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ABSTRACT

BACKGROUND AND PURPOSE: Vestibular schwannomas are common cerebellopontine angle tumors arising from the vestibuloco-
chlear nerve and can result in cranial nerve dysfunction. Conventional MR imaging does not provide information that could corre-
late with cranial nerve compression symptoms of hearing loss or imbalance. We used multitensor tractography to evaluate the
relationship between the WM microstructural properties of cranial nerves and tumor volume in a cohort of patients with vestibular
schwannomas.

MATERIALS AND METHODS: A retrospective study was performed in 258 patients with vestibular schwannomas treated at the Gamma
Knife clinic at Toronto Western Hospital between 2014 and 2018. 3T MR images were analyzed in 160 surgically naive patients with unilat-
eral vestibular schwannomas. Multitensor tractography was used to extract DTIl-derived metrics (fractional anisotropy and radial, axial,
and mean diffusivities of the bilateral facial and vestibulocochlear nerves [cranial nerves VII/VIII]). ROIs were placed in the transition
between cisternal and intracanalicular segments, and images were analyzed using the eXtended Streamline Tractography reconstruction
method. Diffusion metrics were correlated with 3D tumor volume derived from the Gamma Knife clinic.

RESULTS: DTI analyses revealed significantly higher fractional anisotropy values and a reduction in axial diffusivity, radial diffusivity,
and mean diffusivity (all P <.001) within the affected cranial nerves VIl and VIII compared with unaffected side. All specific diffusiv-
ities (axial, radial, and mean diffusivity) demonstrated an inverse correlation with tumor volume (axial, radial, and mean diffusivity,
P < .01).

CONCLUSIONS: Multitensor tractography allows the quantification of cranial nerve VII and VIl WM microstructural alterations in
patients with vestibular schwannomas. Our findings support the hypothesis that tumor volume may cause microstructural altera-
tions of the affected cranial nerves VII and VIII. This type of advanced imaging may represent a possible avenue to correlate diffu-
sivities with cranial nerve function.

ABBREVIATIONS: AD = axial diffusivity; CN = cranial nerve; FA = fractional anisotropy; IC = intracanalicular; MD = mean diffusivity; MTT = multitensor

tractography; RD = radial diffusivity; VS = vestibular schwannoma

estibular schwannomas (VSs) are slow-growing tumors of
myelin-forming cells that originate from the vestibuloco-
chlear nerve. The tumor commonly originates near the vestibular
ganglion at the junction of the central and peripheral myelin near
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the porus of the auditory meatus but can be found anywhere
along the nerve from the internal auditory canal to the terminal
ends of the vestibulocochlear nerve (cranial nerve [CN] VIII)
within the vestibule, cochlea, or semicircular canals.!™ VSs typi-
cally grow within a capsule and remain peripherally attached to
the parent vestibulocochlear nerve, which is splayed over the sur-
face of the tumor.>® As these tumors grow, they can affect hear-
ing status and balance, resulting in asymmetric hearing loss,
tinnitus, and dizziness. Further growth can result in mass effect
on the facial nerve, trigeminal nerve, or, occasionally, the brain
stem, resulting in variable symptoms.
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DWI is a neuroimaging technique focused on the measure-
ment of tissue water diffusion by applying special diffusion-
encoding gradients.” In white matter tracts and CNG, the architec-
ture of the axonal bundles with their myelin sheath facilitates
water molecule motion along rather than transverse to the direc-
tion of the bundle. When multiple diffusion gradients are applied,
the diffusion tensor within each voxel can be calculated, allowing
visualization of CNs including CNs VII and VIIL.® CNs VII and
VIII will be, hereafter, grouped together as 1 entity—the facial/
vestibular complex (CN VII/VIII)—because both fibers tend to
be closely aligned with one another in diffusion-weighted scans.”
DTI has been investigated for studying the structural connectivity
and the quantitative assessment of diffusion restriction as a
marker of the neuronal microstructural integrity.'®"" Single-
tensor diffusion tractography assumes that in each voxel, there is
1 representative fiber orientation. This assumption does not hold
in areas of high crossing fibers where the orientation of the fibers
is not unique and multiple orientations may exist simultaneously.
Multitensor tractography (MTT) imaging can estimate =2 ten-
sors within a voxel and improves fiber orientation in these
regions. Behan et al’ reported that the eXtended Streamline
Tractography reconstruction method is effective in producing
more detailed projections of CN VII/VIII than other reconstruc-
tion methods. Other publications have proved the efficacy of DTI
on CN VII/VIII tractography®'*'® and preoperative facial nerve

identification.'” 2

29-31 and

The role of DTT in the study of CNs is increasing,
WM microstructural alternations of the auditory neural pathway
in patients with VS have been evaluated,”>** though not the cis-
ternal segment of the vestibulocochlear nerve, chiefly due to the
technical challenges this represents.

This study aimed to identify the microstructural alternations
of the cisternal vestibulocochlear nerve and its association with
tumor volume in patients with VS. Because a large VS can cause
mechanical compression to surrounding structures, we hypothe-
sized that the tumor can cause microstructural alternations along
the distal cisternal/intracanalicular (IC) vestibulocochlear nerve
and that tumor volume will correlate with microstructural alter-
nations in the affected CN VII/VIIL

MATERIALS AND METHODS

Participants

A retrospective chart review was performed for all patients with
VS treated with gamma knife radiosurgery between January 1,
2014, and December 31, 2018, after approval by the institutional
review board at Toronto Western Hospital. Overall, 258 patients
with VS were enrolled. After we excluded patients with bilateral
VSs (9 patients), prior surgical treatment (partial surgical resec-
tion or gamma knife radiosurgery, 23 patients), nonavailability of
DTI studies (52 patients), and additional technical difficulties
related to eddy current and motion correction (12 patients), a
total of 162 patients were enrolled. Two other patients with out-
liers were identified (one had a huge tumor volume compared
with other subjects, and the other had marked motion on the
clinical DWT sequence), both resulting in improper tract recon-
struction, and were also excluded. Thus, a total of 160 patients
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were included in our DTT analysis. The analysis focused solely on
images obtained before gamma knife radiosurgery treatment.

Tumor Volume

We evaluated tumor size using volumetric measurements. The
semiautomatic segmentation function was used with 1-mm-section
FIESTA MR images for volumetric measurements. Manual con-
touring was performed by a trained assistant to delineate the tumor
and measure the tumor volume. The tumor volume was measured
in milliliters (mL). In all subjects, treatment with gamma knife
radiosurgery commenced within 21days after MR images were
acquired.

Image Acquisition

Images were acquired with 3T MR imaging (Signa; GE
Healthcare) with an 8-channel phased-array head coil following
our routine clinical imaging protocol. DWI scans (60 directions,
spin-echo EPI sequence, 1 By, b = 1000 s/mm?, one excitation,
array spatial sensitivity encoding technique, voxel size= 0.94 X
0.94 x 3mm’, matrix= 256 x 256, TR = 12,000ms, TE=
86.4ms, flip angle= 90°, FOV = 24 x 24cm) were acquired.
High-resolution 3D T1-weighted anatomic fast-spoiled gradient
recalled and T2-weighted FIESTA scans were obtained for core-
gistration with MTT images using an inversion recovery fast-
spoiled gradient recalled sequence.

Image Processing and Registration

Following eddy current and motion correction with FSL (http://
www.fmrib.ox.ac.uk/fsl), the diffusion tensor estimation and deri-
vation of scalar maps (ie, fractional anisotropy [FA], mean diffu-
sivity [MD], radial diffusivity [RD], and axial diffusivity [AD])
were extracted manually using 3D Slicer, Version 4.3 (National
Alliance for Medical Image Computing; http://www.slicer.org).**
The T1-weighted anatomic image was linearly coregistered on
the DTI examination with respect to the following landmarks:
basilar artery, vertebral arteries, ventral brain stem, tumor config-
uration, internal auditory canals, fourth ventricle, and cerebellar
surface.

Microstructural Analysis

ROIs were placed on the proximal IC segments on both sides
where the CNs can be most easily identified anatomically. All
seeds were mapped to incorporate a cross-section of the CN of
interest and did not exceed 25mm’ The ROIs were recon-
structed by eXtended Streamline Tractography methods, traced
CN VII/VIII tracts were further analyzed on the basis of fiber ori-
entation, and then diffusivity measurements were evaluated.
ROIs were used for both tractography construction and diffusiv-
ity measurements. The reconstructed tracts were examined in a
blinded fashion by a subcommittee of the authors (S.T., P.S.-P.H.,
and AM.H.). Two patients with improper tract reconstruction
were excluded by consensus among this group.

We defined the CN “vulnerable zone” as the transition
between the cisternal and IC segments, which is an anatomic area
with increased mechanical compression by the tumor. For the
unaffected side, we defined the same vulnerable zone where the
nerves were seen to travel in close proximity and were difficult to
differentiate anatomically (Fig 1).


http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.slicer.org

FIG 1. Tl-weighted anatomic image (A) and 2 fused DTI/Tl-weighted images (B and C) with superimposed representation of tumor volume
(green) used to locate the ROIs within the distal cisternal/IC segments (A) and to demonstrate the extracted CN VII/VIII tracts (B and C). Note
the detailed correspondence of the tumor and its effect on CN VII/VIII (white arrows). The CN VII/VIII can be seen sweeping anterior to the tu-
mor. Also, note scattered, disconnected fibers that are not corresponding to CN configuration in space. These fibers were disregarded anatomi-

cally (arrowheads).

Criteria of CN Tractography Assessment
The criteria of CN tractography assessment were the following:

1) Anatomic accuracy: we ensured that there was an appropri-
ate representation of the generated tracts in correlation with the
CNs on the anatomic T1 image (fast-spoiled gradient recalled)
and T2 image (FIESTA) sequences.

2) Delineation of the tumor mass effect on the CNs: special
consideration was given to tumor fiber contamination, especially
in large tumors where it was difficult to identify the exact anat-
omy of the affected CNs.

It may be difficult to differentiate the CN VII/VIII on the
unaffected side, given the small size of the nerves and their close
proximity to each other. Conventional T1-weighted images were
used as a guide to identify the orientation and course of both
nerves, and tractography reconstruction was easier to obtain
compared with the affected side. On the affected side, the ROI
was placed at our defined vulnerable zone, where the tumor
caused the maximum compression on the nerve against adjacent
structures. This placement provides the advantage of a consistent
ROI definition for every patient. We avoided an intracanalicular
ROI definition because the canal can be narrow with surrounding
bone.

Statistical Analysis

All analyses were conducted in SPSS, Version 22.0 (IBM).
Multiple comparisons were corrected for all 4 diffusivity metrics
for each separate analysis using false discovery rate correction.
Statistical significance was determined at P < .01 or false discov-
ery rate-corrected P value (q) < .01 when adjustments were nec-
essary for multiple comparisons. The average microstructural
diffusivity differences between the affected and unaffected CN
VII/VIII for each patient were evaluated using paired-sample ¢
tests. Continuous variables were summarized as mean (SD). We
used the Kolmogorov-Smirnov test to assess normality and the
Spearman rank correlation to assess the relationship between
DTI metrics and tumor volume.

RESULTS

Clinical Characteristics

We identified 160 surgically naive patients with unilateral VSs
(68 men and 92 women; mean age, 64.2 [SD, 13] years; range, 28—
94 years; median, 64.1 years). On clinical assessment, 79 patients
(32 men and 47 women) had both tinnitus and sensorineural

hearing loss, 33 patients (15 men and 18 women) had isolated
sensorineural hearing loss, 7 patients (6 men and 1 woman) had
isolated tinnitus, 3 patients (1 man and 2 women) had sensori-
neural hearing loss and trigeminal neuralgia pain, and 1 patient
(1 woman) had isolated trigeminal neuralgia pain. Unfortunately,
we could not access the electronic health records of 37 patients.

Tumor Morphology

Tumor volume ranged from 0.2 to 9.5mL (mean, 2.3 [SD, 0.6]
mL; median, 1.3 mL). Sixty-nine patients had a right-sided tu-
mor, and 91 patients had a left-sided tumor. In all 160 patients,
17 patients had a VS primarily in the cerebellopontine angle, 10
patients had an isolated intracanalicular vestibular schwan-
noma, and 133 patients had both cerebellopontine angle and IC
tumors.

On conventional imaging, the tumor resulted in a significant
disruption of the proximal cisternal CN VIII nerve, and it was
difficult to trace along the bulk of tumor. The CN VIII fibers dis-
tal to the tumor were visualized occasionally. The morphologic
assessment is challenging in large tumors with brain stem com-
pression, due to significant anatomic distortion. On MTT, most
of the extracted CN VII/VIII tracts had an anterior or anteroinfe-
rior relationship to the tumor; the fibers were seen sweeping ante-
rior to the tumor, resulting in color changes on the FA map
(Fig 1).

Diffusion Metrics Changes

We found a statistically significant increase in the average FA
(P <.001, q < .001) and significant reduction in the average spe-
cific diffusivities (AD: P < .001, q¢ < .001; RD: P < .001, q <
.001; and MD: P < .001, q < .001) in all patients with VS at the
affected CN VII/VIII compared with the unaffected side (Fig 2).
The quantitative summary data of FA and diffusivities are sum-
marized in the Table.

Correlation Analysis

The results of the Pearson correlation coefficient test and the
Spearman p showed a small-but-significant negative linear rela-
tionship between the tumor volume and the specific diffusivities:
AD (r, =158 = 0.3, P = .001, q = 0.004), RD (r, = 158 = -0.24,
P = .004, ¢ = 0.008), and MD (r, = 158 = -0.23, P = .007, q =
0.009). FA values did not show a statistically significant correlation
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FIG 2. Microstructural properties of the CN VII/VIIl in patients with VS. The averaged mean value
of the diffusivity measurements in all patients with VS that demonstrate abnormal WM micro-
structural changes in their VII/VIIl nerves (four asterisks indicate P <.0001 false discovery rate—
corrected). DTI-derived values * standard error of the mean of affected (black bars) and unaf-
fected (gray bars) sides. Compared with the unaffected side, patients had significantly higher FA
(A) and lower AD (B), RD (C), and MD (D) on their affected side. Diffusion is in square millimeters/

second.

The mean, median, and range values for averaged FA and
diffusivity

Mean Median Range

FA (mm?/s)

Affected 0.357 0.332 0.108-0.722

Nonaffected 0.287 0.256 0.114-0.746
AD (mm?/s)

Affected 0.002 0.002 0.001-0.006

Nonaffected 0.003 0.003 0.001-0.005
RD (mm?/s)

Affected 0.001 0.001 0-0.004

Nonaffected 0.002 0.002 0-0.003
MD (mm?/s)

Affected 0.001 0.001 0-0.005

Nonaffected 0.002 0.002 0-0.004

with the tumor volume (r; = 158 = -0.02, P = .870, q = 0.87)
(Fig 3).

DISCUSSION

In the present study, we defined the WM microstructural altera-
tion on the cisternal segment of CN VII/VIII in surgically naive
patients with VS. This study is the first to describe the WM
microstructural abnormality characterized by higher FA and
lower AD, RD, and MD in the vulnerable zone of the affected
side compared with the unaffected side. Furthermore, all specific
diffusivities (AD, RD, and MD) demonstrated an inverse correla-
tion with tumor volume but not FA. These results are in line with
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along the other 2 orthogonal direc-
tions, and MD is equivalent to the
average of the eigenvalues.”*® These
metrics (AD, RD, and MD) have been
linked to pathophysiologic mechanisms
such as axonal degeneration,”” demye-

38,39 . . 35
and neuroinflammation.

lination,

Because AD is sensitive to axonal

integrity, the present study showed a

lower AD value in the cisternal segment of the affected vestibulo-

cochlear nerve. This may relate to axonal damage secondary to

Wallerian degeneration,**** focal misalignment of neurofila-

ments, and/or beading in injured axons, which may also result in

the reduction of MD."*™*® Alternatively, the lower AD value can

be seen in the assumed increased tumor cellular density in the
extracellular matrix."”*®

The increase in FA and reduction of MD may be other reliable
indicators of damaged fiber integrity, but these are dependent on
the brain region and cellular basis.*>° Several factors, such as an
increase in myelination, microscopic deficits of axonal structures,
decreases in axonal diameter, and packing density may contribute
to the higher FA.

Although in previous studies, the RD increased in cases of
dysmyelination or demyelination,”®*" we report a reduction on
RD value in the affected CN VII/VIIL As the RD indicates diffu-
sion along the two minor orthogonal directions of the traced
nerve bundles, we assume that the lower value found in our study
may represent a reduction in this cross-sectional area secondary
to compression and/or nerve bundle atrophy.

We found that a small inverse relationship exists between the
tumor volume and WM microstructural alteration, with a signifi-
cant degree of agreement. This relationship supports our hypoth-
esis that the tumor volume may cause microstructural alterations
in the vulnerable zone of the ipsilateral CN VII/VIIL, and it seems
to be in line with past studies that confirmed that nerve compres-
sion is not the only cause of hearing loss in patients with VS.>
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There are some limitations to the current study. The retro-
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CONCLUSIONS
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