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Objective: This paper presents a systematic review of diffusion MRI (dMRI) and

tractography of cranial nerves within the posterior fossa. We assess the effectiveness

of the diffusion imaging methods used and examine their clinical applications.

Methods: The Pubmed, Web of Science and EMBASE databases were searched from

January 1st 1997 to December 11th 2017 to identify relevant publications. Any study

reporting the use of diffusion imaging and/or tractography in patients with confirmed

cranial nerve pathology was eligible for selection. Study quality was assessed using the

Methodological Index for Non-Randomized Studies (MINORS) tool.

Results: We included 41 studies comprising 16 studies of patients with trigeminal

neuralgia (TN), 22 studies of patients with a posterior fossa tumor and three studies

of patients with other pathologies. Most acquisition protocols used single-shot echo

planar imaging (88%) with a single b-value of 1,000 s/mm2 (78%) but there was

significant variation in the number of gradient directions, in-plane resolution, and

slice thickness between studies. dMRI of the trigeminal nerve generated interpretable

data in all cases. Analysis of diffusivity measurements found significantly lower

fractional anisotropy (FA) values within the root entry zone of nerves affected

by TN and FA values were significantly lower in patients with multiple sclerosis.

Diffusivity values within the trigeminal nerve correlate with the effectiveness of surgical

treatment and there is some evidence that pre-operative measurements may be

predictive of treatment outcome. Fiber tractography was performed in 30 studies

(73%). Most studies evaluating fiber tractography involved patients with a vestibular

schwannoma (82%) and focused on generating tractography of the facial nerve

to assist with surgical planning. Deterministic tractography using diffusion tensor

imaging was performed in 93% of cases but the reported success rate and accuracy

of generating fiber tracts from the acquired diffusion data varied considerably.
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Conclusions: dMRI has the potential to inform our understanding of the microstructural

changes that occur within the cranial nerves in various pathologies. Cranial nerve

tractography is a promising technique but new avenues of using dMRI should be explored

to optimize and improve its reliability.

Keywords: MRI—magnetic resonance imaging, diffusion MRI (dMRI), tractography, cranial nerves, brain tumors,

trigeminal neuralgia (TN)

INTRODUCTION

Diffusion magnetic resonance imaging (dMRI) is a non-invasive
magnetic resonance imaging (MRI) technique that is able to
provide a quantitative assessment of a tissue’s microstructure.
dMRI is sensitive to the displacement of water subject to
thermally driven Brownian motion and can reveal a tissue’s
orientational organization (Le Bihan et al., 2001; Basser and
Jones, 2002; Jellison et al., 2004). Fiber tractography is a

three-dimensional reconstruction of the dMRI data enabling
visualization of neural tracts and the brain’s connectivity (Mori

and van Zijl, 2002; Parker and Alexander, 2005; Gong et al.,
2009). Diffusion tensor imaging (DTI) was the initial model

to describe the orientational information in dMRI data; it has
become a well-established method for imaging the brain’s white

matter tracts and is now an essential tool in neuroimaging

analysis and diagnosis (Assaf and Pasternak, 2008; Ciccarelli
et al., 2008). White matter fiber tractography is routinely used

in preoperative surgical planning (Nimsky et al., 2005; Yogarajah
et al., 2009; Duncan et al., 2016) and may also be incorporated
into the neuronavigation system to guide surgery intraoperatively
(Coenen et al., 2001; Nimsky et al., 2005; Nowell et al., 2015).

More recently, there has been growing clinical interest in
utilizing tractography of the cranial nerves in order to assist
clinical diagnosis of various neurological pathologies and to
inform the surgical planning of neurosurgical procedures such
as brain tumor surgery. There are twelve sets of paired cranial

nerves (CN I-XII) that typically relay information between the
brain and regions of the head and neck and are numbered
according to their rostral-caudal positionwhen viewing the brain.

The first two cranial nerves—the olfactory [CN I] and optic
nerves [CN II] are both sensory nerves, composed of afferent
fibers relaying smell and vision, respectively, entering the brain
within the anterior and middle cranial fossae. The remaining
ten cranial nerves (the oculomotor [CN III], trochlear [CN
IV], trigeminal [CN V], abducens [CN VI], facial [CN VII],
vestibulocochlear [CN VIII], glossopharyngeal [CN IX], vagus
[CN X], spinal accessory [CN XI], and hypoglossal [CN XII])
emerge from the brainstem and course through the posterior
fossa and fluid cisterns before exiting the skull (Matsuno et al.,
1988). Diffusion MRI and tractography of the cranial nerves in
this region is technically challenging due to the nerves’ small size
(typically 1–5mm in maximal diameter) and their anatomical
location within cerebrospinal fluid (CSF) and close to tissue-air
and tissue-bone interfaces (Figure 1).

This paper provides a systematic review of the clinical
applications of dMRI and tractography of the cranial nerves

within the posterior fossa (CN III-XII). Its aim is to inform
clinical readers who are unfamiliar with this imaging modality
of the technique’s clinical potential, but technical readers with an
interest in diffusion imaging form a secondary readership. To aid
the reader’s understanding, we begin with a brief summary of the
biological and physical basis of diffusion MRI and tractography.
This is followed by a critical summary and appraisal of different
imaging techniques employed that will be of interest to both
clinical and technical readers. Finally, we review the effectiveness
of these advanced imaging techniques in the context of cranial
nerve imaging, examining the various clinical applications for
this emerging technology.

BASIC PRINCIPLES OF DIFFUSION
IMAGING AND TRACTOGRAPHY

Diffusion MRI
Diffusion-weighted MRI creates image contrast based on the
relative diffusion of water molecules in tissue. In water, water
molecules are able to diffuse freely, and diffusion is equal in all
directions (termed isotropic diffusion). However, the diffusion
of water molecules inside organic tissues is often anisotropic
(Tanner, 1979) as a result of a tissue’s cellular microstructure.
In white matter tracts and cranial nerves, diffusion is primarily
restricted by axonal membranes, and myelin sheaths causing
restricted diffusion perpendicular to the length of the axon with
the direction of maximum diffusivity being parallel to the axonal
orientation (Moseley et al., 1990).

To sensitize the MRI signal to diffusion, a diffusion-weighting
magnetic gradient is applied along a certain axis. Acquiring
multiple dMRI images with different diffusion-weighting
magnetic gradient orientations can then provide information on
the orientation of maximum diffusion. Information concerning
the tissue’s anisotropy was first described within the diffusion
tensor framework, which is an abstract mathematical model of
diffusion in three-dimensional space (Basser et al., 1994). The
tensor model consists of a 3 × 3 matrix derived from diffusivity
measurements in at least six non-collinear directions. The
diagonal elements (Dxx, Dyy, Dzz) of the tensor represent the
diffusion coefficients measured in a frame of reference along each
of the principal (x-, y-, and z-) directions. The off-diagonal terms
reflect correlation between each pair of principal directions.
Conceptually, a diffusion tensor may be visualized as an ellipsoid
where the principal major axis is orientated in the direction
of maximum diffusivity (Basser et al., 1994). The ellipsoid is
characterized by three orthogonal eigenvectors (ε1, ε2, and ε3)
and its shape determined by three eigenvalues (λ1, λ2, and
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FIGURE 1 | Imaging of upper (a–d) and lower (e–h) pons. (a,e) High contrast T2-weighted images illustrating the trigeminal nerve (white 5-pointed star) and the facial

and vestibulocochlear nerves (white 6-pointed star). [acquired with a ZOOMit sequence and a 0.5 × 0.5 × 0.5mm voxel size]. (b,f) mean b0 diffusion weighted image.

(c,g) mean b1000 diffusion weighted image. (d,h) Diffusion-encoded-color map. Note the green anterior trigeminal projections from the brainstem in (d) and the red

right-left projections of the CN VII/VIII complex in (h) [more pronounced on the subject’s right-hand side].

λ3). The eigenvectors represent the major, medium, and minor
principal axes of the ellipsoid and the eigenvalues represent the
diffusivities in these three directions, respectively (Mori et al.,
1999; Basser et al., 2000).

Specific quantitative diffusivity metrics may be calculated
from the tensor including axial (AD), radial (RD), and mean
diffusivities (MD), as well as a composite metric, fractional
anisotropy (FA). The local fiber orientationmay also be visualized
in a directionally-encoded color (DEC) map of the diffusion
tensor that is based on the orientation of the diffusion tensor’s

first eigenvector (ε1). These maps are generated by mapping
the major eigenvector’s directional components in the x-, y-,
and z-planes into RGB color channels and weighting the color
brightness by FA.

Fractional anisotropy (FA) is ameasure of the coherence of the
underlying microstructure and has been shown to correlate both
with axonal counts (Schmierer et al., 2007; Gouw et al., 2008)
and myelin content (Schmierer et al., 2007). Mean diffusivity
(MD) detects the overall diffusion coefficient and is an index
proportional to free water and a sensitivemarker of inflammation
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(Werring et al., 1999; Beaulieu, 2002). Another measure of
average diffusion is the Apparent Diffusion Coefficient (ADC);
the difference being that the ADC is usually derived from the
DWI data directly while MD is derived from the tensor fitting
on the DWI data. However, as evidenced by the studies included
in this review, this terminology is not always strictly followed.
Axial diffusivity (AD) indicates diffusion along the main axis of
the ellipsoid and radial diffusivity (RD) is a measure of diffusion
along the other two orthogonal directions. Animal studies have
shown that the AD and RD are good predictors of axonal loss
and demyelination, respectively (Song et al., 2002, 2003; Budde
et al., 2007) and these have been used as surrogate in vivo
markers to illustrate axonal integrity (AD) and myelin damage
(RD) (Concha et al., 2006; Kraus et al., 2007; Naismith et al.,
2009). Despite a high sensitivity to microstructural changes, these
quantitative metrics are also affected by factors not incorporated
in the diffusion tensor model; such as crossing fibers and other
complex fiber architecture, or partial voluming—reducing their
specificity (Alexander et al., 2001; Vos et al., 2011, 2012). For a
more detailed introduction to DTI and other advanced diffusion
methods, readers are referred to a review by Tournier et al.
(2011).

Tractography
The brain’s white matter tracts are composed of bundles of axons
that share a similar destination and may be delineated using
tractography or fiber-tracking algorithms (Parker and Alexander,
2005; Assaf and Pasternak, 2008; Ciccarelli et al., 2008; Gong
et al., 2009). Similarly, peripheral nerves are comprised of axons
that connect the central nervous system to an end organ. As
diffusion imaging and tractography methods have advanced, this
technique has been applied to reconstruct ever smaller white
matter structures including the cranial nerves.

Tractography uses the voxel-wise information provided by
diffusion MRI to infer connections between adjacent voxels
that may belong to the same tract to reconstruct the white
matter architecture in 3D (Mori and van Zijl, 2002; Lazar
et al., 2003). The commonest type of tractography algorithm,
deterministic tractography, delineates white matter pathways by
using an in-line propagation technique whereby data within
each voxel directs the tracts subsequent extension. Deterministic
tractography is reliant upon three elements: the identification
of a suitable starting position to initiate the algorithm (the
seed point); continued propagation of the track along the
estimated fiber orientation; and the termination of the track when
appropriate criteria are met (Mori and van Zijl, 2002; Tournier
et al., 2011). Selecting an appropriate seed point is typically
performed by the operator but other methods such as selecting
the seed point based on functional MR data exist (Tournier et al.,
2011). Deterministic DTI tracking uses the first eigenvector of
the diffusion tensor to provide a suitable estimate of the fiber
orientation within each voxel and then propagates the track
according to a fixed user-specified step-size. The most common
way of terminating a track is to set a threshold based on ameasure
of diffusion anisotropy (typically FA) such that if the anisotropy
falls below a certain value (e.g., FA< 0.2), the track is not allowed
to propagate any further.

Probabilistic tractography aims to address the problem of
uncertainty of directional information by creating multiple
streamlines from a selected distribution of possible fiber
orientations with the results presented in the form of a
probability distribution, rather than a single “best fit” (Behrens
et al., 2007; Tournier et al., 2011). Most probabilistic methods
are based on the same underlying model as their deterministic
counterparts and so are affected by the same limitations;
however, they are able to provide an estimate of the “precision”
with which a tract has been reconstructed (Tournier et al.,
2011). Several studies examining large matter tracts have
demonstrated advantages of using probabilistic tracking over
standard deterministic tracking (Farquharson et al., 2013; Li et al.,
2013; Lilja et al., 2014; Mandelli et al., 2014) and Rueckriegel
et al. recently described the benefits of probabilistic tracking to
depict the auditory pathway in cases of vestibular schwannoma
(Rueckriegel et al., 2016).

METHODS

The Preferred Reporting Items for Systematic Reviews andMeta-
Analyses (PRISMA) Statement was used in the preparation of this
manuscript (Moher et al., 2009) and the study was registered with
PROSPERO: an international prospective register of systematic
reviews (CRD117068).

A structured search of the Pubmed, Web of Science and
EMBASE databases was undertaken over a 20-year period.
The last date of the search was December 11th, 2017. Two
independent researchers applied the search criteria using the
Boolean search terms:

1 (diffusion tensor imaging OR diffusion MRI OR diffusion
tensor tracking OR tractography OR fiber tracking OR fiber
tracking)

AND
2 (oculomotor nerve OR trochlear nerve OR trigeminal

nerve OR abducens nerve OR facial nerve OR vestibular
nerve OR vestibulocochlear nerve OR cochlear nerve OR
vestibulocochlear complex OR facial-vestibulocochlear complex
OR glossopharyngeal nerve OR vagus nerve OR accessory nerve
OR hypoglossal nerve OR cranial nerve)

Reference lists of included articles were also reviewed, and
expert opinion sought, to identify further eligible publications.

Eligibility for inclusion in the systematic review included
peer-reviewed publications in which English-language
manuscripts were available through electronic indexing
comprising:

1. Clinical studies of patients with associated cranial nerve
pathology.

2. Diffusion MRI and/or fiber tractography of lower cranial
nerve(s) has been performed.

3. The diffusion imaging technique used has been described.
4. The imaging success rate is reported.

Full articles were obtained and further assessed for eligibility
and any discrepancy was resolved through mutual review and
involvement of the senior author.
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In total, 805 articles were identified through the database
searches and an additional record was identified through
other sources. Following removal of duplicate and non-English
language studies, 534 manuscript titles and abstracts were
screened. After applying the eligibility criteria 48 full text articles
were reviewed and a further 7 articles were excluded. In all,
41 studies satisfied the inclusion criteria and were included in
further qualitative analysis (Figure 2).

Data extraction was performed using a table with a predefined
set of criteria including:

1. Study design.
2. Study group characteristics, including the number of patients,

duration of symptoms (in cases of trigeminal neuralgia),
tumor characteristics (where applicable), and treatment
modality.

3. Imaging acquisition details, including hardware, data specifics
(including sequence(s), number of directions (number of
signal averages), acquired voxel size, b-value(s), scan time),
and software.

4. Diffusion processing methods, including region of
interest, fiber tractography method (type [deterministic
or probabilistic], number of ROI(s), Fractional anisotropy
threshold.

5. Effectiveness of dMRI analysis, including success rate in
generating tractography results and diffusivity measurements
of the target cranial nerve(s). In surgical cases, the method and
results of any intraoperative validation was also noted.

6. Key findings.

The methodological quality of the included studies was assessed
by using the Methodological Index for Non-Randomized Studies
(MINORS) scoring system for observational studies (Slim et al.,
2003). Observational studies include comparative studies such as
case-control and cohort designs, and patient series which may
or may not involve comparisons between groups. All studies are
scored on the following criteria: (1) A stated aim of the study;
(2) Inclusion of consecutive patients; (3) Prospective collection
of data; (4) Endpoint appropriate to the study aim; (5) Unbiased
evaluation of endpoints; (6) Follow-up period appropriate to the
major endpoint; (7) Loss to follow-up not exceeding 5%; (8)
Prospective calculation of the study sample size. Comparative
studies are also scored with respect to; (9) An adequate control
group; (10) Contemporary groups; (11) Baseline equivalence
of groups; (12) Adequate statistical analyses. Rating scores out
of 16 and 24 for non-comparative and comparative studies,
respectively, were generated by the lead author. Studies of greater
quality, i.e., those with a higher MINORS score, were given
greater weighting in the subsequent qualitative synthesis.

RESULTS

Forty-one studies satisfied the inclusion criteria and underwent
qualitative analysis, including 20 case series, 15 non-randomized
case-control studies, 4 cohort studies and 2 case reports. A
maximum of 959 participants were included across all studies
(ranging from 1 to 150 subjects per study), if multiple studies

form a single institution did not include overlapping patient
groups. Twenty-two studies focused on imaging the cranial
nerves in relation to a posterior fossa tumor (Taoka et al., 2006;
Chen et al., 2011; Gerganov et al., 2011; Roundy et al., 2012;
Zhang et al., 2013, 2017; Choi et al., 2014; Ulrich et al., 2014; Wei
et al., 2015, 2016; Yoshino et al., 2015a,b, 2016; Borkar et al., 2016;
Hilly et al., 2016; Ma et al., 2016; Song et al., 2016; Behan et al.,
2017; d’Almeida et al., 2017; Li et al., 2017; Zolal et al., 2017a,b),
16 studies imaged the trigeminal nerve in patients with trigeminal
neuralgia (Herweh et al., 2007; Fujiwara et al., 2011; Leal et al.,
2011; Lutz et al., 2011, 2016; Hodaie et al., 2012; Liu et al., 2013;
Wilcox et al., 2013; DeSouza et al., 2014, 2015; Lummel et al.,
2015; Chen, D. Q. et al., 2016; Chen, S. T. et al., 2016; Lin et al.,
2016; Neetu et al., 2016; Hung et al., 2017) and the remaining 3
studies evaluated DTI and tractography of the cranial nerves in
various other pathologies including the cochlear nerve in cases of
unilateral deafness (Vos et al., 2015), and the trigeminal nerve
in patients with herpetic keratouveitis (Rousseau et al., 2015)
and short lasting unilateral neuralgiform headache attacks with
conjunctival injection and tearing (SUNCT) (Coskun et al., 2017)
(Tables 1–3).

Study Quality
The quality of the included studies was variable (Tables 1–4). In
general, the prospective comparative studies evaluating DTI and
tractography in patients with trigeminal neuralgia were of high
methodological quality. The most common type of comparative
study encountered here were case-control studies in which the
non-affected side provided the control group to which the
affected side was compared. Very few studies involving patients
with posterior fossa tumors included consecutive patients or
unbiased assessments of study endpoints but there were notable
high-quality papers involving patients with posterior fossa
tumors and these have been given higher weighting in our
discussion (Taoka et al., 2006; Gerganov et al., 2011; Zhang
et al., 2013, 2017; Yoshino et al., 2015b; Li et al., 2017; Zolal
et al., 2017a). All four cohort studies compared different methods
of acquiring tractography data in patients with posterior fossa
tumors. One of the listed case reports illustrating the use of
tractography in a patient with a petroclival meningioma was
contained within a larger technical paper comparing DTI with a
more advanced multi-fiber model (HDFT: high definition fiber
tractography; Yoshino et al., 2016). However, this advanced
method was only used in one illustrative case that satisfied this
study’s inclusion criteria so the article was listed as a case report
and assessed using the MINORS scoring for non-comparative
studies. None of the studies included in this review documented
a prospective calculation of study size.

Image Acquisition and Processing
A variety of different MR scanners manufactured by Siemens,
GE and Philips were used in the acquisition of the diffusion
data. Thirty-seven studies (90%) were performed using 3T
machines with the remaining 4 studies using 1.5T scanners.
Most acquisition protocols used single-shot echo planar imaging
(88%) with a single b-value of 1,000 s/mm2 (78%) but the
number of gradient directions, in-plane resolution, and slice
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FIGURE 2 | PRISMA flow diagram of article selection.

thickness varied considerably (Tables 1–3). The acquisition
time was documented in a minority of studies (39%); scan
time varied greatly but was typically longer in studies that
used multi-shot imaging acquisition (Chen, S. T. et al., 2016;
Lutz et al., 2016). Various software packages were employed
for the post-processing and tractography, including MatLab
(The MathWorks, Inc., Natick, MA), dTV (http://www.medimg.
info.hiroshima-cu.ac.jp/dTV.II.15g/about.htm) (Masutani et al.,
2003), 3D Slicer (https://www.slicer.org) (Norton et al., 2017),
DTI- and DSI-Studio (http://dsi-studio.labsolver.org) (Yeh
et al., 2013), MedINRIA (https://med.inria.fr) (Toussaint et al.,
2007), SPM8 (https://www.fil.ion.ucl.ac.uk/spm) (Friston, 2007),
iPLAN (Brainlab iPlan, Heimstetten, Germany), trackvis (http://
www.trackvis.org) (Wang et al., 2007), StealthViz (Medtronic
Planning Station S7, Louisville, US), DynaSuite Neuro (in vivo
Corp.; Gainesville, USA), FSL (http://www.fmrib.ox.ac.uk/fsl)
(Jenkinson et al., 2012), TEEM toolkit (https://github.com/
sinkpoint/hodaie-teem) (Qazi et al., 2009), ExploreDTI (www.
exploredti.com) (Leemans et al., 2009) and MRtrix3 (http://

www.mrtrix.org) (Tournier et al., 2012), in addition to the

hardwaremanufacturer’s own software suites including Leonardo
syngo (Siemens), FuncTool (GE), and FiberTrak (Philips)

software. All studies selected regions of interest manually

and most did so by using fused anatomical and diffusion
images (ROIs selected using fused anatomical/diffusion imaging:
51%, diffusion imaging alone: 17%, method not specified:
32%).

Analysis of Diffusivity Measurements
Analysis of diffusivity measurements focused on regions of the
trigeminal nerve in all but one study. In the remaining study,
diffusion metrics of the cochlea nerve were studied in patients
with unilateral deafness, and compared to the patient’s unaffected
side and values in the nerves of healthy control subjects (Vos
et al., 2015).

Analysis of the Trigeminal Nerve in Patients
With Trigeminal Neuralgia (TN)
Sixteen non-randomized comparative studies evaluated the
diffusion metrics of the trigeminal nerve in patients with
trigeminal neuralgia (TN) (Table 1). Twelve studies included
healthy volunteers as a control group (Herweh et al., 2007;
Fujiwara et al., 2011; Leal et al., 2011; Liu et al., 2013;Wilcox et al.,
2013; DeSouza et al., 2014, 2015; Lummel et al., 2015; Chen, D. Q.
et al., 2016; Lin et al., 2016; Neetu et al., 2016; Hung et al., 2017)
and 4 studies compared the patient’s own affected and unaffected
sides (Lutz et al., 2011, 2016; Hodaie et al., 2012; Chen, S. T. et al.,
2016). Two studies also included analysis of trigeminal neuralgia
in patients with Multiple Sclerosis (MS) (Lummel et al., 2015;
Chen, D. Q. et al., 2016), two studies evaluated patients with
non-neurovascular compression TN (n-NVC-TN) (Lin et al.,
2016; Neetu et al., 2016) and one study included patients with
painful trigeminal neuropathy and painful temporomandibular
disorders (TMD) (Wilcox et al., 2013). Analysis of diffusivity
measurements was possible in all cases. Ten studies compared
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values in the root entry zone (REZ) (Herweh et al., 2007; Leal
et al., 2011; Lutz et al., 2011, 2016; Liu et al., 2013; Wilcox et al.,
2013; DeSouza et al., 2014; Lummel et al., 2015; Lin et al., 2016;
Neetu et al., 2016), two studies focused on changes within the
cisternal segment (Fujiwara et al., 2011; Chen, S. T. et al., 2016)
and one study evaluated changes at both locations (Chen, D. Q.
et al., 2016).

Fractional Anisotropy in TN
In the 10 studies that measured the FA in the REZ of patients
with TN caused by neurovascular compression, 8 (80%) found
significantly lower FA values on the affected side compared to
the unaffected side (Leal et al., 2011; Lutz et al., 2011, 2016; Liu
et al., 2013; DeSouza et al., 2014; Lummel et al., 2015; Chen, D.
Q. et al., 2016; Neetu et al., 2016). The other two studies failed to
demonstrate a statistical difference between sides (Herweh et al.,
2007; Wilcox et al., 2013) but there was a trend toward lower
FA values in TN-affected nerves (Herweh et al., 2007) in one of
the studies. Only two studies examined diffusivity values in the
cisternal segment of affected and unaffected nerves; one found no
difference in FA values (Fujiwara et al., 2011) whereas the other
found significantly higher FA values in the cisternal segment of
affected nerves (Chen, D. Q. et al., 2016). Chen et al were also
the only group to compare diffusivity values in the REZ and
cisternal segment and found that TN-affected nerves appeared
to have higher FA in the cisternal segment and lower FA in the
REZ when compared to the patient’s unaffected side (Chen, D. Q.
et al., 2016).

Apparent Diffusion Coefficient and Mean Diffusivity in

TN
Seven studies (44%) examined changes in ADC values within
TN-affected nerves; four (57%) found ADC to be significantly
higher in the REZ of affected nerves (Leal et al., 2011; Lummel
et al., 2015; Chen, S. T. et al., 2016; Neetu et al., 2016) whereas the
remaining three studies found no difference (Fujiwara et al., 2011;
Lutz et al., 2011, 2016). Five studies (31%) examined changes in
MD; four found significantly higher MD values in the REZ of
idiopathic TN-affected nerves (Liu et al., 2013; DeSouza et al.,
2014, 2015; Chen, D. Q. et al., 2016) and one found no statistical
difference (Wilcox et al., 2013); however, two of the studies only
demonstrated a statistically higher MD value when the REZ
of affected nerves was compared to healthy controls with no
statistical difference noted when compared to the unaffected side
of patients with TN (DeSouza et al., 2014, 2015).

Radial and Axial Diffusivity in TN
Six studies (75%) reported RD and AD values in the affected
and unaffected nerves of patients with idiopathic TN (Liu et al.,
2013; DeSouza et al., 2014, 2015; Chen, D. Q. et al., 2016; Chen,
S. T. et al., 2016; Lin et al., 2016) and a further two studies
studied changes in these diffusivity metrics in patients following
treatment (Hodaie et al., 2012; Hung et al., 2017). All five studies
that examined changes in the REZ of TN-affected nerves reported
significantly higher RD values in the REZ compared to the nerves
of healthy controls (Liu et al., 2013; DeSouza et al., 2014, 2015;
Chen, D. Q. et al., 2016; Lin et al., 2016) but significantly lower

RD values were observed in the cisternal segments of affected
nerves (Chen, D. Q. et al., 2016; Chen, S. T. et al., 2016).
No significant differences were observed in the RD values of
TN-affected nerves when compared to the unaffected side in
two studies (DeSouza et al., 2014, 2015). Within the REZ it is
likely that a change in RD is the main driver of a reduced FA
which most likely represents a decrease in axonal integrity rather
than a reduced alignment or coherence however further work
is required to establish the nature of changes seen within the
cisternal segment.

Fewer studies observed a statistically significant difference in
AD values: three studies observed higher AD values in the REZ
of TN-affected nerves when compared to the nerves of healthy
controls and two studies observed no difference in AD values (Liu
et al., 2013; Lin et al., 2016). There were no significant changes
reported in AD when the REZ of affected nerves were compared
to the unaffected side in patients with idiopathic TN but two
studies demonstrated significantly higher AD values when TN-
affected nerves were compared with the REZ of the nerves of
healthy controls (DeSouza et al., 2014, 2015). One of these studies
also analyzed changes in the cisternal segment of the nerve and
demonstrated significantly lower AD values in the TN-affected
nerves when compared to the unaffected side (Chen, D. Q. et al.,
2016).

Diffusivity Changes in Patients With Multiple

Sclerosis and TN
In patients with MS-associated TN, Lummel et al. found that FA
was significantly lower and ADC higher in the REZ of both the
TN-affected and unaffected sides when compared to unaffected
side of patients with idiopathic TN or healthy controls (Lummel
et al., 2015). Chen et al examined different diffusivity values
in various nerve segments of patients with idiopathic and MS-
associated TN (Chen, D. Q. et al., 2016). They demonstrated
FA values were significantly lower in the peri-lesional segments
of TN-affected nerves compared to the unaffected side of MS-
associated TN patients and significantly lower than the nerves of
patients with idiopathic TN and healthy controls. No significant
differences were noted in other diffusivity values (MD, RD, or
AD) within the peri-lesional segments of MS-associated TN
nerves compared to the nerves of patients with idiopathic TN or
healthy controls but AD and RD were shown to be significantly
higher in the REZ of patients with both idiopathic and MS-
associated TN (Chen, D. Q. et al., 2016).

Diffusivity Changes in Patients With TN Following

Treatment
Five studies examined differences in the diffusion characteristics
of patients’ affected trigeminal nerves before and after treatment
including microvascular decompression (MVD) (Fujiwara et al.,
2011; DeSouza et al., 2015; Hung et al., 2017), Gamma Knife
stereotactic radiosurgery (GK SRS) (Hodaie et al., 2012; DeSouza
et al., 2015; Hung et al., 2017) and radiofrequency ablation
(RFA) (Chen, S. T. et al., 2016). All four studies with diffusivity
data from the REZ demonstrated lower FA values in the
nerves of those patients who responded to treatment (Fujiwara
et al., 2011; Hodaie et al., 2012; DeSouza et al., 2015; Hung
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et al., 2017) with a trend toward FA reduction demonstrated
in the cisternal segment following effective treatment (Chen,
S. T. et al., 2016). Effective treatment also appears to reduce
other diffusivity changes seen in TN-affected nerves (Hodaie
et al., 2012; DeSouza et al., 2015). Most recently, Hung et al
demonstrated that treatment outcomes may be predicted by
alterations in pre-surgical diffusivity measurements with long-
term treatment responders having lower cisternal AD and MD
values and non-responders having lower FA values in the REZ
and higher AD values in the pontine segment (Hung et al., 2017).

Analysis of the Trigeminal Nerve in Other
Pathologies
Rousseau et al. examined the potential impact of recurrent
HSV and VSV keratitis on the axonal architecture of trigeminal
nerves by assessing changes in the diffusivity metrics of patients’
trigeminal nerves (Rousseau et al., 2015). They discovered FA
to be significantly lower in the REZ of trigeminal nerves on
the ipsilateral side to the affected event and demonstrated that
the asymmetry was more than the intra-individual variability in
controls (Rousseau et al., 2015). No such significant differences
were observed in ADC values.

Coskun et al. reported diffusivity analysis in 2 patients with
SUNCT, again demonstrating FA to be lower on the affected side
(Coskun et al., 2017). ADC values were higher in the affected side
in one patient with no difference observed in the other (Coskun
et al., 2017).

Analysis of the Cochlear Nerve
Vos et al. assessed diffusivity changes in the cochlear nerves of
patients with profound unilateral sensorineural hearing loss (Vos
et al., 2015). Here, the authors assumed any changes in DTI
metrics of the vestibulocochlear nerve would reflect changes in
the cochlear nerve as it is the largest nerve and no changes are
expected in the facial or vestibular nerves in unilateral deafness.
They reported no significant difference in diffusivity values
between patients’ deaf-sided and healthy-sided cochlear nerves
but there was a small but significant reduction in FA values in
both cochlear nerves in patients compared with normal-hearing
controls (Vos et al., 2015).

Fiber Tractography
Fiber tractography of one or more cranial nerves was performed
in 30 studies (73%). All 22 studies involving patients with brain
tumors focused on generating tractography of the surrounding
cranial nerves. Eighteen of those (82%) involved patients with a
vestibular schwannoma (Figure 3) but cranial nerve tractography
was also assessed in patients with trigeminal schwannomas
(Wei et al., 2016), meningiomas (Ma et al., 2016; Yoshino
et al., 2016; Behan et al., 2017; d’Almeida et al., 2017; Zolal
et al., 2017a), brainstem cavernomas (Ulrich et al., 2014) and
other unspecified cerebellopontine angle tumors (Roundy et al.,
2012). Given the functional importance of preserving the facial
nerve during surgery, almost all tumor studies (21/22, 95%)
included tractography of CN VII or the VII/VIII complex,
but tractography of other cranial nerves within the posterior
fossa has also been demonstrated including CN IV (Ma et al.,

Frontiers in Neuroscience | www.frontiersin.org 15 February 2019 | Volume 13 | Article 23

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Shapey et al. Cranial Nerve dMRI and Tractography

2016; Yoshino et al., 2016), CN V (Chen et al., 2011; Ulrich
et al., 2014; Wei et al., 2016; Yoshino et al., 2016; Behan
et al., 2017; Zolal et al., 2017a) and CN VI (Ulrich et al.,
2014; Yoshino et al., 2016). Eight non-tumor studies reported
tractography results; seven studies detailed tractography of the
trigeminal nerve (Fujiwara et al., 2011; Hodaie et al., 2012;
DeSouza et al., 2014; Rousseau et al., 2015; Chen, D. Q. et al.,
2016; Coskun et al., 2017; Hung et al., 2017) [five of which
were in patients with TN (Fujiwara et al., 2011; DeSouza
et al., 2014; Chen, D. Q. et al., 2016; Hung et al., 2017)] with
the other study focusing on the cochlea nerve (Vos et al.,
2015).

A deterministic method of generating fiber tractography was
used in the majority of studies (93%). The reported success
rate in generating fiber tracts of the cranial nerves within the
posterior fossa varied considerably (0–100% success) but was not
lower in those studies imaging smaller nerves [100% success rate
was reported in all studies imaging trochlear (Ma et al., 2016;
Yoshino et al., 2016) or abducens nerve (Ulrich et al., 2014;
Yoshino et al., 2016)]; however, further studies are needed to
confirm this observation. Zolal et al. recently published their
experience using probabilistic methods (Zolal et al., 2017a,b).
One of their studies provided a comparison of both techniques
and appeared to suggest that probabilistic tracking was more
effective at depicting the cranial nerves (Zolal et al., 2017a). In
15 studies (50%), a single region of interest (ROI) was used to
seed the tractography, whereas 12 studies (40%) used a two ROIs,
one to seed and one to select [methods not specified in 3 studies].
Details of thresholding was available in 25 of the 30 studies
that performed tractography. A variety of fixed FA thresholds
(range 0.02–0.20) were chosen in 16/25 studies (64%) (Taoka
et al., 2006; Chen et al., 2011; Fujiwara et al., 2011; Gerganov
et al., 2011; Hodaie et al., 2012; Roundy et al., 2012; Zhang et al.,
2013; DeSouza et al., 2014; Rousseau et al., 2015; Borkar et al.,
2016; Chen, D. Q. et al., 2016; Hilly et al., 2016; Ma et al., 2016;
Song et al., 2016; Behan et al., 2017; Hung et al., 2017) with a
variable approach to selecting the FA threshold used in the other
9 studies (36%) (Choi et al., 2014; Wei et al., 2015; Yoshino
et al., 2015a,b, 2016; Li et al., 2017; Zhang et al., 2017; Zolal
et al., 2017a,b), including the two studies that employed diffusion
spectrum imaging (DSI).

In studies that involved patients undergoing surgery,
fiber tractography of the facial nerve was correlated with
the surgeon’s intraoperative finding in 19 studies (86%)
but the reported accuracy of facial nerve tractography was
extremely variable (17–100%) (Table 3). The accuracy of the
tractography was assessed by the operating surgeon inspecting
and documenting the location of the nerve in relation to
the tumor and was usually assisted by the use of qualitative
electrophysiological monitoring (79% of studies). Recently, Li et
al also managed to quantitatively correlate electrophysiological
results by registering the points of stimulation with the patient’s
tractography results using an intraoperative neuronavigation
system (Li et al., 2017). Several studies reported patients’ post-
operative facial nerve status but none of them evaluated the
effectiveness of using fiber tractography to prevent facial nerve
injury.

DISCUSSION

There is a clinical need to improve the visualization of cranial
nerves within the posterior fossa, particularly in the context of
pathology, and to enable detailed analysis of the affected nerves’
microstructure. In normal anatomy, the visualization of cranial
nerves from the brainstem to the skull base is currently optimized
on high contrast T2 sequences (Figure 1) but it is still extremely
difficult to image the cranial nerves as they traverse the skull,
and in patients with associated compressive tumor pathology
our experience is that anatomical T2 imaging cannot depict
the course of adjacent nerves. The prospect of obtaining 7T
MR imaging in the routine clinical setting should improve the
ability to reliably visualize the larger cranial nerves such as the
oculomotor (CN III), trigeminal (CN V) and vestibulocochlear
(CN VIII) through the brain’s cisterns but anatomical constraints
are still likely to impede the visualization of smaller nerves
beyond the skull base and in the context of associated pathology
such as compressive brain tumors. Consequently, the current
focus of this review is to examine the effectiveness of utilizing
diffusion MRI to image the cisternal segments of the cranial
nerves within the posterior fossa.

Forty-one studies met the study’s inclusion criteria and
were qualitatively analyzed. The methodological quality of the
included studies varied considerably but the available evidence
demonstrates that it is possible to acquire diffusion MRI data
using a variety of clinical scanners and process this data with
various software packages, none of which were shown to be
more, or less, effective in this respect. Most clinical studies
examining the use of diffusionMRI in patients with cranial nerve
pathologies have either focused on performing DTI analyses
of the trigeminal nerve in patients with trigeminal neuralgia
or generating DTI-based tractography of the cranial nerves in
patients with posterior fossa tumors.

Trigeminal Neuralgia
Sixteen studies evaluated diffusivity changes in the trigeminal
nerve of patients suffering from trigeminal neuralgia. The
trigeminal nerve is the largest cranial nerve within the
posterior fossa and all studies successfully managed to acquire
diffusion MRI data of adequate quality for tractography and/or
quantitative DTI analysis. Ten studies examined changes in
FA within the REZ of the trigeminal nerve compared to the
patient’s unaffected side; lower FA values demonstrated within
the REZ of TN-affected nerves in all ten studies and a statistically
significant decrease observed in 80% (Table 1). However, due
to the heterogeneous way data was presented in the various
studies, it was not possible to quantitatively calculate the expected
difference in FA values between TN-affected and unaffected
nerves. A variety of other diffusivity metrics were also analyzed
by different studies but no conclusive statements may be drawn
from the current evidence given the small number of studies
involved and the varying formats in which results were presented.
It appears that RD values within the REZ of TN-affected are
significantly higher than the unaffected nerves of healthy control
subjects (Liu et al., 2013; DeSouza et al., 2014, 2015; Chen, D.
Q. et al., 2016; Chen, S. T. et al., 2016; Lin et al., 2016) but
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FIGURE 3 | Comparison of cranial nerve fiber tractography methods in patients with posterior fossa tumors. Streamlines are displayed overlaid on a T1 anatomical

image. Color triangles indicate particular anatomical landmarks: blue: cranial nerves, green: superior cerebellar fibers, yellow: brainstem nuclei. (a–c) Tractography of

the trigeminal nerve (CN V) in a patient with a left-sided petroclival meningioma; (d–f) Tractography of the facial-vestibulocochlear bundle (CN VII/VIII) in a patient with a

left sided vestibular schwannoma. (a,d) single diffusion tractography, (b,e) extended streamline tractography, (c,f) constrained spherical deconvolution. Images

courtesy of (Behan et al., 2017) (CC-BY license).

De Souza et al. found no significant difference when comparing
values with the patient’s unaffected side (DeSouza et al., 2014,
2015). Likewise, mixed results were reported in the small number
of studies that examined differences in AD values in patients with
trigeminal neuralgia.

Interesting observations were noted in the studies that
compared diffusivity values in different segments of the nerve
(Fujiwara et al., 2011; Chen, D. Q. et al., 2016; Hung et al., 2017)
and in the two studies that compared the diffusion metrics of
affected trigeminal nerves in patients with MS-associated TN
and idiopathic trigeminal neuralgia (Lummel et al., 2015; Chen,
D. Q. et al., 2016). In particular, further work is needed to
establish whether TN-affected nerves do indeed have a higher
FA in the cisternal segment and lower FA in the REZ compared
to unaffected nerves (Chen, D. Q. et al., 2016) and whether
alterations in pre-surgical diffusivity measurements may be used
as a predictive tool to prognosticate surgical response (Hung
et al., 2017). In light of Hung et al.’s recent findings that
treatment outcomes may be predicted by alterations in pre-
surgical diffusivity measurements it would also be worthwhile
evaluating if patients with different diffusion signatures respond
differently to different treatment modalities. If so, diffusion
metrics may also be used to guide treatment choice as well as
prognosticating an individual patient’s response.

Cranial Nerve Tractography in Patients
With Posterior Fossa Tumors
Taoka et al. (2006) were the first to demonstrate the feasibility
of using preoperatively-acquired DTI fiber tractography to
delineate the course of the VII-VIII cranial nerve complex
around a vestibular schwannoma. Since their initial work a
further 21 studies have assessed the effectiveness of generating
cranial nerve tractography in patients with posterior fossa
tumors, the majority of whom had a vestibular schwannoma
(82%). Nearly all studies used a deterministic tractography
approach. Varying numbers of ROIs were used to select the
fiber tracts and different methods of selecting an FA threshold
were employed (Table 3). Overall, the success rate in generating
tractography was extremely variable (0–100% success rate) and
correlation with the surgeon’s finding was also inconsistent (17–
100% accuracy across all studies). However, it is important
to note that failure to generate any fiber tracts was only
demonstrated in one study using standard DTI acquisition
and when Roundy et al. performed higher resolution diffusion
imaging, tractography was successfully generated in all patients
(Roundy et al., 2012). Similarly, a 17% accuracy rate was reported
by Yoshino et al. when standard DTI was used but this increased
to 67% when DTI was combined with multifused CE-FIESTA
images (Yoshino et al., 2015a). Excluding these results, the
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success rate of generating cranial nerve tractography in patients
with a posterior fossa tumor rises to 82–100%, similar to that
reported by Ung et al. in their brief review of the literature
(Ung et al., 2016); however, intraoperative accuracy remains
inconsistent (30–100%).

In recent years, several groups have attempted to improve the
accuracy of cranial nerve tractography by various means. Wei
et al. described a method of “superselective” tracking whereby
optimal maps only containing bundles of axons with the lowest
density, originating from the brainstem were selected in order to
better delineate the anatomical relationship between the bundle
and surrounding tissues (Wei et al., 2015). Various FA values
were also used to identify the maximal FA value of each fiber.
A similar method was replicated in two recent studies with good
results (Li et al., 2017; Zhang et al., 2017) although this technique
is very time consuming and still does not allow one to specifically
distinguish the facial nerve from within the facial-vestibular (CN
VII-VIII) complex. Furthermore, manual fiber selection and ad-
hoc threshold manipulations are mainly based on investigator
expectation of the anatomical position of the nerve, and as Zolal
et al. highlighted in their recent article (Zolal et al., 2017a),
such a method weakens the claims about reliable cranial nerve
detection.

Two studies used diffusion spectrum imaging to generate
fiber tractography of the cranial nerves (Yoshino et al., 2016;
Zolal et al., 2017a), which is one of a number of more complex
diffusion techniques that has been developed to address some
of the limitations of the diffusion tensor model. DSI requires
many more gradient directions along multiple b-values and a
higher maximum b-value to generate the desired orientation
information and as such is challenging to do in a clinical setting.
Yoshino et al suggested that DSI may have the potential to
distinguish the facial nerve from the vestibulocochlear nerve and
accurately detect cranial nerve position (Yoshino et al., 2016)
although this was not demonstrated in the current study. Zolal
et al. subsequently compared the depiction of cranial nerves
II, III, V, and the VII+VIII complex using both deterministic
and probabilistic methods in a cohort of 30 healthy subjects
obtained from the Kirby Repository (KR) and HCP databases
(Zolal et al., 2017a). In both instances, for tracking the VII-VIII
complex, ROIs were set at the brainstem and in the internal
auditory meatus. This study confirmed that using diffusion MRI
data with higher angular resolution and overall better quality
led to better depictions of the nerves, confirming the finding
previously reported by Roundy et al. (2012). Yoshino et al first
described this method of gradually increasing the FA threshold
in 2015 in deterministic fiber tracking (Yoshino et al., 2015a)
and similar results were obtained in the studies utilizing DSI.
Probabilistic index of connectivity (PICo maps) were created
for each of the nerves, and to find the optimal probability
threshold, the PICo maps were filtered at threshold values of
0.05–0.95 in steps of 0.05. Zolal et al. concluded that probabilistic
tracking with a gradual PICo threshold increase is more effective
at depicting the cranial nerves than the previously described
deterministic tracking because it eliminates the erroneous fibers
without manual intervention. A small limitation of this method
is the increased computational time required in using the
probabilistic method (30min per nerve vs. 15min per nerve for

deterministic tracking) but in our opinion, such a difference is
unlikely to impact clinical use given that image processing and
fiber tractography is rarely required in real-time.

Recently, Behan et al compared three distinct reconstruction
methods to generate tractography of the cranial nerves in patients
with associated posterior fossa tumors, including conventional
diffusion tensor tractography, a two-tensor reconstruction
method (eXtended streamline tractography, XST), and a fiber
orientation distribution-based method (constrained spherical
deconvolution, CSD) (Figure 3) (Behan et al., 2017). They found
that XST andCSD-based reconstructionmethods producedmore
detailed projections of CN V and CN VII/VII compared to DTI
tractography but CSD-based methods appeared to generate more
invalid streamlines. Consequently, the authors favored using XST
to visualize the cranial nerves in patients with posterior fossa
tumors however a reliable and accurate method to separately
depict the facial nerve in these patients is still required.

In a separate article, Zolal et al. used probabilistic tracking
to generate preoperative tractography of the facial-cochlear
complex in 21 patients undergoing vestibular schwannomas
surgery with the accuracy determined intraoperatively by
surgical inspection and the use of qualitative electrophysiological
monitoring (Zolal et al., 2017a). Preoperative tractography
was accurate in 81% of cases but many of the results
also contained false-positive pathways, typically dorsal to the
tumor. Probabilistic tractography is highly reliant on proper
thresholding to achieve high-quality reconstruction of biological
pathways and, consequently, tend to generate more invalid
fiber bundles compared to deterministic tractography methods
(Maier-Hein et al., 2017). In their study, Zolal et al speculated that
this was because probabilistic tracking preferentially tracks large
axonal bundles which in the case of patients with a vestibular
schwannoma includes the larger vestibulocochlear nerve.

LIMITATIONS

The present systematic review was limited by various factors.
Firstly, given the variety of ways diffusion data was presented
and the small numbers of available studies, it was not possible
to perform a meta-analysis and quantitatively analyse the data
to draw any firm conclusions concerning diffusivity changes
observed in the trigeminal nerve of patients with TN. Secondly,
studies evaluating cranial nerve tractography were of mixed
methodological quality and used a variety of acquisitions,
limiting our discussion to a qualitative report of a small number
of higher quality studies.

CONCLUSION

Current work suggests that fiber tractography has the ability
to delineate the course of individual nerves within the
posterior fossa. Further work is required to incorporate
cranial nerve tractography into the intraoperative workflow
and new avenues of using diffusion MRI should be explored
to optimize and improve its reliability. In particular, new
techniques of delineating the facial nerve from the VII-VIII
complex should be examined and validated with the use of
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quantitative intraoperative electrophysiological measurements.
Diffusion MRI has the potential to inform our understanding
of the microstructural changes that occur within the cranial
nerves in various pathologies and may eventually be able to assist
clinicians to deliver individualized treatment plans.

AUTHOR CONTRIBUTIONS

JS conceived the manuscript. JS and SV performed the systematic
literature search. JS drafted the initial manuscript. SV, TV, RB, SS,
SB, and SO reviewed the final manuscript.

ACKNOWLEDGMENTS

This work was supported by the Wellcome/EPSRC
[203145Z/16/Z], EPSRC (EP/H046410/1, EP/J020990/1,
EP/K005278), the MRC (MR/J01107X/1), the EU-
FP7 project VPH-DARE@IT (FP7-ICT-2011-9-601055),
the NIHR Biomedical Research Unit (Dementia) at
UCL and the National Institute for Health Research
University College London Hospitals Biomedical Research
Center (NIHR BRC UCLH/UCL High Impact Initiative-
BW.mn.BRC10269).

REFERENCES

Alexander, A. L., Hasan, K. M., Lazar, M., Tsuruda, J. S., and Parker, D. L. (2001).

Analysis of partial volume effects in diffusion-tensor MRI. Mag. Res. Med. 45,

770–780. doi: 10.1002/mrm.1105

Assaf, Y., and Pasternak, O. (2008). Diffusion Tensor Imaging (DTI)-based white

matter mapping in brain research: a review. J. Mol. Neurosci. 34, 51–61.

doi: 10.1007/s12031-007-0029-0

Basser, P. J., and Jones, D. K. (2002). Diffusion-tensor MRI: theory, experimental

design and data analysis–a technical review. NMR Biomed. 15, 456–467.

doi: 10.1002/nbm.783

Basser, P. J., Mattiello, J., and LeBihan, D. (1994).MR diffusion tensor spectroscopy

and imaging. Biophys. J. 66, 259–267. doi: 10.1016/S0006-3495(94)80775-1

Basser, P. J., Pajevic, S., Pierpaoli, C., Duda, J., and Aldroubi, A. (2000). In vivo fiber

tractography using DT-MRI data. Magn Reson Med. 44, 625–32. doi: 10.1002/

1522-2594(200010)44:4<625::AID-MRM17>3.0.CO;2-O

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous

system–a technical review. NMR Biomed. 15, 435–455. doi: 10.1002/nbm.782

Behan, B., Chen, D. Q., Sammartino, F., DeSouza, D. D., Wharton-Shukster, E.,

and Hodaie, M. (2017). Comparison of diffusion-weighted MRI reconstruction

methods for visualization of cranial nerves in posterior fossa surgery. Front.

Neurosci.11:554. doi: 10.3389/fnins.2017.00554

Behrens, T. E., Berg, H. J., Jbabdi, S., Rushworth, M. F., and Woolrich,

M. W. (2007). Probabilistic diffusion tractography with multiple

fibre orientations: what can we gain? Neuroimage 34, 144–155.

doi: 10.1016/j.neuroimage.2006.09.018

Borkar, S. A., Garg, A., Mankotia, D. S., Joseph, S. L., Suri, A., Kumar, R., et al.

(2016). Prediction of facial nerve position in large vestibular schwannomas

using diffusion tensor imaging tractography and its intraoperative correlation.

Neurol. India 64, 965–970. doi: 10.4103/0028-3886.190270

Budde, M. D., Kim, J. H., Liang, H. F., Schmidt, R. E., Russell, J. H.,

Cross, A. H., et al. (2007). Toward accurate diagnosis of white matter

pathology using diffusion tensor imaging. Magn. Reson. Med. 57, 688–695.

doi: 10.1002/mrm.21200

Chen, D. Q., DeSouza, D. D., Hayes, D. J., Davis, K. D., O’Connor, P., and Hodaie,

M. (2016). Diffusivity signatures characterize trigeminal neuralgia associated

with multiple sclerosis.Mult. Scler. 22, 51–63. doi: 10.1177/1352458515579440

Chen, D. Q., Quan, J., Guha, A., Tymianski, M., Mikulis, D., and Hodaie, M.

(2011). Three-dimensional in vivo modeling of vestibular schwannomas and

surrounding cranial nerves with diffusion imaging tractography. Neurosurgery

68, 1077–1083. doi: 10.1227/NEU.0b013e31820c6cbe

Chen, S. T., Yang, J. T., Yeh, M. Y., Weng, H. H., Chen, C. F., and Tsai,

Y. H. (2016). Using diffusion tensor imaging to evaluate microstructural

changes and outcomes after radiofrequency rhizotomy of trigeminal

nerves in patients with trigeminal neuralgia. PLoS ONE 11:e0167584.

doi: 10.1371/journal.pone.0167584

Choi, K. S., Kim, M. S., Kwon, H. G., Jang, S. H., and Kim, O. L. (2014).

Preoperative identification of facial nerve in vestibular schwannomas surgery

using diffusion tensor tractography. J. Korean Neurosurg. Soc. 56, 11–15.

doi: 10.3340/jkns.2014.56.1.11

Ciccarelli, O., Catani, M., Johansen-Berg, H., Clark, C., and Thompson, A.

(2008). Diffusion-based tractography in neurological disorders: concepts,

applications, and future developments. Lancet Neurol. 7, 715–727.

doi: 10.1016/S1474-4422(08)70163-7

Coenen, V. A., Krings, T., Mayfrank, L., Polin, R. S., Reinges, M. H.,

Thron, A., et al. (2001). Three-dimensional visualization of the pyramidal

tract in a neuronavigation system during brain tumor surgery: first

experiences and technical note. Neurosurgery 49, 86–92; discussion 92–3.

doi: 10.1097/00006123-200107000-00013

Concha, L., Gross, D. W., Wheatley, B. M., and Beaulieu, C. (2006).

Diffusion tensor imaging of time-dependent axonal and myelin degradation

after corpus callosotomy in epilepsy patients. Neuroimage. 32, 1090–1099.

doi: 10.1016/j.neuroimage.2006.04.187

Coskun, O., Ucar, M., Vuralli, D., Yildirim, F., Cetinkaya, R., Akin Takmaz, S.,

et al. (2017). MR tractography in short lasting unilateral neuralgiform headache

attacks with conjunctival injection and tearing (SUNCT) patients: case reports.

Pain Med. 18, 1377–1381. doi: 10.1093/pm/pnw334

d’Almeida, G. N., Marques, L., Escada, P., Taoka, T., and Gonçalves-Pereira, P.

(2017). Diffusion tensor tractography in the preoperative precise identification

of the course of facial nerve in a meningioma of the cerebellopontine angle

- technical implications. Int. Neurosurg. Adv. Tech. Case Manage. 9, 58–60.

doi: 10.1016/j.inat.2017.03.010

DeSouza, D. D., Davis, K. D., and Hodaie, M. (2015). Reversal of

insular and microstructural nerve abnormalities following effective

surgical treatment for trigeminal neuralgia. Pain 156, 1112–1123.

doi: 10.1097/j.pain.0000000000000156

DeSouza, D. D., Hodaie, M., and Davis, K. D. (2014). Abnormal

trigeminal nerve microstructure and brain white matter in idiopathic

trigeminal neuralgia. Pain 155, 37–44. doi: 10.1016/j.pain.2013.

08.029

Duncan, J. S., Winston, G. P., Koepp, M. J., and Ourselin, S. (2016). Brain

imaging in the assessment for epilepsy surgery. Lancet Neurol. 15, 420–433.

doi: 10.1016/S1474-4422(15)00383-X

Farquharson, S., Tournier, J. D., Calamante, F., Fabinyi, G., Schneider-

Kolsky, M., Jackson, G. D., et al. (2013). White matter fiber tractography:

why we need to move beyond DTI. J. Neurosurg. 118, 1367–1377.

doi: 10.3171/2013.2.JNS121294

Friston, K. (2007). “Chapter 2: Statistical parametric mapping,” in Statistical

Parametric Mapping, eds K. J. Friston, J. T. Ashburner, S. J. Kiebel,

T. E. Nichols, and W. D. Penny (London: Academic Press), 10–31.

doi: 10.1016/B978-012372560-8/50002-4

Fujiwara, S., Sasaki, M., Wada, T., Kudo, K., Hirooka, R., Ishigaki, D., et al.

(2011). High-resolution diffusion tensor imaging for the detection of diffusion

abnormalities in the trigeminal nerves of patients with trigeminal neuralgia

caused by neurovascular compression. J. Neuroimaging. 21, e102–e108.

doi: 10.1111/j.1552-6569.2010.00508.x

Gerganov, V. M., Giordano, M., Samii, M., and Samii, A. (2011). Diffusion tensor

imaging-based fiber tracking for prediction of the position of the facial nerve

in relation to large vestibular schwannomas. J. Neurosurg. 115, 1087–1093.

doi: 10.3171/2011.7.JNS11495

Gong, G., He, Y., Concha, L., Lebel, C., Gross, D. W., Evans, A. C., et al. (2009).

Mapping anatomical connectivity patterns of human cerebral cortex using

in vivo diffusion tensor imaging tractography. Cerebral Cortex. 19, 524–536.

doi: 10.1093/cercor/bhn102

Frontiers in Neuroscience | www.frontiersin.org 19 February 2019 | Volume 13 | Article 23

https://doi.org/10.1002/mrm.1105
https://doi.org/10.1007/s12031-007-0029-0
https://doi.org/10.1002/nbm.783
https://doi.org/10.1016/S0006-3495(94)80775-1
https://doi.org/10.1002/1522-2594(200010)44:4<625::AID-MRM17>3.0.CO;2-O
https://doi.org/10.1002/nbm.782
https://doi.org/10.3389/fnins.2017.00554
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.4103/0028-3886.190270
https://doi.org/10.1002/mrm.21200
https://doi.org/10.1177/1352458515579440
https://doi.org/10.1227/NEU.0b013e31820c6cbe
https://doi.org/10.1371/journal.pone.0167584
https://doi.org/10.3340/jkns.2014.56.1.11
https://doi.org/10.1016/S1474-4422(08)70163-7
https://doi.org/10.1097/00006123-200107000-00013
https://doi.org/10.1016/j.neuroimage.2006.04.187
https://doi.org/10.1093/pm/pnw334
https://doi.org/10.1016/j.inat.2017.03.010
https://doi.org/10.1097/j.pain.0000000000000156
https://doi.org/10.1016/j.pain.2013.08.029
https://doi.org/10.1016/S1474-4422(15)00383-X
https://doi.org/10.3171/2013.2.JNS121294
https://doi.org/10.1016/B978-012372560-8/50002-4
https://doi.org/10.1111/j.1552-6569.2010.00508.x
https://doi.org/10.3171/2011.7.JNS11495
https://doi.org/10.1093/cercor/bhn102
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Shapey et al. Cranial Nerve dMRI and Tractography

Gouw, A. A., Seewann, A., Vrenken, H., van der Flier, W. M., Rozemuller, J. M.,

Barkhof, F., et al. (2008). Heterogeneity of white matter hyperintensities in

Alzheimer’s disease: post-mortem quantitative MRI and neuropathology. Brain

131(Pt 12), 3286–3298. doi: 10.1093/brain/awn265

Herweh, C., Kress, B., Rasche, D., Tronnier, V., Tröger, J., Sartor, K., et al. (2007).

Loss of anisotropy in trigeminal neuralgia revealed by diffusion tensor imaging.

Neurology 68, 776–778. doi: 10.1212/01.wnl.0000256340.16766.1d

Hilly, O., Chen, J. M., Birch, J., Hwang, E., Lin, V. Y., Aviv, R. I., et al.

(2016). Diffusion tensor imaging tractography of the facial nerve in

patients with cerebellopontine angle tumors. Otol. Neurotol. 37, 388–393.

doi: 10.1097/MAO.0000000000000984

Hodaie, M., Chen, D. Q., Quan, J., and Laperriere, N. (2012). Tractography

delineates microstructural changes in the trigeminal nerve after

focal radiosurgery for trigeminal neuralgia. PLoS ONE 7:e32745.

doi: 10.1371/journal.pone.0032745

Hung, P. S., Chen, D. Q., Davis, K. D., Zhong, J., and Hodaie, M. (2017). Predicting

pain relief: use of pre-surgical trigeminal nerve diffusion metrics in trigeminal

neuralgia. Neuroimage Clin. 15, 710–718. doi: 10.1016/j.nicl.2017.06.017

Jellison, B. J., Field, A. S., Medow, J., Lazar, M., Salamat, M. S., and Alexander,

A. L. (2004). Diffusion tensor imaging of cerebral white matter: a pictorial

review of physics, fiber tract anatomy, and tumor imaging patterns. AJNR Am.

J. Neuroradiol. 25, 356–369. Available online at: http://www.ajnr.org/content/

25/3/356

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., and Smith,

S. M. (2012). FSL. Neuroimage 62, 782–790. doi: 10.1016/j.neuroimage.2011.

09.015

Kraus, M. F., Susmaras, T., Caughlin, B. P., Walker, C. J., Sweeney, J. A., and

Little, D. M. (2007). White matter integrity and cognition in chronic traumatic

brain injury: a diffusion tensor imaging study. Brain 130(Pt 10), 2508–2519.

doi: 10.1093/brain/awm216

Lazar, M., Weinstein, D. M., Tsuruda, J. S., Hasan, K. M., Arfanakis, K., Meyerand,

M. E., et al. (2003).White matter tractography using diffusion tensor deflection.

Hum. Brain Mapp. 18, 306–321. doi: 10.1002/hbm.10102

Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., et al.

(2001). Diffusion tensor imaging: concepts and applications. J. Magn. Reson.

Imaging. 13, 534–546. doi: 10.1002/jmri.1076

Leal, P. R., Roch, J. A., Hermier, M., Souza, M. A., Cristino-Filho, G.,

and Sindou, M. (2011). Structural abnormalities of the trigeminal

root revealed by diffusion tensor imaging in patients with trigeminal

neuralgia caused by neurovascular compression: a prospective, double-

blind, controlled study. Pain 152, 2357–2364. doi: 10.1016/j.pain.2011.

06.029

Leemans, A., Jeurissen, B., Sijbers, J., and Jones, D. K. (2009). “ExploreDTI: a

graphical toolbox for processing, analyzing, and visualizing diffusion MR data,”

in ISMRM 17th Scientific Meeting & Exhibition. (Honolulu, HI).

Li, H., Wang, L., Hao, S., Li, D., Wu, Z., Zhang, L., et al. (2017).

Identification of the facial nerve in relation to vestibular schwannoma

using preoperative diffusion tensor tractography and intraoperative

tractography-integrated neuronavigation system. World Neurosurg. 107,

669–677. doi: 10.1016/j.wneu.2017.08.048

Li, Z., Peck, K. K., Brennan, N. P., Jenabi, M., Hsu, M., Zhang, Z., et al.

(2013). Diffusion tensor tractography of the arcuate fasciculus in patients with

brain tumors: Comparison between deterministic and probabilistic models. J.

Biomed. Sci. Eng. 6, 192–200. doi: 10.4236/jbise.2013.62023

Lilja, Y., Ljungberg, M., Starck, G., Malmgren, K., Rydenhag, B., and

Nilsson, D. T. (2014). Visualizing Meyer’s loop: a comparison of

deterministic and probabilistic tractography. Epilepsy Res. 108, 481–490.

doi: 10.1016/j.eplepsyres.2014.01.017

Lin, W., Zhu, W. P., Chen, Y. L., Han, G. C., Rong, Y., Zhou, Y. R., et al.

(2016). Large-diameter compression arteries as a possible facilitating factor for

trigeminal neuralgia: analysis of axial and radial diffusivity.Acta Neurochir. 158,

521–526. doi: 10.1007/s00701-015-2673-4

Liu, Y., Li, J., Butzkueven, H., Duan, Y., Zhang, M., Shu, N., et al. (2013).

Microstructural abnormalities in the trigeminal nerves of patients with

trigeminal neuralgia revealed by multiple diffusion metrics. Eur. J. Radiol. 82,

783–786. doi: 10.1016/j.ejrad.2012.11.027

Lummel, N., Mehrkens, J. H., Linn, J., Buchholz, G., Stahl, R., Bochmann, K.,

et al. (2015). Diffusion tensor imaging of the trigeminal nerve in patients with

trigeminal neuralgia due to multiple sclerosis. Neuroradiology 57, 259–267.

doi: 10.1007/s00234-014-1463-7

Lutz, J., Linn, J., Mehrkens, J. H., Thon, N., Stahl, R., Seelos, K., et al.

(2011). Trigeminal neuralgia due to neurovascular compression: high-spatial-

resolution diffusion-tensor imaging reveals microstructural neural changes.

Radiology. 258, 524–530. doi: 10.1148/radiol.10100477

Lutz, J., Thon, N., Stahl, R., Lummel, N., Tonn, J. C., Linn, J., et al.

(2016). Microstructural alterations in trigeminal neuralgia determined

by diffusion tensor imaging are independent of symptom duration,

severity, and type of neurovascular conflict. J. Neurosurg. 124, 823–830.

doi: 10.3171/2015.2.JNS142587

Ma, J., Su, S., Yue, S., Zhao, Y., Li, Y., Chen, X., et al. (2016). Preoperative

visualization of cranial nerves in skull base tumor surgery using

diffusion tensor imaging technology. Turk. Neurosurg. 26, 805–812.

doi: 10.5137/1019-5149.JTN.13655-14.1

Maier-Hein, K. H., Neher, P. F., Houde, J. C., Côt,é, M. A., Garyfallidis,

E., Zhong, J., et al. (2017). The challenge of mapping the human

connectome based on diffusion tractography. Nat. Commun. 8:1349.

doi: 10.1038/s41467-017-01285-x

Mandelli, M. L., Berger, M. S., Bucci, M., Berman, J. I., Amirbekian, B., and

Henry, R. G. (2014). Quantifying accuracy and precision of diffusion MR

tractography of the corticospinal tract in brain tumors. J. Neurosurg. 121,

349–358. doi: 10.3171/2014.4.JNS131160

Masutani, Y., Aoki, S., Abe, O., Hayashi, N., and Otomo, K. (2003). MR diffusion

tensor imaging: recent advance and new techniques for diffusion tensor

visualization. Eur. J. Radiol. 46, 53–66. doi: 10.1016/S0720-048X(02)00328-5

Matsuno, H., Rhoton, A. L. Jr., and Peace, D. (1988). Microsurgical

anatomy of the posterior fossa cisterns. Neurosurgery 23, 58–80.

doi: 10.1227/00006123-198807000-00012

Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., PRISMA Group. (2009).

Preferred reporting items for systematic reviews and meta-analyses: the

PRISMA statement. BMJ 339:b2535. doi: 10.1136/bmj.b2535

Mori, S., Crain, B. J., Chacko, V. P., and van Zijl, P. C. (1999). Three-dimensional

tracking of axonal projections in the brain by magnetic resonance imaging.

Ann Neurol. 45, 265–269. doi: 10.1002/1531-8249(199902)45:2<265::AID-

ANA21>3.0.CO;2-3

Mori, S., and van Zijl, P. C. (2002). Fiber tracking: principles and strategies–a

technical review. NMR Biomed. 15, 468–480. doi: 10.1002/nbm.781

Moseley, M. E., Cohen, Y., Kucharczyk, J., Mintorovitch, J., Asgari, H. S.,

Wendland, M. F., et al. (1990). Diffusion-weighted MR imaging of anisotropic

water diffusion in cat central nervous system. Radiology 176, 439–445.

doi: 10.1148/radiology.176.2.2367658

Naismith, R. T., Xu, J., Tutlam, N. T., Snyder, A., Benzinger, T.,

Shimony, J., et al. (2009). Disability in optic neuritis correlates with

diffusion tensor-derived directional diffusivities. Neurology 72, 589–594.

doi: 10.1212/01.wnl.0000335766.22758.cd

Neetu, S., Sunil, K., Ashish, A., Jayantee, K., and Usha Kant, M. (2016).

Microstructural abnormalities of the trigeminal nerve by diffusion-tensor

imaging in trigeminal neuralgia without neurovascular compression.

Neuroradiol. J. 29, 13–18. doi: 10.1177/1971400915620439

Nimsky, C., Ganslandt, O., Hastreiter, P., Wang, R., Benner, T., Sorensen,

A. G., et al. (2005). Preoperative and intraoperative diffusion tensor

imaging-based fiber tracking in glioma surgery. Neurosurgery 56, 130–138.

doi: 10.1227/01.NEU.0000144842.18771.30

Norton, I., Essayed, W., Zhang, F., Pujol, S., Yarmarkovich, A., Golby, A. J.,

et al. (2017). SlicerDMRI: open source diffusion MRI software for brain cancer

research. Cancer Res. 77:e101. doi: 10.1158/0008-5472.CAN-17-0332

Nowell, M., Rodionov, R., Zombori, G., Sparks, R., Winston, G., Kinghorn, J., et al.

(2015). Utility of 3D multimodality imaging in the implantation of intracranial

electrodes in epilepsy. Epilepsia 56, 403–413. doi: 10.1111/epi.12924

Parker, G. J., and Alexander, D. C. (2005). Probabilistic anatomical

connectivity derived from the microscopic persistent angular structure

of cerebral tissue. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 360, 893–902.

doi: 10.1098/rstb.2005.1639

Qazi, A. A., , Radmanesh, A., O’Donnell, L., Kindlmann, G., Peled, S., Whalen,

S., et al. (2009). Resolving crossings in the corticospinal tract by two-

tensor streamline tractography: method and clinical assessment using fMRI.

Neuroimage 47 (Suppl. 2), T98–T106. doi: 10.1016/j.neuroimage.2008.06.034

Frontiers in Neuroscience | www.frontiersin.org 20 February 2019 | Volume 13 | Article 23

https://doi.org/10.1093/brain/awn265
https://doi.org/10.1212/01.wnl.0000256340.16766.1d
https://doi.org/10.1097/MAO.0000000000000984
https://doi.org/10.1371/journal.pone.0032745
https://doi.org/10.1016/j.nicl.2017.06.017
http://www.ajnr.org/content/25/3/356
http://www.ajnr.org/content/25/3/356
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1093/brain/awm216
https://doi.org/10.1002/hbm.10102
https://doi.org/10.1002/jmri.1076
https://doi.org/10.1016/j.pain.2011.06.029
https://doi.org/10.1016/j.wneu.2017.08.048
https://doi.org/10.4236/jbise.2013.62023
https://doi.org/10.1016/j.eplepsyres.2014.01.017
https://doi.org/10.1007/s00701-015-2673-4
https://doi.org/10.1016/j.ejrad.2012.11.027
https://doi.org/10.1007/s00234-014-1463-7
https://doi.org/10.1148/radiol.10100477
https://doi.org/10.3171/2015.2.JNS142587
https://doi.org/10.5137/1019-5149.JTN.13655-14.1
https://doi.org/10.1038/s41467-017-01285-x
https://doi.org/10.3171/2014.4.JNS131160
https://doi.org/10.1016/S0720-048X(02)00328-5
https://doi.org/10.1227/00006123-198807000-00012
https://doi.org/10.1136/bmj.b2535
https://doi.org/10.1002/1531-8249(199902)45:2<265::AID-ANA21>3.0.CO;2-3
https://doi.org/10.1002/nbm.781
https://doi.org/10.1148/radiology.176.2.2367658
https://doi.org/10.1212/01.wnl.0000335766.22758.cd
https://doi.org/10.1177/1971400915620439
https://doi.org/10.1227/01.NEU.0000144842.18771.30
https://doi.org/10.1158/0008-5472.CAN-17-0332
https://doi.org/10.1111/epi.12924
https://doi.org/10.1098/rstb.2005.1639
https://doi.org/10.1016/j.neuroimage.2008.06.034
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Shapey et al. Cranial Nerve dMRI and Tractography

Roundy, N., Delashaw, J. B., and Cetas, J. S. (2012). Preoperative identification

of the facial nerve in patients with large cerebellopontine angle tumors

using high-density diffusion tensor imaging. J. Neurosurg. 116, 697–702.

doi: 10.3171/2011.12.JNS111404

Rousseau, A., Nasser, G., Chiquet, C., Barreau, E., Gendron, G., Kaswin, G.,

et al. (2015). Diffusion tensor magnetic resonance imaging of trigeminal

nerves in relapsing herpetic keratouveitis. PLoS ONE 10:e0122186.

doi: 10.1371/journal.pone.0122186

Rueckriegel, S. M., Homola, G. A., Hummel, M., Willner, N., Ernestus, R. I., and

Matthies, C. (2016). Probabilistic fiber-tracking reveals degeneration of the

contralateral auditory pathway in patients with vestibular schwannoma. AJNR

Am. J. Neuroradiol. 37, 1610–1616. doi: 10.3174/ajnr.A4833

Schmierer, K., Wheeler-Kingshott, C. A., Boulby, P. A., Scaravilli, F.,

Altmann, D. R., Barker, G. J., et al. (2007). Diffusion tensor imaging

of post mortem multiple sclerosis brain. Neuroimage 35, 467–477.

doi: 10.1016/j.neuroimage.2006.12.010

Slim, K., Nini, E., Forestier, D., Kwiatkowski, F., Panis, Y., and Chipponi,

J. (2003). Methodological index for non-randomized studies (minors):

development and validation of a new instrument. ANZ J. Surg. 73, 712–716.

doi: 10.1046/j.1445-2197.2003.02748.x

Song, F., Hou, Y., Sun, G., Chen, X., Xu, B., Huang, J. H., et al. (2016). In

vivo visualization of the facial nerve in patients with acoustic neuroma using

diffusion tensor imaging-based fiber tracking. J. Neurosurg. 125, 787–794.

doi: 10.3171/2015.7.JNS142922

Song, S. K., Sun, S. W., Ju, W. K., Lin, S. J., Cross, A. H., and Neufeld, A. H.

(2003). Diffusion tensor imaging detects and differentiates axon and myelin

degeneration in mouse optic nerve after retinal ischemia. Neuroimage 20,

1714–1722. doi: 10.1016/j.neuroimage.2003.07.005

Song, S. K., Sun, S. W., Ramsbottom, M. J., Chang, C., Russell, J., and

Cross, A. H. (2002). Dysmyelination revealed through MRI as increased

radial (but unchanged axial) diffusion of water. Neuroimage 17, 1429–1436.

doi: 10.1006/nimg.2002.1267

Tanner, J. E. (1979). Self diffusion of water in frog muscle. Biophys. J. 28, 107–116.

doi: 10.1016/S0006-3495(79)85162-0

Taoka, T., Hirabayashi, H., Nakagawa, H., Sakamoto, M., Myochin, K., Hirohashi,

S., et al. (2006). Displacement of the facial nerve course by vestibular

schwannoma: preoperative visualization using diffusion tensor tractography. J.

Magn. Reson. Imaging. 24, 1005–1010. doi: 10.1002/jmri.20725

Tournier, J.-D., Calamante, F., and Connelly, A. (2012). MRtrix: Diffusion

tractography in crossing fiber regions. Int. J. Imaging Syst. Technol. 22, 53–66.

doi: 10.1002/ima.22005

Tournier, J. D., Mori, S., and Leemans, A. (2011). Diffusion tensor imaging and

beyond.Magn. Reson. Med. 65, 1532–1556. doi: 10.1002/mrm.22924

Toussaint, N., Souplet, J. C., and Fillard, P. (2007). “MedINRIA: medical image

navigation and research tool by INRIA,” in Proceedings ofMICCAI’07Workshop

on Interaction in Medical Image Analysis and Visualization (Brisbane, QLD).

Ulrich, N. H., Ahmadli, U., Woernle, C. M., Alzarhani, Y. A., Bertalanffy, H., and

Kollias, S. S. (2014). Diffusion tensor imaging for anatomical localization of

cranial nerves and cranial nerve nuclei in pontine lesions: initial experiences

with 3T-MRI. J. Clin. Neurosci. 21, 1924–1927. doi: 10.1016/j.jocn.2014.03.027

Ung, N., Mathur, M., Chung, L. K., Cremer, N., Pelargos, P., Frew, A., et al. (2016).

A systematic analysis of the reliability of diffusion tensor imaging tractography

for facial nerve imaging in patients with vestibular schwannoma. J. Neurol.

Surg. B Skull Base. 77, 314–318. doi: 10.1055/s-0035-1566303

Vos, S. B., Haakma, W., Versnel, H., Froeling, M., Speleman, L., Dik,

P., et al. (2015). Diffusion tensor imaging of the auditory nerve in

patients with long-term single-sided deafness. Hear. Res. 323, 1–8.

doi: 10.1016/j.heares.2015.01.010

Vos, S. B., Jones, D. K., Jeurissen, B., Viergever, M. A., and Leemans, A. (2012).

The influence of complex white matter architecture on the mean diffusivity

in diffusion tensor MRI of the human brain. Neuroimage 59, 2208–2216.

doi: 10.1016/j.neuroimage.2011.09.086

Vos, S. B., Jones, D. K., Viergever, M. A., and Leemans, A. (2011). Partial volume

effect as a hidden covariate in DTI analyses. Neuroimage 55, 1566–1576.

doi: 10.1016/j.neuroimage.2011.01.048

Wang, R., Benner, T., Sorensen, A., and Wedeen, V. (2007). “Diffusion toolkit:

a software package for diffusion imaging data processing and tractography,”

in Proceedings of the International Society for Magnetic Resonance in Medicine

(Berlin).

Wei, P. H., Qi, Z. G., Chen, G., Hu, P., Li, M. C., Liang, J. T., et al. (2015).

Identification of cranial nerves near large vestibular schwannomas using

superselective diffusion tensor tractography: experience with 23 cases. Acta

Neurochir. 157, 1239–1249. doi: 10.1007/s00701-015-2431-7

Wei, P. H., Qi, Z. G., Chen, G., Li, M. C., Liang, J. T., Guo, H. C., et al.

(2016). Identification of cranial nerves around trigeminal schwannomas using

diffusion tensor tractography: a technical note and report of 3 cases. Acta

Neurochir. 158, 429–435. doi: 10.1007/s00701-015-2680-5

Werring, D. J., Clark, C. A., Barker, G. J., Thompson, A. J., and Miller, D. H.

(1999). Diffusion tensor imaging of lesions and normal-appearing white matter

in multiple sclerosis. Neurology 52, 1626–1632. doi: 10.1212/WNL.52.8.1626

Wilcox, S. L., Gustin, S. M., Eykman, E. N., Fowler, G., Peck, C. C., Murray, G. M.,

et al. (2013). Trigeminal nerve anatomy in neuropathic and non-neuropathic

orofacial pain patients. J. Pain. 14, 865–872. doi: 10.1016/j.jpain.2013.

02.014

Yeh, F. C., Verstynen, T. D., Wang, Y., Fernández-Miranda, J. C., and Tseng,

W. Y. (2013). Deterministic diffusion fiber tracking improved by quantitative

anisotropy. PLoS ONE 8:e80713. doi: 10.1371/journal.pone.0080713

Yogarajah, M., Focke, N. K., Bonelli, S., Cercignani, M., Acheson, J., Parker,

G. J., et al. (2009). Defining Meyer’s loop-temporal lobe resections, visual

field deficits and diffusion tensor tractography. Brain 132(Pt 6), 1656–1668.

doi: 10.1093/brain/awp114

Yoshino, M., Abhinav, K., Yeh, F. C., Panesar, S., Fernandes, D., Pathak, S., et al.

(2016). Visualization of cranial nerves using high-definition fiber tractography.

Neurosurgery 79, 146–165. doi: 10.1227/NEU.0000000000001241

Yoshino, M., Kin, T., Ito, A., Saito, T., Nakagawa, D., Ino, K., et al. (2015a).

Feasibility of diffusion tensor tractography for preoperative prediction of

the location of the facial and vestibulocochlear nerves in relation to

vestibular schwannoma. Acta Neurochir. 157, 939–946; discussion 946.

doi: 10.1007/s00701-015-2411-y

Yoshino, M., Kin, T., Ito, A., Saito, T., Nakagawa, D., Ino, K., et al.

(2015b). Combined use of diffusion tensor tractography and multifused

contrast-enhanced FIESTA for predicting facial and cochlear nerve positions

in relation to vestibular schwannoma. J. Neurosurg. 123, 1480–1488.

doi: 10.3171/2014.11.JNS14988

Zhang, Y., Chen, Y., Zou, Y., Zhang, W., Zhang, R., Liu, X., et al. (2013).

Facial nerve preservation with preoperative identification and intraoperative

monitoring in large vestibular schwannoma surgery. Acta Neurochir. 155,

1857–1862. doi: 10.1007/s00701-013-1815-9

Zhang, Y., Mao, Z., Wei, P., Jin, Y., Ma, L., Zhang, J., et al. (2017). Preoperative

prediction of location and shape of facial nerve in patients with large vestibular

schwannomas using diffusion tensor imaging-based fiber tracking. World

Neurosurg. 99, 70–78. doi: 10.1016/j.wneu.2016.11.110

Zolal, A., Juratli, T. A., Podlesek, D., Rieger, B., Kitzler, H. H., Linn, J., et al. (2017a).

Probabilistic tractography of the cranial nerves in vestibular schwannoma.

World Neurosurg. 107, 47–53. doi: 10.1016/j.wneu.2017.07.102

Zolal, A., Sobottka, S. B., Podlesek, D., Linn, J., Rieger, B., Juratli, T. A., et al.

(2017b). Comparison of probabilistic and deterministic fiber tracking of cranial

nerves. J. Neurosurg. 127, 613–621. doi: 10.3171/2016.8.JNS16363

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Shapey, Vos, Vercauteren, Bradford, Saeed, Bisdas and Ourselin.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 21 February 2019 | Volume 13 | Article 23

https://doi.org/10.3171/2011.12.JNS111404
https://doi.org/10.1371/journal.pone.0122186
https://doi.org/10.3174/ajnr.A4833
https://doi.org/10.1016/j.neuroimage.2006.12.010
https://doi.org/10.1046/j.1445-2197.2003.02748.x
https://doi.org/10.3171/2015.7.JNS142922
https://doi.org/10.1016/j.neuroimage.2003.07.005
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1016/S0006-3495(79)85162-0
https://doi.org/10.1002/jmri.20725
https://doi.org/10.1002/ima.22005
https://doi.org/10.1002/mrm.22924
https://doi.org/10.1016/j.jocn.2014.03.027
https://doi.org/10.1055/s-0035-1566303
https://doi.org/10.1016/j.heares.2015.01.010
https://doi.org/10.1016/j.neuroimage.2011.09.086
https://doi.org/10.1016/j.neuroimage.2011.01.048
https://doi.org/10.1007/s00701-015-2431-7
https://doi.org/10.1007/s00701-015-2680-5
https://doi.org/10.1212/WNL.52.8.1626
https://doi.org/10.1016/j.jpain.2013.02.014
https://doi.org/10.1371/journal.pone.0080713
https://doi.org/10.1093/brain/awp114
https://doi.org/10.1227/NEU.0000000000001241
https://doi.org/10.1007/s00701-015-2411-y
https://doi.org/10.3171/2014.11.JNS14988
https://doi.org/10.1007/s00701-013-1815-9
https://doi.org/10.1016/j.wneu.2016.11.110
https://doi.org/10.1016/j.wneu.2017.07.102
https://doi.org/10.3171/2016.8.JNS16363
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Clinical Applications for Diffusion MRI and Tractography of Cranial Nerves Within the Posterior Fossa: A Systematic Review
	Introduction
	Basic Principles of Diffusion Imaging and Tractography
	Diffusion MRI
	Tractography

	Methods
	Results
	Study Quality
	Image Acquisition and Processing
	Analysis of Diffusivity Measurements
	Analysis of the Trigeminal Nerve in Patients With Trigeminal Neuralgia (TN)
	Fractional Anisotropy in TN
	Apparent Diffusion Coefficient and Mean Diffusivity in TN
	Radial and Axial Diffusivity in TN
	Diffusivity Changes in Patients With Multiple Sclerosis and TN
	Diffusivity Changes in Patients With TN Following Treatment

	Analysis of the Trigeminal Nerve in Other Pathologies
	Analysis of the Cochlear Nerve
	Fiber Tractography

	Discussion
	Trigeminal Neuralgia
	Cranial Nerve Tractography in Patients With Posterior Fossa Tumors

	Limitations
	Conclusion
	Author Contributions
	Acknowledgments
	References


