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OBJECTIVE Diffusion MRI has uniquely enabled in vivo delineation of white matter tracts, which has been applied to
the segmentation of eloquent pathways for intraoperative mapping. The last decade has also seen the development from
earlier diffusion tensor models to higher-order models, which take advantage of high angular resolution diffusion-weight-
ed imaging (HARDI) techniques. However, these advanced methods have not been widely implemented for routine pre-
operative and intraoperative mapping.

The authors report on the application of residual bootstrap g-ball fiber tracking for routine mapping of potentially
functional language pathways, the development of a system for rating tract injury to evaluate the impact on clinically as-
sessed language function, and initial results predicting long-term language deficits following glioma resection.

METHODS The authors have developed methods for the segmentation of 8 putative language pathways including dor-
sal phonological pathways and ventral semantic streams using residual bootstrap g-ball fiber tracking. Furthermore, they
have implemented clinically feasible preoperative acquisition and processing of HARDI data to delineate these pathways
for neurosurgical application. They have also developed a rating scale based on the altered fiber tract density to estimate
the degree of pathway injury, applying these ratings to a subset of 35 patients with pre- and postoperative fiber tracking.
The relationships between specific pathways and clinical language deficits were assessed to determine which pathways
are predictive of long-term language deficits following surgery.

RESULTS This tracking methodology has been routinely implemented for preoperative mapping in patients with brain
gliomas who have undergone awake brain tumor resection at the University of California, San Francisco (more than 300
patients to date). In this particular study the authors investigated the white matter structure status and language cor-
relation in a subcohort of 35 subjects both pre- and postsurgery. The rating scales developed for fiber pathway damage
were found to be highly reproducible and provided significant correlations with language performance. Preservation of
the left arcuate fasciculus (AF) and the temporoparietal component of the superior longitudinal fasciculus (SLF-tp) was
consistent in all patients without language deficits (p < 0.001) at the long-term follow-up. Furthermore, in patients with
short-term language deficits, the AF and/or SLF-tp were affected, and damage to these 2 pathways was predictive of a
long-term language deficit (p = 0.005).

CONCLUSIONS The authors demonstrated the successful application of g-ball tracking in presurgical planning for lan-
guage pathways in brain tumor patients and in assessing white matter tract integrity postoperatively to predict long-term

ABBREVIATIONS AF = arcuate fasciculus; AFTD = altered fiber tractography density; CD = clinical deficit; CRT set = clinically relevant tract set; DTI = diffusion tensor imag-
ing; FA = fractional anisotropy; GTR = gross-total resection; HARDI = high angular resolution diffusion-weighted imaging; HGG = high-grade glioma; IFOF = inferior frontooc-
cipital fasciculus; ILF = inferior longitudinal fasciculus; IR-SPGR = inversion-recovery spoiled gradient echo; ISM = intraoperative stimulation mapping; LGG = low-grade
glioma; MdLF = middle longitudinal fasciculus; MNI = Montreal Neurological Institute; MST set = minimally sufficient tract set; ODF = orientation distribution function; ROI =
region of interest; SLF = superior longitudinal fasciculus; SLF-tp = temporoparietal component of SLF; SLF-II&lll = SLF components Il and Ill; UF = uncinate fasciculus.
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language dysfunction. These initial results predicting long-term language deficits following tumor resection indicate that
postoperative injury to dorsal language pathways may be prognostic for long-term clinical language deficits.

Study results suggest the importance of dorsal stream tract preservation to reduce language deficits in patients under-
going glioma resection, as well as the potential prognostic value of assessing postoperative injury to dorsal language
pathways to predict long-term clinical language deficits.

http://thejns.org/doi/abs/10.3171/2015.6.JNS142203
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tionality has undergone dramatic changes. It has

shifted from a rigid brain organization consisting of
highly specialized regions toward a more dynamic view
of human brain processes,'? characterized by interactions
of large-scale networks underlying complex brain func-
tions, such as language. Extensive resection in functional
brain regions is possible without irreversible neurological
deficits. This is probably due to a reshaping of brain func-
tionality, occurring particularly in slow-growing tumors.
Though the central nervous system shows high plastic
potential 2% subcortical white matter plasticity is limited;
thus damage to these bundles may result in more severe
clinical deficits than will cortical lesions.'>!* White mat-
ter is critical to brain reorganization.'>!* It represents the
substrate on which functional plasticity develops, first by
recruiting local latent networks within the peritumoral re-
gion and later by recruiting from distant homolateral or
contralateral regions."

The goal of surgery for intrinsic brain tumors is maxi-
mal safe resection®?¢ with preservation of quality of life
and neurological function. Complex functions, such as lan-
guage, are subserved by a multicomponent organization
consisting of ventral and dorsal pathways.!"!¢ To reduce
postoperative morbidity, increasing effort has been made
to spare key white matter pathways underlying large-scale
networks. To accomplish this, the precise characterization
of white matter organization is crucial during presurgical
planning. The model generated by fiber tractography with
diffusion tensor imaging (DTI), which represents the stan-
dard procedure for presurgery fiber tracking in patients
with brain tumors, has contributed greatly to our knowl-
edge of language fiber pathways. However, this model
suffers from several shortcomings in resolving the extent,
origin, and cortical termination of white matter pathways.
Recently, tractography algorithms based on diffusion
models using high angular resolution diffusion-weighted
imaging (HARDI) have been developed,**' along with
complementary probabilistic methods.* In particular, g-
ball algorithms have been shown to improve the resolution
of white matter fiber tractography in regions with crossing
fiber populations.®>'42! The application of updated track-
ing methods to presurgery planning for language tracking
in brain tumor patients enables the exploration of white
matter pathways that could not be accurately reconstruct-
ed using older DTI methods.

The presurgery program delineating functional white
matter pathways that we implemented 15 years ago*'* has
benefited from significant technological developments.
This program started with delineation of the corticospi-
nal tract using DTT fiber tracking*°2! and then evolved to

IN the last decade, the concept of human brain func-
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include probabilistic g-ball fiber tracking methods* and
visual pathways. Routine delineation of language-related
pathways, however, is not well established, and we do not
know of any other centers that are using advanced fiber
tracking methods, for example, residual bootstrap g-ball fi-
ber tracking. Furthermore, there are scarce published data
on the relationships between these pathways and clinically
assessed language function. Important decisions regard-
ing which pathways are vital to language processing and
the short- or long-term impact on language function are
not well informed. To pursue the overarching goal of an-
swering these questions, our presurgery mapping program
has been applying g-ball tracking to localize language
pathways belonging to the ventral or dorsal pathways since
January 2012. Individual patient data were processed and
uploaded to the intraoperative neuronavigation system to
guide direct subcortical stimulation for the identification
of language-related structures.

We reviewed the imaging and perioperative clinical
data of patients who had undergone awake craniotomy
for language mapping with subcortical stimulation for tu-
mor removal in the left hemisphere, as well as the track-
ing results obtained from g-ball tractography pre- and
postsurgery. Our aims were to 1) evaluate the feasibility
and reproducibility of our residual bootstrap probabilistic
g-ball fiber tracking in presurgery planning for patients
with brain tumor, 2) correlate fiber tracking results with
language function presurgery, 3) explore the feasibility of
postsurgery fiber tracking reconstruction, and 4) correlate
postsurgery fiber tracking results with long-term language
function to study its predictive power for recovery if af-
fected by resection. Results of initial studies are reported
herein.

Methods

Subjects

Research was performed in compliance with the Code
of Ethics of the World Medical Association (Declaration
of Helsinki) and the standards established by our insti-
tution. The Committee on Human Research at the Uni-
versity of California, San Francisco, approved the study
protocol. Written informed consent was obtained from all
study participants.

Since January 2012, when our presurgical language-
mapping program was implemented for clinical use, more
than 300 patients have undergone this protocol. Their dif-
fusion data are acquired the day prior to surgery, and q-
ball tracking is performed to localize language pathways
belonging to either ventral or dorsal streams. These path-
way reconstructions are uploaded to the neuronavigation
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system used by the surgeon during intraoperative stimula-
tion mapping (ISM) (Fig. 1).

We selected from this cohort of patients a subcohort
that had undergone awake surgery for tumor removal
(WHO Grade II or higher) with subcortical stimulation
between January 2012 and September 2013 (78 cases). In-
clusion criteria were as follows: left-hemisphere surgery,
no prior resections, and availability of pre- and postsur-
gery MRI acquisitions (within 1-2 days of surgical treat-
ment) with HARDI data.

Clinical Evaluation

Age, sex, clinical history, symptoms, and neurologi-
cal status were recorded. To identify both temporary and
permanent language deficits, all patients underwent neuro-
logical assessment with language testing prior to surgery
(baseline), at discharge (within 3 days of surgery), and at the
long-term follow-up (> 3 months postsurgery). Language
testing was performed to evaluate language production,
repetition, and comprehension. The following tests were
performed: spontaneous speech, reading, object naming,
comprehension, and counting. Language function evalu-
ation was performed in accordance with prior published
reports.!>>26 Baseline language testing was performed
24-48 hours prior to surgery and included counting from
1 to 50, naming (64-object panel), reading, and spelling.
Two independent clinicians conducted postoperative lan-
guage testing: an attending neurosurgeon, a neurosurgical
resident, and/or an attending neurooncologist. Differences
between the results of the 2 examinations were adjudicated
by accepting the results showing greater impairment. Out-
patient clinical examinations were performed at 1 week,
4—6 weeks, and 3—6 months after surgery. Language later-
ality was assigned using navigated transcranial magnetic
stimulation and magnetoencephalographic imaging,” and
handedness was noted as well. Surgery was performed
using cortical and subcortical ISM for language and mo-
tor functions. Neuronavigation (Brainlab) was used in all
cases to define tumor location, design the bone flap, and
determine tumor boundaries after opening the dura mater.
Direct cortical and subcortical stimulation mapping was
performed using an Ojemann stimulator (60-Hz, 1-msec-
duration biphasic square-wave pulses, Integra, Inc.). Elec-
trocorticography was used to determine the threshold at
which afterdischarge potentials occurred. Mapping was
performed using a stimulation intensity 1 mA below the
threshold that produced afterdischarges (ranging from 3
to 5.5 mA). Subcortical stimulation during tumor resec-
tion used the same stimulation parameters.”!® Both cor-
tical and subcortical language testing was performed in
all cases. Testing included picture naming, reading, and
counting (to identify speech arrest). According to our pre-
viously established protocol, speech arrest was tested by
asking patients to count and was defined as the absence
of speech without pharyngeal or mouth motor activation.
A 1-cm or less margin was preserved around functional
cortical language sites; however, the tumor resection was
continued subcortically until any stimulation-induced
language dysfunction occurred.?*?® The identification of
cortical and subcortical language and motor sites was con-
sidered the limit of the resection.

Q-ball in language tract mapping

FIG. 1. Intraoperative neuronavigation MRI with residual bootstrap g-ball
tracking results. Case 31. Axial (A) and coronal (B) FLAIR sequences
obtained in a patient with a WHO Grade Ill anaplastic oligodendroglioma
displacing the corticospinal tract (red), superior longitudinal fasciculus
(SLF; orange), and arcuate fasciculus (AF; yellow) posteriorly and later-
ally. Note that the patient had a language deficit presurgery, which was
still present postsurgery. Case 36. Axial (C) and coronal (D) FLAIR
sequences obtained in a patient with a WHO Grade Il oligoastrocytoma
growing lateral to the corticospinal fibers (red) and below language path-
ways (SLF-1I&lIl, green; AF, teal). Note that the patient did not show any
language deficit pre- or postsurgery.

Magnetic Resonance Imaging Acquisition

Subjects were scanned pre- and postsurgery with a 3-T
General Electric Medical Systems scanner (Discovery
MR750). Both HARDI (TR 6425 msec, TE 80 msec, axial
slices 50, isotropic voxel 2.2 mm?, b value 2000 s/mm?,
diffusion gradients 55, minimally diffusion-weighted im-
age 1) and FLAIR data sets were acquired pre- and post-
surgery. Three-dimensional high-resolution T1-weighted
inversion-recovery spoiled gradient-echo (IR-SPGR; TR 7
msec, TE 2 msec, TI 400 msec, axial slices 180, thickness
1 mm, in-plane resolution 0.94 x 0.94 mm?) sequences
were acquired only before surgery.

Volumetric Analyses

For each subject, the tumor was segmented manually
across all slices with region-of-interest (ROI) analysis
to compute pre- and postoperative volumes. Volumetric
measures were calculated by segmenting low-grade hy-
perintense regions on axial FLAIR images and high-grade
tumor regions of enhancement on postcontrast T1-weight-
ed images. The percentage of resection was calculated as
follows: [1 — (postoperative tumor volume/preoperative
tumor volume)] x 100, with gross-total resection (GTR)
reflecting > 99% removal, and all other amounts classified
as partial resection.”’
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Residual Bootstrap Q-Ball Tractography

The HARDI data sets were corrected for movement
and eddy-current distortions using the FMRIB Software
Library (University of Oxford). The original gradient table
was consequently rotated.'” Diffusion imaging in Python
(Dipy) software was used to estimate fractional anisotropy
(FA) and for residual bootstrap g-ball fiber tracking.*’

The signal was fit to spherical harmonics of even orders
up to 4, and orientation distribution functions (ODFs) were
estimated from the data using the constant solid angle fac-
tor.® Residual bootstrap tractography* was applied by
computing bootstrap ODFs at each voxel and identifying
peaks in these ODFs. To identify the primary fiber orien-
tation, ODF peaks were further refined by excluding peaks
that were less than 45° from a larger peak and small peaks
with values less than one-fourth of the maximum of the
ODF. The principal fiber orientations from the bootstrap
ODFs provided the distribution of fiber tracking direc-
tions. Tracking was regulated using the following stopping
criteria: FA threshold of 0.15 and maximum angle of 60°.°
Results were visualized using Trackvis (http:/trackvis.
org), and specific language pathways were reconstructed
using a 2- or 3-ROI approach, depending on the pathway.
The results were carefully inspected to exclude the possi-
bility that susceptibility distortions may have affected the
outcome of the tracking.”

In vivo diffusion MRI fiber tractography was performed
by a trained neuroradiologist pre- and postsurgery to re-
construct white matter bundles belonging to dorsal phono-
logical pathways (arcuate fasciculus [AF] or long segment
of the perisylvian language network; superior longitudi-
nal fasciculus component II [SLF-II], SLF component I11
[SLE-III], or anterior segment of the perisylvian language
network; temporoparietal component of SLF [SLF-tp] or
posterior segment of the perisylvian language network)®
and ventral semantic streams (inferior frontooccipital fas-
ciculus [IFOF], uncinate fasciculus [UF], inferior longitu-
dinal fasciculus [ILF], and middle longitudinal fasciculus
[MdLFJ; Fig. 2). A representation of left-hemisphere ven-
tral and dorsal stream pathways reconstructed for 10 con-
trol subjects and normalized to the Montreal Neurological
Institute (MNI) space is furnished in Figs. 3 and 4.

We describe below the tracking approach for each
white matter pathway studied.

IFOF and UF

Using an FA color map, a single-plane seed ROI was
defined in the coronal plane passing through the anterior
commissure, on which the anteroposterior tracts of the
left external and extreme capsules were selected. The first
target ROIs for the UF and IFOF were localized at the
levels of the temporal and occipital lobes, respectively.”*!
For both tracts, the ipsilateral frontal lobe was used as a
second target ROI. Streamlines that passed through both
target ROIs were retained.

SLF-Il'and -1l and AF

A seed ROI was positioned in the coronal plane at the
level of the isthmus of the corpus callosum, including a re-
gion of high anteroposterior anisotropy lateral to the cen-
tral part of the lateral ventricle and the corona radiata.”!
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FIG. 2. Schematic representation of all evaluated tracts. IFOF = inferior
frontooccipital fasciculus; ILF = inferior longitudinal fasciculus; Uncinate
= uncinate fasciculus; MdLF = middle longitudinal fasciculus; SLF-tp

= temporoparietal portion of SLF (or posterior segment of perisylvian
language network®); Arcuate = arcuate fasciculus (or long segment of
perisylvian language network®); SLF-I1&Ill = SLF components Il and Il
(anterior segment of perisylvian language network®).

Target ROIs were selected as follows: in the angular gyrus
for SLF-II, in the supramarginal gyrus for SLF-III, and
on the axial peritrigonal plane at the level of the posterior
middle and superior temporal gyri for the AF. The ipsilat-
eral frontal lobe was used as a second target ROI. Stream-
lines that passed through both target ROIs were retained.
Since the SLF-II and the SLF-III are difficult to separate
in some subjects, these fasciculi were combined into the
SLF-I1&III for the purposes of analysis.

SLF-tp

Using FA and an FA color map, the inferior parietal
lobe (angular and supramarginal gyri) was seeded on an
axial plane. The inferior parietal sulcus was used as an
anatomical landmark to avoid including the superior por-
tion of the parietal lobe. The target ROI was delineated to
include the posterior middle and superior temporal gyri.

MdLF

A seed ROI was placed on the coronal plane passing
through the posterior portion of the superior temporal
lobe.® A target coronal plane ROI perpendicular to the
anterior commissure—posterior commissure (AC-PC) line
was applied at the level where the parietooccipital and cal-
carine sulci meet, to select the posterior termination of the
MdLF.

ILF

A single seed ROI was drawn in the temporal white
matter on a coronal slice tangent to the anterior surface
of the cerebral peduncles; only the lateral inferior white
matter with an anteroposterior directionality was selected.
A target ROI was placed at the level of the occipital lobe.?!
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AF
@ SLF-ip

SLF 11 &1l
@ AF A SLF-tp

AF A SLF I &I
@ SLF-tp A SLFII &Il

FIG. 3. Sagittal representation of left ventral stream pathways reconstructed for the 10 control subjects normalized to the MNI
space (radiological orientation). Any MNI-space voxel that was included by the residual bootstrap tractography in at least 40% of
the patients was considered part of a specific pathway. The MNI coordinates of the selected axial slices are reported on the right.
Yellow indicates the SLF-tp (or posterior segment of arcuate®); red, the AF (or long segment of perisylvian language network®);
blue, SLF-1I&II (anterior segment of perisylvian language network®); orange, green, and purple, overlapping of AFASLF-tp, SLF-
[I&IIASLF-tp, and SLF-II&III"AF, respectively.

VENTRAL
Bl IFOF ILF @ UF @ MdLF

DORSAL
PATHWAYS @ sLFp Arcuate SLF 1l & Il

FIG. 4. Axial representations of the left ventral (A) and dorsal (B) pathways. Data were obtained in 10 healthy subjects normalized
to the MNI space (radiological orientation). Any MNI-space voxel that was included by the residual bootstrap tractography in at
least 40% of the patients was considered part of a specific pathway. The MNI coordinates of the selected axial slices are reported
in the lower right corner. Ventral pathways: IFOF, ILF, UF, MdLF. Dorsal pathways: SLF-tp; AF; SLF-11&lII.
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For all previously described tracts, additional “NOT”
ROIs (exclusion ROIs) were applied to remove obvious
artifacts (common example: on the sagittal plane passing
through the corpus callosum to exclude transhemispheric
connections).

We performed tracking reconstruction on each sub-
ject’s HARDI data, acquired both pre- and postsurgery.
Seed ROIs for the postsurgery fiber tracking reconstruc-
tion were drawn using the location of the ROIs in the pre-
surgery fiber tracking as reference. Reconstructed tracts
in the subjects’ native diffusion space were converted to
density maps quantifying the number of streamlines pass-
ing through each voxel.

Intraoperative Use of Tracking Results

Presurgery FA maps of each patient were coregistered
to the anatomical images using FMRIB Software Library
linear and nonlinear transformations (FMRIB’s FLIRT
and FNIRT registration tools) so that each subject’s pre-
surgery fiber tracking results (as a binary mask) could be
displayed on the anatomical images. The data were im-
ported into the navigation system for intraoperative use.

Rating Scores of Tracking Results

Two operators independently evaluated the reconstruct-
ed tracts pre- and postsurgery, qualitatively rating the de-
gree to which the reconstructed pathways were disturbed
based on deviation from the expected tract location. The
expected tract locations were based on healthy control
tracts and homologous pathways contralateral to the tu-
mor within the same subject. This rating of disturbance,
based on altered fiber tractography density (AFTD), was
determined by studying the reconstructed pathways rela-
tive to various images that included the FA color map and
registered volumetric pre- and postsurgery T1-weighted
and/or FLAIR sequences. The evaluation was made using
4 grades of tract involvement (no involvement, displaced,
partially infiltrated, destroyed). We found no measurable
difference between the no-involvement and displaced
grades and, similarly, between the partially infiltrated and
destroyed grades. Therefore, we combined the correspond-
ing categories, which resulted in a binarized measure. The
AFTD ratings (binary levels) were broadly classified as
“not affected,” with subcategories for unchanged (0) or
displaced but otherwise normal appearing (1), or as “af-
fected,” with subcategories for partially interrupted (2) or
completely interrupted (3). Interoperator concordance was
assessed for the AFTD rating scale. For comparison with
clinical deficits, differences were resolved by consensus.
In the longitudinal evaluation, tract involvement was con-
sidered modified whenever a presurgery rating of 0—1 in-
creased to 2-3 after surgery.

Clinical Language Deficit Correlations With Altered Fiber
Tractography Density

In cross-sectional analyses, we investigated the rela-
tionship between the presence of clinical language deficits
(CD =0 or 1, a binary variable for the absence or pres-
ence of deficits) and tract disruption status (binary AFTD
=0 or 1, a binary variable for not affected or affected). To
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model this relationship, we assumed the existence of a set
of pathways in which damage to all members is necessary
to cause clinical deficit. This tract set, termed the “mini-
mally sufficient tract set” (MST set), is a subset of all tracts
that are relevant to clinical language function, known as
the “clinically relevant tract set” (CRT set). Possible redun-
dancy and plasticity in the support of language function
necessitates consideration of the scenario in which injury
to multiple pathways may be required to elicit clinical lan-
guage deficits. In the event of plasticity, the MST set will
probably include multiple pathways; in acute cases, such as
fast-growing tumors, damage to a single pathway may be
sufficient to cause clinical deficits.

This model (CRT—minimal sufficient tracts—clinical
function) limits the inferences from univariate correla-
tions between tract status and clinical deficits. For exam-
ple, a CRT could be damaged without the patient present-
ing with a deficit in the case of plasticity or redundancy.
Direct univariate correlations may provide specificity but
not sensitivity to functional pathways. Given the size and
distribution limitations of our data set, we therefore chose
to identify those pathways that associate directly with clin-
ical deficits without laying claim to the identification of all
pathways that may support language function.

Patients Free of Clinical Language Deficit: Cross-Sectional
Analyses

There were no clinical deficits (CD = 0) in any of the
low-grade glioma (LGG) patients, and only 15% of the
high-grade glioma (HGG) patients presented with clinical
deficit (CD = 1). From such data, we cannot infer the true
association between tract status and clinical deficit, but
we can identify those pathways that are more likely to be
preserved in the absence of clinical deficits. We can infer
that tracts that are highly preserved in this subcohort may
belong to the CRT set, while those that are significantly af-
fected are unlikely to (by themselves) constitute an MST.
Therefore, these data are capable of providing candidate
tracts for the CRT set based on their action as a member
of the MST set, but cannot be used to establish a tract as
clinically irrelevant.

For each pathway and tumor grade (LGG and HGG),
the fraction of patients with affected tracts (binary AFTD
= 1) was computed. The probability that this fraction was
greater than or equal to 0.5 was determined based on a
binomial model. Pathways with p < 0.00625 (Bonferroni
correction for multiple comparisons across 8 pathways)
were considered tracts that are preserved in the absence
of clinical deficits.

Predicting Long-Term Clinical Deficits

Since there were no LGG patients with clinical lan-
guage deficits at the long-term time point, the ability of
tract status at discharge to predict long-term clinical defi-
cits was evaluated in HGG patients only. The prediction
of long-term clinical deficits (CD = 0 or 1) using the tract-
affected status at discharge (AFTD =0 or 1) was comput-
ed for the pathways found to be significantly preserved in
those patients with normal clinical function presurgically.
We applied a nominal logistic regression model first to all
HGG patients with clinical deficits at postsurgical Days
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3-5 (21 patients) and then only to those with clinical defi-
cits at discharge (11 patients).

Results
Reliability of Fiber Tracking Rating in Patients

Interoperator agreements on the sublevels of AFTD
tract ratings (4 levels) were 96% = 3% (mean =+ standard
deviation) for presurgery data and 98% = 2% for postsur-
gery data. For the binary AFTD (affected vs not affected),
the interoperator agreements were 98% =+ 2% for presur-
gery data and 99% = 1% for postsurgery data. Differences
were resolved by consensus.

Clinical Profile

Of the 78 cases treated with awake left-hemisphere re-
section with ISM techniques for a WHO Grade II or higher
tumor, 35 met our study inclusion criteria. Reasons for ex-
cluding the remaining patients were as follows: right-hemi-
sphere surgery (27 of 43), previous resection (7 of 43), or
postoperative HARDI acquisitions not available (9 of 43).
In the 35 patients (14 females, 21 males, mean age 46 = 15
years, median age 49 years) eligible for this study, tumors
included WHO Grade II (14 cases [40%]: 7 oligoastrocy-
toma, 5 diffuse astrocytoma, 1 oligodendroglioma, 1 ep-
endymoma), WHO Grade III (11 cases [31%]: 6 anaplastic
oligodendroglioma, 4 anaplastic astrocytoma, 1 anaplastic
pleomorphic xanthoastrocytoma), and WHO Grade I'V (10
cases [28%)] of glioblastoma multiforme). Ninety-four per-
cent (33/35) of the patients were right-handed. Magnetoen-
cephalographic imaging for the language laterality index
indicated left-hemisphere dominance in 74.3% (26/35) of
the patients, right-hemisphere dominance in 1 patient, and
bilaterality in 11.4% (4/35) of patients (Table 1). In 4 pa-
tients, laterality index results were not conclusive.

Language Morbidity Profile

Of the 35 patients, 28 (80%) had normal preoperative
language function, which was preserved at the long-term
follow-up. Of these 28 patients, 5 (18%) had short-term
language dysfunction at the time of discharge but fully re-
covered within 3 months. Of the 35 patients, 3 (9%) had
presurgery language dysfunction that persisted perma-
nently after surgery (final clinical assessment performed
at 6 months), 4 (11%) developed new postsurgery language
dysfunction that persisted after 6 months, and 5 (14%) de-
veloped transient language dysfunction that had complete-
ly resolved by the 3- to 6-month follow-up. The majority
of patients (23 [66%]) maintained normal pre- and postop-
erative language function. Complete language morbidity
profiles are shown in Table 2.

Tumor Volumetric Analysis

The average percentage of lesion resection was 88%
+ 15% in patients with LGGs and 92% =+ 11% in patients
with HGGs. In the LGG subgroup, 4 (28.6%) of 14 indi-
viduals were judged to have GTR (resection > 99%). Of
those with partial resections, 21.4% had 90%—-99% of the
tumor removed, 35.7% had 80%—-90% removed, and 14.3%
had 45%-80% removed. In the HGG subgroup, 11 (52.4%)

Q-ball in language tract mapping

of 21 individuals were judged to have GTR. Of those with
partial resections, 14.3% had 90%—99% removed, 9.5% had
80%-90% removed, and 23.8% had 66%—80% removed.

Tracking Results

Eight white matter pathways were reconstructed pre-
operatively with different levels of tumor involvement de-
termined by the AFTD rating in each of the 35 patients
(total of 280 tracts). Between the pre- and postsurgery tract
evaluations, 81% (226 of 280) of the tracts had no change
in AFTD score, 16% (44/280) had a worse AFTD score,
and 4% (10/280) had an improved AFTD score. Significant
worsening (null/mild to moderate/severe AFTD changes)
occurred in 9% of the tracts (26/280).

Preservation of AF and SLF-tp in Patients With No
Presurgery Deficits

Evaluation at a cross-sectional level of presurgery data
showed that 32 of 35 patients had no clinical deficits, with
only 3 of 18 HGG subjects showing language deficits.
Analysis of the pathway involvement (Table 3) showed that
some tracts are affected in the absence of language defi-
cits, suggesting that clinical language assessments are not
sensitive to the function served by these pathways or that
redundancy for language support was present. Converse-
ly, the 4 tracts that were preserved (AF, SLF-tp, ILF, and
MdALF) are candidates for tracts that may relate to clinical
language deficits. Note that only AF and SLF-tp survived
Bonferroni correction for significance (p < 0.00625).

Longitudinal Analysis

Twelve of the 35 patients (11 HGG, 1 LGG) had deficits
at discharge. Five (Cases 6, 19, 21, 23, 26) of the 32 pa-
tients with no language deficit at the presurgery time point
showed transient language deficits at discharge (within 3
days), which were resolved at the long-term follow-up (Fig.
5). All were HGG cases except for Case 21 (LGG).

Seven HGG patients with clinical deficits at discharge
continued to have deficits at the long-term follow-up (>
3 months). Three of these patients had language deficits
presurgery, which did not change between the pre- and
postsurgery time points (Fig. 6). Four of the HGG patients
experienced the onset of a new long-term language deficit;
only 1 of these patients (Case 22) had significant (AFTD
change from O to 1) worsening of tracts (AF and SLF-tp;
Fig. 7). Tract changes in these 4 subjects are reported in
Table 4.

Predicting Long-Term Language Deficits in Patients With
Deficits at Discharge

We evaluated the ability of postsurgery predischarge
AFTD tract status to predict long-term clinical deficits.
Given the preservation of the SLF-tp and AF in patients
without deficits presurgically, as described above, we tested
the predictive value of these pathways to determine which
of the 11 HGG patients with deficits at discharge would
continue to have long-term deficits and which would have
resolution of their deficits. The nominal logistic regression
determined a significant model (p = 0.005). The positive
predictive and sensitivity values were both 86%, and the
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TABLE 1. Demographics and clinical information for 35 patients in the study cohort

Case No. Histology WHO Grade Age (yrs) Language Laterality Index Handedness
1 Anaplastic oligodendroglioma I 40 Lt Rt
2 Oligodendroglioma I 44 Lt Rt
3 Glioblastoma v 55 Lt Rt
4 Infiltrative astrocytoma I 30 Lt Rt
5 Anaplastic astrocytoma 1l 54 Lt Rt
6 Glioblastoma v 62 Lt Rt
7 Ependymoma I 21 Bilat Rt
8 Anaplastic oligoastrocytoma 1l 55 Lt Rt

10 Glioblastoma v 59 Lt Rt
1" Anaplastic oligodendroglioma 1l 49 Lt Rt
12 Oligoastrocytoma I 51 Lt Rt
14 Oligoastrocytoma I 48 Bilat Rt
15 Diffuse astrocytoma I 18 Lt Rt
16 Oligoastrocytoma I 33 Lt Rt
17 Glioblastoma 1% 75 — Rt
19 Anaplastic oligodendroglioma I 63 Lt Rt
20 Oligoastrocytoma Il 56 Rt Rt
21 Infiltrating astrocytoma Il 54 Lt Rt
22 Glioblastoma v 62 Lt Lt
23 Glioblastoma v 61 Bilat Rt
24 Oligoastrocytoma I 20 Bilat Rt
25 Infiltrating astrocytoma I 21 Lt Rt
26 Anaplastic astrocytoma 1l 38 Lt Rt
27 Glioblastoma v 59 Lt Rt
28 Anaplastic pleomorphic xantho- 1l 43 Lt Rt
astrocytoma
29 Glioblastoma 1% 68 — Rt
30 Diffuse astrocytoma I 39 Lt Rt
31 Anaplastic oligodendroglioma 1l 36 Lt Rt
32 Oligoastrocytoma Il 29 Lt Rt
33 Anaplastic astrocytoma 1 22 Lt Lt
34 Glioblastoma % 51 — Rt
35 Anaplastic oligodendroglioma 1l 59 Lt Rt
36 Oligoastrocytoma I 33 Lt Rt
37 Glioblastoma % 64 — Rt
38 Anaplastic astrocytoma Ml 49 Lt Rt

negative predictive values and specificity values were both
75%. If the SLF-tp and AF were affected on postsurgery
analysis, patients tended to have long-term deficits lasting
more than 3 months. However, if these tracts were not af-
fected during surgery, only 1 of 4 patients with short-term
language disability presented a long-term (> 3 months)
deficit (Table 5).

Discussion

We report on the development and implementation
of pre- and postoperative mapping of putative language
pathways with high angular resolution diffusion MRI
for neurosurgical planning, intraoperative mapping, and
postsurgical prediction of deficit resolution. These meth-
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ods, including the rating of fiber tract injury, were found
to be highly reliable. Our results suggest that dorsal path-
ways (AF and SLF-tp) are preserved in patients without
language deficits, and their integrity may be predictive of
whether a postoperative language deficit will resolve.

Defining Language Pathways With Diffusion MRI:
Accuracy, Reliability, and Rating

Currently, DTI tractography is the most commonly
used method of mapping white matter in the daily clinical
and research setting worldwide. Even though fiber trac-
tography with the DTI model has contributed greatly to
our knowledge of fiber pathways, it suffers from several
serious shortcomings in resolving the extent, origin, and
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TABLE 2. Language morbidity profile

Q-ball in language tract mapping

Presurgery Language Discharge Language

No. of Patients Assessment Assessment Long-Term FU (>3 mos postsurgery)
23 (66%) No deficit No deficit No deficit
5 (14%) No deficit New-onset language  Resolved language deficit
deficit
4 (11%)*t No deficit New-onset language Persistent language deficit; severe postop aphasia; word substitutions in repetition;
deficit absence of naming, counting, or reading deficits; severe expressive aphasia;
word-finding difficulties; normal speech fluency, object naming, repeat, count, &
calculation
3 (8.6%)t Language deficit ~ Persistent language  Persistent language deficit; stable expressive & receptive aphasia; stable expressive
deficit aphasia; stable expressive aphasia
FU = follow-up.
* All left-hemisphere language laterality index.
t AIlHGG.

cortical termination of white matter pathways. Novel dif-
fusion model tractography algorithms based on HARDI
have been developed in recent years. In particular, re-
sidual bootstrap g-ball has been shown to improve the
resolution of white matter fiber tractography, especially in
crossing regions.’’ Nevertheless, the application of these
advanced tractography methods has generally been con-
fined to research. At our institution, we have successfully
implemented residual bootstrap probabilistic g-ball trac-
tography in presurgery planning for language pathways
in patients with brain tumor. We were able to apply this
novel technique consistently in a large cohort of tumor pa-
tients (more than 300 since January 2012). The HARDI
data were acquired in almost all subjects the day before
surgery. Especially in HGG patients, the timing of MRI is
crucial to minimize possible changes between MRI data
acquisition and the actual surgery.

Multiple pathways belonging to either the dorsal or
ventral streams'® were reconstructed and uploaded to the
neuronavigation system to be combined with intraop-
erative cortical and subcortical stimulation. White matter
pathway reconstruction was also performed postsurgery,
based on HARDI acquisitions within 1-2 days of surgery.
The HARDI data acquired postsurgery were moderately
high quality and there was no significant postoperative
swelling, so white matter tractography could be performed
on all of the tumor patients. We could then compare the
pre- and postsurgery results to identify pathway changes
related to the surgical intervention.

Independent of the algorithm applied, tractography data
must be carefully reviewed and evaluated for an accurate
intraoperative application. This represents a challenge for
both the surgeon and the tractography operators. The im-
portance of anatomical knowledge and experience is cru-
cial, as is establishing the reliability of the tract.

It is important to mention that we are discussing in vivo
virtual reconstructions, which do not necessarily represent
real anatomy and therefore need anatomical validation.
We have recently shown that g-ball tractography can rep-
resent the more complex connectivity of these pathways
than can previous technologies, validated by anatomical
dissection.” Even those pathways (such as the AF/SLF)
that are well established and anatomically proven seem

to present a more complex structure when tracked using
HARDI compared with DTI. We reconstructed white mat-
ter pathways belonging to either the dorsal or ventral lan-
guage streams.'® For the first time in brain tumor patients,
we independently evaluated the multiple components of
the AF/SLF complex, previously treated as a single unit,'
and extended the evaluation to other pathways such as the
MdLF and ILF.

Though the anatomical structure of the pathways re-
ported herein is in need of validation through dissection,
this reconstruction procedure was tested in more than 300
patients. The g-ball-based structural connectivity of the
pathways we studied and described in this paper was rela-
tively consistent across this large group of subjects (not
shown).

In this paper, we also applied and proposed a rating
scale of the tracking results that differentiated the level to
which a pathway has been infiltrated or interrupted, a scale
similar to those employed previously.> The main challenge
inherent to this rating scale was the ability to distinguish
tracts primarily dislocated from tracts partially infiltrated

TABLE 3. Identification of tracts that were highly preserved in
the absence of clinical deficits*

Presurgery Tract Ratings, % Not Affected

Pathways All Patients (n = 32) Patients w/ HGG (n = 18)
SLF-II 53% 44%
SLF-II 44% 33%
AF 78%t 89%T
SLF-tp 91%t 83%t
ILF 81%t 78%
MdLF 88%t 78%
IFOF 69% 56%
UF 69% 67%

* Percentage of patients with preserved tracts (AFTD = 0) for each pathway
within the subgroup with no language deficit presurgically. Statistical testing
was performed with the null hypothesis that the percent affected was greater
than or equal to 50%.

1 The null hypothesis was rejected at a Bonferroni corrected p value < 0.006.
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FIG. 5. Tracking results in 2 HGG patients with transient postsurgical language deficits. Four HGG patients experienced the onset
of transient language deficit at discharge (within 3 days), which had resolved at the long-term follow-up. This figure shows the
results in 2 of these cases. Case 23. Tracking results presurgery (A) and postsurgery (B). The patient showed significant involve-
ment (AFTD > 1) of the UF and ILF. The pre- and postsurgery tracking results generally overlapped, except for the IFOF, whose
inferior portion was partially resected. The surgical approach is depicted in orange. Case 26. Tracking results presurgery (C) and
postsurgery (D). The patient showed significant involvement (AFTD > 1) of all ventral stream pathways with no significant AFTD
change following surgery.

FIG. 6. Cases with presurgical language deficit. We show the dorsal pathway status in 3 HGG cases with a presurgical language
deficit that did not change between pre- and postsurgery time points. White arrows indicate tumor location. Case 29. The patient
had a glioblastoma involving the frontotemporoinsular region (A) as well as a language deficit presurgery. The SLF-III (or anterior
portion of perisylvian language network®) and SLF-tp (or posterior segment of perisylvian language network®) were severely af-
fected. The AF (or long segment of perisylvian language network®) and SLF-Il appeared to be preserved and, at most, dislocated
by the tumor (AFTD = 1). Note that the SLF pictured is predominantly the SLF-II. All of the ventral stream pathways were severely
affected by tumor and could not be reconstructed. Case 34. The patient had a glioblastoma involving the inferior parietal lobule
(B) as well as a presurgical language deficit with involvement of the AF and SLF-tp posteriorly. Regarding the ventral stream path-
ways, all tracts were successfully reconstructed (not shown) except the MdLF (not shown), which was severely affected by tumor.
Case 31. The patient had an anaplastic oligodendroglioma involving the frontoinsular region (C) and a presurgical language deficit.
The SLF-IIl and AF were severely affected. Regarding the ventral stream pathways, all tracts were successfully reconstructed
except the IFOF (not shown), which was severely affected by tumor.
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PRE SURGERY

Q-ball in language tract mapping

AFTER SURGERY

FIG. 7. Case 22. The patient experienced the onset of a new long-term language deficit. This was the only patient (out of 4) whose
onset of language dysfunction after surgery could be correlated with changes in tracking results between pre- and postsurgery. The
caudal middle frontal termination of the AF (A) and the supramarginal portion of the SLF-tp (B) could not be tracked postsurgery.

or interrupted. Although based purely on a qualitative
evaluation, these rating scores for fiber pathway damage
were highly reproducible across operators and provided
significant correlations with language deficits.

White matter pathway reconstruction is crucial to un-
derstanding the structure and changes occurring both
within the borders of and in the zone surrounding brain
tumors.!” We also have to consider the high plasticity po-
tential of the human brain, particularly that of gray mat-
ter.”> White matter (especially projection and association
pathways) has a critical role in brain function. Contrary to
gray matter structures, these white matter pathways show
a very low intersubject variability and, more importantly,
very limited reorganization and plasticity.!* These white
matter structures often come to represent the limits of the
tumor resection, as many surgeons are hesitant to risk in-
troducing irreversible clinical dysfunction postsurgery.®
Integrity of association and projection pathways also plays

TABLE 4. Patients with postsurgery language deficit at discharge*

a crucial role in the development of gray matter plasticity,
representing the “infrastructure” on which brain reorgani-
zation occurs.!

Recently, the existence of a direct connection between
Wernicke’s and Broca’s areas in the human brain has been
questioned.*?? Using anatomical cortex-sparing fiber dis-
section, Martino and colleagues showed that the AF seems
to be posteriorly connected to the inferior and middle tem-
poral gyri.?? In particular, they did not observe connec-
tions to the superior temporal gyrus but instead described
connections to the precentral gyrus through the anterior
segment of the SLF. In the current study, we consider the
AF to be the collection of pathways connecting the frontal
lobe to the temporal lobe, including the anterior segment
of the SLF as described by Martino et al. In our g-ball
tracking experience in over 300 patients with primary
gliomas, this bundle seems to belong to the AF and to
be distinct from the SLF subcomponent connected to the

Case No. WHO Grade, Lesion Type New Long-Term Language Deficit Newly Affected Pathways AFTD Change
3 IV, glioblastoma Severe aphasia SLF-I High to high: 2 to 3
5 [Il, anaplastic astrocytoma Word substitutions in repetition SLF-tpt High to high: 2to 3
ILFt Low to low: 0 to 1
10 IV, glioblastoma Severe expressive aphasia None None
22 IV, glioblastoma Word-finding difficulties AF Low to high: 1to 2
SLF-tpt Low to high: 110 2

* Tracking rating scale (AFTD) findings for the 4 patients with new-onset language deficit postsurgery and persisting at the 3-month follow-up. The tracts that show the
worse rating postsurgery as compared to presurgery (AF, SLF-tp) would therefore be candidates for functional pathways related to the clinical language assessments.
The rating scale changes between pre- and postsurgery are reported in the far right column.

1 Data not imported into the Brainlab navigation system for intraoperative use.
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TABLE 5. Impact of SLF-tp and AF involvement on long-term
language disability

No. of Patients
Language Deficitat No Language Deficit

Long-Term FU at Long-Term FU
Postsurgical Status (>3 mos) (>3 mos)
SLF-tp &/or AF affected 6 1
SLF-tp & AF not affected 1 3

supramarginal gyrus (SLF-III). This is also evident from
the FA maps, on which the white matter of the superior
temporal gyrus and the supramarginal gyrus are clearly
demarcated. From our experience tracking the SLF-tp
(or posterior segment of SLF),”2 we have noticed that this
pathway connects the supramarginal and angular gyri to
the posterior portions of the middle and inferior temporal
lobe areas and, less frequently, to the superior temporal
gyrus (Figs. 2 and 3).

The relative lack of postsurgery language deficits in our
cohort, especially considering the location of the tumor in
presumed language areas, is a promising result supporting
the intraoperative use of these language tracts. Our cohort
was histopathologically heterogeneous, including both
LGG and HGG. The LGG subgroup did not show lan-
guage deficits either presurgery or at the long-term follow-
up. Examining the subgroup of patients with no language
deficit pre- (Table 3) or postsurgery, we found 4 tracts (AF,
SLF-tp, MdLF, and ILF) that were relatively preserved.
Of these tracts, only the AF and SLF-tp were preserved
significantly above chance and thus were designated as
candidates for critical language network components in-
fluencing language deficits.

Despite the limitations inherent to a small sample size,
our preliminary data highlighted for the first time a pos-
sible prognostic value of the postsurgery tracking assess-
ment for long-term language function. For patients with a
language deficit after surgery, the preservation of dorsal
pathways (SLF-tp and AF, in particular) may represent a
positive prognostic factor of recovery over the long term
(Figs. 5 and 7).

Altogether, these preliminary findings provide evi-
dence for the importance of the AF and SLF-tp to clinical
language deficits, though they do not rule out the possible
importance of ILF and MdLF. These data also suggest that
isolated damage to the other pathways (SLF-II, SLF-III,
IFOF, and UF) does not result in clinical deficits, as these
pathways are affected in the absence of language deficits.
It should be noted that clinical language assessments may
not be sensitive to the functions served by these pathways.

Our results indicate that the dorsal subcortical language
tracts should be mapped during the course of surgery to
possibly identify these tracts and preserve them, as is rou-
tinely done for essential cortical sites. Cortical and sub-
cortical eloquent structures are equally important because
they may carry different language components of speech.
Both should be independently mapped and preserved if
identified.

We believe that DTT is no longer the de facto standard
for fiber tracking. It may be the standard for computing
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metrics for in-group studies, but the inability of DTI to
model crossing fibers cannot be ignored in fiber tracking.
We believe that our results better represent the brain con-
nectivity of white matter pathways and, if used correctly,
can be an important tool for intraoperative use and assess-
ment of patients pre- and postsurgery to correlate and un-
derstand the spectrum of clinical deficits in brain tumor
patients.

Limitations

There are several clinical and technical limitations to
this study. First is the relatively small number of patients
in whom the tracking versus language correlation was test-
ed. As previously discussed, it is possible that the clinical
evaluation was not sensitive to language function modi-
fications in LGG cases. The lack of clinical findings in
the LGG group, as well as the limited correlation with the
ventral stream pathways, may be due to plasticity or defor-
mation by a slow-growing expansive lesion. Alternatively,
more complex testing may have better characterized cer-
tain language deficits, for example, those related to higher-
level language comprehension.

The possibility of evaluating the predictive value of our
assessment (AFTD) of white matter fiber involvement in
brain tumors for long-term language deficits was limited
by the small number of cases with clinical deficits, none
of which were in the LGG group. Moreover, a multimodal
approach (including functional techniques) may explain
the occurrence of language deficits more precisely than
would a “structural” connectivity approach. The bootstrap
g-ball tracking in presurgery planning is an ongoing proj-
ect, which is still in the process of methodological devel-
opment. Because of the limitations underlying diffusion
imaging and tractography algorithms, we consider confir-
mation via postmortem anatomical dissection to be an im-
portant step toward the validation of the anatomy of white
matter language pathways.

Conclusions

We demonstrate the successful application of g-ball
tracking in presurgery planning for language pathways in
brain tumor patients and in assessing white matter tract
integrity postoperatively. Our results suggest the impor-
tance of dorsal stream tract preservation (AF and SLF-tp)
to reduce language deficits in patients undergoing glioma
resection and the potential prognostic value of using tract
integrity on postoperative imaging to determine if a pa-
tient with a postresection deficit has the potential to re-
cover language function.
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