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Abstract

The objective is to investigate white matter tracts, more specifically the arcuate fasciculus and
acoustic radiation, in tinnitus and assess their relationship with distress, loudness and hearing
loss. DTI images were acquired for 58 tinnitus patients and 65 control subjects. Deterministic
tractography was first performed to visualize the arcuate fasciculus and acoustic radiation
tracts bilaterally and to calculate tract density, fractional anisotropy, radial diffusivity, and
axial diffusivity for tinnitus and control subjects. Tinnitus patients had a significantly reduced
tract density compared to controls in both tracts of interest. They also exhibited increased
axial diffusivity in the left acoustic radiation, as well as increased radial diffusivity in the left
arcuate fasciculus, and both the left and right acoustic radiation. Furthermore, they exhibited
decreased fractional anisotropy in the left arcuate fasciculus, as well as the left and right acous-
tic radiation tracts. Partial correlation analysis showed: (1) a negative correlation between
arcuate fasciculus tract density and tinnitus distress, (2) a negative correlation between acous-
tic radiation tract density and hearing loss, (3) a negative correlation between acoustic radi-
ation tract density and loudness, (4) a positive correlation between left arcuate fasciculus
and tinnitus distress for radial diffusivity, (5) a negative correlation between left arcuate
fasciculus and tinnitus distress for fractional anisotropy, (6) a positive correlation between left
and right acoustic radiation and hearing loss for radial diffusivity, (7) No correlation between
any of the white matter characteristics and tinnitus loudness. Structural alterations in the
acoustic radiation and arcuate fasciculus correlate with hearing loss and distress in tinnitus
but not tinnitus loudness showing that loudness is a more functional correlate of the disorder
which does not manifest structurally.
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Abbreviations

AD axial diffusivity

BET  brain extraction tool
DTI diffusion tensor imaging
EEG electroencephalography
EPI echo planar imaging

FA fractional anisotropy
fMRI functional magnetic resonance imaging
FOV  field of view

MEG magnetoencephalography
MBP  myelin basic protein

RD radial diffusivity

SE single-shot spin echo

TFE turbo field echo

TQ tinnitus questionnaire
Introduction

Tinnitus is an auditory phantom percept characterized by a hissing, tonal, or buzzing
sound in the absence of a physical sound source (Jastreboff, 1990). The American
Tinnitus Association estimates that 50 million Americans perceive tinnitus.
6%—25% of affected people are severely debilitated, with 2%—4% suffering severely
enough to seek medical attention (Axelsson and Ringdahl, 1989). Clinical tinnitus
assessment usually involves measurements of tinnitus loudness (sensory component),
tinnitus distress, as well as evaluation of mood (emotional component) (Langguth
et al., 2013) and hearing loss which is most commonly present in tinnitus patients
(Axelsson and Sandh, 1985; Huang and Tang, 2010). Several studies have consensu-
ally agreed on the functional changes in the brain in the presence of tinnitus using
EEG, fMRI and MEG and their relevance with tinnitus components and the amount
of hearing loss (Lau et al., 2018; Maudoux et al., 2012; Van Der Loo et al., 2009;
Vanneste et al., 2010). However, previous research that have examined structural
changes in white matter using Diffusor Tensor Imaging (DTTI) in tinnitus patients have
arrived at contradictory results (Benson et al., 2014). The absence of consensual
evidence neural correlates of changes in white matter integrity and tinnitus symp-
toms may be attributed to the highly multicollinear nature of the behavioral
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variables associated with tinnitus. Therefore, the two main aims of the current study
are (a) to investigate structural changes in white matter integrity in tinnitus patients
compared to a control group and (b) to assess the precise behavioral relevance of
these changes by controlling for the potential confounding variables.

DTI is a sensitive and noninvasive tool for assessing white matter tract integrity
in the central nervous system, based on the diffusive properties of water molecules
(Basser et al., 1994; Neil et al., 2002). Diffusion of water molecules in the white mat-
ter of the brain is hindered by several characteristics such as the structural arrange-
ment of axons, axon membranes, neurofilaments, and the myelin coating around the
neurons (Beaulieu, 2002). The directionality of water movement in the presence of
barriers is known as fractional anisotropy (FA). The overall magnitude of water
movement is quantified as mean diffusivity. The magnitude of water movement
along the axon and perpendicular to the axon are defined as axial diffusivity (AD)
and radial diffusivity (RD), respectively. AD is related to the intrinsic characteristics
of the axons or changes in the extra-axonal/extracellular space (Papadakis et al.,
1999; Pierpaoli and Basser, 1996; van Pul et al., 2005; Wang et al., 2006), while
RD is a surrogate of changes associated with myelination (Song et al., 2002).

These measures (FA, AD and RD) characterizing the various properties of white
matter tract integrity has shown to be a promising avenue of investigation for tinnitus
in particularly two white matter tracts—arcuate fasciculus and acoustic radiation.
The first tract, the arcuate fasciculus, is an association tract connecting the auditory
cortex with frontal and parietal cortices (Catani and Mesulam, 2008). It has been as-
sociated with cognitive expression of patients’ mood (Pujol et al., 2000) and struc-
tural changes have been identified in several psychiatric disorders such as autism
spectrum disorders, schizophrenia, dyslexia and dyscalculia (Salviati et al., 2014).
The second tract, the acoustic radiation, conveys auditory information from the me-
dial geniculate body of the thalamus to the auditory cortex (Maffei et al., 2018). More
specifically the medial geniculate body is known as the auditory thalamus which acts
as an inhibitory mechanism that suppresses the tinnitus percept (loudness) in subjects
with hearing loss (Richardson et al., 2012).

A first DTI study investigated the integrity of white matter in the arcuate fascic-
ulus. The authors found a reduction in FA, reflecting underlying dysfunction of the
associated fibers in tinnitus patients. These findings were replicated and extended,
identifying reduced FA in right prefrontal areas, left inferior and superior longitudi-
nal fasciculus, and anterior thalamic radiation (Aldhafeeri et al., 2012). Contradict-
ing these findings, however, increased FA was found in similar areas, including the
inferior longitudinal fasciculus and anterior thalamic radiation (Benson et al., 2014),
and in auditory and limbic areas in tinnitus compared to controls (Crippa et al.,
2010). Several other studies, reported a positive correlation between loudness and
FA and a negative correlation between loudness and RD as well as AD in both
the anterior thalamic radiation and ventromedial prefrontal cortex (Leaver et al.,
2012; Seydell-Greenwald et al., 2014).
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Furthermore, Lin and colleagues found an increase in RD, suggesting the pres-
ence of demyelination at the level of the lateral lemniscus and inferior colliculus
(Lin et al., 2008). They also found that hearing loss, but not tinnitus, was associa-
ted with white matter alterations (Lin et al., 2008). Another study noted an increase
in AD in left superior, middle, and inferior temporal white matter (parts of the
acoustic radiation), suggesting axonal degeneration in tinnitus patients in compar-
ison to control subjects (Ryu et al., 2016). More recent studies further suggested
that differences in white matter between tinnitus patients and controls could
be explained by age and hearing thresholds rather than tinnitus characteristics
(Yoo et al., 2016).

In this way, the literature covering white matter changes in tinnitus leads to con-
fusing and contradictory conclusions. The reported variability in white matter integ-
rity could be explained by the anatomical heterogeneity of the tinnitus sample in
these studies (Schmidt et al., 1679). More specifically, factors such as age, distress,
and hearing loss could drive the anatomical differences reported across studies.
Therefore, our first aim of the current study is to clarify the changes in structural
characteristics of these two axonal bundles (arcuate fasciculus and acoustic radia-
tion) in tinnitus by investigating their white matter integrity (FA), axonal degener-
ation (AD) and axonal demyelination (RD) using DTI. The second aim of the current
study is to associate structural changes in these two tracts to the emotional and
sensory components of tinnitus and the amount of hearing loss, presenting the struc-
tural correlates of tinnitus symptoms after controlling for other multicollinear
factors. Since the arcuate fasciculus connects frontal with temporal and parietal
regions, we hypothesize a strong relationship between its different white matter
characteristics and tinnitus related distress. Similarly, since the acoustic radiation
connects more auditory areas and shown to be affected by age and hearing loss,
we hypothesize a strong relationship between its different white matter characteris-
tics and tinnitus loudness and hearing loss.

Methods and materials
Participants

The study included 58 tinnitus patients (34 males, 24 females) aged 2074 years
(52.66£11.66) and 65 healthy subjects (38 males, 27 females) aged 27-66 years
(49.28 £8.74). Tinnitus patients having a history of chronic headache, neurological
disorders such as brain tumors, traumatic brain injury, and/or being treated for mental
disorders were excluded from the study. All healthy subjects had a negative history
of psychiatric and neurologic disorders and were enrolled in the study after comple-
tion of an informed consent. See Table 1 for a summary of demographic information
and related data in each group. All patients agreed to make no changes to their current
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Table 1 Demographic of the participants in control and tinnitus group.

Demographics Controls Tinnitus

Number of participants 65 58

Age (49.28+8.74) years (52.66+11.66) years
Sex 38 Male, 27 Female 34 Male, 24 Female
Mean hearing loss Not recorded 26.02+12.48
Tinnitus type Tonal=31; Noise=26
Tinnitus loudness (NRS) 5.8+2.198

Tinnitus distress (TQ) 50+20.8

medication intake, which primarily included the aforementioned medications.
All patients gave written informed consent, and the ethical committee approved
the study.

All patients were interviewed regarding the tinnitus location (left ear, right ear, in
both ears), tinnitus duration, as well as the tinnitus sound characteristics (pure tone-
like or noise-like tinnitus). There were 31 patients who perceived a pure tone-like
tinnitus (17 males and 14 females; 16 with left-sided and 15 with right-sided tinnitus)
and 26 patients who perceived a noise-like tinnitus (16 males and 10 females; 14 with
left-sided and 12 with right-sided tinnitus). Additionally, the patients were tested for
hearing loss using pure tone audiometry inside the scanner before the MRI session
using a homebuilt Presentation™ (Neurobehavioral Systems, Albany, CA, USA)
script. The pure tone hearing threshold was determined for eight different frequen-
cies (0.125, 0.250, 0.5, 1, 2, 4, 6, 8kHz) presented unilaterally and randomly via a
stepwise procedure (Ulmer et al., 1998). At the start of the cycle of operations, a pure
tone was presented at a specific loudness which is increased in a stepwise manner
until audible. Patients were instructed to press a response button when a tone was
heard. Based on this audiogram, the hearing loss was calculated by averaging
the hearing thresholds over all frequencies measured. Furthermore, a pitch scaling
experiment was conducted to determine the frequency of the tinnitus percept for each
patient inside the scanner using an MRI-compatible headphone system. During the
experiment, patients were asked to determine whether the binaurally presented
pure tones or bandpass noises were lower than, higher than, or equal to the pitch
of their tinnitus. Fig. 1 shows the mean audiogram for the tinnitus patients.

A numeric rating scale (NRS) for tinnitus loudness and Tinnitus Questionnaire
(TQ) for tinnitus related distress were collected for all patients. The NRS ranged
from 0 to 10 (“How loud is your tinnitus?”’: 0=no tinnitus and 10=the worst
possible tinnitus). The TQ measures emotional and cognitive distress, intrusiveness,
auditory perceptual difficulties, sleep disturbances, and somatic complaints. Based
on the total TQ score (0-84), patients were assigned to a distress category: slight
(0-30: grade 1), moderate (31-46: grade 2), severe (47-59: grade 3) and very severe
(60-84, grade 4).

.
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FIG. 1
Audiogram.

Data acquisition and processing

DTI data sets were obtained on a 3T MR scanner (INTERA, Philips Medical Sys-
tems, Best, The Netherlands) with an eight-channel phased-array head coil using
a single-shot spin echo (SE) echo planar imaging (EPI) sequence with the following
acquisition parameters: 68 contiguous sagittal slices; 112 x 109 acquisition matrix;
field of view (FOV)=220 x 220 mmz; TR=15.0min; TE=48ms; 2.5 parallel
imaging factor (AP direction); b-value =800s/mm?; acquisition time =9min 59s.
Diffusion measurements were performed along 32 directions with additionally
one non-diffusion weighted (b0) image.

For anatomical reference, an additional high-resolution 3D T1-weighted turbo
field echo (TFE) sequence was used with a TE/TR of 4.60/9.60 ms and an acquired
voxel size of 0.98 x 0.98 x 1.20mm° (acquisition matrix 256 x 256 mmz, FOV
250 x 250 mm?). Parallel imaging factors of 1.5 in RL direction and 2 in AP direction
were used. A coronal stack of 182 contiguous slices was acquired resulting in a total
scan time of 6min 23s. No contrast agent was administered.

The diffusion weighted datasets were visually inspected for excessive motion
and artifacts. Based on this inspection, single bad images were removed from seven
participants (four control and three tinnitus patients). Following quality inspection,
FSL “eddy current” function was performed to align all images acquired for single
subject to the first non-diffusion weighted image (b0) of that subject using
12-parameter affine transformation. This function corrects for motion between suc-
cessive images as well as for distortions caused by eddy currents, which differ for
images acquired with diffusion weighting in different directions. To obtain a mask
for limiting further analysis steps to voxels inside the brain FSL’s brain extraction
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tool “BET” was used on the first bO image of each subject. Parameters were adjusted
and manual corrections were made as needed to ensure the resulting mask does not
include the surrounding skull tissues.

Following the preprocessing, a diffusion tensor was estimated for each voxel in
each subject-concatenated dataset using FSL “DTIfit” function. Apart from the 4D
dataset and the mask file, the function also calls for gradient vector (bvec) and gra-
dient value (bval) text files. “bvec” files describe the gradient directions with which
each of the images in the 4D dataset were acquired and “bval” describing the diffu-
sion weighting applied when acquiring images for b=0s/mm” and b=_800s/mm>.
After tensor fitting, FA, AD (eigenvalue A,), and RD (average of A,, A3) maps were
obtained. All the maps were inspected for artifacts separately for each subject. FA is
a measure of white matter integrity, expressed in the ratio ranging from O to 1
(O=isotropic or no predilection for any particular direction and 1=anisotropic or
unidirectional), where a higher score reflects more normal white matter. AD mea-
sures the rate of diffusion in the longitudinal direction of the axon and RD measures
the rate of diffusion in the transverse direction (Chanraud et al., 2010; Pierpaoli and
Basser, 1996; Vilanova et al., 2006).

The diffusion-weighted images for all subjects were registered to the FSL stan-
dard template with a resolution of 1x 1x 1mm?>. All the registered diffusion
weighted images were concatenated, and the gradient vectors were also combined
so that they can be processed as a super dataset. The tensor fit was obtained for
the super dataset resulting in group fractional anisotropy image. The tractography
was performed using Fiber Track software installed in Philips scanner to map the
white matter tracts for arcuate fasciculus and acoustic radiation. For quantitative
analysis, tract density was computed as

Number of tracts passing the region of interest

Density = - -
y Total number of tracts in the brain

Statistical analysis

2.3.1 Significant tracts for FA, AD, and RD

Multivariate ANOVA was performed comparing tract density, FA, AD, and RD
between controls and tinnitus for the left arcuate fasciculus, right arcuate fasciculus, left
acoustic radiation, and right acoustic radiation. For those measures with a significant
group X tract interaction determined at P < 0.05, a univariate ANOVA was performed
to disentangle the group level difference between these measures for each tract.

Partial correlation hetween tracts and behavioral
measures
Partial correlation analyses were performed between tract density, FA, AD, and RD

of the four tracts and the behavioral measures. The tract density of the four tracts
were partially correlated with distress (controlling for hearing loss and loudness),
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hearing loss (controlling for distress and loudness) and loudness (controlling for
hearing loss and distress). These correlations were corrected for multiple compari-
sons for the number of tracts (4) * the number of correlation measures (3) at
P <0.004 using Bonferroni correction.

The three measures of white matter integrity for the bilateral arcuate fasciculus
were partially correlated with distress (controlling for hearing loss and loudness),
hearing loss (controlling for distress and loudness) and loudness (controlling
for hearing loss and distress). Since the three measures of white matter integrity
are considered independent of one another, the correlations were correct for multiple
comparisons for the number of tracts (2) * number of correlation measures (3) at
P <0.008 using Bonferroni correction.

The three measures of white matter integrity for the bilateral acoustic radiation
were partially correlated with hearing loss (controlling for age and loudness), loud-
ness (controlling for hearing loss and age) and age (controlling for hearing loss and
loudness) since they have been shown to be affected by measures of age and hearing
loss. Since the three measures of white matter integrity are considered independent of
one another, the correlations were correct for multiple comparisons for the number
of tracts (2) * number of correlation measures (3) at P <0.008 using Bonferroni
correction.

Results
Tract density

Fig. 2A shows the tractography of the arcuate fasciculus in the control and tinni-
tus group. We observe that the tinnitus group shows thinning and missing tracts
for frontal, parietal, and temporal regions. Fig. 2B shows the tractography of the
acoustic radiation in the control and tinnitus group. The tinnitus group shows missing
tracts for the temporal region. The tract density difference for the tinnitus vs control
group was found to be statistically significant (F=20.24, P=0.01). The tinnitus
group has a significantly reduced tract density compared to the control group for left
arcuate fasciculus (F=6.34, P=0.013), right arcuate fasciculus (F=6.35,
P =0.012), left acoustic radiation (FF =4.42, P =0.038), and right acoustic radiation
(F=6.83, P=0.01), shown in Fig. 3A.

Significant tracts for FA, AD, and RD

For FA, the difference between the tinnitus vs control group was statistically signif-
icant (F=3.26, P =0.014). The tinnitus group has significantly decreased anisotropy
compared to the control group for left arcuate fasciculus (F=5.87, P=0.017), left
acoustic radiation (F=5.39, P=0.022), and right acoustic radiation (F'=6.51,
P =0.012). No significant decrease in anisotropy was observed for the right arcuate
fasciculus (F =0.25, P=0.62), shown in Fig. 3B.
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(A) Tractography for arcuate fasciculus in control and tinnitus group; (B) Tractography for
acoustic radiation in control and tinnitus group.

For AD, the difference between the tinnitus vs control group was statistically
significant (F'=25.20, P=0.01). The tinnitus group has significantly increased
AD compared to control group for left acoustic radiation (F=3.63, P=0.041).
No significant increase for AD was observed for left arcuate fasciculus (F=2.15,
P =0.154), right arcuate fasciculus (F=2.15, P =0.15), or right acoustic radiation
(F=2.73, P=0.055), shown in Fig. 3C.

For RD, the difference between the tinnitus vs control group was statistically sig-
nificant (F=2.82, P=0.028). The tinnitus group has significantly increased RD
compared to the control group for left arcuate fasciculus (F =4.39, P =0.038), left
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fasciculus and the left and right acoustic radiation.
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acoustic radiation (F=4.71, P=0.032), and right acoustic radiation (F=5.68,
P=0.019). No significant increase was observed for the right arcuate fasciculus
(F=1.48, P=0.23), shown in Fig. 3D.

Partial correlation analysis

4.3.1 Arcuate fasciculus

With respect to tract density, significant partial correlations were observed for the
left arcuate fasciculus and distress (r=—0.40, P=0.002) and for the right arcuate
fasciculus and distress (r=—0.40, P=0.002), both controlling for hearing loss
and loudness, as shown in Fig. 4A-B. No significant partial correlations were
observed for the left arcuate fasciculus and hearing loss or for the right arcuate fas-
ciculus and hearing loss when controlling for loudness and distress. No significant
partial correlations were observed for the left arcuate fasciculus and loudness or for
the right arcuate fasciculus and loudness when controlling for hearing loss and
distress. See Table 2 for an overview.

With respect to FA, a significant partial correlation was observed for the
left arcuate fasciculus and distress, controlling for hearing loss and loudness
(r=-0.50, P=0.003). No significant correlation was observed for the right arcu-
ate fasciculus. For AD, no significant partial correlation was observed for the left
arcuate fasciculus and distress or for the right arcuate fasciculus and distress when
controlling for hearing loss and loudness. For RD, a significant partial correlation
was observed for the left arcuate fasciculus and distress, controlling for hearing
loss and loudness (r=0.39, P=0.002). No significant correlation was observed
for the right arcuate fasciculus. See Table 3 for an overview.

For hearing loss, no significant partial correlation was observed between the
left and the right arcuate fasciculus after controlling for distress and loudness when
looking at RD, FA, or AD. In addition, when looking at RD, FA, and AD, no
significant partial correlation was observed between left and right arcuate fasciculus
and loudness when controlling for hearing loss and distress.

Acoustic radiation

With respect to tract density, no significant partial correlation was observed between
the left (r=0.04, P =0.79) nor right (r=0.04, P =0.79) acoustic radiation and distress
after controlling for hearing loss and loudness. Significant correlation was obser-
ved between the left acoustic radiation and hearing loss (r=—0.34, P=0.002), and
between the right acoustic radiation and hearing loss (r=—0.34, P=0.002) after
controlling for loudness and distress. No significant correlation was observed between
left acoustic radiation (r=—0.18, P=0.21), nor right (r=—0.13, P=0.38) acoustic
radiation and loudness after controlling for hearing loss and distress. See Fig. 3C-D
and Table 2 for an overview.
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Partial correlation for tract density (A) between left arcuate fasciculus and distress controlling
for mean hearing loss and loudness; (B) right arcuate fasciculus and distress controlling
for mean hearing loss and loudness; (C) left acoustic radiation and mean hearing loss
controlling for distress and loudness; (D) right acoustic radiation and mean hearing loss
controlling for distress and loudness.

Table 2 Partial correlation between arcuate fasciculus (AF), acoustic radiation
(AR) tract density and distress controlling for hearing loss (HL) and loudness, HL
controlling for distress and loudness, loudness controlling for distress and HL.

Density and distress | Density and HL Density and
(controlling for HL (controlling for loudness (controlling
Tracts and loudness) distress and loudness) | for distress and HL)
AF left r=-0.40 r=-0.11 r=0.07
P=0.002 P=0.47 P=0.62
AF right | r=-0.40 r=-0.08 r=0.15
P =0.002 P=0.85 P=0.30
AR left r=0.04 r=-0.34 r=-0.18
P=0.79 P =0.002 P=0.21
ARright | r=0.04 r=-0.33 r=-0.13
P=0.79 P =0.002 P=0.38

Bold represents statistically significant at P < 0.004.



Table 3 Partial correlation between arcuate fasciculus (AF) and distress controlling for hearing loss (HL) and loudness, HL
controlling for distress and loudness, loudness controlling for HL and distress.

Tracts

AF left

AF right

Distress (controlling for HL and

AD

r=0.23
P=0.08
r=0.16
P=0.27

Loudness)
RD

r=0.39
P =0.002
r=0.36
P=0.016

FA

r=-0.50
P=0.003
r=-—0.04
P=0.74

HL (controlling for distress and

loudness)
AD RD

r=-0.25 r=-0.35
P=0.08 P=0.01
r=0.15 r=-0.24
P=0.29 P=0.10

FA

r=-0.05
P=0.74
r=-0.08
P=0.56

Loudness (controlling for HL,
distress)

AD RD FA

r=0.004 r=-0.02 r=0.19
P=0.98 P=0.92 P=0.18
r=0.25 r=-0.19 r=-0.06
P=0.08 P=0.18 P=0.67

AF, arcuate fasciculus; AD, axial diffusivity; RD, radial diffusivity; FA, fractional anisotropy. Bold represents the statistically significant at P < 0.008.
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For hearing loss, no significant correlation was observed with FA of left nor
right acoustic radiation after controlling for age and loudness. Also, for loudness,
no significant correlation was observed with FA of the left acoustic radiation or
the right acoustic radiation after controlling for hearing loss and age. For age,
no significant correlation was observed with FA of the left nor right acoustic radia-
tion values after controlling for hearing loss and loudness. See Table 4 for an
overview.

A significant correlation was observed between RD of the left acoustic radiation
and hearing loss (r=0.41, P=0.002). For RD of the right acoustic radiation and
hearing loss, no significant correlation was obtained after controlling for age and
loudness. No significant correlation was observed between RD of the left nor right
acoustic radiation and loudness after controlling for hearing loss and age. In addition,
no significant correlation was observed between RD of the left acoustic radiation and
age and right acoustic radiation and age after controlling for hearing loss and
loudness. See Table 4 for an overview.

No significant correlation was observed between AD of the left nor right acoustic
radiation and hearing loss after controlling for age and loudness. No significant
correlation was observed between AD of the left nor right acoustic radiation and
loudness after controlling for hearing loss and age. In addition, no significant corre-
lation was observed between AD of the left nor right acoustic radiation and age after
controlling for hearing loss and loudness. See Table 4 for an overview.

Discussion

In this study, we analyzed the influence of tract density, FA (white matter integrity),
AD (axonal degeneration), and RD (demyelination) in the arcuate fasciculus and
acoustic radiation. This study demonstrates that white matter changes are present
in both tracts. Behavioral measures furthermore demonstrate that left arcuate fascic-
ulus changes are correlated with tinnitus distress, and that left and right acoustic ra-
diation changes are correlated to hearing loss after correcting for multicollinear
factors.

The results of this study suggest reduced tract density in the left and right arcuate
fasciculus as well as the left and right acoustic radiation tracts in tinnitus patients in
comparison to controls. A possible cause for these alterations could be the loss of my-
elin sheath and axonal degeneration. This possibility is further bolstered by the in-
crease in RD together with no change in AD and reduction in FA (Winklewski
et al., 2018) a pattern also found in patients with schizophrenia (Gomez-Gastiasoro
et al., 2019). The potential to detect and differentiate between axon degeneration
and demyelination has been shown both in animal and human DTI studies (Lin
et al., 2008; Song et al., 2003). The integrity of the compacted, multilamellar myelin
sheath plays an important role in determining the speed of neural transmission in the
auditory cortex (Huxley and Stampeli, 1949; Kimura and Itami, 2009; Seidl et al.,
2014; Waxman, 1980). Noise overexposure and aging trigger morphological changes



Table 4 Partial correlation between acoustic radiation (AR) and hearing loss (HL) controlling for age and loudness, loudness
controlling for HL and age, age (controlling for HL and loudness).

Tracts

AR left

AR right

HL (controlling for age and loudness)

AD RD FA
r=0.11 r=0.41 r=-0.25
P=0.47 | P=0002 |P=007
r=—001 |r=029 r=—0.24
P=096 |P=0046 |P=0.11

Loudness (controlling for HL and age)

AD RD FA
r=0.09 r=0.34 r=0.15
P=056 | P=0018 |P=032
r=0.10 r=0.31 r=0.08
pP=051 | P=0028 |P=059

Age (controlling for HL and loudness)

AD RD FA
r=-009 |[r=004 r=0.19
P=0.52 P=0.81 P=0.18
r=—001 |r=-001 |[r=020
P=0.98 P=0.99 P=0.18

AR: Acoustic Radiation; AF: AD: Axial diffusivity; RD: Radial Diffusivity; FA: Fractional Anisotropy. Bold represents the statistically significant at P <0.008
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in auditory nerve myelin subdomains such as nodes, paranodes, and juxtaparanodes
exhibiting decreases in myelin thickness, leading to decreased action potentials and
reduced conduction velocity (Poliak and Peles, 2003). This suggests that auditory
nerve demyelination can lead to hearing dysfunction and associated tinnitus related
to deficits of action potential propagation and the synaptic transmission in the auditory
pathways (Tagoe et al., 2014; Zeng et al., 2005).

The changes in white matter properties in tinnitus patients are better understood
by examining their relationship with behavioral variables. A positive association be-
tween demyelination and tinnitus distress and a negative association between white
matter integrity and axonal degenerations and tinnitus distress was observed for the
left arcuate fasciculus after controlling for hearing loss and tinnitus loudness. The
lateral frontal lobe is substantially connected with the insula directly or indirectly
via multiple connections with frontoparietal and opercular areas (Cipolloni and
Pandya, 1999), both directly and via relay with the amygdala (Joseph, 2013;
Romanski and LeDoux, 1993). In turn, the insula is extensively connected with
the amygdala, which is the central integrator of emotional inputs (Augustine,
1996; Mega et al., 1997; Mesulam and Mufson, 1982). Furthermore, research has
suggested that left arcuate fasciculus is associated with a patient’s mood and somatic
complaints in primary depression, multiple sclerosis and mild traumatic brain injury
(Pujol et al., 1997, 2000; Spitz et al., 2017). Distress can also occur with white matter
changes as reflected by decrease in density as well as reduction in the processing
speed due to demyelination and reduction in integrity of frontal association fibers
in the arcuate fasciculus (Felten et al., 2015; Pujol et al., 2000). These findings agree
with the findings of the current study for tinnitus distress. It is important to note here
that previous tinnitus studies fail to consistently show these results. Some studies
show a negative correlation between reduced FA in the amygdala-hippocampal
circuit and prefrontal cortex with THI and BDI scores respectively (Gunbey et al.,
2017; Ryuetal.,2016), whereas some studies show no correlation with the emotional
component of tinnitus (Aldhafeeri et al., 2012; Schmidt et al., 1679). Furthermore,
tinnitus distress has been shown to be correlated with loudness and loudness with
hearing loss (Vanneste et al., 2013; Goyal and Gupta, 2015). Thus, removing the
contributing variance of the two factors we can disentangle the correlates of tinnitus
distress alone.

For the left acoustic radiation, we observe a relationship between demyelination
(RD) in addition to changes in tract density and hearing loss. The acoustic radiation
conveys auditory information from the medial geniculate body of the thalamus to the
auditory cortex (Maffei et al., 2018). In animals, it is known that hearing loss can
result from dysfunction of cochlear hair cells, loss of auditory nerve afferent synap-
ses, dysfunction of non-sensory cells that establish the endocochlear potential
(Dubno et al., 2013), as well as the loss of spiral ganglion neurons (Sergeyenko
et al., 2013). Animal studies have further demonstrated both acute and progressive
spiral ganglion axon demyelination associated with hearing loss, even in the absence
of soma death, and corresponding altered physiology following sensorineural deaf-
ening (Resnick et al., 2018). In these cases, the afferent signals from the auditory
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pathway are greatly reduced and disordered. The data of this study suggest that
demyelination of the acoustic radiation may inhibit the ability of the medial genic-
ulate body to achieve central gain by not enabling to make homeostatic changes,
worsening tinnitus (Caspary and Llano, 2017). Indeed, animal studies have shown
that overexposure of noise induces alterations in myelin at and around the nodes
of Ranvier that can likely impair the auditory brainstem response by decreasing
the conduction velocity and conduction block (Mao et al., 2012; Tagoe et al.,
2014) and induce tinnitus by changing central gain (Norefia, 2011; Roberts et al.,
2010). Furthermore, given the high multicollinearity between age, tinnitus loudness
and hearing loss (Gates and Mills, 2005; Goyal and Gupta, 2015; Huang and Tang,
2010), we show that this effect remains even after controlling for age and tinnitus
loudness supporting the exclusivity of the effect to hearing loss.

We however do not see any correlation between tinnitus loudness and the differ-
ent characteristics of white matter integrity in tinnitus after controlling for hearing
loss. Previous studies support this finding showing that structural changes in the brain
relate to the hearing loss rather than the tinnitus loudness itself (Melcher et al., 2013;
Yoo et al., 2016). Furthermore, tinnitus loudness may be a functional aspect of the
disorder which may be better captured by functional imaging techniques such as
EEG, MEG and fMRI. It is widely agreed that tinnitus loudness is correlated with
the amount of gamma activity and subsequently the intensity of BOLD activity in
the auditory cortex (Chun-li et al., 2010; Van Der Loo et al., 2009). This has been
replicated by several groups and has been verified by invasive and non-invasive
neuromodulation techniques that targeting this hyperactivity may be able to provide
relief in tinnitus loudness for some people (De Ridder and Vanneste, 2015; Langguth
et al., 2006; Weisz et al., 2014).

The data of this study show a left lateralization effect for both the arcuate fascic-
ulus and acoustic radiation. An ongoing debate within the literature is if tinnitus is
always generated unilaterally on the left side or in the auditory cortex contralateral to
the hearing loss (De Ridder, 2010). Based on fMRI (Melcher et al., 2000; Smits et al.,
2007), MEG (Llinas et al., 2005; Muhlnickel et al., 1998; Weisz et al., 2007), and
EEG (Van Der Loo et al., 2009; Vanneste and De Ridder, 2016), is it assumed that
the tinnitus generator is located in the contralateral auditory cortex (Smits et al.,
2007). However, most positron emission tomography (PET) studies suggest that tin-
nitus is always generated in the left auditory cortex (Arnold et al., 1996; Eichhammer
et al., 2007).

An important question is whether DTT is a useful technique for evaluating func-
tional pathologies such as tinnitus. The main arguments against the use of DTI are
the following. (1) After controlling for hearing loss, tinnitus loudness does not sur-
vive statistical correction for multiple comparisons. (2) Results are not reproducible
between different centers. (3) It is yet unknown whether the observed correlations
reflect causal relations or are purely epiphenomena. Moreover, we analyzed only
the effect of selected clinical characteristics. Nevertheless, there are also some argu-
ments in favor of the use of DTI for functional pathologies. (1) Results in different
studies converge in the sense that white matter changes occur in brain areas already
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implicated in tinnitus as demonstrated by functional imaging studies. (2) One center
has been able to replicate its own results (Leaver et al., 2011; Muhlau et al., 2006).
(3) It is possible that tinnitus subgroups with similar characteristics might differ in
their underlying neurobiological mechanism (Moller, 2007).

The present study has some limitations worth noting. Firstly, interpreting deter-
ministic tractography images is problematic due to the intrinsically unrealistic as-
sumption of a homogeneous unidirectional population inside the voxels. Specific
regions of the brain contain two or more differently orientated fibers within the same
voxels (crossing, diverging, kissing fibers) leading to a potential bias in the estima-
tion of fiber directions and pathways and abrupt termination of tracts (Alexander
et al., 2001; Barrick and Clark, 2004; Wiegell et al., 2000). This can be minimized
by adopting more sophisticated approaches including high angular resolution diffu-
sion imaging (HARDI) and hybrid diffusion imaging (HDI) (Jansons and Alexander,
2003; Tuch et al., 2002). Secondly, we could not test the changes occurring over time
within a group as the study design was not longitudinal. Some of the changes ob-
served in this study may be due to age and/or overexposure to noise (which we
do not have details about). We therefore cannot definitively claim that hearing loss
itself causes these changes.

Imaging techniques such as DTI can provide quantitative analysis by RD and
AD but fail to provide histopathological aspects. A human study using temporal
bone specimens from donors demonstrated that demyelination is caused by loss
of myelin basic protein (MBP) (Xing et al., 2012). If proven that demyelination
worsens tinnitus, future tinnitus treatments will involve exploring techniques for
white matter regeneration or remyelination. Remyelination is a potential approach
to treat multiple sclerosis, as it repairs the damaged regions of the central nervous
system. A wealth of new strategies in animal models that promote remyelination
have led to several clinical trials to test new reparative therapies (Plemel
et al., 2017).

In conclusion, changes in the auditory tracts due to demyelination can lead to
functional changes in auditory networks implicated in tinnitus (De Ridder et al.,
2014). Whereas changes in the auditory thalamocortical tracts seem to be related
to hearing loss, alterations in the frontal and parietal cortices connected to the audi-
tory cortex seem to affect the emotional aspects of tinnitus, such as distress. We fur-
ther demonstrate the relationship between changes in white matter tracts and tinnitus
symptoms after controlling for potential confounding variables which make the re-
sults of the current study more reliable than previous studies in tinnitus. Neverthe-
less, we observe that the changes in white matter properties seem to only encode the
hearing loss and emotional component of the disorder and not the sensory component
which we hypothesize is more a functional malfunctioning than structural.
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