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Abstract
Magnetic resonance imaging tractography permits in vivo visualization of white matter structures. Aside from its academic value,
tractography has been proven particularly useful to neurosurgeons for preoperative planning. Preoperative tractography permits
both qualitative and quantitative analyses of tumor effects upon surrounding white matter, allowing the surgeon to specifically
tailor their operative approach. Despite its benefits, there is controversy pertaining to methodology, implementation, and inter-
pretation of results in this context. High-definition fiber tractography (HDFT) is one of several non-tensor tractography ap-
proaches permitting visualization of crossing white matter trajectories at high resolutions, dispensing with the well-known
shortcomings of diffusion tensor imaging (DTI) tractography. In this article, we provide an overview of the advantages of
HDFT in a neurosurgical context, derived from our considerable experience implementing the technique for academic and
clinical purposes. We highlight nuances of qualitative and quantitative approaches to using HDFT for brain tumor surgery
planning, and integration of tractography with complementary operative adjuncts, and consider areas requiring further research.
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Introduction

During the twentieth century, neurosurgical practice
underwent several revolutions facilitated primarily by techno-
logical advances. Introduction of magnetic resonance imaging
(MRI) in the 1980s permitted detailed, noninvasive visualiza-
tion of neural parenchyma in both normal and pathological
conditions. The introduction of diffusion MRI tractography
towards the end of the 1990s represented another revolution
in neuroimaging as it permitted in vivo visualization of white
matter fascicular architecture. Prior to its introduction,

knowledge of white matter anatomy and its pathological ab-
errations was primarily derived from postmortem dissection,
animal experiments, and the neurological technique of
aphasiology [1]. Though these techniques contributed sub-
stantially to the neuroanatomical lexicon, each suffered from
unique shortcomings [2, 3]. Diffusion MRI tractography ad-
dressed many of these by permitting visualization of living
white matter over large volumes of healthy and diseased
subjects.

Tractography has been adapted for use by neurosur-
geons to provide insight into a wide variety of pathologies
and for preoperative planning. The latter broadly involves
characterizing the spatial characteristics of white matter
tracts in relation to lesions, followed by selection of an
operative trajectory to avoid these eloquent fibers.
Conventional MRI sequences including T1, T2, and
fluid-attenuated inversion recovery (FLAIR) can represent
locoregional changes in the white matter, for example
edema, but cannot differentiate individual white matter
pathways. At a qualitative level, tractography therefore
allows subjective preoperative visualization of white mat-
ter tracts in relation to a space-occupying lesion.
Visualizing qualitative changes such as displacement or
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disruption of tracts may permit the surgeon to tailor their
operative trajectory while minimizing the damage to sur-
rounding fibers. Similarly, these visualized changes, at a
simplistic level may be used to prognosticate with the
hypothesis that a specific neurologic deficit associated
with disruption is potentially irreversible. Quantitative pa-
rameters derived from diffusion-weighted MRI sequences,
for example fractional anisotropy (FA) or quantitative an-
isotropy (QA), may also provide further support towards
characterizing the nature of change in white matter path-
ways by lesions like cavernous malformations and tumors
(displacement, disruption, infiltration) such as high- and
low-grade primary cerebral neoplasms [4–6].

Though diffusion tensor imaging (DTI) [7] was the first
and is possibly the most well-known tractography tech-
nique, it is known to suffer from several critical shortcom-
ings [8]. Non-tensor tractography approaches have been
derived to address these. One of these is high-definition
fiber tractography (HDFT). Over the past decade, we have
utilized and honed HDFT for preoperative planning in
over 100 neurosurgical cases including primary and sec-
ondary neoplasms and cavernomas. We have attempted to
validate HDFT neuroanatomically [9] and for surgical
purposes [10], used it in a series of anatomical studies
[11–16], employed it to study quantitative perilesional
white matter changes in brain tumors [4, 5] and neurode-
generative conditions [17], and devised a large-volume
atlas consisting of averaged diffusion data from over
800 healthy subjects from the Human Connectome
Project [18]. We use our extensive experience of HDFT
to highlight its benefits for neurosurgical planning, in an
effort to increase awareness and implementation among
neurosurgeons.

Methodological Principles

At its most fundamental level, diffusion tractography mea-
sures the innate Brownian motion of water molecules con-
fined within axons (anisotropy) by applying multidirectional
magnetic resonance sensitizing gradients to neural tissue [19].
The collection of obtained diffusion coefficients is recon-
structed by various available tractography algorithms to pro-
duce units of directionality corresponding to microstructural
white matter orientation in the voxel. Joining a series of these
directional units via either deterministic or probabilistic
tractography algorithms enables the visualization of fiber
tracts for study. DTI utilizes at least 6 diffusion gradient sam-
plings to calculate a diffusion tensor, which is a single, aver-
aged unit of directionality [7]. As it employs a Gaussian mod-
el, the diffusion tensor is affected by all constituent diffusion
coefficients. The tensor therefore has a single primary direc-
tion representing the effect of its largest coefficients or would

assume a sphere (i.e., perfect isotropy) if coefficient values
were equal. It is this fundamental limitation of a single tensor
per voxel that renders DTI unable to trace crossing axons at
subvoxel resolution produces numerous false continuities and
prevents the accurate tracking of fibers to their cortical termi-
nations [8, 20–28].More complex tractographic methods have
been devised to address the shortcomings of DTI. HDFT uti-
lizes a non-Gaussian approach, employing generalized Q-
sampling imaging (GQI) [29]. GQI is a model-free approach
utilizing the Fourier transform relation between the diffusion
signals and tissue diffusion displacement. It dispenses with the
tensor unit, instead producing a spin distribution function
(SDF) corresponding to direction of water diffusion within

�Fig. 1 A 66-year-old male was incidentally found to have a left-sided
parietal mass following a motor vehicle accident. It was diagnosed as a
low-grade glioma and treated expectantly with repeat MRI scans. Twelve
years following the diagnosis, he presented with right-sided upper and
lower extremity paresthesias and gait instability. It was subsequently
biopsied to reveal pathology consistent with anaplastic astrocytoma,
World Health Organization (WHO) grade III (IDH mutation, MGMT
methylation, TP53 mutation). He subsequently underwent awake
craniotomy with tumor resection under image guidance, and awake
mapping of the cortex. Postoperative recovery was unremarkable, and
the patient was discharged with plans for adjuvant chemotherapy and
radiation treatment. (a) A preoperative sagittal T1-weighted MRI image
demonstrating the parietal lesion on the left. (b) A preoperative infero-
superior axial T2-weighted MRI image demonstrating the parietal lesion,
located adjacent to the sagittal fissure. (c) A sagittal image demonstrating
preoperatively obtained tractography. The tumor is visible (pink), as are
the tracts surrounding it. It is apparent that the tumor has invaded the
superior longitudinal fasciculus (purple), which lies atop the arcuate
fasciculus (green). Immediately anterior to the tumor is the corticospinal
tract (orange). Posterior and inferior to the tumor is the posterior aspect of
the middle longitudinal fasciculus (white). Inferior to the tumor is the
inferior fronto-occipital fasciculus (red). Behind these tracts lies the
cingulum (blue), a para-sagittally oriented tract. (d) A superior-aspect
axial image demonstrating preoperatively obtained tractography. The
tumor is visible (pink), and it is apparent that the tumor has infiltrated a
large part of the left posterior cingulum (blue). In close proximity to the
tumor are the corticospinal tract (orange) lying anterolaterally, the
superior longitudinal fasciculus (purple) running parallel to the tumors
lateral margin, and the middle longitudinal fasciculus (white) running
inferiorly to the tumors inferior margins. Other visible tracts are the
arcuate fasciculus (green) and the inferior fronto-occipital fasciculus
(red). If the tracts are compared with the contralateral (right)
hemisphere, the effects of displacement and infiltration by the tumor are
apparent. (e) A sagittal image demonstrating postoperatively obtained
tractography. The tumor has been removed. Apparent is that the
corticospinal fibers (orange) were previously disrupted by the tumor, as
a larger posterior portion is visible following removal, which were not
present on the preoperative scan. A portion of the superior longitudinal
fasciculus (SLF) which had been infiltrated by tumor has been sacrificed,
leaving a thinned-appearing bundle. Otherwise, the other tracts have been
largely unaffected from this aspect. (f) A superior-aspect axial image
demonstrating postoperatively obtained tractography. Following tumor
removal, the posterior portion of the left cingulum (blue) has been
sacrificed due to tumor infiltration. A larger-appearing left-sided
corticospinal tract (orange) and thinner-appearing superior longitudinal
fasciculus (purple) are apparent due to displacement and infiltration
effects, respectively. The other tracts remain largely unaffected by the
procedure
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the voxel. The SDF is a compound metric, with greater than
one element of directionality contributed to by multiple peak
diffusion values [30], and can thus address the reproduction of
crossing fibers at subvoxel resolutions.

In addition to directional information, DTI and HDFT also
provide quantitative indices related to the underlying white
matter from which measurements were obtained. The diffu-
sion tensor provides an index of FA [31, 32] in addition to
diffusivity [17, 29], both of which are indices of diffusion
speed. The SDF provides an index of QA, which is the amount

of anisotropic spins that diffuse along the fiber orientation [29,
33] rather than the velocity of water diffusion. Both FA and
QA are used as thresholds to terminate tracking of either prob-
abilistic or deterministic tracking algorithms [17]. Some of the
alternative methods to DTI such as high angular resolution
diffusion imaging (HARDI) [21] and diffusion spectrum im-
aging (DSI) [30] utilize a metric known as the orientation
distribution function (ODF). Importantly, though these
methods are able to visually resolve crossing fibers at
subvoxel resolutions, the ODF does not carry radial diffusivity
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information [17] and is therefore unable to quantitatively de-
fine tissue properties unlike the diffusion tensor or the SDF.

Once the scan data has been reconstructed using either DTI
or HDFT methods, each voxel carries a tensor or SDF corre-
sponding to fiber orientation and spin diffusivity properties. In
cases of pathology, for example a tumor, differences between
the quantitative indices of the intra- or peritumoral voxels and
either the contralateral (healthy) hemisphere or the corre-
sponding area in a separate healthy subject may be compared
[4, 5, 17]. As this approach involves user-selected regions of
interest (ROIs), extensive knowledge of radiological neuro-
anatomy is necessitated and, due to manual selection of indi-
vidual tracts, may be subject to significant inter- or
intrasubject variability (see “Approaches to Fiber
Tracking”). To address this issue, voxel-based analysis ap-
proaches involve normalizing serial scans of the same (or
different) subjects to a stereotaxic space, for voxel-by-voxel
comparison of diffusion differences over time or across sub-
jects [17]. For methods employing more complex diffusion
indices such as ODF and SDF, other approaches based upon
voxel-wise comparison, such as connectometry, have been
devised [17]. Due to the necessity of coregistering individual
scans to a standardized space, this method may not be suitable
for comparing cases involving large space-occupying lesions
such as tumors. For example, removal of a large tumor may
alter structural anatomy to an extent where serial comparison
of pre- and-postoperative scans is unfeasible.

Use of Tractography for Evaluation
of Perilesional White Matter: Qualitative
Approaches

As primary brain neoplasms possess heterogeneous histopath-
ological characteristics, their growth may be diffuse or
intracapsular, may be spread along anatomical planes (e.g.,
butterfly gliomas), may cause intralesional or perilesional ne-
crosis, or may be associated with significant edema. Each of
these factors affects surrounding white matter differently. In
general, however, it is observed that benign, non-neuronal
lesions such as meningiomas and cavernomas cause tract dis-
placement, whereas diffusely proliferating gliomas produce
incremental tract infiltration and destruction with increasing
histopathological grade [5, 34–36] (Fig. 1).

Qualitatively, tractography may be used to visualize
the displacement, disruption, or infiltration of perilesional
white matter. Displacement is defined as a simple shift of
white matter trajectories by a lesion that does not other-
wise destroy them in any way [37]. Lesions comprised of
non-neural tissue, such as metastases or meningiomas,
tend to displace white matter rather than specifically
damage or destroy it. Though lesions such as cavernomas
cause displacement, a pressure effect may damage

neuronal integrity, causing cellular atrophy and loss of
diffusion signal. Disruption is therefore defined as break-
age or thinning of white matter trajectories secondary to a
lesion [6]. High-grade gliomas, comprised of aberrant
neural tissue, may infiltrate [4, 5] white matter tracts,
causing a combination of displacement, disruption, or
outright destruction of white matter. Displaced tracts
may return to their normal position following lesion re-
moval, with minimal residual deficits. Disrupted tracts,
which may appear thinned or broken on preoperative
tractography, may assume their normal appearance fol-
lowing removal of a lesion exerting pressure upon them.
White matter that has been infiltrated by tumor may re-
quire sacrifice during surgery, provided it is not eloquent
or critical to function.

Advantages of Using Non-tensor White Matter
Imaging Techniques with Structural Lesions

Non-tensor approaches such as GQI are preferable for
obtaining qualitative data towards presurgical analysis.
Due to the mass effect produced by space-occupying le-
sions within the cranial vault, intact surrounding white
matter pathways may be pushed into deviated trajectories,
assuming spatial relationships that are difficult to accu-
rately predict based on anatomical principles. An algo-
rithm with ability to demonstrate crossing trajectories at
high resolution may therefore be preferable to demon-
strate pathological arrangements or spatial relationship of
white matter tracts in a 3-dimensional fashion and in re-
lation to a tumor with mass effect [9, 20, 38]. As the
diffusion properties of water within neural tissues are
measured during acquisition, the presence of peritumoral
edema may affect tractography results. Subsequently,
tracts passing through an edematous region may be falsely
incomplete, may show disruption, or may be terminated
abruptly [5, 39]. Zhang et al. [39] demonstrated that GQI-
based tractography (i.e., HDFT) was more reliably able to
demonstrate robust white matter tracts passing through
edematous peritumoral areas compared to DTI. HARDI
methods have also shown an ability to trace tracts passing
through regions of peritumoral edema [40, 41]. This is an
important caveat as surgeons may mistakenly believe that
surrounding white matter tracts have been disrupted by
tumor when, in fact, they are artifactually obscured due
to edema. In these situations, preoperative tractography is
misleading and surgeons may have to rely upon the com-
plementary use of alternative adjuncts such as intraopera-
tive electrical stimulation (IES) [42] to define eloquent
white matter and guide resection depth. It is obvious that
for tractography to be considered a valid preoperative
planning technique, it must provide an accurate represen-
tation of close-proximity peritumoral fibers. The visual
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Fig. 2 All images are taken from the case described in Fig. 1. Tracts have
been colored according to an index with darker blue representing lower
QAvalues and white representing high QAvalues. (a) A superior-aspect
axial view image demonstrating the left and right cingulum bundles
preoperatively. Apparent is the infiltration of the left cingulum by the
parietal tumor (pink). (b) A superior-aspect axial view image
demonstrating the left and right cingulum bundles postoperatively. The
posterior aspect of the left cingulum has been sacrificed due to tumor
infiltration. (c) A left-sided sagittal view demonstrating the left-sided
middle longitudinal fasciculus preoperatively. The superior aspect of the
fascicle has been infiltrated by the inferior growth of the tumor. (d) A left-

sided sagittal view demonstrating the left-sided middle longitudinal
fasciculus postoperatively. Apparent is the very slight loss of fibers
from the superior margin of the fascicle, sacrificed due to tumor
invasion. (e) A left-sided sagittal view demonstrating the left-sided
superior longitudinal fasciculus preoperatively. The medial boundary of
the fascicle abuts the lateral aspect of tumor growth, and these fibers have
been infiltrated. (f) A left-sided sagittal view demonstrating the left-sided
superior longitudinal fasciculus postoperatively. Medial fibers have been
sacrificed due to tumor removal, revealing an overall thinning of the
bundle
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representation of white matter pathways affected by path-
ological processes is better obtained via advanced white
matter imaging techniques, as outlined above (Fig. 2,
compare with Fig. 7).

Approaches to Fiber Tracking

Due to the a r ch i t ec tu r a l d i s to r t i on caused by
intraparenchymal lesions, the use of an atlas-based approach
[11, 12, 14, 15] to seeding fiber tracts is problematic versus
fiber tracking in healthy subjects. This is also true for the
visualization of very small neural structures such as the cra-
nial nerves [16, 43]. In these situations, manual placement of
ROIs is preferable, together with a user’s extensive knowl-
edge of radiological and white matter neuroanatomy. As
white matter tracts may be displaced, disrupted, or infiltrated
by the lesion, ROI placement may also vary from healthy
subjects. Other aids may include the use of overlaid structural
images, such as T1 or FLAIR sequences, though these do not
give an idea of fiber orientation or trajectory. A directional
color map of tensor/SDF directionality is useful for ROI
placement [44]. Red-green-blue directional encoding pro-
vides information regarding either anteroposterior,
superoinferior, or horizontal tract directionality, enabling lo-
calization. When utilized in conjunction with prior anatomi-
cal knowledge, color-encoding schemes are particularly help-
ful for localizing and seeding deviated tracts within distorted
parenchyma (Fig. 3).

Use of Tractography for Evaluation
of Perilesional White Matter: Quantitative
Approaches

As qualitative tract visualization may be affected by ede-
ma or necrosis, quantitative information contained in the
peritumoral voxels (or around other structural lesions)
may provide information regarding the integrity of the
underlying white matter tracts. By comparing these
markers, for example QA, from affected areas in relation
to contralateral homologous unaffected regions from the
same subject, or across subjects, a quantitative indicator
of white matter integrity can be attained with potential for
prognostication [4, 5, 17]. Concurrent qualitative
tractography or validation of index values is required for
meaningful interpretation, thereby leading us to advocate
a combined qualitative and quantitative approach while
interpreting the data from tractography [4, 5]. DTI has
been more prevalent and primarily been utilized for quan-
titative white matter evaluation in neuro-oncology despite
its weaknesses [34, 45–49]. Due to its use of a single
tensor per voxel, affected by all fiber orientations

contained within, heterogeneous fiber populations may
exert an effect upon peritumoral index values, possibly
confounding interpretation [23, 38, 39, 50]. Non-tensor
approaches to quantitative peritumoral white matter anal-
ysis have been attempted [4]. Nevertheless, due to the
heterogeneous molecular and phenotypic characteristics
of gliomas [51] combined with anatomical variables and
acquisition considerations previously described, achieving
a validated reference index of peritumoral anisotropy is a
challenging task requiring extensive work (Fig. 4).

�Fig. 3 A 26-year-old male presented to the emergency department
following new-onset, intractable, generalized, tonic-clonic seizures. A
large, 7-cm mass was found within the left sensorimotor area. He
underwent awake craniotomy with electrical stimulation and
microsurgical resection of the tumor. Subtotal resection was achieved
due to the tumors’ proximity to the motor strip. The postoperative
period was otherwise unremarkable, and he was discharged for follow-
up. Surgical pathology revealed a WHO grade II glioma with p53, IDH1,
and MGMT mutations. (a) Anteroposterior view of a coronal T1 slice
demonstrating the tumor (Tu) within the left hemisphere, abutting the
sensorimotor area. (b) Anteroposterior view of the red-green-blue
(RGB) SDF color map. Green areas indicate anteroposterior fiber
orientation; blue areas indicate superoinferior fiber orientation; red areas
indicate horizontal fiber orientation. Tumor is indicated by Tu. On the
right, the arcuate (R AF) and cingulum (R Cing.) have been indicated, the
arcuate lateral to the corona radiata and the cingulum medial to it, and
above the corpus callosum. On the left, the arcuate (L AF) has been
displaced laterally and ventrally by the mass, whereas the cingulum (L
Cing.) has been displaced medially and ventrally (i.e., towards the
contralateral hemisphere). (c) Anteroposterior view of the RGB SDF
color map. Green areas indicate anteroposterior fiber orientation; blue
areas indicate superoinferior fiber orientation; red areas indicate
horizontal fiber orientation. Tumor is indicated by Tu. Fiber tracts have
been overlaid. From this image, the right arcuate (R AF) and cingulum (R
Cing.) are demonstrated relative to the contralateral arcuate (L AF) and
cingulum (L Cing.) which have been displaced. The left arcuate has been
displaced laterally and ventrally, whereas the anterior fibers of the
cingulum have been displaced medially and ventrally and are curving
underneath the inferior aspect of the tumor as they travel forward. (d)
Superoinferior view of the RGB SDF color map. Green areas indicate
anteroposterior fiber orientation; blue areas indicate superoinferior fiber
orientation; red areas indicate horizontal fiber orientation. Tumor is
indicated by Tu. Fiber tracts have been overlaid. From this aspect, the
displacement of the left arcuate (L AF) is apparent, as is the highly
deviated trajectory of the left cingulum (L Cing.), which curves around
the anterior aspect of the tumor. The right cingulum (R Cing.) has been
mildly displaced by mass effect, whereas the right arcuate (R AF) is
largely intact and nondeviated. (e) Superoinferior view of the RGB
SDF color map. Green areas indicate anteroposterior fiber orientation;
blue areas indicate superoinferior fiber orientation; red areas indicate
horizontal fiber orientation. Tumor is indicated by Tu. The course of the
corticospinal fiber tracts is indicated, as it passes through the internal
capsule. At this level, the left corticospinal tract (L CST) is severely
posteriorly displaced, by the tumor, relative to its contralateral
counterpart (R CST). (f) Superoinferior view of the RGB SDF color
map. Green areas indicate anteroposterior fiber orientation; blue areas
indicate superoinferior fiber orientation; red areas indicate horizontal fiber
orientation. Tumor is indicated by Tu. Fiber tracts have been overlaid.
Here, the amount of displacement of the left corticospinal (L CST) tract
versus the right (R CST) is readily apparent
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Interpretation of Indices

Extensive literature regarding the interpretation of quantitative
diffusion indices in brain tumor subjects is lacking. Occult
infiltration of visually and radiologically normal-appearing
(on standard sequences) tissue is particularly challenging to
detect [46, 52]. Nevertheless, attempts to correlate measured
quantitative index values with underlying change have been
made. For example, a DTI-based scheme [34, 53] defined
disruption as isotropic/near-isotropic FA values, infiltration
as a reduction of FA by > 25% with increased apparent diffu-
sion coefficients (ADCs) and abnormal color hues on a
directionally encoded color map, edematous white matter as

a reduction of FA by > 25% with both increased ADC and
normal-appearing directional color encoding, and
displacement as mildly decreased (< 25%) FA values on the
affected side versus the contralateral side, plus displacement
as indicated on directionally encoded color maps. Celtikci
et al. [4] studied the non-tensor metrics of white matter dis-
placement caused by low-grade gliomas. They analyzed the
QA values of peritumoral tract segments and compared them
with whole-tract QA values. Values from the contralateral
(unaffected) side were also obtained. The authors found a
significant increase in the QA ratio of peritumoral/whole tract
segments for affected hemisphere tracts that were visibly
displaced. There was a significant decrease in the QA ratio
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Fig. 4 A 36-year-old male presented to the outpatient clinic with a history
of intermittent seizures and conductive aphasia with intact language
comprehension. Investigations revealed a 4-cm lesion in the left inferior
frontal lobe in the traditional Broca’s area. He underwent craniotomy and
subtotal tumor resection under microscopic guidance. Surgical pathology
revealed a World Health Organization Grade II astrocytoma with 9P
deletion, IDH1 mutation, and MGMT methylation. His postoperative
recovery was unremarkable, and he was discharged for routine follow-
up. (a) A preoperative axial FLAIR sequence image demonstrating the
lesion in the left inferior frontal region. (b) A preoperative coronal
gadolinium-enhanced T1-weighted image demonstrating the tumor in
the left inferior frontal region. (c) A preoperative oblique-sagittal view
of the tumor (blue) and surrounding tracts. The inferior fibers arcuate

fasciculus (AF) in the frontal lobe have been separated from the
superior fibers which are intermingled with the fibers of the superior
longitudinal fasciculus (green), lying atop the arcuate. (d) A
postoperative sagittal view of the left hemisphere following tumor
removal. Apparent is a more robust collection of arcuate fibers which
had been disrupted by the tumor (compare with (c)). (e) A preoperative
coronal view demonstrating specifically the bilateral frontal aslant tracts
(yellow). On the left, the tumor (blue) is displacing the middle portion of
the frontal aslant tract, giving it a more curved trajectory versus its right-
sided counterpart. (f) A postoperative oblique view demonstrating the
resection cavity of the tumor and its relation to the frontal aslant tract
(yellow). The very close proximity of the tract to the tumor bed is
apparent
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of peritumoral/whole tract segments on the affected side for
tracts that were visually infiltrated. Though this was a relative-
ly small-volume study of low-grade gliomas in all brain areas,
it indicated the potential of the technique as an alternative to
FA-based indices.

Alternative Quantitative Indices

Alternative quantitative indices are available for assess-
ment of perilesional white matter. Acquisition of HDFT
scans enables restricted diffusion index (RDI) and non-
restricted diffusion index (NRDI) to be obtained in ad-
dition to quantitative anisotropy. These indices may be
utilized together to enhance an understanding of
perilesional white matter changes. For example, areas
demonstrating a high RDI can be interpreted as
possessing a higher cellular density [54], though these
high RDI areas may be isotropic rather than anisotropic.
The caveat of this approach is that RDI can demonstrate
the presence of perilesional white matter, but due to
isotropy, tracts will lack directionality and will appear
as noise on tractography. Importantly, obtaining RDI
and NRDI does not add additional scanning time and
is therefore clinically feasible (Fig. 5).

Predicting Therapeutic Responses

Both qualitative and quantitative tractography approaches
have been utilized to predict responses to surgical [55] and
nonsurgical [56–59] neuro-oncological interventions. In gen-
eral, qualitative assessment of white matter replacement on
postoperative tractography can give an approximation of func-
tional outcomes [50, 60]. This may be particularly useful for
tumors involving the corticospinal tracts or optic radiations,
where functional deficits can be readily assessed and correlat-
ed with white matter changes. For tumors involving the asso-
ciation fascicles, the neural substrates of abstract faculties
such as language, object recognition, and visuospatial locali-
zation among many others, correlations between postopera-
tive anatomical tractography and existing or future deficits
are harder to make. Moreover, due to edema occurring post-
operatively, non-tensor approaches may be of greater benefit
for postoperative study, which we have previously discussed.
In one of the few large-volume studies in this area, Castellano
et al. [55] utilized multimodal data, including qualitative DTI
tractography to study the effect of tumor white matter infiltra-
tion on surgical outcome in 60 high- and low-grade glioma
patients. The authors found that tumor infiltration of certain
association tracts and the corticospinal tracts was predictive of
suboptimal surgical outcome. This was attributed to the lower
likelihood of an infiltrating tumor to be totally resected. As
these studies involved primarily DTI-based metrics, it is not

known whether non-tensor approaches may offer similar or
improved information pertaining to outcome prediction in gli-
oma cases.

Combination of Tractography with Diagnostic
and Intraoperative Functional Adjuncts:
Beyond Structural Imaging

Although tractography is able to demonstrate in vivo
white matter architecture and cortical connectivity, it does
not provide information regarding the function of tracts.
Inferences may be made by correlating tract connectivity
with known roles of particular cortical areas derived from
techniques such as functional MRI (fMRI), magnetoen-
cephalography (MEG), or IES. Holodny et al. [61] first
described the technique of fMRI-tractography integration.
The authors utilized functional activations corresponding
to the motor strip as seeding ROIs for the corticospinal
tracts in a series of 7 high-grade glioma patients. The
method of using cortical functional activations from either
fMRI or MEG as seeding points for tracts underpins the
use of these techniques for presurgical planning. As tu-
mors may cause distortion of both gray and white matter
anatomy, typical functional areas may become displaced
or invaded [62–64]. A combination of functional neuro-
imaging and white matter tractography therefore rein-
forces the preoperative benefit of each separate technique
by permitting for dedicated anatomo-functional correla-
tion [65–68].

Intraoperative Electrical Stimulation
and Tractography

Application of IES as an operative adjunct guiding resection
depth has been well described in the literature [42, 69–71].
Some consider it a gold standard method of anatomo-
functional correlation due to its ability to provide real-time
information pertaining to the eloquence of visualized struc-
tures during surgery [72]. Nevertheless, as white matter ap-
pears homogeneous to the naked eye, it is impossible to de-
finitively know exactly which structure the probe is stimulat-
ing. Furthermore, stimulation may cause propagation of the
electrical signal to adjacent areas, eliciting functional response
from these structures instead of the area being probed [73].
Regarding the dual use of tractography with IES, the latter
method may be useful when considering the inability of DTI
to reliably trace fibers through peritumoral areas. Despite
negative tractography results, IES can demonstrate that these
areas, in fact, retain eloquence and necessitate sparing [74]. As
non-tensor approaches (i.e., GQI, HARDI) are better able to
trace close-proximity peritumoral fiber tracts [39–41],

44 S. S. Panesar et al.



Fig. 5 The use of alternative indices derived from HDFT scans. On the
top row are standard T1-weighted axial slices from a patient with a tumor
in the right occipital lobe. Underneath this row are the corresponding
slices taken from a QA map. Apparent are the bright areas of higher
QA, which correspond to subcortical white matter. Notably in the right
occipital lobe, there is an area of very low QAwith a loss of white matter
definition. The row below this demonstrates the RDI map corresponding

to the same slices as the upper rows. Notably, peritumoral white matter
definition is present and superior to the QA map, indicating that tracts
may still be passing very close to the tumor, which is not apparent on the
QA map. The bottom row is a series of axial slices corresponding to the
above, but demonstrating NRDI maps. Apparent on this, and not the
others, is the extent of peritumoral edema which may be useful for
surgeons in preoperative assessment
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combining advanced tractography and IES may lead to an
even more accurate method of anatomo-functional localiza-
tion. The complementary use of the 2 techniques warrants
further exploration.

Image Guidance and Intraoperative Tractography

Attempts have been made to fuse both preoperative [75,
76] and intraoperative [77, 78] tractography with image
guidance methods. Aside from the corticospinal tracts,

this technique may be particularly useful for procedures
involving the anterior temporal lobe where Meyer’s loop
is susceptible to damage due to its proximity to the tem-
poral pole [79, 80]. Preoperative tractography may be of
limited benefit for this approach, as MRI sequences are
obtained prior to craniotomy and will not account for
brain shift occurring upon craniotomy [81]. Upon skull
opening, both gray and white matter structures will as-
sume novel spatial position in relation to fixed land-
marks, making preoperatively conducted tractography

Fig. 6 (a)–(d) Images obtained by applying GQI-based reconstruction
techniques to diffusion data from various healthy and diseased subjects,
acquired using various diffusion MRI protocols on various devices.
Subjects in (b)–(d) were acquired using a 32-direction diffusion scheme
on a Philips device. DSI studio (http://dsi-studio.labsolver.org) was
utilized for reconstruction and fiber tracking. Color scheme of fibers is
directional, with green representing anteroposterior oriented fibers, blue
representing superoinferior oriented fibers, and red representing
horizontally oriented fibers. After GQI reconstruction, a quantitative
anisotropy-based generalized deterministic algorithm was utilized to
provide whole brainstem reconstruction. This involved only a single
ROI, covering the brainstem, cerebellum, and skull base. The maximal
fiber turning angle was 60°, the step size was 0.1, the minimal fiber length
was 10 mm, and the maximal fiber length was 20 mm. (a) An anterior,
oblique, inferosuperior aspect view of the tractographic reconstruction of
the brainstem structures of a healthy subject from the Human
Connectome Project database (see Panesar et al. [13, 14] for acquisition
of parameter details). Visible in a descending order bilaterally are the
optic chiasm (Chi.), CN III, CN V, CN VII, CN VIII, and CN IX/X/XI

complex. (b) An anterior, oblique, inferosuperior aspect view of the
tractographic reconstruction of the brainstem structures of a healthy
subject. Visible in a descending order bilaterally are CN II, CN III, CN
V, and CN VII/VIII complex. (c) An anterior, oblique, inferosuperior
aspect view of the tractographic reconstruction of the brainstem
structures of a subject with a giant (Koos IV) left-sided vestibular
schwannoma. The tumor has displaced the CN VII/VIII complex
anteriorly and superiorly, while CN V has also been displaced
superiorly. CN IX/X/XI has been displaced inferiorly and medially,
while CN VI has been displaced medially. The tractography approach
was beneficial in preoperative planning and led the surgeons to choose
a subtemporal approach to the tumor. (d) An anterior, oblique,
inferosuperior aspect view of the tractographic reconstruction of the
brainstem structures of a subject with a left-sided petroclival
meningioma. CN III has been severely displaced upwards by the tumor,
while CN Vand VI were in close contact. Also visible from this view are
the V1/V2/V3 branches of CN V. The tractography approach was
beneficial in preoperative planning and led the surgeons to choose a
subtemporal approach to the tumor
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nonrepresentative. Feasibility of intraoperative MRI-
derived tractography has been demonstrated [77, 78].
As imaging is obtained following craniotomy and

subsequent parenchymal shift, tractography is structurally
representative of the novel spatial positioning of white
matter. Incorporation of intraoperative tractography

Fig. 7 (a), (b) A case of a 48-year-old female initially presented with a
history of migraine, occipital neuralgia, and left-sided Horner’s
syndrome, initially diagnosed as a left vertebral artery dissection. This
was stented without complication. Two years later, she presented to
neurosurgical clinic with left-sided eyelid drooping, sluggish left pupil,
left frontoparietal headaches, and generalized clumsiness. Subsequent
MRI revealed a 2-cm mass suspicious for glioma. She underwent
awake craniotomy with stimulation. The tumor was removed without
significant postoperative complication. Surgical pathology revealed a
WHO grade IV glioblastoma, with IDH1 R132H mutation. (a) A
compound superior-aspect axial slice produced in Surgical Theater
(Ohio, USA) virtual reality software demonstrating a combination of
computerized tomographic imaging (bone windows and vascular
structures) overlaid with T1-weighted MRI images and tractography
(obtained via DTI rather than HDFT). Visible in the left occipital lobe
is a small glioma with possible displacement of left-sided inferior fronto-
occipital fasciculus (blue). This software is compatible with commercially
available virtual reality (VR) hardware and was used for preoperative
planning for this case. (b) A compound posterior-aspect cutaway view
of the left hemisphere produced in Surgical Theater software. Visible
from this aspect is the overlying bone of the cranium, vascular
structures, parenchyma from a T1-weighted MRI, and inferior fronto-
occipital (blue) and arcuate (yellow) fasciculi. What is clear is that no
fibers are seen to be in close proximity to the tumor. This may be because
of the problems with DTI reconstruction techniques demonstrating close-

proximity fibers. This software is compatible with commercially
available VR hardware and was used for preoperative planning for this
case. (c), (d) A case of a 66-year-old female was admitted via the
emergency department with symptoms including dizziness, diplopia,
nystagmus, partial right-sided VI palsy, and intractable nausea. MRI on
admission revealed a hemorrhage within the right middle cerebellar
peduncle, from a likely cavernous malformation. She underwent
stereotactically guided right retromastoid craniotomy, microscopic
resection aided by the use of a microscopic CO2 laser. During surgery,
she was found to have hematoma within the right middle cerebellar
peduncle, surrounding a 5-mm cavernous malformation. Removal was
successful, and she suffered no postoperative complications. (c) A
posterior oblique, coronal view using a combination of computerized
tomography angiography, T1-weighted MRI, and DTI tractography.
Blue fibers represent the bilateral corticospinal tracts, while the orange
fibers include those of the middle cerebellar peduncle surrounding the
cavernous malformation and possible hematoma. Both the corticospinal
tract fibers and middle cerebellar peduncular fibers suffer from false
continuity artifacts which are, in fact, corpus callosum fibers. This is a
recognized shortcoming of the DTI technique. (d) A right-sided sagittal
view using the same imaging sequences described in (c). Clear from this
aspect are the orangemiddle cerebellar peduncular fibers, surrounding the
cavernous malformation. The peduncular fibers suffer false continuities
with the blue corticospinal tract fibers, while both corticospinal and
peduncular fibers falsely blend with fibers of the corpus callosum
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sequences with image guidance [77, 78, 81, 82] to guide
resection and preserve eloquent white matter may emerge
as a potential technique in the future.

Tractography and Cranial Nerve Reconstruction

One of the biggest challenges in neurosurgical tractography
has been the accurate tracking of cranial nerves [16, 43, 83,
84]. Imaging cranial nerve structures is particularly important
for the skull base surgeon as they are often displaced by tu-
mors or vascular structures and must be preserved to prevent
deficits. Few plain imaging techniques [85, 86] are able to
visualize cranial nerve structures reliably due to both their
very small size and potential for imaging artifacts conferred
by surrounding structures such as bone and air-filled maxillo-
facial sinuses. Tractography has been used both qualitatively
[16, 83, 84, 87–90] and quantitatively [91–95] for cranial
nerve applications. Qualitatively, it may be useful to delineate
the optic nerves in gliomas [96], chiasmatic displacement by
pituitary tumors [16, 97], the trigeminal nerve in trigeminal
neuralgia [90–95], and the vestibulocochlear complex in
acoustic schwannomas [16, 87, 90]. Quantitatively, the use
of diffusion indices has been trialed to provide an indicator
of nerve impingement in trigeminal neuralgia and hemifacial
spasm syndromes [91–95].

Despite these potential applications, obtaining reliable, sur-
gically useful tractography of these very small structures re-
mains challenging and optimal acquisition sequences may dif-
fer from those used to visualize hemispheric white matter
architecture. In our 2016 paper [16], we highlighted a deter-
ministic HDFT approach using user-positioned ROIs, which
successfully traced cranial nerves I–XII in 5 healthy and 3
diseased subjects including an optic-hypothalamic glioma, a
petroclival meningioma, and a giant adenoma demonstrating
suprasellar extension and cavernous sinus invasion.
Alternative approaches that have demonstrated promise in-
clude the use of DTI in combination with probabilistic
tractography [43, 98], and full brainstem tracking (see
Fig. 6). Future studies should ideally focus upon the correla-
tion of fiber tractography with both intraoperative visual con-
firmation and neurophysiological monitoring.

Future Directions

We have highlighted the potential benefits and pitfalls inher-
ent to the neurosurgical application of in vivo MRI
tractography. Though DTI has had the advantage of being
the first available tractography method, it has significant lim-
itations (Fig. 7). Non-tensor approaches, which are able to
resolve intravoxel crossing fibers, may be advantageous for
qualitative tract visualization in brain tumor cases. Despite
initial attempts towards utilizing non-FA metrics for quantita-
tive white matter analysis, further validation is required via

future studies. A validated reference index of QA values
pertaining to both healthy and diseased states is required for
accurate quantitative analysis while utilizing GQI-based tech-
niques. Some have questioned the value of tractography as a
presurgical planning aid [99] given that IES techniques can
provide direct functional information. One potential way to
address this controversy is to correlate first intraoperative
tractography with image guidance for spatial accuracy and
then to correlate this data with functional information provid-
ed by IES. Further avenues of exploration include the use of
tractography as a biomarker in neurodegenerative conditions
[17, 100], integrating it with virtual reality modalities (see
Fig. 7) and assessing its usefulness in neoplasms of the spinal
cord.

Conclusions

Advanced white matter imaging techniques including HDFT
are a valuable method with ability to enhance neurosurgical
planning. Addressing controversies pertaining to methodolo-
gy and application will enable optimization of tractography
for neurosurgical planning. As tractography does not offer
functional information, further work must be done to integrate
it with functional adjuncts such as IES, and other surgical
adjuncts such as image guidance. A true, gold standard ap-
proach to neuro-oncology cases is therefore a holistic one
consisting of both structural and functional adjuncts, and
which ultimately translates to optimized patient outcomes.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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