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Abstract: Objectives: Although diffusion tensor imaging (DTI) and postmortem dissections improved the
knowledge of white matter (WM) anatomy, functional information is lacking. Our aims are: to provide
a subcortical atlas of human brain functions; to elucidate the functional roles of different bundles; to
provide a probabilistic resection map of WM. Experimental design: We studied 130 patients who under-
went awake surgery for gliomas (82 left; 48 right) with electrostimulation mapping at cortical and sub-
cortical levels. Different aspects of language, sensori-motor, spatial cognition, and visual functions
were monitored. 339 regions of interest (ROIs) including the functional response errors collected dur-
ing stimulation were co-registered in the MNI space, as well as the resections’ areas and residual
tumors. Functional response errors and resection areas were matched with DTI and cortical atlases.
Subcortical maps for each function and a probability map of resection were computed. Principal obser-
vations: The medial part of dorsal stream (arcuate fasciculus) subserves phonological processing; its
lateral part [indirect anterior portion of the superior longitudinal fascicle (SLF)] subserves speech plan-
ning. The ventral stream subserves language semantics and matches with the inferior fronto-occipital
fascicle. Reading deficits match with the inferior longitudinal fascicle. Anomias match with the indirect
posterior portion of the SLF. Frontal WM underpins motor planning and execution. Right parietal WM
subserves spatial cognition. Sensori-motor and visual fibers were the most preserved bundles. Conclu-
sions: We report the first anatomo-functional atlas of WM connectivity in humans by correlating cogni-
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tive data, electrostimulation, and DTL. We provide a valuable tool for cognitive neurosciences and clin-

ical applications. Hum Brain Mapp 36:3117-3136, 2015.

© 2015 Wiley Periodicals, Inc.

Key words: subcortical atlas; direct electrical stimulation; white matter pathways; functional

connectivity

*

*

INTRODUCTION

Over the last century, the modern neuroscientific
research significantly advanced toward a more realistic
comprehension of the anatomo-functional basis underlying
brain processing. As opposed to the traditional localiza-
tionist concept of a rigid “one region—one function” corre-
lation, growing evidences have been provided in favor of
a more dynamic vision of the central nervous system
(CNS) as a complex network [Borner et al. 2007, Bressler
and Tognoli, 2006, McIntosh et al. 2000, Reijneveld et al.
2007], opening the era of the brain “connectome.” It con-
sists of a mosaic of cortical neuronal hubs, interconnected
at short and long range by widely integrated, parallel and
often redundant axonal subcircuits [Sporns et al, 2005;
Sporns, 2013a, 2013b]. According to this insight, a neuro-

logical function results from the multimodal interaction
between multiple crucial functional epicentres regulated
by modulator areas.

This conceptual advance has been supported by a meth-
odological evolution of structural and functional techni-
ques, such as resting state functional magnetic resonance
imaging (RS-fMRI), magnetoencephalography (MEG), and
diffusion tensor imaging (DTI), allowing to investigate
noninvasively and “in vivo” several complex properties of
brain networks. Particularly, RS-fMRI and MEG are clarify-
ing the organization of the functional areas, the plastic
potential of brain networks and the balancing among differ-
ent neural circuits by means of even more appropriate and
specific neurophysiological and neuropsychological tasks.
On the other hand, as demonstrated by recent structural
and functional studies, the influence, segregation, and
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integration of the different networks are strongly related to
their connectivity patterns, including density, length, num-
ber and distribution of fibers, which connect the functional-
related structures (i.e. nodes, modules, hubs, rich clubs)
[Collin et al. in press, Sporns, 2013a, 2013b].

In this context, WM is of primary relevance, since it rep-
resents the structural substrate for brain connectivity [Filley,
2005]. Recently, DTI strongly renewed the interest for the
knowledge of WM anatomical features [Catani and Ffytche,
2005], providing even more reliable reconstructions of the
course of the main bundles and relationships among them
[Thiebaut de Schotten et al., 2011]. Currently, the crucial
role of connectivity for functional processing is supported
also by the results provided by the direct electrical stimula-
tion (DES) technique, adopted during resections of brain
tumors, in order to recognize and preserve the eloquent
structures [Duffau, 2008]. Particularly, low-grade gliomas
(LGGs) are slow growing (4-5 mm/year) but not benign
tumors [Mandonnet et al, 2007]. The main features of these
lesions are, in fact, the inescapable anaplastic transforma-
tion (after 7-8 years) and the frequent invasion of eloquent
cortices and subcortical pathways [Duffau, 2005]. The use
of intraoperative DES for mapping the subcortical region in
awake patients opened a new door in the treatment of these
lesions and constitutes an unprecedented opportunity to
assess the functional role of different pathways [Duffau,
2008; Duffau et al., 2013]. Moreover, increasing experiences
are also demonstrating that extensive resections, even if
involving high-eloquent cortical regions, may not produce
postoperative permanent deficits if the eloquent connectiv-
ity identified by DES is preserved [Duffau, 2008].

Nevertheless, although these results have contributed to
increase our knowledge considerably, the crucial role of
WM in the organization of brain networks still needs to be
further clarified, from both anatomical (i.e. the course, seg-
mentation and terminations of the WM tracts) and func-
tional perspectives.

The first aim of the present study is to advance in the
knowledge of the WM functional anatomy, providing a
functional subcortical atlas for experimental and clinical
purposes, structured on DES data obtained from a large
and homogenous population—particularly focusing on the
phonologic, semantic and syntactic aspects of language
elaboration, as well as the visual, motor and sensory func-
tions. Second, we aim to elucidate a possible functional
role of specific bundles, including the inferior fronto-
occipital fascicle (IFOF), the arcuate fascicle (AF), the indi-
rect posterior and anterior portions of the superior longitu-
dinal fascicle (SLF), the inferior longitudinal fascicle (ILF),
the optic radiation (OR), the subcallosal fascicle (SCF), the
cortico-spinal tract (CST) and somato-sensorial (SS) fibers
of the cortico-thalamic tract (CTT), the corpus callosum
(CC), and the cingulum (Cing). To this end, we analyzed
the spatial relationships between collected functional
response errors from DES and the structural data, as
described in the DTI Atlas by Thiebaut de Schotten et al.
(2011). Finally, we discussed the structural implications,

arising from the integrated anatomo-functional analysis of
the course, terminations and segmentations of these tracts.

MATERIALS AND METHODS
Patients and Surgical Methods

We selected 130 cases [72 males and 58 females; mean
age: 38.9 years; SD: 9.9] with WHO grade II LGGs infiltrat-
ing eloquent cortical and subcortical areas. 82 lesions
involved the left and 48 the right hemisphere. No patients
experienced pre-operative neurological deficits and 88%
were symptomatic for seizures. 111 patients were right-
handers, 12 were left-handers, and 7 were ambidextrous.
They underwent surgery according to asleep-awake-asleep
protocol, with total intravenous anaesthesia using Remi-
fentanil and Propofol infusion stopped before the awake
surgical step. Park bench position was adopted in all
cases. Cortico-subcortical DES was performed to obtain the
most sensitive and specific identification of the main sub-
cortical pathways, according to the technique previously
reported by the senior author (H.D.) [Duffau et al., 2005,
2008] and first described by Ojemann and Berger [Berger
et al., 1990; Ojemann et al., 1989]. A bipolar electrode with
5 mm spaced tips delivering a biphasic current (pulse fre-
quency of 60 Hz; single-pulse phase duration of 1 ms;
amplitude between 1 and 4 mA) was used in all cases.
During the awake step, the intensity threshold was set
either by evoking a pure speech arrest (without facial or
tongue movements) at the DES of the VPMC or by evok-
ing motor (i.e. muscle contraction) or sensory (i.e. dyses-
thesias) responses at the stimulation of the primary motor
or sensory area, within the precentral or postcentral gyrus
(PreCG and PostCG, respectively). The minimum intensity
used in this series was 2 mA and the maximum 4 mA
(mean 2.8 mA). The complete cortical mapping was
achieved according to other selected functional tasks and
then, the resection started. During this phase, the patients
were asked to perform continuously specific tasks, accord-
ing to the eloquent role of the bundles that the neurosur-
geon expects to encounter over the different steps of
resection. Again, subcortical mapping of the white matter
pathways was performed using DES with the same electri-
cal parameters as at the cortical level. When all functional
limits were reached (i.e. the boundaries of the surgical cav-
ities resulted in eloquent responses at DES, identified by
numeric tags, both at the cortical and the subcortical level),
the resection was stopped and the patient was asleep
again. Following completion of resection, intraoperative
pictures were taken and subsequently analyzed offline.

Intraoperative Functional Monitoring

Intraoperative  neuropsychological —monitoring  was
assessed according to the lesion’s site, and to the expected
eloquent cortico-subcortical structures encountered during
the resection [Fernandez Coello et al., 2013]. According to
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the technique, we previously described [Duffau et al., 2005,
2008], motor functions were monitored with a continuous
complex task (hand, arm and forearm flexion-extension con-
tralateral to the lesion side) and the sensory responses were
directly reported from the patients during cortical and sub-
cortical mapping and collected by the neuropsychologist
throughout the surgery. The spontaneous language produc-
tion was monitored with counting test (series from 0 to 10)
and repetition test [Fernandez Coello et al., 2013]. The pho-
nologic and semantic aspects of language processing (i.e.
semantic and phonological paraphasias; pure anomia, not
related to motor, praxic and visual disturbances nor associ-
ate to semantic or phonological deficits) and reading (i.e.
alexia or reading disturbances) were assessed, respectively,
with the naming [denomination object 80 (DO 80)] and
reading test, as previously reported [Duffau et al., 2003a,
2003b; Duffau et al., 2005; Duffau, 2008; Fernandez Coello
et al.,, 2013; Goodglass and Kaplan, 1971; Metz-Lutz et al,,
1991]. Visual field, visual functions, and eye movements
were monitored as previously described by Gras-Combe
et al. (2012). The screen was divided in four virtual quad-
rants with a cross in the center. Two different pictures
(from DO 80) were presented together, the former in the
visual quadrant subserved by the OR fibers that the neuro-
surgeon expected to encounter during the resection, the lat-
ter in the opposite visual quadrant. The patients were
asked to name the pictures staring at the center of the
screen and the neuropsychologist collected the functional
response errors (flashes, phosphenes, blurred vision, shad-
ows, agnosia) and eventual spontaneous saccades. The spa-
tial cognition was assessed with a line bisection task,
according to the technique previously described [Bartolo-
meo et al., 2007; Thiebaut de Schotten et al., 2005]. Patients
and neuropsychologist were not informed regarding the
timing of DES during the execution of the different tasks.
According to the technique described by Ojemann et al.
(1989), each cortical or subcortical point was considered
crucial for functional execution and was stored with numer-
ical tags when its stimulation induced disturbances during
three trials, as previously reported [Duffau et al., 2005; Duf-
fau, 2009; Ius et al., 2011]. The different functional response
errors collected during surgery were separately stored and
associated with a specific numerical tag.

Functional Response Errors Collection

All patients underwent preoperative and postoperative
(8-months) volumetric high-resolution T1-weighted axial
sequences (slice thickness 1 mm; no interslice gap; FOV
280 mm; 1.5 T scanner) with gadolinium. All the postoper-
ative T1 MRIs were used for the volumetric segmentation
of residual tumours and surgical cavities with the freeware
Osirix Imaging Software (http://www.osirix-viewer.com/).
All the ROIs of residuals and surgical cavities were man-
ually drawn on each axial slice and then exported for the
elaboration of the atlas by the first author (S.S.) who is a
neurosurgeon expert in brain anatomy, WM dissection, sur-

gical treatment of brain tumours and medical imaging. The
functional points, identified during intraoperative DES and
stored with detailed high-resolution pictures, were included
in the axial volumetric T1 by the first author (S.S.) compar-
ing the anatomical landmarks of the single picture with the
axial volumetric T1 and the reformatted sagittal and coronal
sequences oriented according to the intraoperative lateral
position of the head. Each functional response was saved
and exported as a circular ROI with 0.2 cm® of total area.
We collected 339 functional response errors (mean per
patient: 2.6; SD: 1.2): 43 (AF) phonological and 61 (IFOF)
semantic paraphasias, 6 reading disturbances, 75 motor and
43 somato-sensorial responses, 12 motor and language per-
severations, 3 eyes apraxias, 13 visual disturbances, 9 spa-
tial perception and 15 motor planning deficits, 25 verbal
apraxias, 12 pure anomias, 22 speech arrests. All the func-
tional response errors, classified by a specific color code
and resumed in the same 3D MNI brain reconstruction, are
showed in Figure 1. In Supporting Information Table SI, we
provided the MNI coordinates of all functional response
errors collected.

Creation of the Subcortical Functional Atlas and
Resection Probability Map

Volumetric high-resolution T1-weighted axial sequences
(slice thickness 1 mm; no interslice gap; FOV 28 mm; 1.5 T
scanner) of all patients were spatially registered to the
MNI space, 1mm® voxel spatial resolution [Evans et al.,
1992]. Nonbrain material was first removed from the T1-
images using FSL’s brain extraction tool (BET; FSL soft-
ware available at http://www.fmrib.ox.ac.uk/fsl). Regis-
tration of resulting images was performed by applying 12
parameter affine transformations using FSL'’s linear image
registration tool (FLIRT). Resulting registration models
were subsequently used to spatially co-register ROIs of
residuals, surgical cavities and functional points of all
patients. Results were systematically assessed by visual
inspection. All the statistical analyses were performed in
the R Statistical Package (available at http://www.r-pro-
ject.org; library Rniftilib was used for data import/export).
N =339 functional response errors coregistered to the MNI
space and let us consider a certain functional response
error R. We assume that a function f(x) exists, defined for
each voxel x of the brain in the MNI space and taking val-
ues between 0 and 1 proportionally to the probability that
voxel x is associated with the functional response error R.
Standard kernel regression techniques are used to approxi-
mate f: specifically, we define the approximation as fj(x)
=1—¢F® where Fy(x)= Zfil Ky(x,x;))y; is a kernel

. . ly—x: 12 2
regressor with Gaussian kernel Kj(x,x;) = e~ Ix=ll"/2!

(depending on the kernel bandwidth #, controlling the
spreading of the probability mass around a pointx;) and
yiz1 if x; is a voxel associated with the functional response
error R, and 0 otherwise. Such approximation is supported
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Figure I.
3D representation of functional response errors collected with subcortical DES in the left and
right hemispheres. Different colors represent the different functional response errors. The small
colored points represent the projections of functional response errors on the x—y and x—z planes
of the MNI space. DES: direct electrical stimulation; MNI: Montreal Neurological Institute.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

by the fact that the Gaussian kernel takes value 1 in voxels
x; associated with the function response error R and values
close to 1 in nearby regions (depending on /). Conse-
quently, in regions at high density of functional response
errors R function F, takes large values. When the number
of functional response errors is very large F, diverges to
oo and thus the function f, tends to 1. Following the same
line of reasoning, it is easy to see that f, tends to 0 in
regions empty of functional response errors R. The kernel
bandwidth & was optimised by minimizing the error func-

tional [ (f —fi)?dx, approximated by leave one out cross-
validation, a statistical technique aimed at estimating the
prediction error of a model. More in detail, an instance of
the prediction error can be obtained by using a single
observation for error estimation and the remaining data
for model development; the leave one out cross-validation
error is obtained by averaging the prediction error over all
observations. The above described procedure was used to
approximate function f and to produce statistical maps in
the MNI space for all functional response errors consid-
ered in this study. We found that the optimal value of the
bandwidth varies from 4 mm to 5 mm for all considered
functional response errors, which is coherent with the
diameter of the employed bipolar electrode.

Let M = {(xi,vi,zi,pi)};_; _, be a certain ROI where (x;,
Vi, zi) represent coordinates in the MNI space and p; repre-

sent probability levels associated to voxels. We define the
probabilistic center of mass of the ROI as the point of the
MNI space of coordinatesx:ZiZl’“_n xiPi/Zf:L.“nPir y

= Zi:l,...n yfpi/Zi:I,...n pi and z=37_, , ZiPi/ZizL...n pi-
The B-distance between two ROIs is defined as the Euclid-
ean distance between the centres of mass of the two ROIs.
This allowed us to measure the distance between statistical
maps in the MNI space for all functional response errors
considered in this study (functions f, defined above) and
the bundles available in the DTI Atlas from Thiebaut de
Schotten et al. (2011). When more than one bundle
matched with the spatial distribution of the statistical map
of a functional response error, we performed a x2 test in
order to assess statistical significant differences (P < 0.05)
in terms of distance between functional response errors
and the different bundles.

The spatial distribution of functional response errors iden-
tified by DES defines clear resection limits. To characterize
these limits for each bundle included in the DTI Atlas from
Thiebaut de Schotten et al. (2011) and region of the AAL
Atlas [Tzourio-Mazoyer N et al.,, 2002] two indicators were
used, aimed at quantifying the nonresection probability and
the resected volume of each ROIL and aimed at identifying
differentially preserved regions within each ROL

Specifically, the non resection probability (NRP) of a
ROI was defined as the weighted average of the volume of
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the non resected tumor invading the ROI divided by the
overall volume of the tumor invading the ROI; the resec-
tion volume percentage (RVP) of a ROI was defined as the
weighted average of the resected volume of the tumour
invading the ROI divided by the volume of the ROI These
two indicators are measured in voxels. More formally, let
us consider a certain region of interest G (a bundle or a
AAL region), of volume V, and let p be a patient. Let T,
be the volume of the tumor affecting patient p restricted to
region G, and let R, be the volume of the resected tumor
restricted to region G. The NRP of the region G for patient
p is defined as x, = (T,—R,)/T, and the resection volume
of the region G for patient p is defined as y, = T,,/V. The
NRP index 1is thus defined as Zp tyx,, where
tp =Tp/>, Tpand the RVP index is defined as }_, fpy,.
Weighted averages are more appropriate in this case as
patient’s tumors invading bundles/AAL regions are not
homogeneous in size. Indeed, we adopted the above defi-
nition to make NRP and RVP more influenced by tumors
invading large portions of the region of interest G (it is
easy to check that, for instance, the contribution of patient
p to the computation of NRP and RVP is negligible if T}, is
small compared to tumors of other patients). Statistical dif-
ference between the left/right nonresection probabilities
{x,} and left/right resection volumes {y,} was assessed
by means of a weighted Student’s t-test (wtd.t.test function
of the package “weights” of the R statistical package) and
coefficients t, were used as weights. To identify differen-
tially preserved regions of each bundle/AAL region we
adopted the following procedure: let us consider a voxel x
of the brain in the MNI space. The co-registered ROIs of
residuals and surgical cavities allow us to compute the
number n(x) of times voxel x is part of a lesion region
(either resected or not) and the number r(x) of times voxel
x has been resected. The probability of nonresectability is
defined as p(x) = (n(x)—r(x))/n(x) and, by assuming that
p(x) is binomial distributedB(n(x),n(x)—r(x)), 95% confi-
dence intervals can be computed through exact binomial
test. The above described procedure was used to produce
a statistical map (with 95% CI) of nonresectability in the
MNI space.

RESULTS
Surgical Cavities and Tumour Residues

The mean preoperative volume of the tumours was 67.3
cc (SD: 39.7). In 78 cases, the tumour invaded the WM of
the frontal lobe, in 63 the temporal lobe, in 45 the insular
lobe and the WM of the external capsule (EC), the parietal
lobe in 17 cases and in 5 cases the occipital lobe. In 56
cases, the tumours involved the WM of more than 1 lobe
and in 24 cases three lobes. Among the 12 left-handed
patients, 7 underwent resection of lesions within the right
hemisphere and 5 within the left; 6 ambidextrous patients
were operated on the right and 1 on the left side; all right-
handed patients were operated for a left lesion. According

to intraoperative DES, eloquent language response errors
were reported: in the left hemisphere in all the 111 right-
handed patients; in the right hemisphere in 1 left-handed
patient (14.3%) between the 7 tested on this side; in the
right hemisphere in 3 (50%) of ambidextrous patients
between the 6 tested on this side and in the left hemi-
sphere in the sole ambidextrous patient operated on the
left side.

Transient postoperative immediate mild to moderate
deficits were reported in 39 patients (30%). At 3-months
follow-up, all patients recovered and no permanent
impairments with respect to the preoperative tests was
reported. The mean resection rate was 90.8% and the
mean residual tumour was 6.2 cc (SD: 4).

Anatomical Analysis of Distribution of
Functionally Critical WM According to DES

The executive motor functions were distributed in the
central region and within the vertical projection fibers of
the cortico-spinal tract (CST) directed up to the internal
capsule (IC). The functional response errors for motor
planning (corresponding to movement arrest, eyes apraxia,
language, and motor perseverations) were localized in the
dorso-medial portion of the frontal WM with an oblique
course, connecting the deep nuclei (i.e. the caudate
nucleus) to the superior frontal cortices [particularly the
supplementary motor area (SMA) and pre-SMA] (Figs. 2a-
¢; 3b). The speech planning (corresponding to the speech
arrest) identified tracts strongly localized in the most ven-
tral and lateral portion of the frontal WM, corresponding
to the fibers terminating in the ventral premotor cortex
(VPMC) (Fig. 3a). The somato-sensorial functional
responses were localized in the postcentral region and
within the vertical fibers projecting to the posterior portion
of the internal capsule (IC) (Fig. 4a).

The phonological language response errors were distrib-
uted within the ventral and lateral WM of the frontal lobe,
in the lateral and inferior WM of the parietal lobe and in
the posterior and middle thirds of the superior temporal
gyrus (STG), middle temporal gyrus (MTG), and inferior
temporal gyrus (ITG), with a “C” shaped course running
around the insula outside from the external capsule (EC)
and temporal stem (TS) (Fig. 5a). Verbal apraxia deficits
were distributed with a horizontal course from the VPMCs
in a direct posterior direction up to the inferior parietal
lobule (IPL) with a more lateral distribution with respect
to the phonologic response errors (Fig. 3c). Semantic para-
phasias were distributed within the most ventral and
medial WM of the temporo-parietal junction, in the medial
WM of the temporal lobe over the roof of the temporal
horn of the lateral ventricle, in the ventral portion of the
EC and within the WM of the frontal lobe with a more
superior and anterior direction up to the middle and pos-
terior thirds of the middle frontal gyrus (MFG), superior
frontal gyrus (SFG), and to the ventral cortices of the
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Figure 2.

Spatial distribution of the functional response errors related to
motor execution (a), movement arrest (b), eyes apraxia (c), and
spatial perception (d) (functions f,(x)described in Material and
Methods) in the MNI space coordinates (in mm). Green to red
colours represent increasing levels of probability (color scale on
the right top). In the left column, the eloquent response errors
are reported within the left and right hemispheres (superior and
inferior raw, respectively). In the right column the eloquent sites
are shown on the axial plane (superior raw) and on the coronal

plane (inferior raw). Negative to positive x coordinates scroll
from the left to the right hemisphere on the sagittal plane; nega-
tive to positive z coordinates scroll from the inferior to the
superior regions on the axial plane; negative to positive y coor-
dinates scroll from the posterior to the anterior regions on the
coronal plane. MNI: Montreal Neurological Institute. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3.

Spatial distribution of the subcortical eloquent sites regarding
speech arrest (a), language/motor perseverations (b), and verbal
apraxia (c) (functions fy(x) described in Material and Methods) in
the MNI space coordinates (in mm). Green to red colors repre-
sent increasing levels of probability (color scale on the right top).
In the left column, the eloquent response errors are reported
within the left and right hemispheres (superior and inferior raw,
respectively). In the right column, the eloquent sites are shown on

inferior frontal gyrus (IFG) (Fig. 5b). Reading deficits were
localized with an antero-inferior course in the lateral long
WM of the occipital and temporal lobe (Fig. 4c).

The WM of the temporal stem (including claustro-
opercular and insulo-opercular fibers of the external and

the axial plane (superior raw) and on the coronal plane (inferior
raw). Negative to positive x coordinates scroll from the left to the
right hemisphere on the sagittal plane; negative to positive z coor-
dinates scroll from the inferior to the superior regions on the
axial plane; negative to positive y coordinates scroll from the pos-
terior to the anterior regions on the coronal plane. MNI: Mon-
treal Neurological Institute. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

extreme capsules, the auditory radiations, IFOF, UF, OR,
anterior commissure, and inferior thalamic peduncle) of
the right hemisphere was more frequently resectable in
respect to the contralateral hemisphere where the residual
threshold is highest (Fig. 6a—c). On the other hand, the
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Figure 4.

Spatial distribution of the response errors regarding somato-
sensorial (a), visual (b), and reading (c) functions (functions fj(x)
described in Material and Methods) in the MNI space coordi-
nates (in mm). Green to red colors represent increasing levels
of probability (color scale on the right top). In the left column,
the eloquent response errors are reported within the left and
right hemispheres (superior and inferior raw, respectively). In
the right column, the eloquent sites are shown on the axial

WM of the central region, corresponding to the projection
of motor and sensory pathways from the M1 and S1 was
not resectable with approximately the same probability on
both sides. The more ventral and horizontal connections
between the frontal and parietal lobes (corresponding to

plane (superior raw) and on the coronal plane (inferior raw).
Negative to positive x coordinates scroll from the left to the
right hemisphere on the sagittal plane; negative to positive z
coordinates scroll from the inferior to the superior regions on
the axial plane; negative to positive y coordinates scroll from the
posterior to the anterior regions on the coronal plane. MNI:
Montreal Neurological Institute. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

the lateral indirect anterior portion of the SLF and AF),
just lateral with respect to the projection CST and CTT, are
more frequently preserved on the left side (Fig. 6a—). On
the right side, instead, the more dorsal horizontal WM
connecting the dorsal superior frontal gyrus to the parietal
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Figure 5.

Subcortical spatial distribution of the phonological (a) and
semantic paraphasias (b) as well as pure anomias (c) (functions
fa(x) described in Material and Methods) in the MNI space coor-
dinates (in mm). Green to red colors represent increasing levels
of probability (color scale on the right top). In the left column,
the eloquent response errors are reported within the left and
right hemispheres (superior and inferior raw, respectively). In
the right column, the eloquent sites are shown on the axial

lobe and to the deep nuclei (i.e. caudate nucleus) is more
frequently preserved because of functional responses at
DES (Fig. 6a—). These regions correspond to the course of
the SCF or anterior third of the cingulum (Cing) fibers.

plane (superior raw) and on the coronal plane (inferior raw).
Negative to positive x coordinates scroll from the left to the
right hemisphere on the sagittal plane; negative to positive z
coordinates scroll from the inferior to the superior regions on
the axial plane; negative to positive y coordinates scroll from the
posterior to the anterior regions on the coronal plane. MNI:
Montreal Neurological Institute. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

The most medial WM of the occipital and temporal lobes
were crucial for language and visual functions on both
sides, corresponding to the course of the IFOF and OR
(Figs. 4b,c; 5b).

* 3126 ¢



¢ Functional Atlas of White Matter ¢

Residual tumor probability

Anterior

=-50 =-40 x=-30
Superior (right hemisphere)

x=-60

0 0.25
Anterior

0.5

Left

kS
s @ &k
= ~ 3
b x=60 x=50  x=40 x=30 x=20 x=10 y=-10
Lower 95% Cl of residual tumor probability > 0.2
Superior (left hemisphere) Anterior
3 n L]
A ®RAD B ®
< e o g g -
x=-60 x=-50 x=-40 x=-30 x=-20 x=-10 z=-30 z=-15 z=0 z=15 z=30 z=45
Superior (right hemisphere) Superior
S ~ 5 =g
00 PAR BREWD @
x=60 x=50 x=40 x=30 x=20 x=10 y=-50 y=-30 y=-10 y=30 y=50
C
Upper 95% ClI of residual tumor probability < 0.2
Superior (left hemisphere) nter ior
3 . 5
LR Y ) 4 & @ &
[ -~
<
x=-60 x=-50 x=-40 x=-30 x=-20 z=-30 z=-15 z=0 z=15 z=30 z=45
Superior (right hemisphere) Superior
5 ~ .
HHREE O e
x=60 x=50 x=40 x=20 x=10 =-50 y=-30 =-10 y=10 y=30 y=50
Figure 6.

In panel (a), we collected the sagittal, coronal and axial views of the
statistical map of the NRP [function p(x) described in Material and
Methods with the respective colour scale on the right top] in the
MNI space coordinates (in mm). In panels (b) and (c), we included
also the regions with the highest statistical significance (lower 95% ClI
of residual tumor probability > 0.2 and upper 95% CI of residual
tumor probability < 0.2, respectively), considering that the statistical
significance of the map depends on the number of tumors per voxel

DTI Analysis of the Functions Distribution and
Residual WM

The analysis concerning the NRP demonstrated an
asymmetry between the left and right hemisphere in the
resection rate of AF, the lateral indirect anterior portion of
SLF, the lateral posterior portion of the indirect SLF, IFOF,

and is not spatially homogenous. Negative to positive x coordinates
scroll from the left to the right hemisphere on the sagittal plane; neg-
ative to positive z coordinates scroll from the inferior to the superior
regions on the axial plane; negative to positive y coordinates scroll
from the posterior to the anterior regions on the coronal plane.
MNI: Montreal Neurological Institute; NRP: non-resection probabil-
ity. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

and CST (NRP left/right side, respectively: 80/57%,
P =0.001; 90/58%, P <0.001; 81/68%, P=0.02; 47/58%,
P =0.03; 77/90% P = 0.03)(Figs. 5a—c; 6a—c). Similar resec-
tion rates were reported for OR, ILF, and UF (NRP left/
right side, respectively: 89/84%, P=049; 45/43%,
P =0.85; 52/39%, P =0.1) (Table I).
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TABLE L. In this table, we summarized the difference in
NRP (including the P values) between the left and the
right hemisphere for the white matter tracts considered

Fascicle Left (%) Right (%) P
AF 80 57 0.001
A/ISLF 90 58 <0.001
P/ISLF 81 68 0.02
I[FOF 47 58 0.03
CST 77 90 0.03
OR 89 84 0.49
ILF 45 43 0.85
UF 52 39 0.1

AF: arcuate fascicle; A/I SLF: Anterior indirect component of
superior longitudinal fascicle; CST: cortico-spinal; IFOF: inferior
fronto-occipital fascicle; ILF: inferior longitudinal fascicle; NRP:
non-resection probability index; OR: optic radiation; UF: Uncinate
fascicule; P/I SLF: Posterior indirect component of superior longi-
tudinal fascicle.

Above results were confirmed from the statistical analy-
sis of the RVP of each bundle, which resulted to be highly
anticorrelated with NRP (Spearman rank correlation: r =—
0.79, P<0.001). Specifically, we found that the resected
volume of AF, lateral indirect anterior and posterior por-
tion of SLF, IFOF, CST, OR, ILF, and UF were on the left/
right side, respectively: 6/14% (P=0.001), 6/25%
(P=0.001), 5/19% (P=0.01), 15/8% (P <0.001), 2/1%
(P=0.01), 3/4% (P=0.82), 17/16% (P =0.65), 26/29%
(P =0.46).

The matching analysis between the functional response
errors elicited by DES during surgery and the bundles
available in the DTI Atlas from Thiebaut de Schotten et al.
(2011) demonstrated that:

1. The spatial distribution of motor responses matches
with the spatial distribution of the cortico-spinal and
cortico-thalamic fibers (B-distance 17.7mm, Fig. 7a),
the indirect anterior portion of the SLF (B-distance
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Figure 7.

(a) B-distance (the distance between the probabilistic centers of
mass, see Material and Methods) between the spatial distribution
of functional responses related to motor execution and bundles of
the Thiebaut de Schotten et al. (2011) probabilistic Atlas. Violet
identifies the bundle at minimal B-distance. Red identifies bundles
at distance lower than 120% of minimal B-distance. Bundles at
larger B-distance are shown in green. (b) Distribution of the dis-
tances (in mm) of motor responses collected during surgeries
from the CST. The distance between a functional point and a bun-
dle is defined as the minimal distance between all voxels of the
functional response and all voxels of the bundle. It is set to 0
when functional response and bundle intersect. (c) As (a) but for

somato-sensorial responses. (d) As (b) but for the distance of
somato-sensorial responses from the CST. (e) As (a) but for visual
response errors. (f) As (b) but for the distance of visual response
errors from the OR. (g) As (a) but for alexias. (h) As (b) but for
the distance of alexias from the ILEA/I SLF: Anterior indirect com-
ponent of superior longitudinal fascicle; Cing: Cingulum; AF: arcu-
ate fascicle; CST: cortico-spinal; IFOF: inferior fronto-occipital
fascicle; ILF: inferior longitudinal fascicle; OR: optic radiation; IC:
internal capsule; UF: Uncinate fascicule; P/l SLF: Posterior indirect
component of superior longitudinal fascicle. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(a) B-distance (the distance between the probabilistic centers of
mass, see Material and Methods) between the spatial distribution
of phonological functional response errors and bundles of the
Thiebaut de Schotten et al. (2011) Atlas. Violet identifies the
bundle at minimal B-distance. Red identifies bundles at distance
lower than 120% of minimal B-distance. Bundles at larger B-
distance are shown in green. (b) Distribution of the distances
(in mm) of phonological response errors collected during sur-
geries from AF The distance between a functional point and a
bundle is defined as the minimal distance between all voxels of
the functional response and all voxels of the bundle. It is set to
0 when functional response and bundle intersect. (c) As (a) but
for semantic paraphasias. (d) As (b) but for the distance of

20.2 mm, Fig. 7a) and IC (B-distance 20.3 mm, Fig.
7a). However, 96% (72/75) of the motor responses
were located within 1 cm from the cortico-spinal and
cortico-thalamic fibers (Fig. 7b), while only 48% (36/
75) were located within 1 cm from indirect anterior
portion of the SLF and the difference is statistically
significant (x> =40.5; P <0.001).

. The spatial distribution of the sensory responses
matches with the spatial distribution of the AF (B-dis-
tance 18.0 mm, Fig. 7c) and cortico-spinal and cortico-
thalamic fibers (B-distance 19.8 mm, Fig. 7c). However,
100% (43/43) of sensory responses were located within
1 cm from the cortico-spinal and cortico-thalamic
fibers (Fig. 7d) while only 74.4% (32/43) responses
were located within 1 cm from the AF and the differ-
ence is statistically significant (x*=10.4; P =0.001).

semantic paraphasias from the IFOF. (e) As (a) but for verbal
apraxias. (f) As (b) but for the distance of verbal apraxias from
the Anterior/Indirect component of SLF (g) As (a) but for pure
anomias. (h) As (b) but for the distance of pure anomias from
the Posterior/Indirect component of SLEA/I SLF: Anterior indi-
rect component of superior longitudinal fascicle; Cing: Cingulum;
AF: arcuate fascicle; CST: cortico-spinal; IFOF: inferior fronto-
occipital fascicle; ILF: inferior longitudinal fascicle; OR: optic
radiation; IC: internal capsule; UF: Uncinate fascicule; P/l SLF:
Posterior indirect component of superior longitudinal fascicle.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

3. The spatial distribution of the phonological deficits
matches with the spatial distribution of the indirect
anterior portion of the SLF (B-distance 10.9 mm, Fig. 8a)
and the AF (B-distance 12.4 mm, Fig. 8a). However,
81.4% (35/43) of phonological deficits were located
within 1 cm from the AF (Fig. 8b) while only 46.5% (20/
43) of phonological deficits were located within 1 cm
from the indirect anterior portion of the SLF and the dif-
ference is statistically significant (x> = 9.9; P = 0.002).

. The spatial distribution of the semantic paraphasias
matches consistently only with the spatial distribu-
tion of the IFOF (B-distance 13.7 mm, Fig. 8c). More-
over, 91.8% (56/61) semantic paraphasias were
located within 1 cm from the IFOF (Fig. 8d).

. The spatial distribution of verbal apraxia deficits
matches consistently only with the spatial distribu-
tion of the indirect anterior portion of the SLF
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(B-distance 6.0 mm, Fig. 8e). Moreover, 88% (22/25)
of verbal apraxia deficits were reported within 1 cm
from the indirect anterior portion of the SLF (Fig. 8f).

6. The spatial distribution of the pure anomia matches
with the spatial distribution of the indirect posterior
portion of the SLF (B-distance 11.0 mm, Fig. 8g) and
the AF (B-distance 12.7 mm, Fig. 8g). 100% (12/12) of
pure anomia were located within 1 cm from both the
indirect posterior portion of the SLF (Fig. 8h) and the
AF.

7. The spatial distribution of the visual response errors
(positive: flashes, phosphenes; negative: agnosia)
matches with the spatial distribution of the OR (B-
distance 23.3 mm, Fig. 7e) and the indirect posterior
portion of the SLF (B-distance 24.2 mm, Fig. 7e).
However, 84.6% (11/13) of visual response errors
were located within 1 cm from the OR (Fig. 7f) while
only 53.8% (7/13) response errors were located
within 1 cm from the indirect posterior portion of the
SLF (x*=16; P=020). 84.6% (11/13) of visual
response errors were located within 1 cm from the
IFOF.

8. The spatial distribution of alexia matches consistently
only with the spatial distribution of the ILF (B-dis-
tance 22.2 mm, Fig. 7g). Moreover, 100% (6/6) of
alexia were located within 1 cm from the ILF (Fig.
7h).

9. The spatial distribution of spatial perception deficits
matches mainly with the course of the AF (B-distance
7 mm). Moreover, 100% (9/9) of these functional
response errors were elicited within 1 cm from the
AF. The B-distance from SLF (indirect anterior com-
ponent) is 16 mm.

For a complete analysis of the distance between func-
tional response errors and bundles see also Supporting
Information Table SI.

Cortical Analysis of the WM Terminations and
Functional Response Errors

According to the analysis of the NRP on the AAL Atlas
[Tzourio-Mazoyer et al., 2002], the more frequent and large
resections were reported within the frontal and temporal
lobe on both the sides. In the anterior regions of the fron-
tal lobe, the WM terminating in the superior, middle and
medial fronto-orbital gyri (SFOG, MidFOG, and MedFOG,
respectively) and in the SFG and MFG were more fre-
quently resected on both sides (NRP left/right side,
respectively: 9/11%, P=0.73; 3/6%, P=0.72; 9/14%,
P=0.63;7/17%, P =0.34; 7/10%, P = 0.59). In the posterior
regions of the frontal lobe, the WM directed to the precen-
talgyrus (PreCG), to the SMA, to the rolandic opercula
(RolOp) and to the pars opercularis of the IFG (OpIFG)
were less frequently resected (NRP left/right side, respec-
tively: 73/71%, P=0.87, 32/65%, P =0.002; 76/49%,

P =0.003; 56/33%, P =0.008), especially in the dorsal and
medial portions of the posterior WM of the right frontal
lobe and in the ventral portion on the left side (Fig. 5a,b).
On the other hand, the WM terminating in the anterior
two-thirds of the IFG, corresponding to the pars orbitalis
and triangularis (OrbIFG and TrIFG, respectively), were
frequently removed (NRP left/right side, respectively: 29/
15%, P=0.38; 17/12%, P =0.38), with a mild prevalence
on the right side.

The WM terminating within the superior and middle
temporal pole (STP and MTP, respectively) and the ITG
were the most frequently resected (NRP left/right side,
respectively: 30/15%, P=0.06; 4/7%, P=0.62; 12/18%,
P =0.32). The most preserved fibers were terminating in
the STG and MTG, respectively and in the amygdala, the
hippocampus and the parahippocampus (NRP left/right
side, respectively: 55/45%, P =0.22; 24/32%, P =0.29; 77/
54%, P =0.02; 52/56%, P =0.69; 21/33%, P = 0.26).

The WM connecting the postcentral and para-central
lobule (PostCL and ParaCL, respectively), the calcarine
cortices, the mid and posterior portion of the Cing, the
insula, the angular gyrus (AG), the supra-marginal gyrus
(SMG), and the lingual gyrus were highly preserved (NRP
left/right side, respectively: 58/53%, P =0.58; 98/86%,
P=02; 86/99%, P=0.49; 53/56%, P=0.69; 28/41%,
P=0.45;, 65/42%, P=0.001, 47/29%, P =0.26; 66/33%,
P <0.001). The regions more frequently resected within the
occipital, parietal and temporal lobes were: precuneus,
cuneus, the superior parietal cortices, IOG and middle
occipital gyrus (MOG), the superior occipital gyrus (SOG)
(NRP left/right side, respectively: 17/19%, P =0.84; 30/
31%, P=0.98; 22/4%, P=0.22; 22/2%, P =0.24; 30/30%,
P=0.97; 6/40%, P =0.38) (Table II).

The statistical analysis of the RVP of each region of the
AAL Atlas shows that RVP is highly anticorrelated with
NRP (Spearman rank correlation: » = —0.81, P < 0.001).

The anatomical analysis of the location of the functional
response errors in respect to the cortical areas of the AAL
Atlas demonstrated that: the phonological response errors
are more frequently reported in the WM terminating in
the frontal lobe (TrIFG 15.4%, MFG 10,3%, OpIFG 7.7,%,
PreCG 5.1%, RolOp 2.6%) and temporal lobe (MTG 28.2%,
ITG 23.1%, STG 5.1%, Fusiform 5.1%); the semantic
response errors were more often observed in the WM ter-
minating in the frontal lobe (TrIFG 11.7%, MFG 11.7%,
SFG 3.3%, PreCG 1.7%, OrbSFG 1.7%; OrbMFG 1.7%);
anomia were reported within the MTG, STG inferior parie-
tal region, SMG, AG, ITG, MOG (respectively: 41,7%,
33.3%, 25%; 25%, 25%, 8.3%, 8.3%); the responses regard-
ing the motor planning were exclusively reported in the
WM terminating in the frontal lobe (movement arrest: SFG
71.4%; SMA 57.1%; SFG_medial 28.6%; antCing 28.6%;
midCing 14.3%; language and motor perseverations: Cau-
date (Caud) 54.5%, Put 18.2%, TrIFG 27.3%, MFG 9.1%;
SFG 9.1%); the response errors regarding the language
planning were mostly found in the WM terminating in the
ventral and posterior cortices of the frontal lobe
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TABLE Il. We report the differences in NRP (including
P values) between left the right hemisphere for the
cortical regions, according to the matching analysis with
the AAL Atlas

Area Left (%) Right (%) P
SFOG 9 11 0.73
MidFOG 3 6 0.72
MedFOG 9 14 0.63
SFG 7 17 0.34
MFG 7 10 0.59
PrecCG 73 71 0.87
SMA 32 65 0.002
RolOp 76 49 0.003
OpIFG 56 33 0.008
OrbIFG 29 15 0.38
TrIFG 17 12 0.38
STP 30 15 0.06
MTP 4 7 0.62
ITG 12 18 0.32
STG 55 45 0.22
MTG 24 32 0.29
Amygdala 77 54 0.02
Hippocampus 52 56 0.69
Parahippocampus 21 33 0.26
PostCL 58 53 0.58
ParaCL 98 86 0.2
Calc 86 99 0.49
Cingulum 53 56 0.69
Insula 28 41 0.45
AG 65 42 0.001
SMG 47 29 0.26
Lingual gyrus 66 33 0.001
Precuneus 17 19 0.84
Cuneus 30 31 0.98
Superior Parietal Cortices 22 4 0.22
10G 22 2 0.24
MOG 30 30 0.97
SOG 6 40 0.38

AG: angular gyrus; Calc: calcarine cortices; Cing: cingulum; IFG:
inferior frontal gyrus; IFOF: inferior fronto-occipital fascicle; IOG:
inferior occipital gyrus; ITG: inferior temporal gyrus: MedFOG:
medial fronto-orbital gyrus; MFG: middle frontal gyrus; MidFOG:
middle fronto-orbital gyrus; MOG: middle occipital gyrus; MTG:
middle temporal gyrus; MTP: middle temporal pole; NRP: non-
resection probability; OpIFG: pars opercularis of inferior frontal
gyrus; OrbIFG: pars orbitalis of inferior frontal gyrus; OrbMFG:
orbital middle frontal gyrus; OrbSFG: orbital superior frontal gyrus;
ParaCL: parac-central lobule; PreCG: pre-central gyrus; RolOP:
rolandic opercula; PostCG: post-central gyrus; PostCL: post-central
lobule; preSMA: pre-supplementary motor area; Put: putamen;
SFG: superior frontal gyrus; SFOG: superior fronto-orbital gyrus;
SMA: supplementary motor area; SMG: supra-marginal gyrus;
SOG: superior occipital gyrus; SPL: superior parietal lobule; STG:
superior temporal gyrus; STP: superior temporal pole; TrIFG: pars
triangularis of inferior frontal gyrus; UF: uncinate fascicle.

(particularly, speech arrest: OpIFG 38.1%, PreCG 33.3%,
TrIFG 23.8%, MFG 14.3%, RolOp 4.8%) and of the inferior
parietal lobule (verbal apraxia: PreCG 26.1%, OpIFG

17.4%, RolOp 17.4%, TrIFG 17.4%; SMG 34.8%, PostCG
34.8%, AG 4.3%); errors concerning spatial awareness were
elicited within the parietal lobe (SMG 44.4%, PostCG
33.3%, IPL 11,1%, AG 11.1%) up to the junction with the
temporal lobe (STG 33.3%).

DISCUSSION
General Overview

DES is a reliable method for the direct identification of
the eloquent cortical and subcortical regions of the brain.
This technique provides reliable and accurate data regard-
ing the specific functions subserved by the anatomical
structure stimulated. Here, we used DES in a large popu-
lation to provide, for the first time to our knowledge, an
atlas summarizing the distribution of the essential sensori-
motor, language and visual functions within the human
WM.

Ius et al. (2011) first reported a systematic analysis of
extensive resections in 55 patients who underwent awake
surgery for LGGs, confirming the reliability of probabilistic
brain atlases by means of spatial normalization of individ-
ual MRI scans and providing original data about the
potential resectability of cortical and subcortical regions. In
the present work, we adopted a similar methodology for
the atlas computation to study a larger population with
different aims. The distribution of the functional response
errors collected with DES was integrated with anatomical
data provided by DTI and cortical atlases providing the
subcortical distribution of WM functions in both the left
and right hemisphere.

The pure anatomical analysis demonstrated that larger
brain regions are resectable without permanent sejuelae
within the right hemisphere, namely the ventral cortico-
subcortical portion of the frontal lobe and the anterior,
mid and dorso-lateral portion of the temporal lobe (Fig.
6a—c). On the contrary, the ventral cortices and WM of the
frontal lobe as well as WM terminating in the posterior
and dorso-lateral portion of the temporal lobe are crucial
for many aspects of language elaboration within the left
hemisphere (Figs. 3a—c; 5a—c). On the other hand, the
postero-dorsal portion of the frontal lobe and ventro-
medial portion of the temporal lobe were critical for motor
elaboration and executive aspects, and for visual percep-
tion, respectively (Figs. 2a—c; 4b,c). The analysis of resected
cortical areas and the distribution of the functional
response errors in the subcortical regions revealed that the
parietal lobe were critical in both hemispheres. Especially,
the dorsal portion [i.e. superior parietal lobule (SPL)] in
the right and the ventral region (i.e. IPL) in the left hemi-
sphere, were crucially related to visuo-spatial functions
and to different aspects of language elaboration, respec-
tively (Figs. 2d; 5a—c). Portions of the insular region are
frequently preserved with a significant difference between
the left and right side, confirming this lobe as a real
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neurosurgical challenge (at least for complete resections)
for anatomical and functional reasons [Duffau, 2009].

Interestingly, our data demonstrate that the resectability
rate of the subcortical eloquent WM is consistently lower
in respect to cortical territories, which were more fre-
quently resectable even if classically considered high-
eloquent regions within both hemispheres. This is in
agreement with our previous report on the minimal com-
mon brain [Ius et al., 2011]. Remarkably, even if the termi-
nal portions of all main associative bundles analyzed were
resectable, the other components of the tracts were crucial
for the functional processing in all patients, with some var-
iability. We did not report, in fact, bundles completely
resectable in both the NRP and RVP analysis. These results
support the crucial role of the associative connectivity in
subserving the plastic anatomo-functional reorganization
of the cortical territory to compensate brain damages, as
demonstrated by DES and fMRI studies for different large,
distributed and parallel networks [Duffau et al.,, 2003a,
2003b; Krainik et al., 2004; Sarubbo et al., 2012a, 2012b].
However, the statistical analysis demonstrated that some
bundles present a significant difference in both NRP and
RVP between left and right side. Bundles involved in lan-
guage elaboration (AF, indirect lateral anterior and poste-
rior portions of the SLF) are significantly less resected in
the left side. No differences in the NRP and RVP of the
ILF and OR, which resulted the second less resected bun-
dle, were reported. On the other hand, the WM originating
and terminating in the central and postcentral regions (i.e.
the projection fibers of the CST and the CTT) in both
hemispheres is characterized by the maximal NRP and
minimal RVP. This is probably due to the fact that these
connections have a role not in the functional integration,
but rather in the transmission of the final functional out-
put/input [Ius et al., 2011].

Functional Considerations and Atlas Description

We analyzed the anatomical distribution of the func-
tional response errors within the subcortical WM. In order
to understand a possible involvement of specific bundles
in the networks explored during surgery, we also analyzed
the possible matching of the overall subcortical distribu-
tion of different functional response errors with the bun-
dles’ reconstruction from Thiebaut de Schotten et al (2011).
According to themodern connectomicperspective of the
anatomo-functional organization of the CNS, the goal of
this study is not to provide one-to-one relationships
between bundles and functions, nor to claim that a single
bundle could rigidly subserve one eloquent network. Quite
the contrary, the aim is to understand a possible functional
role of different bundles in specific aspects of neurological
processing, according to the hypotheses previously
reported in literature.

The results collected during repetition and counting
tasks by stimulating the lateral and the ventral portion of

the WM connecting the parietal and the temporal cortices
to the frontal lobe demonstrated a crucial role of these
fibres in executive aspects of language elaboration. Particu-
larly, the functional analysis demonstrated the implication
of the more medial component of this pathway in phono-
logical network (Fig. 5a). These fibres describe a “C”
course from the ventral cortices of the frontal lobe (partic-
ularly, IFG and MFG) to the temporal cortices (MFG, ITG,
and STG), around the circular sulcus of the insula and out-
side from the EC (Fig. 5a—c). The functional response
errors matched with the DTI reconstruction of the AF, as
described by Catani et al. [Catani et al., 2002, 2005; Catani
and ffytche, 2005; Catani and Mesulam, 2008; Thiebaut de
Schotten et al., 2011]. Our results support the existence of
anatomical background of a dorsal pathway dedicated to
map verbal input onto articulatory-based representations,
including the phonological elaboration [Axer et al., 2013;
Hickok and Poeppel, 2004; Saur et al., 2008]. The distribu-
tion of the verbal apraxia deficits reported during the
naming task further supports this hypothesis. These
response errors show a similar distribution within the WM
of the frontal lobe (particularly, the IFG, VPMC and MFG),
but the course of the bundle subserving this function was
mildly more lateral and runs up to the inferior cortices of
the parietal lobe (particularly, SMG and AG), not reaching
the temporal lobe (Fig. 5¢c). This distribution matches with
the DTI course of the lateral indirect anterior component
of the SLF, supporting the role of this portion as the artic-
ulatory loop of language production [Axer et al., 2013;
Duffau, 2008]. Therefore, considering our results, the dor-
sal stream emerges as a parallel and dissociate network
subserved by two different pathways: the medial one, cor-
responding to the AF, directly connecting the frontal and
the temporal lobe, and the lateral one, corresponding to
the indirect anterior portion of the SLF which connects the
ventral and posterior cortices of the frontal lobe to the IPL
[Makris et al., 2005].

The semantic paraphasias showed a different distribu-
tion within the WM connecting the temporo-parieto-
occipital junction posteriorly, running along the horizontal
associative fibers of the temporal lobe, over the roof of the
temporal horn of the ventricle and in the most ventral por-
tion of the EC, up to the frontal lobe (particularly, IFG,
MFG, SFG) (Fig. 5b). This long ventral distribution of
semantic errors, matches with the IFOF course as
described by DTI reconstructions and anatomical dissec-
tions [Martino et al., 2009; Sarubbo et al., 2013; Thiebaut
de Schotten et al., 2011; Thiebaut de Schotten et al., 2012].
These data support the previously hypothesized role of
IFOF as the main stream of the semantic language network
[Axer et al., 2013; Duffau, 2008, Moritz-Gasser et al., 2013;
Sarubbo et al., 2013]. Interestingly, the functional response
errors distributed along the vertical WM directed to the
posterior and middle portions of the MFG (Fig. 5b)
matches with the recent “post-mortem” dissection [Sar-
ubbo et al., 2013] and “in vivo” DTI results [Lebel et al.,
2012; Thiebaut de Schotten et al., 2012] which described a
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new deeper and vertical portion of the IFOF directed to
the dorsal cortices of the frontal lobe. A second “indirect”
ventral pathway was proposed for semantic elaboration
subserved by ILF and connecting the occipital and tempo-
ral inferior and basal cortices to the frontal lobe through
the relay of the UF fibers, which run through the EC
[Agosta et al., 2013; Saur et al., 2008]. In this series the UF
resulted the most resected bundle for surgical reasons and
our data do not support the role of this bundle in the
semantic network, according to previous reports [Duffau
et al., 2009]. Moreover, even if the overall distribution of
the collected stimuli has a higher statistical and anatomical
(particularly, the distribution of the response errors within
the EC, frontal lobe and more medial WM of the temporal
lobe) match with the course of the IFOF, we cannot rule
out the role of the ILF in this dynamic, multimodal and
pluri-component network [Duffau et al., 2013].

The reading deficits (i.e. alexia) were mostly reported
along the associative WM running from the occipital lobe
through the temporo-parieto-occipital junction to the
temporo-basal and inferior cortices (Fig. 4c). These
response errors matched with the course of the ILF. The
literature lacks in conclusive functional data regarding the
ILF. As previously discussed, the ILF was proposed as
part of an “indirect” parallel ventral semantic stream, even
if DES did not produce conclusive data supporting this
hypothesis [Duffau et al.,, 2013; Mandonnet et al., 2007].
However, a possible role of this bundle in reading and
visual-orthographic processing has been already hypothe-
sized [Fernandez-Miranda et al., 2008; Gil-Robles et al.,
2013]. Our data support this hypothesis, especially regard-
ing the most posterior portion of the bundle, demonstrat-
ing also a prominent involvement of the lateral occipital
cortices and the temporal inferior and basal regions in vis-
ual elaboration of language input.

Pure anomia, not intended as motor, praxic or visual
naming disturbances, but as lexical retrieval deficits, were
reported at the junction between the inferior parietal
lobule (SMG and AG, the so-called Geschwind’s territo-
ries) and the posterior two-thirds of the STG and MTG
(the so-called Wernicke’s territories) (Fig. 5c). These data
were expected, considering the hypothesized role of the
cortices nearby the posterior third of the STS in lexical rep-
resentation, including the STG and MTG [Lau et al., 2008].
Hickok and Poeppel (2007) proposed a hypothetical net-
work, including the peri-STS as a crucial region for sen-
sory coding of speech. The cortices around Sylvian fissure
at the boundary between the parietal (i.e. SMG and AG)
and temporal lobes (including the posterior peri-STS
region) would be involved in sensory-motor integration of
speech processing [Hickok et al., 2009]. The anomia regis-
tered in these regions are more lateral and posterior with
respect to the speech arrest, verbal apraxia and phonologi-
cal disorders, and extremely more dorsal and lateral in the
WM of the temporo-parietal junction with respect to the
semantic disorders (Figs. 3c; 5b,c). These functional
response errors were elicitedin the more lateral long WM

at the border between the IPL and the temporal lobe. By
comparing the overall distribution of these stimuli with
DTI, their locations match with the course of the indirect
posterior portion of the SLF that connects the posterior
cortices of the temporal lobe and peri-STC region to the
AG and SMG of the IPL. This suggests a possible role of
these fibers in the access and retrieval of semantic infor-
mation for language elaboration. However, it is worth not-
ing that the DTI Atlas we used [Thiebaut de Schotten
et al., 2011] does not include the middle longitudinal fasci-
cle (MdLF). This tract was first described by Makris et al.
(2009) and it was proposed as a possible direct associative
connection between these territories [Frey et al., 2008].
Therefore, we cannot rule out this anatomo-functional
hypothesis. We demonstrated a wide distribution of the
anomia in the lateral WM of the temporo-parieto-occipital
junction. As recently described by our team [Chan-Seng et
al., 2014; De Benedictis at al., 2014; Sarubbo et al., 2015],
this region represents a crucial crossing area between sev-
eral WM associative pathways including AF, SLF, IFOF,
ILF, and MdLF. These bundles constitute the dorsal and
the ventral direct and indirect streams deputed to different
aspects of language processing. This highly integrated
anatomo-functional organization led us to consider also a
third hypothesis. In fact, even if we excluded responses
associated with other language disturbances (i.e. semantic
and phonological paraphasias, verbal apraxia, etc.), the
anomia collected in this region could be also related to the
contemporary deactivation of both the ventral and dorsal
language pathways.

Our data confirm also the crucial role of the WM of the
parietal lobe (particularly SMG up to the border with the
STG and the region around the intraparietal sulcus in the
right hemisphere) in spatial cognition. According to the
DTI matching analysis, the response errors collected dur-
ing the line bisection task were mostly located in the WM
of the SLF and AF, lateral to the fibers of Cing and poste-
rior to the vertical fibers of the CTT, as reported also in
DTI and anatomical descriptions [De Benedictis et al.,
2012; Sarubbo et al., 2013] as well as using DES [Thiebaut
de Schotten et al., 2005].

Both the cortices of the fronto-medial and fronto-lateral
regions, Cing and insula as well as the fibers terminating
in these cortices were demonstrated to be crucial for
awareness and control of voluntary movements [Brass and
Haggard, 2008; Haggard, 2008; Hoffstaedter et al., 2013;
Wolpe et al., 2014]. The anatomical background of this net-
work is not yet completely identified because of the
extreme complexity of the mutual connections including
different frontal cortices (i.e. SMA, PreSMA, PreCS and
DLPFC), Cing and insula, and also the deep nuclei [i.e.
Caud, putamen, lenticular nucleus (Put and LN, respec-
tively)]. However, these response errors could partly
match with the course of the Frontal Aslant Tract. Our
stimulation data demonstrated a prevalent distribution of
the disorders in the voluntary movements organization
(i.e. movement arrest, motor and verbal perseveration,
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eyes apraxia) within the frontal lobe (particularly in the
WM terminating in the SMA, PreSMA, SFG, and MedSFG
and in contact to the WM of the anterior and middle por-
tion of the cingulum) as well as in the deep nuclei, partic-
ularly in the Caud, pallidum and Put (Figs. 2a—c; 3b).
Recent findings demonstrated a role of the fronto-medial
cortices (particularly the pre-SMA) in movement selection
and of the lateral frontal cortices (particularly the dorsal
pre-motor cortex) in movement execution with a complex
cortico-subcortical integration (including SMA, DLPFC,
insula, basal ganglia) responsible for the timing of the vol-
untary movements execution [Hoffstaedter et al., 2013;
Wolpe et al., 2014]. Here, DES of the WM terminating in
the pre-SMA, SMA and the insula systematically elicited
arrest of the motor task, confirming our previous study
[Schucht et al., 2013], and confirming the functional orga-
nization previously proposed by demonstrating crucial
hubs for the execution of voluntary movements within the
medial cortices of the frontal lobe and the insula.

Limitations of the Study

The manual positioning of the functional sites recorded
during surgery by mean of high-resolution pictures, con-
stitute a possible limitation of this study. It is nonetheless
worth noting that this method has already been used to
elaborate both subcortical and cortical functional atlases
[lus et al., 2011; Tate et al., 2014] with a high level of reli-
ability. Moreover, in order to improve the accuracy of the
data, we adopted a multiplanar (axial, sagittal, and coro-
nal) visualization of the postoperative MRI rotated
according to the surgical position of each patient. Fur-
thermore, all functional regions were accurately selected
from the same operator, who is a neurosurgeon expert in
brain surgery and WM anatomy. We also selected the 3-
months postoperative MRIs and not the early postopera-
tive MRIs. Indeed, the 3-months MRIs are more accurate
because the limits of the surgical resection are well
defined, oedema is resolved, the brain is completely re-
expanded, and the coregistation procedure for the com-
mon MNI 152 space or templates is more precise. More-
over, the slow rate of the LGG’s growth (4-5 mm of
mean diameter/year) [Mandonnet et al., 2008] excluded
gross morphological variation of eventual residuals.

Finally, we included in this functional atlas of the
human WM fibers, data exclusively coming from a homo-
geneous group of patients affected by LGGs. Even if LGG
can induce neuroplasticity, this phenomenon occurs
mainly at the cortical level, with a very low plastic poten-
tial at the subcortical level [Ius et al., 2011]. Here, we
report a probabilistic map focusing on the functional dis-
tribution of the WM pathways, thus with very low inter-
ferences of LGG with regard to the actual organization of
the subcortical functions in normal brain. A limitation of
this study regards the small sample sizes for some of the
explored functions that, anyway, could be overpassed

with future updates and with implementation of these
probabilistic maps over the time. Moreover, the functional
response errors collected and showed in our maps are
strongly related to the limited series and features of neuro-
psychological test actually available for the intraoperative
setting, as in the case of semantic deficits collected exclu-
sively with a visual denomination task.

To sum up, “in vivo” DES in patients affected by LGGs
were extensively adopted in the past for investigating
brain processing, in particular the organization of large-
distributed networks: it should be underlined these data
were also shown to match with results provided by other
techniques allowing the study of brain structure and func-
tion (i.e. DTI, fMRI, MEG, etc.), demonstrating the reliabil-
ity of DES in awake patients [Duffau, 2012 and 2014; Ius
et al.,, 2011; Tate et al., 2014].

CONCLUSIONS

For a long time, although the functional organization of
the cortex was extensively studied, the subcortical connec-
tivity has received less attention. Recent advances in DTI
have allowed a better understanding of the WM anatomy,
and resulted in the elaboration of an atlas dedicated to the
fibers pathways [Catani and Thiebaut de Schotten, 2011].
However, no functional information has been provided.
Here, we report the first anatomo-functional atlas of WM
connectivity in humans, by correlating cognitive data
issued from intraoperative subcortical electrostimulation
mapping and surgical cavities superimposed on anatomi-
cal DTI atlas in a large population. Our subcortical atlas of
brain functions could have major implications both in the
field of cognitive neurosciences as well as in clinical prac-
tice, especially for brain surgery.
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