subcortical
mapping. We planned to resect tumor tissue according to
functional boundaries. The finding of subcortical motor,
language, and visuospatial tracts constituted the limit of
resection. EEG, electrocorticography (ECoG), and motor
evoked potentials (MEPs) were also available during the
entire duration of the surgery, to detect the occurrence of
afterdischarges and electric seizures, as well as the integ-
rity of motor pathways. The brain mapping procedure was
video- and audio-recorded, and reviewed postoperatively
by two surgeons and two neuropsychologists, in order to
verify the stimulation sites and the corresponding
responses. Resection was started at the lateral and supe-
rior-anterior border, with the aim of detecting subcortical
responses, and localizing functional tracts, without remov-
ing the main tumor mass, in order to maintain the accu-
racy of the neuronavigation system. At the time of
surgery, the location of each subcortical site where anomia,
phonemic or semantic paraphasias, and lateral deviations
in line bisection were induced, was recorded during the
various phases of the resection, using the neuronavigation
system on the preoperative MR scan, in which the tractog-
raphy data were loaded. In addition, each subcortical site
identified during subcortical mapping was marked with a
sterile numbered tag, and a digital picture of the surgical
cavity was taken at the end of the resection. On the imme-
diate postoperative MR scan, it was evaluated the anatom-
ical location of the subcortical pathways, i.e., the periphery
of the surgical cavity, where the resection was stopped
according to the functional responses elicited by intraoper-
ative stimulation. Technically, this was accomplished by
transferring immediate postoperative MR images of each
patient on a Brain Lab workstation, and fusing them with
preoperative MR images, on which tractography data for
each fascicle were merged.

RESULTS
Baseline and Postsurgical Assessments

Both in the baseline and in the postintervention assess-
ment all six patients had an errorless performance in the
line, letter, and star cancellation tasks, as well as in the
copy drawing and clock drawing tasks, and in the sen-
tence reading test. In the bisection task the average devia-
tion scores of the six patients were +0.17 mm (SD +1.40,
range, —1.11 to +2.16) before the operation, and —0.60 mm
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(SD £0.75, range —1.5 to +0.16) after the operation (Wil-
coxon Signed-Rank Test, Z = 1.78, P = 0.074). In the bisec-
tion task all individual average scores were within the
normal range (mean —0.70 mm, SD +0.98, range —7.5 to
+1.80), with the exception of the preoperative bisection
score of left brain-damaged patient P2 (+2.16), which was
outside the controls’ range, but did not differ from their av-
erage score (P = 0.10). This rightward error in a left brain
damaged patient does not indicate contralesional spatial
neglect, but might be considered an ipsilesional variety of
the deficit [“ipsilesional neglect,” see Kwon and Heilman,
1991], that, in any case, was not found postsurgically.

Tractography

Figure 1 illustrates the preoperative deterministic trac-
tography reconstruction and FLAIR images of the tumor,
and the intraoperative photograph of patient P4.

Postoperative deterministic and probabilistic tractogra-
phies confirmed the preoperative data in all patients but
left brain damaged patient P2, in whom the SLF II and the
AF proved to be difficult to distinguish. P2, however,
showed no visuospatial neglect during DES. Figure 2
shows the postoperative deterministic and probabilistic
tractography reconstructions of patient P4. Pre- and post-
operative deterministic tractography and postoperative
probabilistic tractography reconstructions of patients P1-
P3, P5, and P7 are shown in Supporting Information.

The DES sites based on the preoperative reconstruction
are indicated in Figures 3 and 4 for each patient.

Line Bisection During DES

The bisection errors of the seven patients, performed
during DES, are shown in Figures 3 and 4. SLF II stimula-
tion brought about a rightward bisection error in six out
of the seven assessed patients (P1, P3, P4, P5, P6, and P7;
no effects in left brain-damaged patient P2). SLF I stimula-
tion caused a mild rightward error in patient P4, but not
in patients P1, P2, P3, and P7. SLF III and IFOF stimula-
tions were ineffective. Stimulation of BA 7 (particularly
the middle part) produced a rightward error in all six
assessed patients (P1, P3, P4, P5, P6, and P7). Stimulation
of BA 39 caused a rightward error in one (P1) out of the
five assessed patients (P1, P3, P4, P6, and P7). Stimulations
of BAs 5 (six patients: P1, P3, P4, P5, P6, and P7) and 19
(patient P7) were ineffective. The visual monitoring of the
patients’” performances did not show any misreaching
error, in addition to the lateral bias, with patients being
fully accurate in reaching the to-be-bisected line, with no
evidence, therefore, of optic ataxia [Rossetti et al., 2003].

In the mixed model analysis of variance the fixed factor
included the brain regions where bisection scores during
DES had been recorded from more than one patient (BA 5;
BA 7, collapsing the superior, anterior, middle, and infe-
rior subregions; BA 39, SLF I; SLF II; SLF III; IFO), and the

no stimulation trials. The random factor included the seven
patients. The fixed effect was significant (F= 25.08; df = 7,
267.34; P < 0.001), indicating differences among the various
stimulated regions. Pairwise Bonferroni comparisons
showed that the error scores after DES of BA 7 (mean 1.24
cm, SD +1.69, n = 52), and of SLF II (mean 2.69 cm, SD
+2.40, n = 17) differed from the no-stimulation trials (mean
—0.24 cm, SD £0.53, n = 69). The scores of all other stimu-
lated regions did not differ from the no-stimulation trials:
BA 5 (mean 0.18 cm, SD +0.41, n = 22), BA 39 (mean 0.16
cm, SD +0.54, n = 15), SFL I (mean —0.12 cm, SD +0.53, n =
67), SLF III (mean —0.16 cm, SD +0.54, n = 31), and IFO
(mean —0.02 cm, SD +0.46, n = 7). The SLF II bisection
scores differed from those of all other stimulated regions,
the BA 7 from those of all other regions, but the IFO.

DISCUSSION

The first main result of this study is that, within the
white matter, it is the interference with the function of dor-
solateral parietofrontal connections, in a location consistent
with the trajectory of the second branch of the SLF, which
causes a consistent left visuospatial neglect, as assessed by
line bisection. The deficit is present in six out of the seven
patients (over 85%). Conversely, stimulation of more dorso-
medial or ventrolateral fibers of the SLF, namely the two
other components of the SLF (I and III), as well as of the
IFOF, is ineffective, with the exception of a mild rightward
error during DES of SLF I in patient P4, who, however,
shows the largest bias during DES of SLF II.

The SLF II connects the posterior inferior parietal region
(BA 39, AG) with the prefrontal and premotor regions BAs
46, 8, and 6 [Makris et al., 2005], and, in the monkey, the
caudal part of the IPL with the dorsal premotor and pre-
frontal cortices [Schmahmann et al., 2007]. Consistent with
these findings, stimulation of BA 39 brings about left
neglect in one (P1) out of four patients. The lack of effects
of stimulation of BA 39 in patients P3, P4, P6, and P7
could be related to plastic cortical changes, due to the
slowly growing neoplastic lesion [Thiel et al., 2001]. Also
the possibility that the role of this portion of the IPL [Mort
et al., 2003] in line bisection performance is comparatively
minor should be considered [see Rorden et al., 2006, for
damage to the junction between the middle occipital gyrus
and the middle temporal gyrus; Verdon et al., 2010, for
evidence for the IPL].

Damage to both the inferior parietal [Mort et al., 2003;
Verdon et al., 2010], and the premotor frontal [Committeri
et al,, 2007; Verdon et al., 2010] regions may cause left
extra-personal neglect in humans, possibly with a major
role of damage to the IPL [Verdon et al., 2010] to bring
about visuospatial neglect evidenced by tasks such as line
bisection, and to the frontal cortex [Verdon et al., 2010; see
also Rengachary et al., 2011, for related evidence] for spa-
tial neglect revealed by motor exploratory tasks [see also
Binder et al., 1992, for early evidence for this dissociation].
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Figure 2.

Patient P4. A) Postoperative MR tractography analysis on preop-
erative DTI acquisitions, starting from positive stimulation
points, FA threshold >0.2. White circles: ROIs positioned in the
sites of positive stimulation regions: depiction of the blue fibers,
corresponding to the second branch of the SLF, at a higher and
less “permissive” FA threshold. B) Postoperative probabilistic
tractography superimposed on axial, coronal and sagittal TI-

The SLF I connects the superior and medial parietal corti-
ces [superior parietal lobule (SPL), BAs 5 and 7, and pre-
cuneus medial BA 7] with the supplementary motor
region [Makris et al., 2005]. Damage to these regions is not
an anatomical correlate of spatial neglect [Committeri
et al.,, 2007; Vallar and Perani, 1986; Verdon et al., 2010],
although lesions to the supplementary motor region have
been associated with “motor neglect” of the limbs contra-
lateral to the side of the lesion [Meador et al., 1986]. The
SLF IIT (including part of the fibers of the anterior segment

weighted images; tracking of parietofrontal connections from
stimulation sites (the red line depicts the seed mask in A). Vox-
els are color-coded from 20 (blue) to 200 (light blue) samples
passing through the voxel. Multi-fiber tractography identifies dor-
sal and lateral parietofrontal connections linking the inferior pa-
rietal lobule to the posterior regions of the superior and middle
frontal gyri, belonging to the second branch of the SLF

of the AF) connects the SMG (BA 40), with BA 44 and ven-
tral BA 6 in the frontal lobe [Makris et al., 2005], and, in
the monkey, the rostral IPL to the ventral part of the pre-
frontal and premotor cortices [Schmahmann et al., 2007].
In humans, the role of lesions of the IPL in bringing about
extra-personal visuospatial neglect is definite [Vallar,
2001]: within this region, however, the specific contribu-
tions of damage to the SMG [Golay et al., 2008; Leibovitch
et al.,, 1998; Vallar and Perani, 1986, Verdon et al., 2010],
and to the AG [Hillis et al., 2005; Mort et al., 2003] are less
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Patients PI, P2, P3, and P4. Deviations in cm in line bisection.
Each column refers to a stimulated brain region (BAs 5, 7, 39;
SLF I-lll, IFO fasciculus). The right-sided column shows the
patient’s average bisection error (SD) under conditions of no

stimulation (nST). Numbers under each column indicate the

clear [see also, Committeri et al., 2007]. In both patients
studied by Thiebaut de Schotten et al. (CAL and SB,
[2005]) stimulation of the SMG brought about a left visuo-
spatial neglect in line bisection. These findings are consist-

39 SLFI SLF1ll IFO
ure 3.
number of bisection trials. The two dashed horizontal lines indicate
the range of the bisection error of ten neurologically unimpaired
participants using their right hand (control for PI, P3, P4), and five
neurologically unimpaired participants using their left hand (control

for P2). T tests *(P < 0.05), *(P < 0.025), **(P < 0.01).

ent with the results of a TMS study in neurologically
unimpaired participants, that assessed the role of the SMG
and the AG in setting the midline of a segment [Oliveri
and Vallar, 2009]. In the present study, due to
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Patients P5, P6, and P7. Deviations in cm in line bisection. Each column refers to a stimulated brain
region (BAs 5, 7, 39, 19; SLF I-ll). nST trials, dashed horizontal lines (range of the bisection error
of ten neurologically unimpaired participants using their right hand), and t tests as in Figure 3.

neurosurgical constraints, the contribution of the SMG,
and of other putatively relevant regions, such as BAs 6
and 44, could not be assessed.

Stimulation of the dorsal and lateral parietofrontal con-
nections, at the level of the subcortical white matter of the
right AG (in a location consistent with the trajectory of the
second subdivision of the SLF, and not of the more ventral
SLF 1III fibers), disrupts line bisection performance. These

findings are by and large in line with the general conclu-
sion that the SLF II is important for spatial perception and
awareness, providing DES evidence for a role of this
branch in a ventral parietofrontal attentional network
[Corbetta et al., 2008]. The SLF III in the left hemisphere
may be relevant for articulatory processes: in humans, the
articulatory component of language [Makris et al., 2005;
Schmahmann et al., 2007]. In the right hemisphere, the
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SLF III contributes to spatial cognition [see the re-analysis
by Thiebaut de Schotten et al., 2008 of the data of Doricchi
and Tomaiuolo, 2003; Urbanski et al., 2011, for evidence
suggesting a role of the anterior segment of the AF/SLF III].

A recent study in a series of 50 right-brain-damaged
patients with various types of tumor [low and high grade
glioma, metastases, cavernoma, Roux et al., 2011] shows
that DES of both cortical (inferior frontal and postcentral
gyri, inferior parietal lobule, posterior part of the superior
and middle temporal gyri) and subcortical (AF and fronto-
occipital fasciculus, SLF II) brings about shifts in line
bisection. These findings highlight the role of both cortical
and subcortical regions in spatial attention and representa-
tion, as in the present study. However, deviations caused
by subcortical DES were very infrequent (about 5% of
stimulations), compared with cortical DES; evidence of left
visuospatial neglect was found only after DES of the AF
[see also Urbanski et al., 2011, for related evidence about
the role of the anterior segment of the right AF/SLF III],
but not of the SLF II. Secondly, and importantly, both left-
ward and rightward bisection deviations are reported,
with rightward errors being slightly greater. Overall, these
findings cannot be readily interpreted in terms of spatial
neglect for the contralesional side of space, suggesting
instead that also ipsilesional neglect [Kwon and Heilman,
1991] may be possibly elicited by right hemispheric DES,
sometimes in the same patient.

Evidence converging with the present results comes
from a study in the monkey [Gaffan and Hornak, 1997]
showing that parietal leucotomy (after removal of the cor-
tex in the lateral posterior bank of the intraparietal sulcus),
which may disrupt the SLF II [Schmahmann et al., 2007],
brings about a contralesional visuospatial neglect. The
present findings are also in line with the re-analysis by
Bartolomeo et al. [2007, p. 12] of the original statements by
Thiebaut de Schotten et al. [2005], concluding that the fas-
cicle whose stimulation caused the maximal rightward
bias in left-handed patient SB was likely to be the SLF IIL
In line with these findings, a role of the SLF II in visuospa-
tial attention is suggested by a correlation in neurologi-
cally unimpaired individuals between the amount of
“pseudoneglect” [namely the leftward error in line bisec-
tion, see Jewell and McCourt, 2000], and its size; such a
correlation does not hold for the SLF branches I and III;
furthermore, volumetric measurements show a right later-
alization of the SLF III, with some trend for the SLF II
[Thiebaut de Schotten et al., 2011].

Finally, stimulation of the IFOF (in two patients the
right, and in one the left) was ineffective. Recent evidence
indicates a role of this fascicle [Urbanski et al., 2008]: two
right brain damaged patients, with a lesion to the IFOF,
and with sparing of the SLF and of the ILF, showed left
visuospatial neglect, and one such patient (#3 in the series)
exhibited a disproportionate rightward bias in line bisec-
tion [see also Urbanski et al.,, 2011]. On the other hand,
two patients undergoing surgery for brain tumors within
or near the posterior portions of the right lateral ventricle,

who showed left neglect, had damage to the SLF, but nei-
ther to the ILF nor to the IFOF; this indicates a specific
role of the SLF, as compared with the ILF and the IFOF
[Shinoura et al., 2009]. The IFOF connects areas, namely
the ventral occipital lobe and the orbito-frontal cortex
[Catani and Thiebaut de Schotten, 2008], whose damage is
not usually associated with spatial neglect [Vallar, 2001].
In sum, while damage to the IFOF may be associated with
visuospatial neglect [Doricchi et al., 2008, for review;
Urbanski et al., 2008], the present evidence from DES in
awake surgery suggests that its role may be minor, as
compared with the contribution of the SLF II.

The second main result of this study is that stimulation
of BA 7b, particularly its middle portion, surrounding the
superior parietal sulcus, causes a rightward shift in line
bisection. This finding differs from the neuropsychological
evidence from right brain damaged patients, showing that
visuospatial neglect, as assessed also by line bisection
tasks, is associated with more ventral damage, including
the right IPL [Mort et al., 2003; Verdon et al., 2010], in line
with early evidence [Heilman et al, 1994; Hécaen et al,,
1956; Leibovitch et al., 1998; Vallar and Perani, 1987]. A
number of functional imaging studies in neurologically
unimpaired participants show, however, that perceptual
bisection tasks (“Landmark” test) activate bilaterally,
although overall predominantly in the right hemisphere,
not only the IPL, but also the SPL (BA 7) [Fink et al., 2000,
2001], and the right intraparietal sulcus (IPS), for both per-
ceptual and manual line bisection [Cigek et al., 2009]. In a
spatial attention and memory task, requiring the report of
target detections, activations include not only the IPS, but
also the SPL, in the right hemisphere [Szczepanski et al.,
2010]. The SPL is activated in tasks involving a spatial
shift of attention, such as a displacement in the location of
the target [Molenberghs et al.,, 2007]. The discrepancy
between the neuropsychological evidence from brain-dam-
aged patients, indicating a role of ventral regions such as
the IPL and the TPJ, and the neuroimaging activation
studies in neurologically unimpaired participants pointing
to a contribution also from the SPL in spatial attention has
been repeatedly noted [Szczepanski et al., 2010; Vallar
et al., 2003]. The suggestion has been made that the lesions
typically associated with spatial neglect, “ventral”, perisyl-
vian, involving the IPL, the TP]J, the STG, and the ventral
premotor cortex [Committeri et al., 2007; Mort et al., 2003;
Vallar, 2001; Verdon et al.,, 2010] cause a “dorsal” func-
tional imbalance in the IPS-SPL, with a relative left hemi-
sphere SPL hyperactivity being related to neglect severity
[Corbetta et al., 2005, 2008, for discussion]. Somewhat sim-
ilarly, it has been proposed that, in right-brain damaged
patients with damage to the IPL-TPJ, the deficit of spatial
attention may result from a disconnection between these
ventral regions and the SPL [Szczepanski et al., 2010].
Accounts of this sort predict that interference by DES with
the function of the right SPL may bring about spatial
neglect, causing a temporary left-right imbalance, with a
right hemispheric dysfunction, and are consistent with the
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present findings, although the weak association between
structural damage to the SPL and spatial neglect remains to
be explained [see also Corbetta, 2002; Shulman et al., 2010].

There is neuropsychological evidence that the SPL is
involved in spatial attentional functions. Two patients [one
left brain damaged, HH, one right brain damaged NV,
Gillebert et al., 2011], with lesions involving the IPS and
the SPL (in NV), and sparing the IPL, were impaired in
orienting to and discriminating contralesional targets
under conditions of bilateral stimulation, and of invalid
cueing to contralesional stimuli [review in Vandenberghe
et al, 2012]. These results complement the finding that
damage to the right IPL (particularly, the AG), the ascend-
ing posterior branch of the superior temporal sulcus, and
the IPS (specifically, the lower bank of the horizontal seg-
ment) is related to defective contralesional orienting under
conditions of bilateral symmetrical stimulation [Molen-
berghs et al., 2008]. At the clinical assessment, patient HH
had a right neglect on line bisection, while patient NV
showed no impairment. One of the five right brain dam-
aged patients with IPL damage showed left neglect in
both cancellation and bisection tasks. Overall, these find-
ings [Gillebert et al., 2011], based on a few patients with
parietal lesions, suggest that damage to the SPL may bring
about deficits of spatial attention, and, sometimes, signs of
spatial neglect.

The selectivity of the effects of DES of BA 7 in the SPL is
supported by the finding that DES of BA 5, performed in
six patients, did not cause any bisection bias. This region,
which in humans occupies the anterior part of the SPL
[Zilles, 2004], is not a neuropathological correlate of spatial
neglect [Vallar, 2001; Vallar et al., 2003], and was not found
to be activated in the neuroimaging studies mentioned
above [Cigek et al., 2009; Fink et al., 2000, 2001].

The present pattern of results cannot be explained in
terms of non-typical neurofunctional organization, due to
left handedness, as in the two right brain damaged
patients (CAL and SB) reported by Thiebaut de Schotten
et al. [2005]. Four out of six right brain damaged patients
were right-handed, as well as the one left brain damaged
patient (P2), and no differences related to this variable are
apparent. Furthermore, all patients showed visuospatial
neglect, neither before and after the surgery, nor during
surgery in the no-stimulation trials. These findings indicate
that the neural network [Mesulam, 1990, 2002; Vallar,
1998] supporting spatial attention was largely preserved
(or, at least, adequately reorganized, as commented in the
following sentence), so that any observed effect may be
specifically traced back to DES. A second possible con-
found to be taken into consideration is the cerebral neuro-
functional plastic rearrangement, due to the slow growing
features of the neoplastic lesion [Papagno et al., 2011b; Thiel
et al., 2001]. Relevant as this factor is, independent evidence
from human and animal data corroborates the involvement
in spatial attention of white matter fascicles (the SLF II),
and of cortical regions (BAs 7b, and, to a lesser extent in
the present study, BA 39), as discussed previously. The con-

sistent and major effects of stimulation of the SLF II suggest
that, if possible, lateral fibers of this fascicle should be
spared by the neurosurgical intervention.

A note of caution concerns the variability in the number
of bisection trials performed by the patients during DES of
different sites, and in the no-stimulation condition. This
was due to neurosurgical constraints. Nevertheless, both
the analysis of the bisection performances of the individ-
ual patients and the group analysis converge in suggesting
the role of the SLF II and the SPL.

A further cautionary note concerns the inherent limita-
tions of the deterministic preoperative tractography algo-
rithm used in this study, yet largely used in clinical
practice: the FACT method is unable to resolve white mat-
ter architecture where more than one fiber population
occupies the same voxel, and this can affect the reliability
of tracking mainly in regions that contain multiple cross-
ing white matter pathways, or where a competing path-
way is significantly stronger. As an example, in our
patients we were able to demonstrate only a part of the
fibers of such a small tract like the first branch of the SLF,
and mainly its dorsomedial anteroposterior connections in
the white matter of the medial portion of the SPL before
the intersection with descending corticospinal tract fibers.
The shortcomings of DTI tractography have driven the de-
velopment of probabilistic algorithms [Behrens et al,
2007], that allow modeling the distribution of multiple
fiber populations in a voxel, and of more accurate acquisi-
tion techniques, based on advanced high angular resolu-
tion diffusion imaging and Spherical Deconvolution
tractography [Dell’acqua et al., 2010; Thiebaut de Schotten
et al., 2011], in order to provide a more accurate tractogra-
phy of parietofrontal networks. Diffusion-tensor streamline
tractography still remains the most widely used method in
clinical settings and preoperative assessment [Bello et al.,
2008]. In addition, the distortion of the normal white mat-
ter architecture in the presence of infiltrating tumors, that
disrupt the directional organization of fiber tracts causing
reduced FA, and altered color patterns on directional
maps, possibly affects their fully accurate localization by
the DTI FACT method. Nevertheless, the low anisotropy
threshold used for reconstructions, previously established
on the basis of combination of DTI tractography with func-
tional intraoperative data [Bello et al., 2008], allows to
obtain reliable reconstruction of white matter tracts also
through regions of tumor infiltration (see Fig. 1A,B). More-
over, in this patients’ series displaced white matter tracts
are prevalent with respect to infiltrated ones (see also Table
I). With reference to the prevalent site of subcortical involve-
ment, when the mesial portion of the parietal lobe was prev-
alently involved, the subcortical tracts were mainly
displaced laterally; when the lateral portion of the parietal
lobe was prevalently involved, the subcortical tracts were
displaced medially. Finally, it should be also pointed out
that the selection of seed regions of interest for tractography
dissections used in this work relied on a priori knowledge
of the anatomical and topographical details of the bundles,
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that are necessary for the accurate delineation and interpre-
tation of each tracts’ subcortical trajectory.

Does the involvement of the SLF II, found in this study,
mean that spatial neglect is to be conceived as a discon-
nection syndrome? With reference to the traditional
box-and-arrow neurofunctional models of cognition
[Lichtheim, 1885; Wernicke, 1874], spatial neglect should
not be regarded as a classical disconnection syndrome,
since the white matter lesion does not interrupt neural
connections between brain areas subserving specific and
discrete functional cognitive representations, bringing about
a functionally defined disconnection syndrome. This is the
traditional account of deficits such as “conduction aphasia”
[see a recent review in Catani and Mesulam, 2008b], and
“pure alexia” [Cohen et al., 2003; Déjérine, 1892].

CONCLUSIONS

The available evidence from extra-personal spatial
neglect supports the involvement of a premotor frontal-
posterior parietal network in spatial representation and atten-
tion [Rengachary et al., 2011; Verdon et al., 2010], although
observations for a role of the superior temporal gyrus are on
record [Committeri et al., 2007; Karnath et al., 2001, 2004].
The specific contribution of damage to the frontal vs. parietal
components of the network has been elucidated so far in
terms of “motor exploratory” versus “perceptual” differences
(also related to the tasks used, such as line bisection and tar-
get cancellation) in the manifestations of the neglect syn-
drome [Binder et al., 1992; Vallar and Mancini, 2010, for
review; Verdon et al., 2010]. In the present study, white mat-
ter (ie., mainly the SLF II) and cortical (i.e., mainly BA 7)
DES brings about a defective performance (namely, a dispro-
portionate ipsilesional shift in line bisection). These findings
are compatible with network [Bartolomeo et al., 2007; Cappa
and Vallar, 1992; Doricchi et al., 2008; Mesulam, 1981, 1990,
1998; Vallar, 1998], and hodological (pathway-based) [Catani
and Mesulam, 2008a] approaches to the neural basis of senso-
rimotor and cognitive functions, where both the grey and the
white matter matter.

Finally, this study, as also suggested by Papagno et al.
[2011a,b], highlights the need of testing cognitive functions
during neurosurgery also for subcortical pathways, in addi-
tion to cortical regions, in patients with cerebral tumors.
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