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We perform a review of the literature in the field of white matter tractography for neurosurgical planning,
focusing on those works where tractography was correlated with clinical information such as patient outcome,
clinical functional testing, or electro-cortical stimulation. We organize the review by anatomical location in the
brain and by surgical procedure, including both supratentorial and infratentorial pathologies, and excluding
spinal cord applications. Where possible, we discuss implications of tractography for clinical care, as well as

clinically relevant technical considerations regarding the tractography methods.

We find that tractography is a valuable tool in variable situations in modern neurosurgery. Our survey of
recent reports demonstrates multiple potentially successful applications of white matter tractography in neu-
rosurgery, with progress towards overcoming clinical challenges of standardization and interpretation.

1. Introduction

The visualization of the brain's white matter pathways via diffusion
magnetic resonance imaging is receiving increasing attention for neu-
rosurgical planning, as these methods can allow preoperative, three-
dimensional, non-invasive, in vivo demonstration of the location and
trajectory of white matter tracts. White matter tractography (WMT), as
a way for spatially analyzing the brain's white matter, can guide sur-
gical planning in different settings, not only directly when important
white matter tracts are involved in the vicinity of the resection cavity of
a superficial lesion, but also indirectly when targeting a deeply located
lesion or functional structure through probable eloquent white matter.
However, validity and reliability issues are hindering tractography's
widespread implementation. Consequently, the challenge facing pre-
cursor “tractography teams” is demonstrating the real clinical value of
tractography in a clinical and surgical setting. For a clearer overview of
the current state of the art techniques and clinical impact of modern
tractography, we propose to critically review existing studies of trac-
tography methods for neurosurgical planning. A high variability of
anatomical, technical, and surgical particularities is faced when sum-
marizing the ever-increasing array of challenging conditions to which
modern tractography can be applied.

In this review, we propose to classify the cited reports as supra-
tentorial or infratentorial pathologies (Fig. 1). Supratentorial patholo-
gies will be subdivided into neoplastic, vascular, or functional indica-
tions, while reports involving infratentorial pathologies will be grouped
according to their anatomical location: brainstem, cerebellum, and
cranial nerves (Fig. 1). This review process is not exhaustive and will
focus on reports analyzing WMT for surgical planning. For each pa-
thology or location, we report the most recent pertinent publications
examining the relevant key tracts.

As reproducibility and standardization across the different methods
and teams are of high interest in the field of WMT, we report and dis-
cuss the different technical challenges described in the cited reports. By
providing a longitudinal locations and pathologies based view of new
published research, this review is aimed at clinicians, technical re-
searchers generally interested in tractography, and investigators with
interest in a specific disease.

2. General technical considerations
It is useful to have some familiarity with the techniques available for

performing WMT, both to better appreciate the contents of this review
and to assess the potential utility of future advances. We note that
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Fig. 1. llustration of the anatomical subdivision structuring this report.

mathematical modeling of the white matter fibers from diffusion MRI
data, development of WMT methods, and testing and validation of these
methods are still open areas of research (Pujol et al., 2015). Several in-
depth review articles are available (Assaf and Pasternak, 2008; Jones
et al., 2013; O'Donnell and Westin, 2011), including recent neurosur-
gery-specific reviews and commentaries (Bi and Chiocca, 2014; Nimsky
et al., 2016a), so here we present a brief overview of the most relevant
considerations, which include data acquisition, fiber modeling, fiber
reconstruction, and expert interpretation including choices of seed re-
gions and stopping thresholds.

The most important parameters during the data acquisition are the
number of gradient directions and the b-value. The number of gradient
directions is the number of magnetic field gradients used to encode
diffusion-weighted images, and the b-value is a factor representing the
amount of diffusion weighting, which relates to the strength and timing
of the gradients (Hagmann et al., 2006). The most common and widely
used diffusion model, diffusion tensor imaging (DTI) (Basser et al.,
1994), typically employs 30 or fewer gradient directions at a b-value
near 1000 s/mm?>. Larger numbers of gradient directions and higher or
multiple b-values can increase angular resolution and provide in-
formation about multiple diffusion compartments to improve the ac-
curacy of fiber tracking estimation (Alexander et al., 2007; Jones,
2004). The field of diffusion imaging is rapidly evolving. Current ad-
vanced acquisitions may include high angular resolution (HARDI)
(Tuch et al., 2002), which generally has a higher number of gradient
directions than DTI and may have b-values over 1000, diffusion spec-
trum imaging (DSI) (Wedeen et al., 2008), which uses multiple b-values
up to 7000 s/mm? or higher to sample g-space in a grid fashion, and
multi-shell acquisitions that acquire multiple b-values (sampling sphe-
rical shells in g-space). Another consideration during acquisition is the
possible presence of spatial distortions in the echo-planar imaging (EPI)
diffusion MRI scan on the order of 2 mm (Treiber et al., 2016), which
can affect WMT (Jones and Cercignani, 2010). Regions near air-bone
interfaces, such as the orbitofrontal cortex, temporal poles, and brain
stem, were the regions most affected by DWI distortion in a recent study
of 250 brain tumor patients (Treiber et al., 2016). Advanced acquisi-
tions using phase encoding gradients of opposite polarity are designed
to address this but are not yet widely used clinically (Irfanoglu et al.,
2015; Van Essen et al., 2013).

Another technical consideration is the type of mathematical mod-
eling used for fiber reconstruction. DTI enables single-fiber re-
construction, which accounts for one fiber tract per voxel, an anato-
mically implausible scenario (Duffau, 2014; Jeurissen et al., 2013;
Nimsky, 2014). In contrast, multi-fiber reconstruction can enable
tracking though crossing fiber regions. Multi-fiber models, such as g-
ball (Fernandez-Miranda et al., 2012; Tuch, 2004) (also called high-
definition fiber tractography (Fernandez-Miranda et al., 2012)), con-
strained spherical deconvolution (CSD) (Descoteaux et al., 2009;
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Farquharson et al., 2013; Mormina et al., 2015; Smith et al., 2013;
Tournier et al., 2011), and multi-tensor models (Chen et al., 2015; Chen
et al., 2016a; Malcolm et al., 2010), can be beneficial for neurosurgical
planning with the potential of an accurate reconstruction of white
matter fiber tracts. Note that the more complex models have MRI ac-
quisition requirements, and it is important to use a model that is ap-
propriate for the available data (Ning et al., 2015).

The next technical concern is the choice of a method to compute the
tractography. While multiple computational tracking methods are
available, the most popular can be categorized as either deterministic or
probabilistic. Both methods can start from a point in the brain and trace
connections. However, in general, deterministic methods generate a
single fiber connection from the start point (Basser et al., 2000), while
probabilistic methods aim to detect many possible connections from the
start point (Behrens et al., 2007). Often, deterministic methods are vi-
sualized as curved lines (streamlines), while probabilistic methods may
output a map of connection probabilities. New research in tracto-
graphy, including microstructure-informed (Daducci et al., 2016),
global (Mangin et al., 2013), and machine learning tractography (Neher
et al., 2015), has promise for the future.

A final important consideration is the expert processing and inter-
pretation of tractography. Many choices must be made at this step,
including tract seeding, tract selection, stopping thresholds, and final
interpretation of results. These choices have a large effect on the final
tractography output.

Tract seeding (initiation of tractography) and selection (choosing
fibers from already-created tractography data) have been studied ex-
tensively. For deterministic tractography, it has long been known that
the most robust, reproducible seeding method is the “brute-force” or
“holistic” approach that seeds tractography in the entire brain and then
employs multiple expert regions of interest (ROIs) to select tracto-
graphy (Huang et al., 2004; Wakana et al., 2007). However, whole-
brain seeding may not always be practical clinically, and therefore
smaller seeding ROIs or fast interactive seeding may be useful
(Chamberland et al., 2014; Golby et al., 2011). Of note is the fact that
an optimal seeding region will depend not only on the neuroanatomy,
but also on the tractography method. For example in the corticospinal
tract of patients with brain tumors, deterministic methods are generally
best seeded in a large region of white matter and not in the cortex
where diffusion anisotropy is low (Radmanesh et al., 2015), while
probabilistic methods are often seeded many times within specific re-
gions in the brainstem and cortex (Farquharson et al., 2013; Niu et al.,
2016). Many studies have provided guidelines for ROI placement or
anatomical atlas usage to define fiber tracts (Catani and Thiebaut de
Schotten, 2008; Lawes et al., 2008; Wakana et al., 2004; Wassermann
et al., 2016), though methods that rely on normal neuroanatomy may
not produce sufficient results in patients with tract displacement due to
mass lesions (Schonberg et al., 2006). Specifically in patients with brain
tumors, several groups have investigated optimal structural and func-
tional ROIs for tract seeding and selection of the corticospinal tract
(Holodny et al., 2001a; Niu et al., 2016; Radmanesh et al., 2015;
Schonberg et al., 2006; Weiss et al., 2015). However, even when the
ROIs are held constant, there is known variability in tract selection
across expert raters and across tractography methods (Burgel et al.,
2009; Colon-Perez et al., 2016). This has led to neurosurgical planning
research into standardization using automated placement of ROIs and
automated identification of key tracts based on their trajectories
(O'Donnell et al., 2017; Tunc et al., 2015; Zhang et al., 2008).

In addition to the seeding and selection regions, the thresholds for
starting and stopping WMT are important choices. Early investigations
demonstrated that lowering the fractional anisotropy (FA) threshold
could enable increased tracking in edema and tumors (Akai et al., 2005;
Schonberg et al., 2006). Today, each state-of-the-art multi-fiber WMT
method relies on a different threshold, which is necessarily specific to
the fiber model and tractography framework (e.g. fiber orientation
distribution (FOD) based thresholds, apparent fiber density, generalized
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anisotropy, bundle-specific thresholds, and free-water corrected
thresholds) (Chamberland et al., 2014; Malcolm et al., 2010; Pasternak
et al., 2009; Raffelt et al., 2012; Tournier et al., 2012). Recent research
has proposed sophisticated rules for rejecting incorrectly-traced fibers
according to anatomical constraints (such as a tract should end in gray
matter) to reduce bias in tractography (Girard et al., 2014; Smith et al.,
2012). However, these rules rely on automated brain segmentation,
which is not yet robust in the presence of brain tumors.

The final expert interpretation of WMT should be performed in the
complete context of the patient's structural and functional imaging and
case presentation. A diffusion MRI voxel is much larger than the scale of
an axon (O'Donnell and Westin, 2011), and thus any WMT re-
construction is only an informative estimate of a white matter tract,
with known limitations including the following. WMT cannot directly
provide functional information about the eloquence of a fiber tract
(Duffau, 2014). WMT can suffer from false negatives, i.e. missed or
inadequately traced fibers (especially in the case of DTI (Chung et al.,
2011)), while DTI and multi-fiber models are known to suffer from false
positives (Maier-Hein et al., 2016; Wakana et al., 2007). Neurosurgery-
specific WMT challenges include edema and tract displacement
(Jellison et al., 2004; Nimsky et al., 2016a). Due to these limitations
and challenges, improving tractography is an active field of technical
research.

3. Supratentorial lesions

In this section, we will review applications of WMT in supratentorial
neoplastic and vascular pathologies. We also discuss the supratentorial
application of tractography in functional neurosurgery, principally in
epilepsy surgery and deep brain stimulation.

3.1. Neoplastic lesions

Tractography is a highly valuable technique during the planning of
surgery in patients suffering from supratentorial intra-axial lesions
(Nimsky et al., 2016b). Surgery is central to the management of a
majority of these lesions. We will focus on glioma surgery, as a model of
anatomically and functionally challenging lesions. The first objective of
this surgery is to establish a histological, molecular and genetic grading
of the tumor, which will guide further adjuvant therapies. The other
principal goal of surgery is to safely maximize the extent of resection
which has been repeatedly proved to be an independent major prog-
nosis factor (McGirt et al., 2009; Sanai et al., 2011). The frequent ab-
sence of clear normal parenchyma/tumor interface with variable dy-
namic interactions between neoplastic invasiveness and brain plasticity
are the major challenges in the resection of glial lesions.

Glioma management has benefited greatly from multiple refine-
ments of the different treatment modalities. In conjunction with other
modern advances (functional MRI, neuronavigation, intraoperative
fluorescence guidance, intraoperative MRI), WMT-based surgery is
currently recognized as a valuable tool for balancing the trade-off be-
tween function preservation and maximized resection in both high
grade and low grade gliomas (Barbosa et al., 2016; Charras et al., 2015;
Kekhia et al.,, 2011; Kuhnt et al., 2012; Wu et al., 2007). The im-
portance of understanding the individual patient's white matter con-
figuration during surgical planning comes from the relatively un-
predictable nature of fiber/tumor interaction in the context of intra-
axial tumors, particularly slowly growing low grade gliomas. Tracts can
display different alterations: anatomical distortion (from mass effect),
infiltration by tumor cells, edema, complete interruption, and some-
times functional reorganization (Duffau, 2005). This so-called brain
plasticity should be viewed as a dynamic phenomenon that en-
compasses both the pre- and post-operative periods.

WMT helps evaluate the configuration of the underlying important
white matter fibers (Fig. 2) (Chamberland et al., 2015; Chamberland
et al., 2014; Golby et al., 2011). Sparing these tracts is essential since
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white matter displays relatively limited functional reorganization pos-
sibilities, when compared to the cortex (Yogarajah et al., 2010). White
matter tracts also play a crucial part in local then distal functional
cortical recruiting (Charras et al., 2015; van Geemen et al., 2014),
which not only helps patients compensate for preoperative functional
cortex damage but also aids recuperation from possible surgery-in-
flicted deficits. Accordingly, sparing these important connections is an
important prognosis factor not only for the acute postoperative phase,
but also for the long term functional surgical outcome. We will review
current reports comparing WMT to direct electrical stimulation, before
discussing the recent literature assessing the impact of WMT on the
extent of resection and functional outcome. We then consider lesions in
the language areas in a separate subchapter given the specific chal-
lenges facing surgery in these locations.

3.1.1. WMT vs direct electrical stimulation

Direct electrical stimulation (DES) is considered by many to be the
gold standard for intraoperative identification of eloquent structures
(Andrea Szelényi et al., 2010; Duffau, 2005, 2015; Kombos and Siiss,
2009). Multiple authors have attempted to compare WMT to direct
electrical stimulation results, with variable outcomes. Comparisons of
these two methods are difficult and inherently suffer various limita-
tions. First, the estimation of fiber location from DES is not faultless and
can be subject to a high variability, particularly when using bipolar
stimulation. Even though slightly less precise than bipolar, monopolar
subcortical stimulation is gaining popularity since it allows a more
objective analysis of the results (Kombos and Siiss, 2009; Szelenyi et al.,
2010). Brain shift and particularly white matter tract shift in the vici-
nity of the resection cavity can represent a major limitation when
comparing intraoperatively registered stimulation points to tracts re-
constructed on pre- or post-operative images (Nimsky et al., 2005).
Even though multiple indirect methods have been proposed to limit
brain shift associated errors (ultrasounds, stereovision, etc. (Fan et al.,
2016; Gerard and Collins, 2015; Prada et al., 2014; Sun et al., 2005)),
the best currently available solution for WMT comparisons to DES is the
direct use of data from intra-operative MRI. We summarize the existing
literature in Table 1. These reports support a high linear correlation
between distances to reconstructed tracts and positive DES intensities
(Javadi et al., 2017; Maesawa et al., 2010; Ostry et al., 2013) or post-
operative deficits (Prabhu et al., 2011). In addition to intra-operative
morphological data, DTI sequences can be relatively quick to acquire
and could be obtained intra-operatively in operating rooms with intra-
operative MRI capability. Intra-operative WMT has been shown to be
able to detect the variable possible shift patterns of major tracts
(Nimsky et al., 2005), with a better correlation to the intraoperative
DES (Maesawa et al., 2010). Interestingly, it is able in some cases to
identify fibers that went undetected on the preoperative tractography,
as reported by Javadi et al. in a series of twenty patients, where CST
fibers where unidentifiable on preoperative WMT in three patients,
then subsequently successfully trackable on intraoperative scans
(Javadi et al., 2017). This is conceivably associated with local changes
after tumor removal (Javadi et al., 2017).

3.1.2. WMT versus extent of resection and post-operative functional
outcome

As the methods and techniques of WMT continue to evolve, more
robust and reproducible fiber tracking is helping to increase the extent
and safety of tumor resections (Abdullah et al., 2013; Castellano et al.,
2012; Caverzasi et al., 2016; Chen et al., 2016b; Pujol et al., 2015).
Advantages of using WMT, in conjunction with other modern standards
of care (f-MRI, neuronavigation, DES, intraoperative MRI, etc.), are
clear with significant correlation to an increased extent of resection
(Barbosa et al., 2016; Nimsky et al., 2006; O'Donnell et al., 2012). WMT
is the only preoperative noninvasive tool for studying white matter
tracts, which is advantageous for risk stratification, patient counseling,
and surgical planning (Berman, 2009; Farshidfar et al., 2014; Romano
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et al., 2009; Rosenstock et al., 2017). Understanding the spatial con-
figuration of the white matter helps finding the safest corridor parti-
cularly in deeply situated lesions (Farshidfar et al., 2014; Spena et al.,
2015; Tunc et al., 2015). For instance, Barbosa et al. reported a sta-
tistically significant improvement of the post-operative Karnofsky Per-
formance Scale by the implementation of WMT during the resection of
insular gliomas (Barbosa et al., 2016). When combined with neurona-
vigation, WMT offers an intraoperative approximation of major tract
positions, decreasing the number of subcortical stimulations needed,
making surgery quicker and easier, particularly for awake patients
(Bello et al., 2008). Reduced DES decreases also the risk of stimulation-
induced seizures. In patients with tumors involving language areas, if
awake surgery is impossible or unavailable, WMT constitutes the only
available solution for assessing and trying to spare involved white
matter tracts (D'Andrea et al., 2016). It is also important to have trac-
tography data available in the unfortunate cases where stimulation-
induced seizures and patient fatigue prevent further language mon-
itoring during awake surgery.

3.1.3. WMT and language area surgery

Fiber tracking and modeling was first applied to the cortico-spinal
tracts with improving robustness (Chen et al., 2016b; Ciccarelli et al.,
2003; Coenen et al., 2001; Holodny et al., 2001b; Itoh et al., 2006; Qazi
et al., 2009; Talos et al., 2003). Progressively, with the improvement of
imaging and processing techniques, tracking of smaller and more
complex structures has become possible. The application of these new
advances to the mapping of white matter tracts involved in cognitive
and specifically language function is a major challenge, given the re-
lative subjectivity and complexity of the involved structures (Chang
et al., 2015; Yagmurlu et al., 2016). We focus here on reports corre-
lating pre- and post-operative tractography to language function. Ca-
verzasi et al. reported, in a series of 35 patients, that preservation of the
tracked left arcuate fasciculus (AF) and the temporo-parietal compo-
nent of the superior longitudinal fasciculus (SLF-tp) was statistically
correlated to the absence of postoperative language deficit (Caverzasi
et al., 2016). Damage to these two pathways also was statistically
predictive of a long-term language deficit (Caverzasi et al., 2016). In
another series of 27 patients presenting with a high grade glioma that
involved the dominant angular gyrus, supramarginal gyrus, and/or the
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Fig. 2. Pre-surgical plan of right handed 18y.o. patient
presenting with left frontal glioblastoma. White matter
tractography allowed to assess the relationships between
the tumor (orange) and eloquent tracts (green: arcuate
fasciculus, red: uncinate fasciculus, blue: corticospinal
tract). These results are valuable for planning the safest
surgical route and resection. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred
to the web version of this article.)

inferior parietal sulcus, D'Andrea et al. attained satisfactory resection
(77% of complete resection) while conserving or improving the pre-
operative neurologic status in 85% of the cases, demonstrating that in
wisely selected cases, WMT based surgical planning can represent a safe
alternative to awake surgery (D'Andrea et al., 2016).

3.1.4. Technical considerations

Regardless of the limitations of quantitative data, tractography can,
when interpreted with available functional and anatomical studies, help
achieve a better regional spatial understanding by providing data re-
garding local configuration and eventual disruptions of eloquent white
matter. While many fibers can be successfully detected in the vicinity of
low grade gliomas using simple tractography techniques, high grade
gliomas are usually more aggressive with more local invasiveness in
addition to peritumoral edema (Goebell et al., 2006). Complex methods
and models such as high-definition fiber tractography (HDFT) (Abhinav
et al., 2015), two-tensor unscented Kalman filter (UKF) tractography
(Chen et al., 2015; Chen et al., 2016b), and constrained spherical de-
convolution tractography (Lim et al., 2015), are now being developed
to improve fiber tracking in these circumstances with encouraging re-
sults. However, the interpretation of the results using these advanced
modeling techniques is still under evaluation. While probably de-
creasing the risk of false negatives, these methods may inherently lead
to more false positive reconstructions (Maier-Hein et al., 2016). This
could encompass anomalies stretching from making false connections
between tracts to tracing tracts in areas completely devoid of fibers
(Chen et al., 2015; Chen et al., 2016b). A different method would be a
holistic approach by mapping all the white matter, followed by the use
of specific tools to analyze regions of interest (Chen et al., 2015;
O'Donnell et al., 2013). This kind of approach necessitates evidently
more processing power and time, which can limit its applicability. Even
if structurally accurate, the provided reconstruction might also be
possibly visualizing tracks that are anatomically accurate but progres-
sively became functionally obsolete, in the context of brain plasticity
(Campbell and Pike, 2014). Preoperative cross-validation of WMT with
other techniques (functional MRI, transcranial magnetic stimulation)
might be helpful in identifying those instances (Lemaire et al., 2013;
Weiss et al., 2015; Weiss Lucas et al., 2017).
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Table 1

Summary of reports using intraoperative MRI in comparing DTI white matter tractography with DES.

Results

DES

# pts DTI

Year

Authors

Positive DES

Stimulation

iDTI possible

Acquisition Tracking method

Statistically significant linear correlation between the intensity of stimulation and the distance from the

CST
The sensitivity, PPV, and NPV of DTI tractography to localize the CST were 100%, 78%, and 100%,

Bipolar (12 pts); 17 (85%)
respectively

20 (100%)

Deterministic

b = 1000;

Dir = 12

2016 20

Javadi et al.

monopolar (8 pts)

(FACT?, in iPlan v.3.0

BrainLab)

Significant positive correlation between the distance from intra-CST tractography and the intensity of

stimulation (P 0.01)

27 (96%)

Bipolar

28 (100%)

Deterministic

b = 1000;

2010 28
Dir = 12

Maesawa et al.

(FACT, in iPlan v.2.6
BrainLab)

Linear current-distance correlation was found both in pre-iMRI and in post-iMRI data

25 (100%)

Monopolar (C)

16 (64%)

Deterministic

b = 1000;

Dir = 25

2013 25

Ostry et al.

(FACT, in iPlan v.2.6
BrainLab)

Trend towards linear increase of neurological deficits when the distance from the probe to the
reconstructed CST was short (< 5 mm)

10 (83%)

Monopolar (A)

12 (100%)

Deterministic

b = 750;
Dir = 20

12

2011

Prabhu et al.

(FACT, in iPlan v.2.6
BrainLab)

# pts: total number of patients; (A): anode; (C): cathode; CST: corticospinal tract; iMRI: intraoperative MRI; PPV: positive predictive value; NPV: negative predictive value.

@ FACT: fiber assignments derived by continuous tracking.
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3.2. Vascular lesions

Natural history, perilesional modifications, surgery goals, and
treatment options of vascular lesions are different from those en-
countered in neoplastic lesions. Globally, vascular lesions are benign
and noninvasive. These lesions threaten the functional and vital prog-
nosis principally through hemorrhagic, ischemic and sometimes epi-
leptogenic mechanisms. For lesions, such as arteriovenous malforma-
tions and cavernomas, the surgical goal is total resection to prevent
future bleedings. When successful, surgery is curative, which empha-
sizes the importance of preserving neurologic function, particularly
since surgery is often not the exclusive curative treatment option. WMT
is not routinely used in aneurysm surgery since aneurysms develop
most frequently on superficial large caliber vessels where white matter
involvement is limited and the surgical approach is usually through the
subarachnoid spaces. On the other hand, arteriovenous malformations,
cavernous malformations, and spontaneous intracerebral hemorrhages
can be partially or totally deeply located, which supports the usefulness
of white matter identifying techniques. Here, we will mainly discuss
arteriovenous venous malformations and spontaneous intracerebral
hematomas (Table 2), while cavernous malformations will be discussed
with brainstem lesions.

3.2.1. Arteriovenous malformations (AVM)

Multiple treatment options are now available for treating AVMs:
surgery, endovascular treatment, and stereotactic radiosurgery (SRS).
Each of these treatments has its own advantages and disadvantages,
adding an extra layer of complexity to the decision making. Many re-
ports are now available on the functional cortical and subcortical re-
organization induced by a neighboring AVM (Alkadhi et al., 2000;
Scantlebury et al., 2014; Schlosser et al., 1997; Vates et al., 2002). This
remodeling redefines the classical eloquent areas by which we classi-
cally evaluate AVMs (Jiao et al., 2016). Understanding the spatial
configuration of the underlying white matter tract can have a sig-
nificant impact on the prognosis evaluation (Kikuta et al., 2008). Ac-
cordingly, proximity of an eloquent white matter tract has been asso-
ciated with a decline of the long term functional treatment outcome
(Jiao et al., 2016). Surgery in AVMs cannot afford to be subtotal, as
might be the case in other eloquent brain lesions, since incomplete
resection increases potential bleeding risk and morbidity. Neighboring
tract evaluation helps in deciding if surgery is the safest treatment
option for a specific lesion. When resection is decided upon, WMT helps
to demonstrate nearby tracts in superficial lesions and the safest cor-
ridor avoiding eloquent fibers in deeper lesions (Ellis et al., 2012; Itoh
et al., 2006; Jiao et al., 2016; Okada et al., 2007). Tractography results
might favor alternative treatment options when the spatial tract con-
figuration is functionally unsafe for surgery. One of the other treatment
options of AVM is SRS. Current evidence suggests that the integration of
WMT in the SRS treatment planning significantly decreases post treat-
ment adverse effects (Koga et al., 2012; Pantelis et al., 2010).

3.2.2. Intracerebral hemorrhage ICH

The role of surgical evacuation is still unclear during the manage-
ment of spontaneous intracerebral hemorrhages. Most of the con-
troversy is associated with the high morbidity inherent to approaching
deeply located hematomas. WMT can help identify the eloquent white
matter tract around the clot and help to plan the safest approach cor-
ridor (Labib et al., 2016). Several authors have shared their experience
with the systematic use of tractography for surgical planning of deep
spontaneous intracerebral hematomas with encouraging results (Labib
et al., 2016; Ritsma et al., 2014). Multicentric randomized prospective
trials are currently being directed to validate these preliminary reports
(Labib et al., 2016). WMT can also be a useful tool for monitoring the
damages and recovery of eloquent white matter tracts during the sub-
acute phase of the hemorrhage, giving some long-term functional
prognosis information (Jang et al., 2016; Kumar et al., 2016).
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