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Background: MR Tractography enables non-invasive preoperative depiction of
language subcortical tracts, which is crucial for the presurgical work-up of brain tumors;
however, it cannot evaluate the exact function of the fibers.

Purpose: A systematic pipeline was developed to combine tractography reconstruction
of language fiber bundles, based on anatomical landmarks (Anatomical-T), with
language fMRI cortical activations. A fMRI-targeted Tractography (fMRI-T) was thus
obtained, depicting the subsets of the anatomical tracts whose endpoints are located
inside a fMRI activation. We hypothesized that fMRI-T could provide additional functional
information regarding the subcortical structures, better reflecting the eloquent white
matter structures identified intraoperatively.

Methods: Both Anatomical-T and fMRI-T of language fiber tracts were performed
on 16 controls and preoperatively on 16 patients with left-hemisphere brain tumors,
using a q-ball residual bootstrap algorithm based on High Angular Resolution Diffusion
Imaging (HARDI) datasets (b = 3000 s/mm2; 60 directions); fMRI ROIs were obtained
using picture naming, verbal fluency, and auditory verb generation tasks. In healthy
controls, normalized MNI atlases of fMRI-T and Anatomical-T were obtained. In patients,
the surgical resection of the tumor was pursued by identifying eloquent structures
with intraoperative direct electrical stimulation mapping and extending surgery to the
functional boundaries. Post-surgical MRI allowed to identify Anatomical-T and fMRI-T
non-eloquent portions removed during the procedure.
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Results: MNI Atlases showed that fMRI-T is a subset of Anatomical-T, and that
different task-specific fMRI-T involve both shared subsets and task-specific subsets –
e.g., verbal fluency fMRI-T strongly involves dorsal frontal tracts, consistently with the
phonogical-articulatory features of this task. A quantitative analysis in patients revealed
that Anatomical-T removed portions of AF-SLF and IFOF were significantly greater than
verbal fluency fMRI-T ones, suggesting that fMRI-T is a more specific approach. In
addition, qualitative analyses showed that fMRI-T AF-SLF and IFOF predict the exact
functional limits of resection with increased specificity when compared to Anatomical-T
counterparts, especially the superior frontal portion of IFOF, in a subcohort of patients.

Conclusion: These results suggest that performing fMRI-T in addition to the ‘classic’
Anatomical-T may be useful in a preoperative setting to identify the ‘high-risk subsets’
that should be spared during the surgical procedure.

Keywords: tractography, high angular resolution diffusion imaging, brain tumor, fMRI, task-fMRI, language
network, presurgical brain mapping

INTRODUCTION

The accurate identification of eloquent fiber tracts, such as
language bundles, is a crucial step in the surgical work-up of
brain tumors. In fact, the treatment goal for these neoplasms is
the maximal safe resection (Sanai et al., 2008; Yordanova et al.,
2011; Duffau, 2016), preserving eloquent structures underlying
fundamental neurological functions such as language, vision, and
motor skills (Duffau, 2012).

The gold standard technique to achieve the correct localization
of these structures is the cortical and subcortical direct electrical
stimulation (DES) performed during the surgical procedure
(Ojemann, 1983; Berger et al., 1990; Berger and Ojemann, 1992).
Nevertheless, DES is an invasive technique that requires the
patient to perform language tasks while awake (awake-surgery)
after craniotomy.

Currently, MR Tractography is the only method that can
depict fiber tract localization and their relationship with the
lesion before the craniotomy and non-invasively. Based on
diffusion-weighted imaging that reflects water diffusion features
in biological tissues, this technique allows to infer fiber trajectory,
since water diffusion in the white matter is preferentially oriented
along the direction of the axonal fibers (Mori and Zhang, 2006;
Mukherjee et al., 2008). MR Tractography enables the in vivo
non-invasive depiction of subcortical fascicles and it has thus
rapidly become fundamental in the presurgical assessment of
brain tumors (Bello et al., 2010; Riva et al., 2011; Castellano et al.,
2012; Ulmer et al., 2014), in order to evaluate the displacement or
modifications of the eloquent bundles before performing brain
surgery (Bello et al., 2008; Bizzi, 2009; Essayed et al., 2017), to
predict the extent of resection (Castellano et al., 2012), and to

Abbreviations: AF, Arcuate Fasciculus; Anatomical-T, Anatomical Tractography;
AVG, Auditory Verb Generation; DES, Direct Electrical Stimulation; ExC,
External/Extreme Capsule; FAT, Frontal Aslant Tract; fMRI-T, fMRI-targeted
Tractography; IFOF, Inferior Fronto-Occipital Fasciculus; ILF, Inferior
Longitudinal Fasciculus; MNI, Montreal Neurological Institute; PN, Picture
Naming; ROI, Region of Interest; SLF, Superior Longitudinal Fasciculus; SLF-II, II
component of SLF; SLF-III, III component of SLF; SLF-tp, temporo-parietal (or
vertical) component of SLF; UF, Uncinate Fasciculus; VF, Verbal Fluency.

better tailor the extent of the craniotomy (Romano et al., 2009). In
addition, MR Tractography reconstructions can be loaded onto
the neuronavigational system in order to guide DES during awake
surgery, thus decreasing the duration of surgery, patient fatigue,
and intraoperative seizures (Bertani et al., 2009; Riva et al., 2011;
Castellano et al., 2017).

Although the original Tractography approaches based on
Diffusion Tensor Imaging (DTI) (Mori et al., 1999; Jellison et al.,
2004; Stadlbauer et al., 2007) are still used in the clinics, new
algorithms based on High Angular Resolution Diffusion Imaging
(HARDI) acquisitions (Tournier et al., 2004; Tuch, 2004; Hess
et al., 2006) – such as the residual-bootstrap q-ball algorithm –
have brought several improvements to this technique in terms of
sensibility and accuracy (Bucci et al., 2013) and have already been
proven as clinically feasible (Caverzasi et al., 2015).

Nevertheless, Tractography provides information exclusively
about the anatomical trajectory of white matter fascicles,
regardless of their function. In fact, recent evidence has
demonstrated that some components of language bundles
identified with MR Tractography can be safely removed
intraoperatively, since they do not elicit transient deficit
when stimulated by means of DES (Mandonnet et al., 2007;
Bello et al., 2008).

In the presurgical setting, data about brain functions can be
provided by functional MRI (fMRI), that employs BOLD (blood
oxygenation level dependent) contrast to map cortical activity
(Bizzi, 2009; Castellano et al., 2017). However, this technique
enables to identify exclusively cortical areas related with a given
task, and cannot detect subcortical structures.

In this study, we hypothesized that combining Tractography
(an anatomy-based technique) with fMRI (a function-based
technique) will provide additional information about the subsets
of the anatomical subcortical tracts that are more likely to be
eloquent for the language function.

We develop a systematic pipeline to combine the “classic”
Tractography of language bundles, based exclusively on
anatomical landmarks (Anatomical-T), with language fMRI
cortical activations, in order to achieve a fMRI-targeted
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Tractography (fMRI-T) that depicts the subsets of the anatomical
tracts whose endpoints are located inside a fMRI activation.

In order to test this hypothesis, we performed Anatomical-T
and fMRI-T and evaluated their relationship with the DES-
based limits of surgical resection. By providing this additional
functional information, fMRI-T may contribute to depict the
physiological functional subcortical network underlying each
task in the healthy controls’ cohort, and the “high-risk subsets” of
the subcortical bundles that should be spared during the surgical
procedure in the patients’ cohort.

MATERIALS AND METHODS

Subjects
Healthy controls’ cohort included 16 right-handed native Italian
speakers (7 men, 9 women; mean age, 29 years; range, 21-
48 years). None of these individuals had a history of neurological
disorders and their brain MRI scans presented no abnormalities.

Patients’ cohort included 16 patients with left-hemisphere
presumed gliomas (14 men, 2 women; mean age, 36 years; range,
18-68 years) retrospectively selected among those scanned at our
Institution. Inclusion criteria were as follows: tumor resection
based on awake-surgery guided by cortical and subcortical
DES, availability of pre-surgical HARDI and language task-based
fMRI datasets, availability of post-surgical conventional MRI,
no history of other neurological disorders. Tumor histotypes
included mainly grade II and grade III astrocytomas and
oligodendrogliomas, none of these patients presented with
glioblastoma. Surgical gross total resection (GTR, 100% extent
of resection) had been achieved in 10 patients, whereas in 6
patients only a subtotal resection (STR) was possible, with extents
of resection ranging from 81 to 98%.

All subjects gave informed consent to have their data used for
research purpose.

MRI Acquisition Protocol
MRI acquisitions were performed at 3.0 T (Philips Achieva –
Philips Healthcare, Best, Netherlands).

Conventional MRI protocol included axial T2-weighted
Turbo-spin-echo (TSE) images (TR/TE 3000/85 ms; flip angle,
90◦; Field of View [FOV], 230 mm; 22 slices; thickness, 5/1 mm
gap; matrix, 512× 512; SENSitivity-Encoding [SENSE] reduction
factor, R = 1.5; acquisition time, 3 min 42 s), axial 3D Fluid
Attenuated Inversion Recovery (3D-FLAIR) images (TR/TE/TI
10000/110/2750 ms; flip angle, 90◦; FOV, 230 mm; 90 slices;
thickness, 1.5/0 mm gap; matrix, 224 × 256; SENSE reduction
factor R = 2; acquisition time 8 min 20 s), and axial T1-weighted
Fast Field Echo (FFE) Multi-Shot images (TR/TE 8/4 ms; flip
angle, 8◦; FOV, 240 mm; 56 slices; thickness, 2.5/0 mm gap;
matrix 256 × 256; SENSE reduction factor, R = 1; acquisition
time, 1 min 46 s).

High Angular Resolution Diffusion Imaging (HARDI) data
were obtained using an axial Single-Shot Spin-Echo Echo Planar
Imaging (EPI) sequence and diffusion gradients were applied
along 60 non-collinear directions (b-value, 3000 s/mm2; TR/TE,
12000/74 ms; SENSE reduction factor, R = 2; in-plane resolution,

1.87 × 1.87 mm2; 50 slices; thickness, 2.5/0 mm gap; FOV,
240 mm; matrix, 128× 128; acquisition time, 13 min).

Three covert language tasks were employed for language
fMRI: Picture Naming (PN), Verbal Fluency (VF), Auditory Verb
Generation (AVG).

Picture Naming (PN): naming a series of common objects
(i.e., “chair,” “house,” and “knife”) presented on a screen; baseline
consisted in looking at scrambled non-sense figures.

Verbal Fluency (VF): listing as many nouns starting with a
given letter presented aurally (i.e., “fork,” “field,” “foot”; when
the subject hears the letter “F”); baseline consisted in repeatedly
counting from 1 to 10.

Auditory Verb Generation (AVG): generating an appropriate
verb from a given noun presented aurally (i.e., “to eat”; when the
subject hears the noun “bread”); baseline consisted in repeatedly
counting from 1 to 10.

All healthy controls fulfilled all three tasks, patients’ fMRI
employed generally two tasks (with the exceptions of three
patients, two of whom performed just one task, and one of whom
performed all three tasks). For each patient, fMRI tasks were
selected as follows: PN fMRI was acquired for every patient due to
a neurosurgeons’ preference (since intraoperative DES included
a picture naming task), verbal VF fMRI was mainly reserved to
patients with frontal tumors (in order to assess the relationship
between fMRI activations and frontal phonological-articulatory
areas, 9 patients), AVG fMRI was mainly applied to patients with
temporal or parietal lesions (in order to map fMRI activations in
the Wernicke area, 6 patients). In some cases, VF or AVG were
not performed due to clinical scanning time constraints and/or
suboptimal patient’s collaboration.

Block-design task-based fMRI data were based on BOLD
(blood oxygenation level dependent) contrast obtained using
T2∗-weighted Gradient-Echo EPI (GE-EPI) sequences (TR/TE,
3700/30 ms; TE, 30 ms; flip angle, 85◦; FOV, 240 mm; matrix,
128 × 128; in-plane resolution 1.87 × 1.87 mm2; 32 slices;
thickness, 4 mm; SENSE factor R = 2; 80 dynamic scans for PN
task, 100 for VF task, 100 for AVG task).

3.0 T post-surgical 3D-FLAIR images were acquired 24/48 h
after the procedure.

fMRI Subject-Level Analysis
fMRI data obtained from both healthy controls and patients were
analyzed with SPM8 (Wellcome Dept. Cogn. Neurol., London1)
using MATLAB 7.1 (MathWork, Natick, MA, United States).
Analyses were performed following a standard processing
pipeline (Bizzi et al., 2008).

Images were corrected for motion, realigned to the mean
image, and the estimated movement parameters were used as
regressors in a single-subject statistical analysis. These realigned
images were then spatially smoothed using a 8-mm full-
width at half-maximum isotropic Gaussian kernel. The expected
hemodynamic response function of the software package was
modeled with a block design. In every subject, a t-contrast was
defined according to the General Linear Model for each task:
verbal fluency, auditory verb generation and picture naming.

1http://www.fil.ion.ucl.ac.uk/spm
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Activations were considered significant if survived P < 0.001
uncorrected statistical threshold.

HARDI Preprocessing and Tractography
Algorithm
Movement and eddy-current distortions were corrected using
the FMRIB Software Library (University of Oxford2), then
the original gradient table was consequently rotated using
the FSL “fdt rotate bvecs” function. Diffusion tensor and
fractional anisotropy (FA) maps were estimated using Diffusion
imaging in Python (Dipy) software (Soares et al., 2013;
Garyfallidis and Brett, 2014).

Tractography was based on a q-ball residual bootstrap
algorithm (Berman et al., 2008; Caverzasi et al., 2014, 2015),
following the steps described by Caverzasi et al. (2015) in order to
fit the signal to spherical harmonics, to compute the Orientation
Distribution Functions (ODFs), and to identify the primary and
principal fiber orientations. The tracking was seeded from tract-
specific seed-ROIs, as described in the following paragraph (2.5).
Maximum turning angle of 60◦ (Caverzasi et al., 2015) and FA
threshold of 0.10 (Bello et al., 2008) were used as stopping criteria.
Seed density was set at 73 per voxel for healthy controls, and at
93 per voxel for patients, in order to compensate for streamline
loss in the patients’ cohort due to FA drops within the tissue
affected by edema or tumor infiltration. Such compensation in
the patients’ cohort was necessary in order to obtain a sufficient
number of streamlines that were able to survive the FA stopping
criteria and reach the cortex, allowing the subsequent fMRI-
targeting operation.

Anatomical-T
Anatomical-T approach was used to depict 8 left-hemisphere
language tracts for each subject, including dorsal and ventral
tracts (Supplementary Figure 1).

Dorsal tracts: Frontal Aslant Tract (FAT); Arcuate Fasciculus
(AF) or long segment of the perisylvian language network;
Superior Longitudinal Fasciculus component II (SLF-II), SLF
component III (SLF-III), or anterior segment of the perisylvian
language network; temporoparietal component of SLF (SLF-tp)
or posterior segment of the perisylvian language network.

Ventral tracts: Inferior Fronto-Occipital Fasciculus (IFOF),
Uncinate Fasciculus (UF), Inferior Longitudinal Fasciculus (ILF).

Anatomical-T for all tracts but FAT employed regions of
interest (ROIs) placed exclusively referring to the anatomical
seed-ROIs and target-ROIs landmarks reported by Caverzasi
et al. (2015). As for FAT, a seed-ROI was placed on an axial plane
including the subcortical voxels of the superior frontal gyrus
corresponding to the supplementary motor area, and the inferior
frontal gyrus was used as a target-ROI – these ROIs were chosen
on the basis of the current knowledge regarding FAT trajectory
(Dick et al., 2014).

Results were visualized using Trackvis3 and carefully inspected
in order to quality-check the tracts and to remove all the

2https://fsl.fmrib.ox.ac.uk/fsl/
3http://trackvis.org

following: obvious artifacts, streamlines directed toward the basal
ganglia, the pons, and the right hemisphere.

fMRI-T Tract Generation Pipeline
fMRI-targeted tractography tracts were generated by selecting
the streamlines of Anatomical-T tracts that reached a task-
specific fMRI-activated cortical area. Their generation was based
on a two-step pipeline: the first step consisted in obtaining a
fMRI-target-ROI that reflected the subject-specific task-specific
activation areas; the second step consisted in generating fMRI-T
tracts representing the subsets of the Anatomical-T tracts whose
endpoints are located inside the fMRI-target-ROI.

Step 1
A binary fMRI-ROI was obtained for each subject’s task by
binarizing the subject-level fMRI results, and then registered
to the corresponding subject’s diffusion space using the FSL
linear registration FLIRT tool (University of Oxford2). The
relationship between this fMRI-ROI and the Anatomical-T tracts
was evaluated using Trackvis3 in order to decide whether or
not some manual corrections (extension and/or reduction) were
needed in order to obtain the definitive fMRI-target-ROI. These
manual corrections were applied only in case certain criteria
were met, which were strictly determined a priori by three of the
authors (FS, AnC, EC) as follows.

A manual extension of the fMRI-ROI was performed
exclusively when the endpoints of some streamlines were located
within 3 voxels outside the fMRI-ROI and in the same anatomical
area (same gyrus or sulcus) – a similar ROI-extension correction
is also reported in other fMRI-based Tractography studies
(Upadhyay et al., 2007; Zhu et al., 2014).

A manual reduction of the fMRI-ROI was performed
exclusively when the endpoints of some streamlines were located
in a non-cortical part of the fMRI-ROI (e.g., basal ganglia) or in a
part of the fMRI-ROI belonging to a different lobe (e.g., temporal
pole streamlines terminating in inferior frontal or insular part
of the fMRI-ROI).

Step 2
The subject-specific task-specific fMRI-target-ROI obtained from
the binary fMRI-ROI was used as a further target-ROI for
each Anatomical-T tract to generate task-specific fMRI-T tracts.
This latter operation consisted in a “either-end targeting”
(a Trackvis built-in function), which allowed to include in
the fMRI-T tract only the streamlines whose endpoints are
located inside the corresponding fMRI-target-ROI. This pipeline
(Figure 1A) produced, for each Anatomical-T tract, as many
fMRI-T tracts as the fMRI tasks performed by the subject
(Supplementary Figure 2).

Healthy Controls’ Cohort: Anatomical-T
and fMRI-T Atlases (Group Analysis)
For each healthy control, four subcortical networks (Figure 1B)
were obtained (Anatomical, PN, VF, AVG) by merging the
corresponding tracts (all Anatomical-T, PN fMRI-T, VF fMRI-
T, AVG fMRI-T – respectively) using Trackvis built-in “merge”
function. Dipy and FSL were then used to generate the four
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FIGURE 1 | Study design. (A) fMRI-targeted Tractography (fMRI-T) tracts generation pipeline (applied to both healthy controls and patients); (B) flow-chart to
generate healthy controls’ MNI Atlases (group study); (C) assessment method on patients’ cohort. *Only if stated rules apply. **In some cases this operation yielded
no results. 1Four subcortical networks (Anatomical, Picture Naming, Verbal Fluency, Auditory Verb Generation) were used to generate four MNI Atlases; an additional
MNI Atlas (“any-task” Atlas) was obtained from the sum of all fMRI-T networks. §Only for AF-SLF and IFOF.

corresponding network-specific density maps and to binarize
them with a ≥ 2 threshold (to include only voxels with at
least two streamlines). Binary masks were then registered to the
MNI space using FSL linear and non-linear registration tools
(FLIRT and FNIRT).

Four MNI network-specific Atlases (Anatomical-T, PN fMRI-
T, VF fMRI-T, AVG fMRI-T Atlases) were obtained by adding
together the binary masks of the corresponding network obtained
from all 16 healthy controls, in order to compare the different
subcortical networks.
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An additional fMRI-T MNI Atlas representing all fMRI-
T voxels was obtained by adding together the binary masks
of all three tasks at the single subject level, and subsequently
generating the corresponding MNI Atlas as described for the
network-specific Atlases. This additional Atlas is composed
by the subject-specific subcortical network underlying all
fMRI tasks, and we will refer to it as “any-task” fMRI-T
Atlas from now on.

In order to quantify the percentage of each Anatomical-T tract
volume included in each fMRI-T tract, a voxel percentage index
(VPI) was calculated for each task-specific fMRI-T density map
(at the single subject level):

VPI =
number of voxels in fMRI T tract

number of voxels in corresponding Anatomical T Tract
∗100.

Patients’ Cohort: Anatomical-T and
fMRI-T Validation Method
For each patient, tumor resection was guided by cortical
and subcortical DES evaluating the language function
through neuropsychological testing employing naming and
counting tasks during awake-surgery. Functional boundaries
as intraoperatively identified by DES represented the limit of
microsurgical resection. Post-operative 3D-FLAIR was registered
to preoperative 3D-FLAIR and subsequently to preoperative B0
using FSL linear registration tool (FLIRT), and the volume of
the cavity was segmented using FSL mask tools (cavity-ROI), in
order to perform a qualitative analysis and a quantitative analysis
(Figure 1C), as follows.

Qualitative Analysis
The relationship between the Tractography fascicle models, the
limits of resection (corresponding to eloquent structures),
and the cavity volume (corresponding to non-eloquent
tissue) was evaluated by means of a 3D-rendering of those
structures using Trackvis.

Quantitative Analysis
For fMRI-T and Anatomical-T AF-SLF and IFOF, a density
map of those streamlines was obtained and binarized with
a ≥ 2 threshold (to include only voxels with at least two
streamlines). These binary masks were then intersected with
the cavity-ROI, in order to obtain a ROI representing the
voxels belonging to fMRI-T and Anatomical-T AF-SLF and IFOF
located inside the surgical cavity. The components of the tracts
corresponding to these voxels were considered removed during
the procedure, therefore we will refer to them as “removed
voxels” for brevity. Such removed voxels were considered as false
positive results of Tractography, since they did not correspond to
eloquent tissue at DES.

Patients’ Cohort: Language Function
Assessment
Patients’ language function was assessed pre- and post-
operatively at several time points using the Milano-Bicocca

Battery (Papagno et al., 2012), that included the assessment of
semantic and phonemic fluency, speech comprehension, picture
naming, and the repetition of words, non-words, and sentences.
Median follow-up time was 363 days (range, 6-1158 days), 14
patients out of 16 were evaluated at least for 2 months after
surgery, 10 patients out of these 14 were evaluated for more than
12 months after surgery.

Statistical Analyses
Quantitative Analysis on Healthy Controls (VPI
Analysis)
Voxel percentage indexes of all the tracts belonging to the same
fMRI-T network were compared using Kruskal-Wallis tests and
post hoc multiple comparisons (Dunn’s tests).

Quantitative Analysis on Patients (AF-SLF and IFOF
Removed Portions)
“Removed voxels” of AF-SLF and IFOF belonging to different
networks (Anatomical-T, PN fMRI-T, VF fMRI-T, AVG fMRI-
T) were compared using Kruskal-Wallis tests and Dunn’s non-
parametric comparison for post hoc testing and Bonferroni
correction for multiple comparisons.

Clinical Outcome
We retrospectively distinguished patients with long-term (at
12 months) severe deficits and patients that had showed a long-
term complete or partial clinical recovery, and compared clinical
features of these two groups. Mann-Whitney test was employed
to compare continuous numeric variables (age and extent of
resection); Fisher’s exact test was employed for categorical
variables (sex category, tumor location, preoperative language
deficits, and tumor grade – tumor grade was analyzed as a
categorical variable, differentiating grade III tumors and tumors
of lower grades).

In addition, a linear regression analysis was performed on
patients that showed a complete clinical recovery in order to
evaluate a correlation between the volume of AF-SLF and IFOF
removed portions and the days necessary for the clinical recovery.

RESULTS

Healthy Controls’ Tractography Atlases:
PN vs VF vs AVG fMRI-T
The generation of the network-specific fMRI-T Atlases
highlighted both task-specific components, and subsets shared
by different tasks (Figure 2), as follows.

Picture Naming fMRI-T Atlas involves ventral tracts more
than the other tasks. In particular, voxels belonging to ILF
are depicted almost exclusively in this Atlas (dotted arrows in
Figures 2A,D).

Verbal Fluency fMRI-T Atlas highlights the dorsal stream
more than the ventral stream, and some dorsal branches
belonging to AF-SLF and FAT are specific to this Atlas
(arrowheads in Figures 2B,D).
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FIGURE 2 | fMRI-targeted Tractography Atlases (group analysis) of 16 healthy controls. (A) PN; (B) VF; (C) AVG; (D) Different tasks overlayed. Only voxels
represented in at least three subjects are displayed. Color brightness of each voxel is proportional to the number of subjects in whom the voxel was represented. The
reference axial and parasagittal MNI slices (MNI z = 6, x = –38, respectively) are shown on the left side of the figure. The reference coronal MNI slices (MNI y = 16, 0,
–26, –60) are shown on the parasagittal figure in (D).

Auditory Verb Generation fMRI-T Atlas involves temporal
subcortical components belonging to AF-SLF more strongly than
other tasks (arrows in Figures 2C,D).

A relevant part of the language pathway is shared by
different tasks (yellow voxels in Figure 2D), specially the
deepest white matter components belonging to AF-SLF
and ExC.

Healthy Controls’ Tractography Atlases:
Anatomical-T vs fMRI-T
The comparison between the Anatomical-T Atlas and the “any-
task” fMRI-T Atlas (Figure 3) showed that the fMRI-T network
(all tasks included) is a subset of the Anatomical-T network, since

several components of Anatomical-T Atlas were not included in
the “any-task” fMRI-T one.

Healthy Controls’ Tractography
Quantitative Analysis: Voxel Percentage
Index
Voxel Percentage Index analysis revealed that the number
of voxels corresponding to each fMRI-T tract trajectory is
constantly smaller than the respective Anatomical-T tract, as the
mean VPI is always below 60% and, in most cases, is around
40% or even 20%.

When comparing VPIs from different tracts within the same
task, this analysis showed that different task-specific fMRI-T
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FIGURE 3 | Anatomical and fMRI-targeted Tractography Atlases (group analysis) of 16 healthy controls. (A) Anatomical Tractography; (B) “any-task” fMRI-targeted
Tractography (all tasks included); (C) (A) and (B) overlayed. Only voxels represented in at least three subjects are displayed. Color brightness of each voxel is
proportional to the number of subjects in whom the voxel was represented. The reference axial and parasagittal MNI slices (MNI z = –4, x = –38, respectively) are
shown on the left side of the figure.

FIGURE 4 | Task-specific VPI (Voxel Percentage Index) of each fMRI-T fiber tract in 16 healthy controls. (A) PN; (B) VF; (C) AVG. The bar graph represents the mean
and the standard error.

involve a different percentage of the Anatomical-T corresponding
tract (Figure 4).

Verbal Fluency (VF) fMRI-T showed a strong difference
between VPIs of dorsal frontal tracts (FAT, AF, SLF-II, SLF-III)
and VPIs of ventral (IFOF, UF, ILF) and non-frontal tracts (SLF-
tp). This means that a larger percentage of anatomical dorsal
frontal tracts reaches VF-related activations, when compared
to the percentage of ventral and non-frontal tracts. Kruskal-
Wallis test highlighted a statistically significant difference
among VPI from all tracts (P < 0.0001). Post hoc multiple
comparisons (Dunn’s tests) revealed that Kruskal-Wallis results
are ascribable to a significant VPI difference: between FAT

and all ventral and non-frontal tracts; between AF and SLF-
tp, AF and UF, AF and ILF; between SLF-II and UF, SLF-
II and ILF.

Picture Naming (PN) fMRI-T and Auditory Verb Generation
(AVG) fMRI-T did not show a difference between VPIs of dorsal
and ventral systems. For PN, Kruskal-Wallis test (P = 0.0003)
and post hoc multiple comparisons (Dunn’s tests) revealed that
UF VPIs were significantly lower than VPIs of some other tracts
(FAT, AF, ILF). For AVG, Kruskal-Wallis test (P = 0.023) and
post hoc multiple comparisons (Dunn’s tests) showed that AF
VPIs were significantly higher than VPIs of some other tracts
(SLF-III, IFOF).
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FIGURE 5 | Quantitative analysis of “removed voxels” belonging to AF-SLF and IFOF. The bars represent median and interquartile range. Statistical analysis refers to
Table 1. *P < 0.05.

TABLE 1 | Statistical analysis of “removed voxels” belonging to AF-SLF and IFOF.

p-valuea

Anatomical-T
(n = 16)

PN fMRI-T
(n = 16)

VF fMRI-T
(n = 9)

AVG fMRI-T
(n = 6)|

Anatomical-T
vs PN fMRI-T

Anatomical-T
vs VF fMRI-T

Anatomical-T vs
AVG fMRI-T

Number of voxels 69 15 0 1

> 0.05 0.033 * > 0.05
(1-401) (0-130) (0-5) (0-77)

Volume of removed
voxels (mm3)

606 132 0 9

(9-3524) (0-1143) (0-44) (0-677)

Note: Data are interpatient median values, with interquartile range in parentheses. aSignificant difference between groups. P-values were calculated using Kruskal-Wallis
test with Dunn’s non-parametric comparison for post hoc testing and Bonferroni correction for multiple comparisons. *P < 0.05

Quantitative Analysis of AF-SLF and
IFOF Removed Portions in Brain Tumor
Patients
In patients with gliomas, the quantitative comparison between
AF-SLF and IFOF removed portions obtained by means of
Anatomical-T and task-specific fMRI-T (Figure 5) yielded
statistically significant results (Kruskal-Wallis test P = 0.035)
suggesting that fMRI-T is more specific than Anatomical-T, since
fewer non-eloquent voxels (false positive results) belonging to
AF-SLF and IFOF were depicted by the fMRI-T approach. Post
hoc multiple comparisons (Dunn’s non-parametric comparison
for post hoc testing and Bonferroni correction for multiple
comparisons) revealed that Kruskal-Wallis results are ascribable
to the significant difference between Anatomical-T and VF
fMRI-T (Table 1). Comparing each patient’s removed voxels
belonging to Anatomical-T and fMRI-T of AF-SLF and IFOF
separately (Supplementary Table 1) reveals several cases for

which significant portions of Anatomical-T tracts were resected
while their fMRI-T counterparts were completely (or nearly
completely) spared. In such cases, a significant number of voxels
belonging to the Anatomical-T tract were removed, as opposed to
a significantly lower amount of voxels belonging to fMRI-T tracts.

Qualitative Evaluation in Brain Tumor
Patients: fMRI-T and Anatomical-T vs
Limits of Resection
The qualitative evaluation was performed by subdividing the
patients’ cohort on the basis of their resection location: patients
who underwent a superior frontal resection (eight patients, 50%),
patients who underwent a lateral frontal resection (three patients,
18.75%), patients who underwent a temporal pole resection (two
patients, 12.5% – in one case the resection also included the
insular lobe), patients who underwent a parietal resection (two
patients, 12.5% – in one case the resection also included a part of
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the temporal lobe), one patient who underwent a fronto-parieto-
insular resection (one patient, representative case in Figure 6).

Superior Frontal Resections
The functional limits of resection corresponded to the trajectory
of AF-SLF (to AF in the majority of the cases), and to the
trajectory of IFOF [in many cases, more specifically, to the fronto-
opercular branch of IFOF – also known as IFOF superficial layer
(Caverzasi et al., 2014)]. In a subgroup of these fascicles (four of
eight IFOFs, and one out of eight AF-SLFs), VF fMRI-T tracts are

aligned to the margins of the cavity, whereas portions belonging
to Anatomical-T and PN fMRI-T are located inside the cavity
(non-eloquent at DES). Interestingly, as far as IFOF is concerned,
in such cases the superior portions of Anatomical-T IFOF and PN
fMRI-T IFOF were removed during the procedure, whereas VF
fMRI-T IFOF identified exclusively the fronto-opercular portion
of IFOF that corresponded to the limits of resection. In all other
fascicles but one (three of eight IFOFs, and seven out of eight AF-
SLFs) both Anatomical-T and fMRI-T successfully predicted the
functional limits of resection. In the remaining case (one IFOF)

FIGURE 6 | Representative case of a patient. (A) T2-weighted and FLAIR images showing the tumor site; (B) Relationships between IFOF, AF and the tumor on
preoperative B0; (C,D) Postoperative FLAIR registered to preoperative diffusion space shows components of Anatomical-T IFOF (C) and AF (D) located inside the
surgical cavity, whereas fMRI-T IFOF (C) and AF (D) are aligned to the functional limits of resection.
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the procedure removed a portion of IFOF that was common to
both Anatomical-T and fMRI-T. As for FAT, different portions of
this fascicle were involved by the resection, and there is no clear
difference between Anatomical-T and fMRI-T.

Lateral Frontal Resections
The functional limits of resection corresponded to the trajectory
of AF-SLF (more specifically AF and SLF-III). In one out of three
cases, a branch of Anatomical-T SLF-III was involved by the
surgery, whereas the trajectory of AVG and PN fMRI-T AF-SLFs
were aligned to the margins of the surgical cavity. In two out of
three cases, both Anatomical-T and fMRI-T AF-SLFs were able
to identify the functional limits of resection.

Temporal Pole Resections
The surgical resection was pursued until the deep ExC portion
of IFOF (medially) and the temporal components of AF-SLF
(more specifically AF and SLF-tp, posteriorly) were encountered.
In these two patients, Anatomical-T and fMRI-T equally depicted
the eloquent components of these fascicles corresponding to
the functional limits of resection. As for UF and ILF, both
Anatomical-T and fMRI-T anterior components of these tracts
are involved in the surgical resection.

Parietal Resections
In these two patients, portions of both Anatomical-T and fMRI-
T tracts were removed during the procedure, including AF-
SLF and IFOF.

Fronto-Parieto-Insular Resection
In this patient, the functional limits of resection are perfectly
aligned to AF-SLF and IFOF depicted by PN fMRI-T and AVG
fMRI-T, while considerable portions of Anatomical-T tracts are
located within the cavity borders (Figure 6).

Neuropsychological Assessment of
Patients’ Language Function
Fourteen patients out of 16 presented with no presurgical
language deficit, the remaining two patients presented with a mild
deficit (one affecting non-word repetition, the other affecting
phonemic fluency and sentence repetition).

Out of 16 patients: four (25%) never experienced post-
surgical clinically relevant deficits, five (31.25%) recovered from
relevant language deficits within 3 months from surgery day, one
(6.25%) recovered within 6 months, one (6.25%) showed a mild
language deficit at 12 months (a mild lexicon access and naming
impairment), three patients (18.75%) showed severe language
deficits at > 12 months (all of the three showed severe lexicon
access and comprehension impairment, two of them also showed
a naming impairment). For the remaining two patients (12.5%),
who showed a language deficit immediately after the procedure,
the follow-up only lasted 1 week after surgery, and therefore we
were not able to assess their long-term clinical outcome.

The three patients showing severe language deficits at
> 12 months were significantly older (Mann-Whitney test
P = 0.0195) and underwent a less radical surgery in terms of
EOR (Mann Whitney test P = 0.0195) when compared to the

11 patients showing a complete or partial long-term clinical
recovery. A significant statistical association was found between
preoperative deficits and long-term severe deficits (Fisher’s
exact test P = 0.033, positive predictive value 100%, negative
predictive value 91.67%). No significant differences were found
in tumor grade, tumor location, and sex category between
these two groups.

In the 10 patients for whom a complete clinical recovery
was documented, the number of days necessary to recover
from relevant language deficits after surgery ranged from 0
to 101 days (mean, 42.5; median, 50). A linear regression
analysis shows that the number of days necessary to recover
from relevant language deficits is directly proportional to the
number of AF-SLF and IFOF removed voxels (P = 0.043),
both when considering Anatomical-T and PN fMRI-T. When
considering VF fMRI-T, only two patients out of 10 had VF
fMRI-T AF-SLF or IFOF portions removed by the procedure
and the clinical recovery time was 78 days for both of them,
whereas the mean recovery time for the remaining eight patients
without VF fMRI-T AF-SLF or IFOF damage was 33.6 days
(all 10 patients performed the VF task). As for AVG fMRI-T,
only three patients out of these 10 performed the AVG task;
two of them had a mild resection of AVG fMRI-T AF-SLF or
IFOF (< 0.02 cc) and experienced no postoperative deficits, the
remaining patient had a major resection of AVG fMRI-T AF-SLF
or IFOF (∼ 2.67 cc belonging to these tracts) and his clinical
recovery time was 78 days.

DISCUSSION

In this study, we developed a multiparametric pipeline
combining Tractography (an anatomy-based technique)
with fMRI (a function-based technique) in order to more
specifically characterize the classic anatomical Tractography
(Anatomical-T). This approach was applied to a healthy controls’
cohort and yielded novel data regarding white matter tracts
subserving different language tasks; the subsequent application
to a patients’ cohort was useful to highlight those “high-risk”
subsets of the anatomical subcortical tracts that are more likely
to be eloquent for the language function. This is the first study
that systematically combines a HARDI-based Tractography with
several language fMRI-tasks for this purpose.

Currently, MR Tractography is the only technique that non-
invasively depicts subcortical fiber tracts in vivo, which is
crucial in the presurgical planning for the resection of brain
neoplasms (Bello et al., 2008; Castellano et al., 2012; Essayed et al.,
2017). High Angular Resolution Diffusion Imaging (HARDI)
acquisitions (Tournier et al., 2004; Tuch, 2004; Hess et al., 2006)
have allowed to develop new algorithms that solve complex fiber
orientation within the same voxel (Caverzasi et al., 2015), thus
depicting subcortical tracts with higher sensitivity (Bucci et al.,
2013) and allowing to perform the tracking through tumor-
infiltrated areas (Mormina et al., 2016). In particular, the q-ball
residual bootstrap probabilistic algorithm (Berman et al., 2008)
has shown clinical feasibility, and has recently been employed
to fulfill a fiber-tracking protocol that can be routinely applied
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to depict all major language fascicles in the preoperative setting
(Caverzasi et al., 2015).

Nevertheless, intraoperative subcortical direct electric
stimulation (DES) remains the gold standard technique to
identify fiber tracts trajectory (Berger and Ojemann, 1992;
Duffau, 2012; Chang et al., 2015). Although DES and MR
Tractography have shown a high degree of concordance (82-
97%) (Bello et al., 2008; Leclercq et al., 2010; Castellano et al.,
2017), the correspondence is not complete and the main reason
is that MR Tractography is not able to provide information about
tract functions. In particular, it is believed that some subsets of
anatomical language-related fiber tracts may not have an essential
function (Mandonnet et al., 2007; Bizzi, 2009). For instance,
Bello et al. (2008) clearly reported that selected components of
the AF-SLF complex (Superior Longitudinal Fasciculus-Arcuate
Fasciculus) do not appear to be eloquent for language tasks when
stimulated. This fiber bundle is considered the most relevant
language tract; as a consequence, it is reasonable to hypothesize
that also other language bundles may include some non-eloquent
(or non-essential) subcomponents that can likely be safely
removed during the surgical procedure. Providing new tools to
preoperatively distinguish the functional core of the language
subcortical network from these non-essential subcomponents
could be crucial to optimize the presurgical planning of a
maximal safe resection of gliomas.

While MR Tractography enables to identify subcortical
anatomical structures, data regarding brain cortical structures
associated with a specific function can be non-invasively provided
by fMRI in the preoperative setting (Talos et al., 2003; Bizzi,
2009; Castellano et al., 2017). In this study, we combine these
two techniques in order to achieve a fMRI-targeted Tractography.
The possibility of employing Tractography and fMRI in a
combined fashion has already been explored by several authors
(Conturo et al., 1999; Guye et al., 2003; Dougherty et al., 2005;
Smits et al., 2007; Upadhyay et al., 2007; Staempfli et al., 2008;
Yang et al., 2009; Kleiser et al., 2010; Saur et al., 2010; Broser
et al., 2012; Preti et al., 2012, 2014; Schmitt et al., 2014; Zhu
et al., 2014; Figley et al., 2015; Liégeois et al., 2016; Reid et al.,
2016). Nevertheless, those studies aimed at using fMRI to quickly
and consistently identify the landmarks to be used as a seed
for the Tractography algorithm, and the majority of them were
performed via DTI-Tractography and exclusively on healthy
controls. Conversely, the purpose of the present study is to
synergistically combine the two techniques to provide additional
information: the depiction of the subsets of the bundles that are
connected to language-activated brain cortex. Moreover, this is
the first study to develop a systematic pipeline to consistently
perform fMRI-based Tractography both on healthy controls and
patients with brain tumors, employing an advanced HARDI-
based Tractography algorithm (q-ball residual bootstrap) and
several tasks for language fMRI (picture naming, verbal fluency,
auditory verb generation).

We applied this pipeline to a healthy controls’ cohort to
provide new data regarding the functional components of the
tracts underlying different fMRI tasks.

The comparison among different MNI task-specific fMRI-T
Atlases shows both task-specific portions (exclusively included

in one Atlas) and common portions (shared by different tasks)
of language tracts. Picture Naming fMRI-T Atlas specific voxels
are preferentially located within the occipito-temporal ventral
stream, and they correspond to ILF trajectory. Although the exact
functions of this fascicle are not well defined, its putative role
is consistent with this result, since ILF is believed to take part
into semantic processing, visual processing, and face recognition
(Grill-Spector et al., 2001; Yeatman et al., 2013). Verbal Fluency
fMRI-T Atlas specific components belong to AF-SLF and FAT
(that constitute the dorsal stream), and voxels belonging to
this Atlas are more represented within the dorsal stream rather
than the ventral stream. This evidence supports the well defined
phonological-articulatory role of the dorsal stream (Rauschecker
and Scott, 2009; Friederici, 2012), since Verbal Fluency involves
phonological and articulatory capacities more than the other
tasks employed, and does not require semantic processing.
Auditory Verb Generation fMRI-T Atlas specific portions of
the tracts are mainly located within the temporal branch of
AF-SLF. As the posterior temporal lobe is crucial for semantic
functions (Hickok and Poeppel, 2007), this result is likely due
to the strong semantic processing required by Auditory Verb
Generation, which is frequently employed to identify temporal
areas (i.e., Wernicke area) (Deblaere et al., 2002). A considerable
amount of fMRI-T Atlases network is shared by more than one
task, and this is compatible with the notion that different tasks
partly involve similar language domains: for instance, Picture
Naming and Auditory Verb Generation require both semantic
and articulatory capacities. More in detail, common voxels shared
by several fMRI-T Atlases are preferentially located in the deep
white matter, and they correspond to the trajectory of AF-SLF
and ExC fascicles. In fact, the trajectories of different language
pathway subsets are coherent and located within few voxels at
those levels, and this is probably the reason why these deep
white matter voxels are shared by two or more task-specific
fMRI-T Atlases.

Comparing the Anatomical-T Atlas with the fMRI-T Atlas
including all the tasks (“any-task” fMRI-T Atlas) allowed to
demonstrate that fiber tracts components whose endpoints
are located inside fMRI activations are indeed a subset of
the anatomically defined tracts. This means that some other
components of language-related tracts have no relationship with
fMRI activations derived by any of the tasks, and can therefore
be considered as portions of the tract that are not recruited by
the language tasks empolyed. This result is consistent with the
aforementioned hypothesis [already suggested by other Authors
(Bello et al., 2008; Bizzi, 2009)] that some subsets of the language
tracts may be redundant, or not strictly related to the language
function.

This hypothesis is also supported by the quantitative analysis
(VPI analysis) results, since the percentage of the anatomical
tracts in relationship with a fMRI activation was always below
60% – and in most cases such percentage was around 40%
or even 20%. In addition, VPI analysis clearly demonstrated
that Verbal Fluency fMRI-T involved dorsal frontal tracts (FAT,
AF, SLF-II, SLF-III) in a significantly higher percentage when
compared to the other tracts. This result is consistent with
the findings provided by the qualitative MNI fMRI-T Atlas
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analysis, and supported by the well-defined language dual-stream
hypothesis (Friederici, 2012) for the aforementioned reasons. The
fact that PN fMRI-T and AVG fMRI-T VPI analysis did not
reveal a similar trend is probably due to the fact that these tasks
involve several language domains (phonological, articulatory,
and semantic at least); whereas Verbal Fluency is almost purely
phonological-articulatory.

The same pipeline developed on healthy controls was applied
to patients with brain neoplasms, to assess the hypothesis that
combining MR Tractography and language fMRI could identify
the “high-risk” subsets of language fascicles that are more
likely to be eloquent, and should be therefore spared by the
surgical resection.

The quantitative comparison between Anatomical-T and task-
specific fMRI-T AF-SLF and IFOF reveals that the number
of removed voxels (corresponding to non-eloquent points at
DES) belonging to Anatomical-T tracts was significantly greater
than fMRI-T tracts, and multiple comparison post hoc analysis
highlights that this difference is due to the difference between
Anatomical-T and Verbal Fluency fMRI-T. This result supports
our hypothesis that fMRI-T (and specifically VF fMRI-T) is
more specific than Anatomical-T when depicting “high-risk”
AF-SLF and IFOF components that are eloquent at DES,
and therefore should not be removed during the surgical
procedure. In fact, fewer non-eloquent voxels belonging to AF-
SLF and IFOF were depicted by the VF fMRI-T approach
when compared to the Anatomical-T approach, and those non-
eloquent voxels are considered false-positive values yielded by the
MR Tractography analysis.

The qualitative evaluation of the relationships between
language tracts trajectory (Anatomical-T) and DES-
defined functional limits of resection revealed a satisfying
correspondence between MR Tractography and the limits
of resection for AF-SLF and IFOF overall; conversely, some
parts of FAT, UF, and ILF trajectories were often located
inside the surgical cavity – meaning that those parts did not
yield positive responses at DES for the specific intraoperative
neuropsychological tests employed. AF-SLF and IFOF are
known to be crucial for language function, since they are the
fundamental components of the dorsal phonological stream
and the ventral semantic stream, respectively (Friederici, 2012).
In addition, the preservation of these two fascicles is a crucial
objective of brain surgery, as their DES stimulation is known
to yield major language disturbances: dysarthria, phonological
paraphasias, speech arrest, repetition errors for AF-SLF; semantic
paraphasias for IFOF (Bello et al., 2008; Chang et al., 2015). Our
analyses indirectly confirm the already well-known match (Bello
et al., 2008; Leclercq et al., 2010) between DES and classical
Anatomical-T of AF-SLF and IFOF. On the other hand, the
importance of preserving FAT, UF, and ILF is not concerted.
FAT is a newly defined fascicle (Dick et al., 2014) and recent
studies reported that patients experience stuttering (Kemerdere
et al., 2016) and speech arrest (Kinoshita et al., 2015) when
DES targets this tract. The findings of the present study seem
not to confirm such evidences, since in our patients’ cohort the
surgical resection including portions of FAT did not lead to
long-term language disturbances. UF is considered to participate

in the semantic ventral stream (Friederici, 2012), but its role in
language function is still not well defined and current literature
advocates for no essential language-related functions, except for
proper name retrieval (Papagno et al., 2011). As for ILF, recent
evidence suggests that this fascicle can be safely removed during
surgical procedures, as no language disturbances are evoked by
applying DES to its trajectory (Mandonnet et al., 2007). However,
some temporal portions of UF and ILF might contribute to some
semantic functions (Chang et al., 2015) that were not specifically
tested during DES in the present study, even though they were
tested before and after surgery.

The qualitative comparison between Anatomical-T and fMRI-
T AF-SLF and IFOF, and the evaluation of their relationship with
the volume of the surgical cavity, illustrates that in a subset of
patients (six out of 16 – 37.5%, in which the resection involved
three AF-SLFs and five IFOFs) fMRI-T is able to predict the
functional limits of resection better than Anatomical-T. In fact,
in this subset Anatomical-T tracts are located inside the surgical
cavity, whereas fMRI-T ones are perfectly aligned to its margins.
In the majority of these cases (four IFOFs), the difference between
Anatomical-T and fMRI-T (specifically VF fMRI-T) in predicting
the limits of resection is due to the fact that Anatomical-T depicts
IFOF superior and anterior frontal branches [also known as IFOF
deep layer (Caverzasi et al., 2014)], whereas Verbal Fluency fMRI-
T isolates only the component of the fronto-opercular branch
(also called IFOF superficial layer) that terminates in a fMRI
activated fronto-opercular area. This finding suggests that IFOF
superficial layer, that terminates in fronto-opercular language-
related cortex, could be the actual language-essential component
of this tract. Nevertheless, it should be assessed whether fMRI-T
is required to identify the eloquent component, or an anatomy-
based target-ROI would be sufficient. In the remaining cases
(three AF-SLFs and one IFOF), fMRI-T predicting the functional
limits of resection was variously based on all tasks employed, and
the surgical procedure involved frontal branches of Anatomical-T
AF-SLF and IFOF. However, it should be noted that in a minority
of cases some AF-SLF fronto-opercular terminations that were
considered non-eloquent for the language function might have a
role in praxia and subtle motor skills that were not investigated
in the present study. In fact, such functions involve the ventral
premotor areas and can be identified by dedicated DES tasks,
which were not employed in the present study (Rossi et al., 2018).

Taken together, these analyses demonstrate our hypothesis
that fMRI-T may provide additional information about “high-
risk” subsets of AF-SLF and IFOF that are more likely to be
eloquent, and that fMRI-T based on Verbal Fluency is the most
specific for this purpose. Providing fMRI-T high-risk subsets
of AF-SLF and IFOF could improve the presurgical planning
and, above all, guide intraoperative DES at best, thus further
shortening awake-surgery time. In addition, these results provide
new data about IFOF, whose superficial layer may be the actual
language-related functional core.

Language function assessment confirmed that DES-guided
surgical resection succeeded in achieving a safe tumor resection
in the majority of patients, who did not suffer from long-term
language deficits. In these patients, time to recovery was generally
longer when a higher number of voxels representing AF-SLF and
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IFOF trajectory was involved in the surgical resection (both for
Anatomical-T and fMRI-T). This result suggests that DES may
be able to predict which fascicle subsets have a role that can be
remapped onto other subsets with time, as also previously argued
(Duffau, 2012).

As for the subset of patients affected by long-term language
deficits, clinical and radiological evidences suggest that several
factors may be held responsible of those deficits rather than
the surgical resection itself, such as age, preoperative language
deficits, disease progression and adjuvant treatment induced
toxicity. Other factors possibly impacting the long-term clinical
outcome in those three patients were: long-standing previous
disease history with multiple surgical interventions (one out
of three), preoperative major alterations of language fascicle
Tractography (one out of three), postoperative status epilepticus
(one out of three), post-operative radiation treatment for residual
disease or disease progression (three out of three, one of whom
also presented major radiation-induced alterations at MRI scans).
Possible factors preventing the complete clinical recovery of the
patient showing mild language deficits at 12 months include a
long-standing previous disease history with one previous surgical
intervention, radiation-toxicity, and a nodule of progressive
disease in the territory of the arcuate fasciculus.

This study has some technical and clinical limitations. Firstly,
the combination pipeline we developed relies on fMRI-derived
binary ROIs. Task-based fMRI sensitivity and specificity strongly
depend on the statistical threshold adopted (Roux et al., 2003)
and eloquent areas individuation depends on the tasks employed
(Black et al., 2017). In this study, we decided to adopt a P < 0.001
threshold, instead of a stricter threshold often adopted in the
clinical setting (FWE), in order to keep false negative results to
a minimum. As for the tasks employed, for the same purpose
all but two enrolled subjects were asked to perform at least two
different language fMRI tasks. Nevertheless, our battery lacked a
syntax-specific task, and therefore this specific domain was not
tested. Moreover, awake DES did not employ semantic (Chang
et al., 2015), praxis (Rossi et al., 2018) or cognitive (Puglisi et al.,
2018) testing. Not testing those specific functions might have
contributed to the surgical resection of portions of nervous tissue
that had a role in such functions, specifically in the temporal
and frontal lobe. Nevertheless, semantic function was extensively
tested before and after surgery, and, as already discussed, our
results suggest that the surgical resection did not directly result
in long-term language disturbances. More in detail, not testing
praxis, fine motor skills and other cognitive functions other than
language might have caused the surgical resection to include
portions of nervous tissue that is non-eloquent for language, but
eloquent for other tasks. For instance, praxis involves several
cortical areas of the dominant hemisphere, including the oro-
facial ventral premotor area (Rossi et al., 2018) that was shown
to be adjacent to the language-related fronto-opercular areas
(Fornia et al., 2018).

Other limitations are the relatively low number of enrolled
patients (specifically, some tumor resection sites have a low
number of items), and the fact that data analysis was performed
retrospectively. In addition, the evaluation of the relationships
between the fascicles and the cavity volume allowed to indirectly

infer quantitative data about the specificity of the different
Tractography approaches, but did not provide direct measures of
their sensitivity – since DES-positive coordinates are not known.

Future studies willing to further assess the advantages
provided by fMRI-T may try to overcome the aforementioned
limits. Such studies should include both phonological-
articulatory and semantic fMRI tasks, as it has also been recently
suggested by the American Society of Functional Radiology
guidelines (Black et al., 2017). For instance, Verbal Fluency task
[which corresponds to Silent Word Generation (Zacà et al.,
2013) task in these guidelines], and Verb Generation task [or the
Sentence Completion (Zacà et al., 2013) task proposed in these
guidelines] could be adopted, respectively. Similarly, a wider
intraoperative language assessment, with refined tests for motor
cognition and other cognitive functions, could provide a better
depiction of functions underlying the tracts herein investigated.
Furthermore, in order to obtain robust sensitivity and specificity
quantitative data, a greater patients’ cohort should be enrolled,
and the exact sites of DES-tested positive and negative voxels
should be compared to the trajectory of the fascicles.

Future tractography studies may also employ alternative
tracking algorithms that have already been proven feasible
on brain tumor patients, such as spherical deconvolution
tractography (Mormina et al., 2016; Becker et al., 2019) and
multi-fiber tractography (Chen et al., 2015; Gong et al., 2018).
These methods, similarly to q-ball tractography, were shown to
improve the depiction of complex fiber orientations (Tournier
et al., 2007; Malcolm et al., 2010; Fillard et al., 2011; Dell’Acqua
and Tournier, 2019). Besides, recent data illustrates how multi-
tensor models can increase tracking sensitivity through tissue
affected by edema or tumor infiltration by including an additional
isotropic tensor reflecting the free water compartment (Gong
et al., 2018). Similarly, other multi-compartimental models like
NODDI may be employed to improve the tracking of complex
fiber configurations (Reddy and Rathi, 2016). Finally, future
studies may employ automated or semi-automated approaches
for tract selections, such as fiber-clustering, which was shown
to consistently group streamlines and assign them to a common
cluster, basing on their trajectory similarity (O’Donnell et al.,
2017). This approach could overcome the limits of the manual-
ROI approach, that can be time-consuming and requires
trained operators.

CONCLUSION

In this study we develop a systematic pipeline to combine
the “classic” Tractography of language fascicles with language
fMRI cortical activations in order to achieve a fMRI-targeted
Tractography (fMRI-T). Our aim was to provide additional
information regarding the functional components of subcortical
language fascicles, and to apply this approach both on healthy
controls and brain tumor patients.

In healthy controls’ cohort, this approach provided novel
insights regarding the subsets of white matter networks related
to some fMRI language tasks commonly employed in the
clinical setting (Bizzi et al., 2008; Bizzi, 2009). Furthermore,
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these data are overall consistent with the current theories about
language functional neuroanatomy (Hickok and Poeppel, 2007;
Rauschecker and Scott, 2009; Friederici, 2012) – e.g., verbal
fluency strongly involves dorsal frontal tracts, consistently with
the phonogical-articulatory features of this task.

In the patients’ cohort, quantitative and qualitative analyses
revealed that this combined method provides additional useful
information regarding the “high-risk” subsets of the fascicles
that are more likely to be eloquent (specifically AF-SLF and
IFOF). Indeed, in some cases fMRI-T predicted the functional
limits of DES-guided surgical resection better than Anatomical-
T. Employing this novel combined method in addition to the
“classic” Anatomical-T could provide additional information
to better plan the surgical approach with a refined patient-
specific risk-assessment to ultimately guide intraoperative DES
and thus resection.

DATA AVAILABILITY STATEMENT

The datasets for this study are avaliable from the
authors upon request.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Local ethical committee of Ospedale San Raffaele,
Milan, Italy. All subjects provided signed informed consent prior
to MR imaging.

AUTHOR CONTRIBUTIONS

FS designed the study, acquired, analyzed, and interpreted
the imaging data, did the statistical analysis, and drafted the

manuscript. EC designed the study, interpreted the diffusion
imaging data, and drafted the manuscript. MR and LB acquired
the neurostimulation data and drafted the manuscript. KJ
designed the study and analyzed the diffusion imaging data.
VB and SoC analyzed the fMRI imaging data. PS and AI
acquired the imaging data. SaC analyzed the fMRI imaging
data and drafted the manuscript. AlC acquired and interpreted
the neuropsychological data. AL and GP acquired the data.
MG acquired the post-surgical imaging data. MG-T interpreted
the imaging data and drafted the manuscript. RH designed
the study and interpreted the diffusion imaging data. AF
designed the study and interpreted the data. AnC designed
the study, acquired and interpreted the imaging data, and
drafted the manuscript.

FUNDING

LB was supported by the AIRC (Associazione Italiana Ricerca sul
Cancro) grant number 18482.

ACKNOWLEDGMENTS

The authors are grateful to Valentina Pieri and Gian
Marco Conte for the useful discussion about the results of
this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2020.00225/full#supplementary-material

REFERENCES
Becker, D., Scherer, M., Neher, P., Jungk, C., Jesser, J., Pflüger, I., et al. (2019).

Going beyond diffusion tensor imaging tractography in eloquent glioma
surgery–high-resolution fiber tractography: Q-ball or constrained spherical
deconvolution? World Neurosurgery. 134, e596–e609. doi: 10.1016/j.wneu.2019.
10.138

Bello, L., Castellano, A., Fava, E., Casaceli, G., Riva, M., Scotti, G., et al.
(2010). Intraoperative use of diffusion tensor imaging fiber tractography
and subcortical mapping for resection of gliomas: technical considerations.
Neurosurgical. Focus 28, :E6. doi: 10.3171/2009.12.FOCUS09240

Bello, L., Gambini, A., Castellano, A., Carrabba, G., Acerbi, F., Fava, E., et al.
(2008). Motor and language DTI Fiber Tracking combined with intraoperative
subcortical mapping for surgical removal of gliomas. Neuroimage 39, 369–382.
doi: 10.1016/j.neuroimage.2007.08.031

Berger, M. S., and Ojemann, G. A. (1992). Intraoperative brain mapping techniques
in neuro-oncology. Stereotactic and. Functional. Neurosurgery. 58, 153–161.
doi: 10.1159/000098989

Berger, M. S., Ojemann, G. A., and Lettich, E. (1990). Neurophysiological
monitoring during astrocytoma surgery. Neurosurgery. Clinics of. North
America. 1, 65–80. doi: 10.1016/s1042-3680(18)30824-6

Berman, J. I., Chung, S. W., Mukherjee, P., Hess, C. P., Han, E. T., and
Henry, R. G. (2008). Probabilistic streamline q-ball tractography using the

residual bootstrap. Neuroimage 39, 215–222. doi: 10.1016/j.neuroimage.2007.
08.021

Bertani, G., Fava, E., Casaceli, G., Carrabba, G., Casarotti, A., Papagno, C., et al.
(2009). Intraoperative mapping and monitoring of brain functions for the
resection of low-grade gliomas: technical considerations. Neurosurgical. Focus
27, :E4. doi: 10.3171/2009.8.FOCUS09137

Bizzi, A. (2009). Presurgical mapping of verbal language in brain tumors with
functional MR imaging and MR tractography. Neuroimaging. Clinics of. North
America. 19, 573–596. doi: 10.1016/j.nic.2009.08.010

Bizzi, A., Blasi, V., Falini, A., Ferroli, P., Cadioli, M., Danesi, U., et al. (2008).
Presurgical functional MR imaging of language and motor functions: validation
with intraoperative electrocortical Mapping. Radiology 248, 579–589. doi: 10.
1148/radiol.2482071214

Black, D. F., Vachha, B., Mian, A., Faro, S. H., Maheshwari, M., Sair, H. I., et al.
(2017). American society of functional neuroradiology–recommended fMRI
paradigm algorithms for presurgical language assessment. American. Journal
of. Neuroradiology. 38, E65–E73. doi: 10.3174/ajnr.A5345

Broser, P. J., Groeschel, S., Hauser, T.-K., Lidzba, K., and Wilke, M. (2012).
Functional MRI-guided probabilistic tractography of cortico-cortical and
cortico-subcortical language networks in children. Neuroimage 63, 1561–1570.
doi: 10.1016/j.neuroimage.2012.07.060

Bucci, M., Mandelli, M. L., Berman, J. I., Amirbekian, B., Nguyen, C., Berger, M. S.,
et al. (2013). Quantifying diffusion MRI tractography of the corticospinal tract

Frontiers in Neuroscience | www.frontiersin.org 15 March 2020 | Volume 14 | Article 225

https://www.frontiersin.org/articles/10.3389/fnins.2020.00225/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.00225/full#supplementary-material
https://doi.org/10.1016/j.wneu.2019.10.138
https://doi.org/10.1016/j.wneu.2019.10.138
https://doi.org/10.3171/2009.12.FOCUS09240
https://doi.org/10.1016/j.neuroimage.2007.08.031
https://doi.org/10.1159/000098989
https://doi.org/10.1016/s1042-3680(18)30824-6
https://doi.org/10.1016/j.neuroimage.2007.08.021
https://doi.org/10.1016/j.neuroimage.2007.08.021
https://doi.org/10.3171/2009.8.FOCUS09137
https://doi.org/10.1016/j.nic.2009.08.010
https://doi.org/10.1148/radiol.2482071214
https://doi.org/10.1148/radiol.2482071214
https://doi.org/10.3174/ajnr.A5345
https://doi.org/10.1016/j.neuroimage.2012.07.060
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00225 March 28, 2020 Time: 18:57 # 16

Sanvito et al. fMRI-Targeted Language HARDI Tractography

in brain tumors with deterministic and probabilistic methods. Neuroimage Clin.
3, 361–368. doi: 10.1016/j.nicl.2013.08.008

Castellano, A., Bello, L., Michelozzi, C., Gallucci, M., Fava, E., Iadanza, A., et al.
(2012). Role of diffusion tensor magnetic resonance tractography in predicting
the extent of resection in glioma surgery. Neuro-oncology 14, 192–202. doi:
10.1093/neuonc/nor188

Castellano, A., Cirillo, S., Bello, L., Riva, M., and Falini, A. (2017). Functional
MRI for surgery of gliomas. Current. Treatment. Options in Neurology. 19, :34.
doi: 10.1007/s11940-017-0469-y

Caverzasi, E., Hervey-Jumper, S. L., Jordan, K. M., Lobach, I. V., Li, J., Panara,
V., et al. (2015). Identifying preoperative language tracts and predicting
postoperative functional recovery using HARDI q-ball fiber tractography in
patients with gliomas. Journal of. Neurosurgery. 125, 33–45. doi: 10.3171/2015.
6.JNS142203

Caverzasi, E., Papinutto, N., Amirbekian, B., Berger, M. S., and Henry, R. G. (2014).
Q-ball of inferior fronto-occipital fasciculus and beyond. PLoS One 9:e100274.
doi: 10.1371/journal.pone.0100274

Chang, E. F., Raygor, K. P., and Berger, M. S. (2015). Contemporary model
of language organization: an overview for neurosurgeons. Journal of.
Neurosurgery. 122, 250–261. doi: 10.3171/2014.10.JNS132647

Chen, Z., Tie, Y., Olubiyi, O., Rigolo, L., Mehrtash, A., Norton, I., et al. (2015).
Reconstruction of the arcuate fasciculus for surgical planning in the setting
of peritumoral edema using two-tensor unscented Kalman filter tractography.
Neuroimage: Clinical. 7, 815–822. doi: 10.1016/j.nicl.2015.03.009

Conturo, T. E., Lori, N. F., Cull, T. S., Akbudak, E., Snyder, A. Z., Shimony, J. S.,
et al. (1999). Tracking neuronal fiber pathways in the living human brain.
Proceedings of the. National. Academy of. Sciences of the. United .States of.
America. 96, 10422–10427. doi: 10.1073/pnas.96.18.10422

Deblaere, K., Backes, W. H., Hofman, P., Vandemaele, P., Boon, P. A., Vonck,
K., et al. (2002). Developing a comprehensive presurgical functional MRI
protocol for patients with intractable temporal lobe epilepsy: a pilot study.
Neuroradiology 44, 667–673. doi: 10.1007/s00234-002-0800-4

Dell’Acqua, F., and Tournier, J. D. (2019). Modelling white matter with spherical
deconvolution: How and why? NMR in Biomedicine. 32, 1–18. doi: 10.1002/
nbm.3945

Dick, A. S., Bernal, B., and Tremblay, P. (2014). The language connectome. The
Neuroscientist 20, 453–467. doi: 10.1177/1073858413513502

Dougherty, R. F., Ben-Shachar, M., Bammer, R., Brewer, A. A., and Wandell, B. A.
(2005). Functional organization of human occipital-callosal fiber tracts. Proc.
Natl. Acad. Sci. U.S.A.Proceedings of the National Academy of Sciences of the
United States of America 102, 7350–7355. doi: 10.1073/pnas.0500003102

Duffau, H. (2012). The challenge to remove diffuse low-grade gliomas while
preserving brain functions. Acta Neurochirurgica. 154, 569–574. doi: 10.1007/
s00701-012-1275-7

Duffau, H. (2016). Long-term outcomes after supratotal resection of diffuse
low-grade gliomas: a consecutive series with 11-year follow-up. Acta
Neurochirurgica. 158, 51–58. doi: 10.1007/s00701-015-2621-3

Essayed, W. I., Zhang, F., Unadkat, P., Cosgrove, G. R., Golby, A. J., and
O’Donnell, L. J. (2017). White matter tractography for neurosurgical planning:
a topography-based review of the current state of the art. Neuroimage: Clinical.
15, 659–672. doi: 10.1016/j.nicl.2017.06.011

Figley, T. D., Bhullar, N., Courtney, S. M., and Figley, C. R. (2015). Probabilistic
atlases of default mode, executive control and salience network white matter
tracts: an fMRI-guided diffusion tensor imaging and tractography study.
Frontiers in. Human. Neuroscience. 9:585. doi: 10.3389/fnhum.2015.00585

Fillard, P., Descoteaux, M., Goh, A., Gouttard, S., Jeurissen, B., Malcolm, J., et al.
(2011). Quantitative evaluation of 10 tractography algorithms on a realistic
diffusion MR phantom. Neuroimage 56, 220–234. doi: 10.1016/j.neuroimage.
2011.01.032

Fornia, L., Ferpozzi, V., Montagna, M., Rossi, M., Riva, M., Pessina, F., et al.
(2018). Functional characterization of the left ventrolateral premotor cortex in
humans: a direct electrophysiological approach. Cerebral. Cortex 28, 167–183.
doi: 10.1093/cercor/bhw365

Friederici, A. D. (2012). The cortical language circuit: from auditory perception
to sentence comprehension. Trends in Cognitive. Sciences. 16, 262–268. doi:
10.1016/j.tics.2012.04.001

Garyfallidis, E., and Brett, M. (2014). Dipy, a library for the analysis of diffusion
MRI data. Frontiers in. Neuroinformatics. 8:8. doi: 10.3389/fninf.2014.00008

Gong, S., Zhang, F., Norton, I., Essayed, W. I., Unadkat, P., Rigolo, L., et al. (2018).
Free water modeling of peritumoral edema using multi-fiber tractography:
application to tracking the arcuate fasciculus for neurosurgical planning. PLoS
One 13:e0197056. doi: 10.1371/journal.pone.0197056

Grill-Spector, K., Kourtzi, Z., and Kanwisher, N. (2001). The lateral occipital
complex and its role in object recognition. Vision Research. 41, 1409–1422.
doi: 10.1016/s0042-6989(01)00073-6

Guye, M., Parker, G. J. M., Symms, M., Boulby, P., Wheeler-Kingshott, C. A. M.,
Salek-Haddadi, A., et al. (2003). Combined functional MRI and tractography
to demonstrate the connectivity of the human primary motor cortex in vivo.
Neuroimage 19, 1349–1360. doi: 10.1016/s1053-8119(03)00165-4

Hess, C. P., Mukherjee, P., Han, E. T., Xu, D., and Vigneron, D. B. (2006). Q-ball
reconstruction of multimodal fiber orientations using the spherical harmonic
basis. Magnetic. Resonance in. Medicine. 56, 104–117. doi: 10.1002/mrm.20931

Hickok, G., and Poeppel, D. (2007). The cortical organization of speech processing.
Nature. Reviews. Neuroscience. 8, 393–402. doi: 10.1038/nrn2113

Jellison, B. J., Field, A. S., Medow, J., Lazar, M., Salamat, M. S., and Alexander, A. L.
(2004). Diffusion tensor imaging of cerebral white matter: a pictorial review
of physics, fiber tract anatomy, and tumor imaging patterns. AJNR. American.
Journal of. Neuroradiology. 25, 356–369.

Kemerdere, R., de Champfleur, N. M., Deverdun, J., Cochereau, J., Moritz-Gasser,
S., Herbet, G., et al. (2016). Role of the left frontal aslant tract in stuttering: a
brain stimulation and tractographic study. Journal of. Neurology. 263, 157–167.
doi: 10.1007/s00415-015-7949-3

Kinoshita, M., de Champfleur, N. M., Deverdun, J., Moritz-Gasser, S., Herbet, G.,
and Duffau, H. (2015). Role of fronto-striatal tract and frontal aslant tract in
movement and speech: an axonal mapping study. Brain Structure and. Function.
220, 3399–3412. doi: 10.1007/s00429-014-0863-0

Kleiser, R., Staempfli, P., Valavanis, A., Boesiger, P., and Kollias, S. (2010). Impact
of fMRI-guided advanced DTI fiber tracking techniques on their clinical
applications in patients with brain tumors. Neuroradiology 52, 37–46. doi: 10.
1007/s00234-009-0539-2

Leclercq, D., Duffau, H., Delmaire, C., Capelle, L., Gatignol, P., Ducros, M.,
et al. (2010). Comparison of diffusion tensor imaging tractography of language
tracts and intraoperative subcortical stimulations. Journal of. Neurosurgery. 112,
503–511. doi: 10.3171/2009.8.JNS09558

Liégeois, F. J., Butler, J., Morgan, A. T., Clayden, J. D., and Clark, C. A. (2016).
Anatomy and lateralization of the human corticobulbar tracts: an fMRI-guided
tractography study. Brain Structure and. Function. 221, 3337–3345. doi: 10.
1007/s00429-015-1104-x

Malcolm, J. G., Shenton, M. E., and Rathi, Y. (2010). Filtered multi-tensor
tractography. IEEE Trans.Med. Imaging 29, 1664–1675. doi: 10.1109/TMI.2010.
2048121

Mandonnet, E., Nouet, A., Gatignol, P., Capelle, L., and Duffau, H. (2007). Does the
left inferior longitudinal fasciculus play a role in language? A brain stimulation
study. Brain 130, 623–629. doi: 10.1093/brain/awl361

Mori, S., Crain, B. J., Chacko, V. P., and van Zijl, P. C. (1999). Three-dimensional
tracking of axonal projections in the brain by magnetic resonance imaging.
Annals of. Neurology. 45, 265–269. doi: 10.1002/1531-8249(199902)45:2<265::
aid-ana21>3.0.co;2-3

Mori, S., and Zhang, J. (2006). Primer principles of diffusion tensor imaging and its
applications to basic neuroscience research. Neuron 51, 527–539. doi: 10.1016/
j.neuron.2006.08.012

Mormina, E., Arrigo, A., Calamuneri, A., Alafaci, C., Tomasello, F., Morabito,
R., et al. (2016). Optic radiations evaluation in patients affected by high-
grade gliomas: a side-by-side constrained spherical deconvolution and diffusion
tensor imaging study. Neuroradiology 58, 1067–1075. doi: 10.1007/s00234-016-
1732-8

Mukherjee, P., Berman, J. I., Chung, S. W., Hess, C. P., and Henry, R. G. (2008).
Diffusion tensor MR imaging and fiber tractography: theoretic underpinnings.
American. Journal of. Neuroradiology. 29, 632–641. doi: 10.3174/ajnr.
A1051

O’Donnell, L. J., Suter, Y., Rigolo, L., Kahali, P., Zhang, F., Norton, I., et al. (2017).
Automated white matter fiber tract identification in patients with brain tumors.
Neuroimage: Clinical. 13, 138–153. doi: 10.1016/j.nicl.2016.11.023

Ojemann, G. A. (1983). Brain organization for language from the perspective
of electrical stimulation mapping. Behavioral and. Brain Sciences. 6, 189–206.
doi: 10.1017/S0140525X00015491

Frontiers in Neuroscience | www.frontiersin.org 16 March 2020 | Volume 14 | Article 225

https://doi.org/10.1016/j.nicl.2013.08.008
https://doi.org/10.1093/neuonc/nor188
https://doi.org/10.1093/neuonc/nor188
https://doi.org/10.1007/s11940-017-0469-y
https://doi.org/10.3171/2015.6.JNS142203
https://doi.org/10.3171/2015.6.JNS142203
https://doi.org/10.1371/journal.pone.0100274
https://doi.org/10.3171/2014.10.JNS132647
https://doi.org/10.1016/j.nicl.2015.03.009
https://doi.org/10.1073/pnas.96.18.10422
https://doi.org/10.1007/s00234-002-0800-4
https://doi.org/10.1002/nbm.3945
https://doi.org/10.1002/nbm.3945
https://doi.org/10.1177/1073858413513502
https://doi.org/10.1073/pnas.0500003102
https://doi.org/10.1007/s00701-012-1275-7
https://doi.org/10.1007/s00701-012-1275-7
https://doi.org/10.1007/s00701-015-2621-3
https://doi.org/10.1016/j.nicl.2017.06.011
https://doi.org/10.3389/fnhum.2015.00585
https://doi.org/10.1016/j.neuroimage.2011.01.032
https://doi.org/10.1016/j.neuroimage.2011.01.032
https://doi.org/10.1093/cercor/bhw365
https://doi.org/10.1016/j.tics.2012.04.001
https://doi.org/10.1016/j.tics.2012.04.001
https://doi.org/10.3389/fninf.2014.00008
https://doi.org/10.1371/journal.pone.0197056
https://doi.org/10.1016/s0042-6989(01)00073-6
https://doi.org/10.1016/s1053-8119(03)00165-4
https://doi.org/10.1002/mrm.20931
https://doi.org/10.1038/nrn2113
https://doi.org/10.1007/s00415-015-7949-3
https://doi.org/10.1007/s00429-014-0863-0
https://doi.org/10.1007/s00234-009-0539-2
https://doi.org/10.1007/s00234-009-0539-2
https://doi.org/10.3171/2009.8.JNS09558
https://doi.org/10.1007/s00429-015-1104-x
https://doi.org/10.1007/s00429-015-1104-x
https://doi.org/10.1109/TMI.2010.2048121
https://doi.org/10.1109/TMI.2010.2048121
https://doi.org/10.1093/brain/awl361
https://doi.org/10.1002/1531-8249(199902)45:2<265::aid-ana21>3.0.co;2-3
https://doi.org/10.1002/1531-8249(199902)45:2<265::aid-ana21>3.0.co;2-3
https://doi.org/10.1016/j.neuron.2006.08.012
https://doi.org/10.1016/j.neuron.2006.08.012
https://doi.org/10.1007/s00234-016-1732-8
https://doi.org/10.1007/s00234-016-1732-8
https://doi.org/10.3174/ajnr.A1051
https://doi.org/10.3174/ajnr.A1051
https://doi.org/10.1016/j.nicl.2016.11.023
https://doi.org/10.1017/S0140525X00015491
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00225 March 28, 2020 Time: 18:57 # 17

Sanvito et al. fMRI-Targeted Language HARDI Tractography

Papagno, C., Comi, A., Riva, M., and Bello, L. (2012). Measuring clinical
outcomes in neuro- oncology. A battery to evaluate low-grade gliomas (LGG).
J. Neurooncol. 108, 269–275. doi: 10.1007/s11060-012-0824-5

Papagno, C., Miracapillo, C., Casarotti, A., Romero Lauro, L. J., Castellano, A.,
Falini, A., et al. (2011). What is the role of the uncinate fasciculus? Surgical
removal and proper name retrieval. Brain 134, 405–414. doi: 10.1093/brain/
awq283

Preti, M. G., Makris, N., Lagana, M. M., Papadimitriou, G., Baglio, F., Griffanti, L.,
et al. (2012). “A novel approach of fMRI-guided tractography analysis within
a group: construction of an fMRI-guided tractographic atlas,” in Proceedings of
the 2012 Annual International Conference of the IEEE Engineering in Medicine
and Biology Society, (Piscataway, NJ: IEEE), 2283–2286. doi: 10.1109/EMBC.
2012.6346418

Preti, M. G., Makris, N., Papadimitriou, G., Laganà, M. M., Griffanti, L., Clerici,
M., et al. (2014). A novel approach of Groupwise fMRI-guided tractography
allowing to characterize the clinical evolution of Alzheimer’s disease. PLoS One
9:e92026. doi: 10.1371/journal.pone.0092026

Puglisi, G., Leonetti, A., Cerri, G., and Borroni, P. (2018). Attention and
cognitive load modulate motor resonance during action observation. Brain and
Cognition. 128, 7–16. doi: 10.1016/j.bandc.2018.10.006

Rauschecker, J. P., and Scott, S. K. (2009). Maps and streams in the auditory
cortex: nonhuman primates illuminate human speech processing. Nature.
Neuroscience. 12, 718–724. doi: 10.1038/nn.2331

Reddy, C. P., and Rathi, Y. (2016). Joint multi-fiber NODDI parameter
estimation and tractography using the unscented information filter. Frontiers
in. Neuroscience. 10:166. doi: 10.3389/fnins.2016.00166

Reid, L. B., Cunnington, R., Boyd, R. N., and Rose, S. E. (2016). Correction: Surface-
based fMRI-driven diffusion tractography in the presence of significant brain
pathology: a study linking structure and function in cerebral palsy. PLoS One
11:e0162271. doi: 10.1371/journal.pone.0162271

Riva, M., Casaceli, G., Castellano, A., Fava, E., Falini, A., and Bello, L. (2011).
Beautiful eyes guiding powerful hands - The role of intraoperative imaging
techniques in the surgical management of gliomas. European. Neurological.
Review. 6, 208–212. doi: 10.17925/ENR.2011.06.03.208

Romano, A., D’Andrea, G., Minniti, G., Mastronardi, L., Ferrante, L., Fantozzi,
L. M., et al. (2009). Pre-surgical planning and MR-tractography utility in brain
tumour resection. European. Radiology. 19, 2798–2808. doi: 10.1007/s00330-
009-1483-6

Rossi, M., Fornia, L., Puglisi, G., Leonetti, A., Zuccon, G., Fava, E., et al. (2018).
Assessment of the praxis circuit in glioma surgery to reduce the incidence
of postoperative and long-term apraxia: a new intraoperative test. Journal of.
Neurosurgery. 130, 17–27. doi: 10.3171/2017.7.JNS17357

Roux, F.-E., Boulanouar, K., Lotterie, J.-A., Mejdoubi, M., LeSage, J. P., and Berry,
I. (2003). Language functional magnetic resonance imaging in preoperative
assessment of language areas: correlation with direct cortical stimulation.
Neurosurgery 52, 1335–1345.

Sanai, N., Mirzadeh, Z., and Berger, M. S. (2008). Functional outcome after
language mapping for glioma resection. New. England. Journal of. Medicine.
358, 18–27. doi: 10.1056/NEJMoa067819

Saur, D., Schelter, B., Schnell, S., Kratochvil, D., Küpper, H., Kellmeyer, P.,
et al. (2010). Combining functional and anatomical connectivity reveals brain
networks for auditory language comprehension. Neuroimage 49, 3187–3197.
doi: 10.1016/j.neuroimage.2009.11.009

Schmitt, F. C., Kaufmann, J., Hoffmann, M. B., Tempelmann, C., Kluge, C., Rampp,
S., et al. (2014). Case Report: practicability of functionally based tractography of
the optic radiation during presurgical epilepsy work up. Neuroscience. Letters.
568, 56–61. doi: 10.1016/j.neulet.2014.03.049

Smits, M., Vernooij, M. W., Wielopolski, P. A., Vincent, A. J. P. E., Houston,
G. C., and van der Lugt, A. (2007). Incorporating functional MR imaging
into diffusion tensor tractography in the preoperative assessment of the
corticospinal tract in patients with brain tumors. American. Journal of.
Neuroradiology. 28, 1354–1361. doi: 10.3174/ajnr.A0538

Soares, J. M., Marques, P., Alves, V., and Sousa, N. (2013). A hitchhiker’s guide
to diffusion tensor imaging. Frontiers in. Neuroscience. 7:31. doi: 10.3389/fnins.
2013.00031

Stadlbauer, A., Nimsky, C., Buslei, R., Salomonowitz, E., Hammen, T., Buchfelder,
M., et al. (2007). Diffusion tensor imaging and optimized fiber tracking
in glioma patients: histopathologic evaluation of tumor-invaded white
matter structures. Neuroimage 34, 949–956. doi: 10.1016/j.neuroimage.2006.
08.051

Staempfli, P., Reischauer, C., Jaermann, T., Valavanis, A., Kollias, S., and
Boesiger, P. (2008). Combining fMRI and DTI: a framework for exploring the
limits of fMRI-guided DTI fiber tracking and for verifying DTI-based fiber
tractography results. Neuroimage 39, 119–126. doi: 10.1016/j.neuroimage.2007.
08.025

Talos, I. F., O’Donnell, L., Westin, C. F., Warfield, S. K., Wells, W., Yoo, S. S.,
et al. (2003). “Diffusion tensor and functional MRI fusion with anatomical
MRI for image-guided neurosurgery,”. in Proceedings of the Sixth International
Conference on Medical Image Computing and Computer-Assisted Intervention
- MICCAI’03: Lecture Notes in Computer Science, Montréal,2878, 407–415.
doi: 10.1007/978-3-540-39899-8_51

Tournier, J.-D., Calamante, F., and Connelly, A. (2007). Robust determination of
the fibre orientation distribution in diffusion MRI: non-negativity constrained
super-resolved spherical deconvolution. Neuroimage 35, 1459–1472. doi: 10.
1016/j.neuroimage.2007.02.016

Tournier, J.-D., Calamante, F., Gadian, D. G., and Connelly, A. (2004). Direct
estimation of the fiber orientation density function from diffusion-weighted
MRI data using spherical deconvolution. Neuroimage 23, 1176–1185. doi: 10.
1016/j.neuroimage.2004.07.037

Tuch, D. S. (2004). Q-ball imaging. Magnetic. Resonance in. Medicine. 52, 1358–
1372. doi: 10.1002/mrm.20279

Ulmer, J. L., Klein, A. P., Mueller, W. M., DeYoe, E. A., and Mark, L. P. (2014).
Preoperative diffusion tensor imaging. Neuroimaging Clinics of. North America.
24, 599–617. doi: 10.1016/j.nic.2014.08.002

Upadhyay, J., Ducros, M., Knaus, T. A., Lindgren, K. A., Silver, A., Tager-Flusberg,
H., et al. (2007). Function and connectivity in human primary auditory cortex:
a combined fMRI and DTI study at 3 Tesla. Cerebral. Cortex 17, 2420–2432.
doi: 10.1093/cercor/bhl150

Yang, D. S., Hong, J. H., Byun, W. M., Kwak, S. Y., Ahn, S. H., Lee, H., et al. (2009).
Identification of the medial lemniscus in the human brain: combined study of
functional MRI and diffusion tensor tractography. Neuroscience. Letters. 459,
19–24. doi: 10.1016/j.neulet.2009.04.058

Yeatman, J. D., Rauschecker, A. M., and Wandell, B. A. (2013). Anatomy of the
visual word form area: adjacent cortical circuits and long-range white matter
connections. Brain and Language. 125, 146–155. doi: 10.1016/j.bandl.2012.04.
010

Yordanova, Y. N., Moritz-Gasser, S., and Duffau, H. (2011). Awake surgery
for WHO Grade II gliomas within “noneloquent” areas in the left
dominant hemisphere: toward a “supratotal” resection. Clinical article.
Journal of. Neurosurgery. 115, 232–239. doi: 10.3171/2011.3.JNS10
1333

Zacà, D., Jarso, S., and Pillai, J. J. (2013). Role of semantic paradigms for
optimization of language mapping in clinical fMRI studies. American. Journal
of. Neuroradiology. 34, 1966–1971. doi: 10.3174/ajnr.A3628

Zhu, D., Zhang, T., Jiang, X., Hu, X., Chen, H., Yang, N., et al. (2014). Fusing
DTI and fMRI data: a survey of methods and applications. Neuroimage 102,
184–191. doi: 10.1016/j.neuroimage.2013.09.071

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sanvito, Caverzasi, Riva, Jordan, Blasi, Scifo, Iadanza, Crespi,
Cirillo, Casarotti, Leonetti, Puglisi, Grimaldi, Bello, Gorno-Tempini, Henry, Falini
and Castellano. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 17 March 2020 | Volume 14 | Article 225

https://doi.org/10.1007/s11060-012-0824-5
https://doi.org/10.1093/brain/awq283
https://doi.org/10.1093/brain/awq283
https://doi.org/10.1109/EMBC.2012.6346418
https://doi.org/10.1109/EMBC.2012.6346418
https://doi.org/10.1371/journal.pone.0092026
https://doi.org/10.1016/j.bandc.2018.10.006
https://doi.org/10.1038/nn.2331
https://doi.org/10.3389/fnins.2016.00166
https://doi.org/10.1371/journal.pone.0162271
https://doi.org/10.17925/ENR.2011.06.03.208
https://doi.org/10.1007/s00330-009-1483-6
https://doi.org/10.1007/s00330-009-1483-6
https://doi.org/10.3171/2017.7.JNS17357
https://doi.org/10.1056/NEJMoa067819
https://doi.org/10.1016/j.neuroimage.2009.11.009
https://doi.org/10.1016/j.neulet.2014.03.049
https://doi.org/10.3174/ajnr.A0538
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.1016/j.neuroimage.2006.08.051
https://doi.org/10.1016/j.neuroimage.2006.08.051
https://doi.org/10.1016/j.neuroimage.2007.08.025
https://doi.org/10.1016/j.neuroimage.2007.08.025
https://doi.org/10.1007/978-3-540-39899-8_51
https://doi.org/10.1016/j.neuroimage.2007.02.016
https://doi.org/10.1016/j.neuroimage.2007.02.016
https://doi.org/10.1016/j.neuroimage.2004.07.037
https://doi.org/10.1016/j.neuroimage.2004.07.037
https://doi.org/10.1002/mrm.20279
https://doi.org/10.1016/j.nic.2014.08.002
https://doi.org/10.1093/cercor/bhl150
https://doi.org/10.1016/j.neulet.2009.04.058
https://doi.org/10.1016/j.bandl.2012.04.010
https://doi.org/10.1016/j.bandl.2012.04.010
https://doi.org/10.3171/2011.3.JNS101333
https://doi.org/10.3171/2011.3.JNS101333
https://doi.org/10.3174/ajnr.A3628
https://doi.org/10.1016/j.neuroimage.2013.09.071
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	fMRI-Targeted High-Angular Resolution Diffusion MR Tractography to Identify Functional Language Tracts in Healthy Controls and Glioma Patients
	Introduction
	Materials and Methods
	Subjects
	MRI Acquisition Protocol
	fMRI Subject-Level Analysis
	HARDI Preprocessing and Tractography Algorithm
	Anatomical-T
	fMRI-T Tract Generation Pipeline
	Step 1
	Step 2

	Healthy Controls' Cohort: Anatomical-T and fMRI-T Atlases (Group Analysis)
	Patients' Cohort: Anatomical-T and fMRI-T Validation Method
	Qualitative Analysis
	Quantitative Analysis

	Patients' Cohort: Language Function Assessment
	Statistical Analyses
	Quantitative Analysis on Healthy Controls (VPI Analysis)
	Quantitative Analysis on Patients (AF-SLF and IFOF Removed Portions)
	Clinical Outcome


	Results
	Healthy Controls' Tractography Atlases: PN vs VF vs AVG fMRI-T
	Healthy Controls' Tractography Atlases: Anatomical-T vs fMRI-T
	Healthy Controls' Tractography Quantitative Analysis: Voxel Percentage Index
	Quantitative Analysis of AF-SLF and IFOF Removed Portions in Brain Tumor Patients
	Qualitative Evaluation in Brain Tumor Patients: fMRI-T and Anatomical-T vs Limits of Resection
	Superior Frontal Resections
	Lateral Frontal Resections
	Temporal Pole Resections
	Parietal Resections
	Fronto-Parieto-Insular Resection

	Neuropsychological Assessment of Patients' Language Function

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


