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A Preliminary Investigation Report on Using Probabilistic Fiber Tractography to Track

Human Auditory Pathways

Xuan Zheng, Jun Zhang, Li Dong, Fangye Li, Guochen Sun, Yue Zhao, Yuyang Liu, Bainan Xu

BACKGROUND: Diffusion tensor imaging is currently
the only noninvasive way to map subcortical white matter
tractography. Radiologists and neurologists often fail to
reconstruct the complex auditory pathways when applying
the most commonly used approach, deterministic fiber
tracking, as this method is limited in spatial and angular
resolution. A different fiber-tracking method involving a
probabilistic approach could partly compensate for these
limitations. We investigated efficiency and potential use-
fulness of probabilistic fiber tracking in depicting human
auditory pathways in healthy individuals and patients with
unilateral vestibular schwannoma (VS).

METHODS: Eight healthy volunteers and 14 patients with
unilateral VS underwent diffusion tensor imaging. Proba-
bilistic fiber tracking of the auditory pathways for each
subject was carried out using FSL software. Tracking rate,
reliability of results, fiber volume, fiber length, and frac-
tional anisotropy values were considered in assessing
reliability and sensitivity of this method. Fiber length and
fiber volume were analyzed separately for the healthy
group and VS group.

RESULTS: Good tracking sensitivity and consistency
were shown in healthy subjects and patients with VS. For
fiber length, the 8 healthy subjects exhibited significant
between-sides differences, whereas the 14 patients with VS
showed no such difference. For fiber volume, there was a
statistically significant difference between groups, as the
patients with VS displayed a smaller fiber volume on the
nontumor side. Fractional anisotropy values revealed no

significant autologous or between-group differences. These
results match results of previous anatomic and neurologic
studies.

CONCLUSIONS: The auditory pathway can be depicted
well by probabilistic fiber tracking. This method can
compensate in part for weaknesses of the widely used
deterministic tractography approach in depicting fine and
complicated subcortical fibers.

INTRODUCTION

iffusion tensor imaging (DTI) is so far the only accepted
method for tracking subcortical white matter fibers in a
three-dimensional (3D) fashion in vivo."* The conven-
tional tracking technique, deterministic fiber tracking, has a
limited range of application.>* For instance, it often fails to track
complex and crossing fibers, such as the human auditory fibers,
which are considered one of the most intricate and important
intracranial neurologic pathways.”>® Its major limitation stems
from a restricted spatial and angular resolution.”* New diffusion
image sequences and fiber-tracking algorithms are continuously
being developed to eliminate the flaws of deterministic fiber
tracking, attempting to reproduce complex intracranial fibers
accurately and precisely in a 3D manner.*°™
Previous studies have described probabilistic fiber tracking as a
completely different algorithmic method with a higher resolution
that makes it capable of tracking more subtle crossing fibers. This
strength of probabilistic fiber tracking has aroused further interest
in investigating its capability to identify complex crossing fibers
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while using the conventional DTI technique.”"** The present
study investigated the efficiency and potential applicability of the
probabilistic fiber-tracking algorithm in depicting the auditory
pathways of healthy individuals and patients with unilateral
vestibular schwannoma (VS). Our preliminary results should be
useful in guiding future studies of hearing rehabilitation in
patients with VS.

MATERIALS AND METHODS

Participants

Our sample consisted of 8 healthy volunteers (6 men, mean age
28.4 years) and 14 patients with unilateral VS (9 men, mean age
37.1 years) surgically treated in the Department of Neurosurgery of
301 Hospital in Beijing, China, between November 2012 and July
2013. Written consent was obtained from each participant before
testing. Patients with the following diagnoses were excluded from
this study: 1) bilateral hearing loss indicated by auditory detection,
2) VS combined with hydrocephalus, 3) tumors <1 cm in diameter,
(4) auditory dysfunction for <2 years, and (5) hearing loss due to
reasons other than VS. Descriptive details of volunteers and
patients with VS are presented in Tables 1 and 2, respectively.

Image Acquisition

All imaging data were generated by a 3T TIM Trio System
(Siemens Healthcare, Erlangen, Germany). Tri-weighted 3D
magnetization prepared rapid acquisition gradient echo sequences
were obtained with the following specifications: 176 slices with a
slice thickness of 1.1 mm, slice gap of 0.55 mm, repetition time of
2200 ms, echo time of 2.88 ms, field of view of 22 x 22 cm, and
flip angle of 10°. These T1 images were used as a basis for
anatomic comparisons. A diffusion-weighted, spin-echo, double-
refocused, echo-planar sequence was used to acquire 2 DTI
datasets in about 18 minutes with the following specifications: 64
diffusion gradient directions with b value of 1400 seconds/mm?,
and 64 slices with a slice gap of o mm, slice thickness of 2.3 mm,
repetition time of 79oo ms, echo time of go ms, voxel size of 2.3 x
2.3 X 2.3 mm, and field of view of 22 x 22 cm. We also acquired 10
additional images with a b value of o seconds/mm®.

Table 1. Healthy Volunteers ‘

Dominant

Volunteer  Age (years)/Sex PTA (dB) SDS (%) Hemisphere
1 28/F 18 97 Left

2 31/M 14 98 Left

3 27/F 13 100 Left

4 29/M 16 100 Left

5 28/M 11 96 Right

6 25/M 20 100 Left

7 33/M 14 98 Left

8 26/M 12 94 Left
PTA, pure tone audiogram; SDS, speech discrimination score; F, female; M, male.

Fiber Tracking Analysis
T1 images were used as the anatomic reference, and ITK-SNAP
software (www.itksnap.org) was applied to recognize and mark
both sides of the inferior colliculus and the medial geniculate bodies
of each participant (Figures 1 and 2). These 4 anatomic landmarks
are the region of interest (ROI). In each subject, after a clear
identification of the ROIs, all anatomic marks were transformed
from the Tr space to the DTI space for tractography. The
transformation was performed by the FLIRT toolbox in FSL
software (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT).

The steps in the DTI data analysis are as follows:

1. Data transformation. The original Digital Imaging and Com-
munications in Medicine image data were transformed into
NIfTI image data using 3D Slicer software (https://www.slicer.
org/).

2. Fiber tracking. The whole tracking course was accomplished via
FSL software. All tracking details are available in the explana-
tory memorandum contained on the FSL open-source website
(www.fmrib.ox.ac.uk/fsl). The single mask option was adop-
ted. The terminal mask for fractional anisotropy (FA) was set at
<o.1 to avoid tracking throughout the gray matter. The number
of probabilistic tracking samples was 1ooo with a curvature
threshold of 0.2. A unit step length of 0.5 mm with a maximum
limit of 2000 steps was set, considering the possible real length
of our target fibers.

3. Postprocessing. 3D auditory pathway image reconstruction and
analysis of the results were accomplished using 3D Slicer
software (http://www.Slicer.org).

Data Analysis

All tracking data were processed by 2 different analysts (X.Z. and
L.D.), who were not advised of the corresponding relationships
between the image datasets and the participants. Autologous and
between-individual differences were compared to assess the
sensitivity and reliability of our study data. Conformity with
accepted anatomic knowledge was also taken into consideration.
The main parameters examined included the integrity of the fiber
pathway, fiber volume, length, FA values, and conformity with
common anatomic knowledge.

Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics
Version 18.0 software (IBM Corporation, Armonk, New York,
USA). After we confirmed that the data roughly fit the shape of a
normal distribution, mean and SD were computed. Continuous
variables were analyzed with independent-sample t tests, and
categorical variables were analyzed using Wilcoxon test. Statistical
significance was set at P < 0.05.

RESULTS

Healthy Volunteers

Reliability of Results. All the depicted fibers from DTI recon-
struction showed excellent consistency with established anatomic
knowledge regarding their location and course.
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Table 2. Patients with Unilateral Vestibular Schwannoma

Age Tumor Disease Tumor
Patient (years)/Sex Side Course (months) Size (cm)*
1 26/F Left 24 31
2 35/M Left 16 44
3 50/F Right 15 34
4 31/ Left 23 2.7
5 28/M Left 17 5.1
6 43/M Left 34 38
7 40/M Right 70 49
8 40/M Right 15 2.3
9 40/F Left 32 32
10 42/F Left 46 36
" 37I/M Right 17 25
12 42/M Right 45 44
13 39/F Left 17 2.7
14 21M Right 12 1.8
F, female, M, male.
*Values represent the largest diameter of the tumor.

Tracking Rate. The first image analyst confirmed that 11 of the 16
images in our dataset showed complete auditory pathways,
whereas the remaining 5 images were either incomplete or absent,
yielding a tracking rate of 68.8%. According to the second analyst,
10 of the 16 images were complete, and the other 6 images were
incomplete or absent, for a tracking success rate of 62.5%.
Comparison of the tracking success rates between analysts showed
no significant statistical difference (P = 0.764).

Reliability. DTI is currently the only noninvasive neurofiber visu-
alizing method in vivo, so there is no benchmark for comparison
to assess the reliability of the tracking results. In the present study,
typical anatomic structures in the auditory pathway, medial
geniculate bodies, and auditory cortex were marked out on the Tt

basic anatomic sequence before tracking to see whether the fiber
tracked would go through the highlighted points to generally
assess method reliability. The fibers were consistent with estab-
lished anatomic knowledge.

Fiber Length. For the 8 healthy individuals, the length of the left
auditory pathway was 57.4 £+ 27.1 mm, and the length of the right
auditory pathway was 73.6 + 30.2 mm according to the first data
analyst; the corresponding results from the second analyst were
51.3 & 36.2 mm and 68.7 £ 24.3 mm, respectively. Results of both
analysts showed significant differences (P = 0.029, P = 0.034)
between the left and right sides. However, no statistically signif-
icant difference (P = 0.453, P = 0.417) was observed between the
results of the 2 analysts.

Fiber Volume. The auditory pathway volume for the 8 healthy vol-
unteers according to the first analyst was 1.74 + 0.61 cm? for the
left side and 1.96 + 0.57 cm? for the right side; the corresponding
results obtained by the second analyst were 1.57 &+ 0.41 cm? and
1.84 + 0.53 cm’, respectively. There was no statistically significant
difference between the 2 sides (P = 0.017, P = 0.043) or between
the analysts (P = 0.372, P = 0.457).

Patients with Unilateral VS

Reliability of Results. All the depicted fibers from DTI recon-
struction showed great consistency with general anatomic
knowledge with regard to their location and course.

Tracking Rate. Among the 14 patients in the dataset processed by
the first analyst, complete auditory pathways on both sides were
successfully tracked in 11 patients; specifically, 12 auditory path-
ways were tracked on the tumor side, and 11 auditory pathways
were tracked on the uninjured side. The corresponding counts
obtained by the second analyst were 8, 9, and 11. No statistically
significant difference (P = 0.357, P = 0.289) was observed between
the injured and the uninjured sides in the combined results from
both analysts.

Fiber Length. Average fiber length was 63.1 + 24.1 mm on the
injured side and 71.6 £ 29.2 mm on the uninjured side according
to the first analyst; the corresponding results from the second
analyst were 57.6 + 28.1 mm and 65.7 £ 26.3 mm, respectively.

Figure 1. Seeking of inferior colliculus as region of interest (ROI). The red
point refers to the ROl we chose; trans inferior colliculus section on axial

view was oriented; and the dark point within a white stripe-shaped
structure refers to our target ROI, which is always about 10 voxels in size.
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Figure 2. Seeking of medial geniculate body as region of interest (ROI). The
yellow point refers to the ROl we chose; trans medial geniculate body
section on axial view was oriented; and the dark point within a white

oval-shaped structure refers to our target ROI, which is always about 7
voxels in size.

The paired t test showed no significant difference (P = 0.322, P =
0.476) between the injured and the uninjured sides, and there was
not a significant difference (P = 0.476, P = 0.316) between the 2
analysts.

Fiber Volume. Mean fiber volume was 1.44 + o0.51 cm? on the
nontumor side and 1.92 + 0.41 cm? on the tumor side as measured
by the first analyst, with corresponding results of 1.61 & 0.57 cm?
and 2.01 + 0.53 cm? obtained by the second analyst. A statistically
significant difference (P = 0.031, P = 0.027) was observed between
sides, but no significant difference (P = 0.273, P = 0.629) was
found between analysts.

FA Value of the Fiber. The average FA value of the auditory fiber
tracked by the first analyst was 0.426 + o0.071 on the injured side and
0.411 %+ 0.092 on the uninjured side; the corresponding results for the
second analyst were 0.431 £ 0.047 and 0.414 £ 0.061. No statistical
difference was found between the injured and uninjured sides
(P = 0.873, P = 0.761) or between the 2 analysts (P = 0.40r,
P = 0.637).

lllustrative Cases

Case 1. In a 27-year-old healthy female volunteer, the tracking
result of her right auditory pathway conformed quite well with our
anatomic knowledge (Figure 3).

Case 2. In a 27-year-old man with right-side hearing loss for >1
year, magnetic resonance imaging (MRI) showed a 1.8-cm ball-
shaped tumor located in the right cerebellopontine angle. His
auditory pathway was tracked on both sides; the result indicated
that the actual course of the auditory pathway varied from one side
to the other (Figure 4).

DISCUSSION

Healthy Volunteers

Bilateral auditory pathway fiber tracking of each subject was per-
formed by 2 analysts. Of a possible total of 16 auditory pathways,
the 2 analysts successfully tracked 11 (68.8%) and 10 (62.5%)
pathways, respectively. Tracking rates were comparable to rates of
previously published reports and showed no difference between

the 2 analysts.">"® We conjectured that the tracking course might

suffer some degree of disruption owing to the limited DTI reso-
lution or the idiosyncrasies of each participant, based on previous
studies by Feigl and Yeh.”®" Javad et al.” treated precise ROI
detection as a make-or-break step for fiber tracking. Usually the
more precise the selected ROIs are, the more favorable the results
will be. Multiseed ROI fiber tracking may involve a tradeoff be-
tween obtaining a more favorable result and tolerating a longer
algorithm computation time.™

We compared the tracking results with the anatomic atlas to
assess the reliability of our study results.”” The auditory cortex
generally accepts signals from 2 separate fibers: 1 strand from
the inferior colliculus and the other from the medial geniculate
bodies. In the lower segment, the anterior cochlear nuclei and
posterior cochlear nuclei divide the auditory fibers into 2
separate parts. Our tracking results roughly matched the
anatomic atlas but were unable to reveal the subtle details just
mentioned.” This drawback may be caused by the relatively low
spatial and angular resolution, which may fail to discriminate 2
separate fibers within a single voxel. DTI fiber tracking is based
on the hypothesis that free water molecule diffusion patterns
reveal microscopic details about the routes followed by
neurofibers. However, only 1 overall diffusion index can be
obtained for a particular voxel, and the fact that 1 voxel may
contain more than 1 neurofiber further complicates the issue at
hand and can potentially obscure tracking results, especially for
intricate cases such as the auditory pathway. In future studies,
MRI could be set at a higher resolution to minimize such
disadvantages and achieve greater precision.

There is neither a set or predefined length of the human
auditory pathway nor a conventionally accepted means of taking
such a measurement, owing to the diversity of individual varia-
tions." Personal, within-cohort, and between-cohort differences
were accounted for in reliability assessments, and the significant
observed differences essentially replicated the diversity and vari-
ations of the actual course of the auditory pathway in the general
population.””"**° The similarity between the results obtained by
the 2 analysts indicates the reliability of the method. However, we
still cannot confidently describe the average length of the human
auditory pathway owing to the small sample size. In the future,
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larger sample sizes and high-quality studies could provide more
information about the human auditory pathway.

Fiber volume is another important index for DTI fiber tracking.
Our 8 healthy participants showed significant differences both in
the fiber volumes on each side within each individual and between
individuals in our sample. The results obtained by the 2 analysts
did not differ significantly. These results underscore the individual
differences in auditory fibers and the limitations of applying
probabilistic fiber tracking to trace auditory pathways.

The current difficulties encountered in human auditory pathway
tracking can be partially attributed to the poor ability of current DTI
technology to differentiate between and represent microfilament-
like fibers. The diversity and intricacy exhibited by the tissue ar-
chitecture of those neurofibers make it even harder to arrive at any
conclusive outcomes. The aim of this part of our study was to
propose a less commonly applied, noninvasive method of human
auditory pathway investigation and to consider its sensitivity and
applicability. The results turned out to be promising, thereby
justifying further research. We deem our work important because
in-depth knowledge of the precise anatomic structure of human
auditory pathways could greatly help us to understand their role in
various physiologic or pathologic conditions. Future studies will be
planned with a larger sample population and better techniques in
the hope of obtaining more robust results.

Patients with Unilateral VS

Our 2 analysts also conducted auditory pathway fiber tracking of
both the injured and the uninjured sides of 14 patients with VS.
Thus, each analyst was asked to reconstruct 14 healthy and 14
tumor-affected unilateral auditory pathways. The final fiber
tracking rate on the healthy side was 85.7% (12 of 14) and 64.3% (9
of 14) for the 2 analysts, respectively, compared with 92.8% (13 of
14) and 78.6% (11 of 14) on the side with VS. The first analyst
tracked the auditory pathways in both the left and the right
hemispheres of g participants (64.3%); the second analyst was
successful in doing so with 8 subjects (57.1%). No statistically
significant differences in tracking rate between the VS side and the
uninjured side were observed, and there was not an evident

distinction between the tracking rates of the 2 analysts. The results
prove that the condition of intracranial nerve fibers cannot be
predicted simply by either conventional MRI or patients’ hearing
status.

A possible explanation of our observations is that tumor-caused
mechanical compression and nerve distortion are considered the
main causes of patients’ hearing loss. Thus, only the lower part of
the auditory pathway would be broken down by a tumor, whereas
the upper portion would theoretically remain intact. The auditory
systems of patients with VS remain physiologically functional
when cochlear nerve damage caused by tumor compression is
ignored.">" The results presented here conform well with results
of previous research, providing some support and confidence for
future studies.

Our research found no significant difference between the fiber
integrity of the affected side and that of the unaffected side,
thereby reinforcing the aforementioned inferences. It is known
that auditory fibers above the superior olivary nucleus conduct
bilateral downstream afferent impulses and acoustic signals up to
the auditory cortex, which is located in the superior and transverse
temporal gyrus.”*** This fact implies that, generally speaking,
both sides of a patient’s auditory cortex and subcortical fibers will
remain functional even when the cochlear nerve on one side is
damaged by sporadic VS. The auditory cortex can still be activated
if a stimulus is induced beyond the damage point.>>*° To some
extent, our results provide supporting evidence for the hypothesis
that the auditory cortex and subcortical fibers will remain func-
tional for some time after the occurrence of cochlear nerve dam-
age. Taking the exceedingly complicated composition and
structure of neurofibers in the brainstem into account, we tracked
only the upper course of the auditory pathway in this preliminary
research. The primary purpose of this part of our study was to
verify our initial hypothesis and to test the potential usefulness of
applying the fiber-tracking method to auditory pathway recon-
struction. Further investigations of complete full-course auditory
fiber tracking are in progress to provide more evidence that could
support our present speculations and, it is hoped, contribute more
information to human auditory pathway studies.

Figure 3. Image of a healthy volunteer. The red areas indicate the acoustic radiation. Both sides of the acoustic fibers are shown.
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Figure 4. Image of a 27-year-old man with vestibular
schwannoma. The right acoustic auditory radiation is
fully tracked out, but fibers on the nontumor (left) side

are only partly tracked out. Fiber degeneration may
have occurred in this patient owing to disuse atrophy.

One notable inconsistency is that a significant difference in fi-
ber length between sides was seen in the 8 healthy subjects,
whereas no such difference was detected in the VS cohort. Such
confusing results may have been caused by various factors, one of
which is the small sample size. Interpreting statistical results can
be tricky when the sample size is insufficient. We suggest treating
our results and conclusions only as assisting the development of
hypotheses at this point rather than as enabling us to draw

confident conclusions. We expect that the results will undergo
modification as more evidence is accumulated.

As reported by both analysts, there was a marked lateral dif-
ference in acoustic fiber volume between the tumor side and the
nontumor side. As we know from autopsies, the main course of
acoustic radiation goes to the opposite side after the cochlear
nucleus. Based on our results, we speculated that the higher
acoustic neurofibers on the nontumor side may retrogress after
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tumorigenesis. The reason behind this may be the gradual
blocking or even termination of acoustic neural conduction owing
to nerve compression from the tumor and the lack of sufficient
electrophysiologic stimulus. This phenomenon is referred to as
disuse atrophy. Based on our anatomic knowledge, we can sub-
divide those acoustic fibers above the superior olivary nucleus into
3 separate branches; the first 2, respectively, conduct downstream
ipsilateral transitional impulses from the superior olivary nucleus
and downstream afferent impulses from the cochlear nucleus
directly to the auditory cortex without any interneuron. The third
one, also regarded as the main branch, conducts downstream
contralateral impulses from the superior olivary nucleus. We hy-
pothesize that the third branch, if the neurofibers do not have
sufficient and consistent electrical stimuli passing through them,
may degenerate over time. We are unable to separate these 3 fibers
with current limited-resolution MRI alone, but the results could be
explained well based on previous anatomic knowledge and
rational inference in addition to the aforementioned clinical
techniques, confirming the reliability of our findings.””*° The
results explain the observed clinical phenomenon that the efficacy
of implanted devices fades over time in patients with cochlear
implants, auditory brainstem implants, or auditory midbrain im-
plants.>*3* Theoretically, auditory fibers should retrogress if they
have no contact with auditory impulses for an extended period of
time. It should be noted that we reached this conclusion without
considering the fact that the auditory pathway exhibits lateral
differences even in healthy individuals. Further studies with larger
samples are still needed to arrive at more convincing conclusions.

FA value is another important index to evaluate the integrity and
function of intracranial fibers. FA reduction may indicate fiber
collapse, a condition that was not observed in our study.* The fiber
retrogression on the tumor-injured side is considered as quantita-
tive rather than qualitative change. As discussed previously, audi-
tory fibers on the tumor-injured side may retrogress owing to disuse
atrophy, but this happens only to the areas involved in ipsilateral
impulse conduction. The function of the remaining fibers changes
minimally, as shown by the lack of FA reduction.

Comparison of Deterministic and Probabilistic Tractography
The question of whether deterministic or probabilistic tractog-
raphy is preferable has been discussed for some time without a
clear resolution. The deterministic method has been more widely
adopted by clinicians but has more problems with interference.
The probabilistic approach offers higher reliability but is more
difficult to perform.™

From our perspective, neither option is clearly better than the
other, and accordingly the selection should be based on the spe-
cific situation. The rationale for the present investigation arose
from the failure of the deterministic method to depict auditory
radiation. However, we do not mean to declare the probabilistic
method better in all instances. Rather, professionals should
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