7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Macrostructural Changes of the Acoustic Radiation in Humans with Hearing Loss and Tinnitus
Revealed with Fixel-Based Analysis

Koops, Elouise A.; Haykal, Shereif; van Dijk, Pim

Published in:
The Journal of Neuroscience

DOI:
10.1523/JNEUROSCI.2996-20.2021

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):

Koops, E. A., Haykal, S., & van Dijk, P. (2021). Macrostructural Changes of the Acoustic Radiation in
Humans with Hearing Loss and Tinnitus Revealed with Fixel-Based Analysis. The Journal of Neuroscience,
41(18), 3958-3965. https://doi.org/10.1523/JNEUROSCI.2996-20.2021

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.


https://doi.org/10.1523/JNEUROSCI.2996-20.2021
https://research.rug.nl/en/publications/ef043f6f-da41-49d2-840f-873fb20a64fc
https://doi.org/10.1523/JNEUROSCI.2996-20.2021

3958 - The Journal of Neuroscience, May 5, 2021 - 41(18):3958—-3965

Development/Plasticity/Repair

Macrostructural Changes of the Acoustic Radiation in
Humans with Hearing Loss and Tinnitus Revealed with
Fixel-Based Analysis

Elouise A. Koops,"** Shereif Haykal,>** and ““Pim van Dijk!>?
"Department of Otorhinolaryngology/Head and Neck Surgery, University Medical Center Groningen, University of Groningen, 9700 RB, Groningen,
The Netherlands, 2Graduate School of Medical Sciences, Research School of Behavioural and Cognitive Neurosciences, University of Groningen,
Groningen, 9713 AV, The Netherlands, 3Cognitive Neuroscience Center, Biomedical Sciences of Cells and Systems, University of Groningen, 9713
AW, Groningen, The Netherlands, and *Department of Ophthalmology, University Medical Center Groningen, University of Groningen, 9700 RB,
Groningen, The Netherlands

Age-related hearing loss is the most prevalent sensory impairment in the older adult population and is related to noise-
induced damage or age-related deterioration of the peripheral auditory system. Hearing loss may affect the central auditory
pathway in the brain, which is a continuation of the peripheral auditory system located in the ear. A debilitating symptom
that frequently co-occurs with hearing loss is tinnitus. Strikingly, investigations into the impact of acquired hearing loss, with
and without tinnitus, on the human central auditory pathway are sparse. This study used diffusion-weighted imaging (DWI)
to investigate changes in the largest central auditory tract, the acoustic radiation, related to hearing loss and tinnitus.
Participants with hearing loss, with and without tinnitus, and a control group were included. Both conventional diffusion
tensor analysis and higher-order fixel-based analysis were applied. The fixel-based analysis was used as a novel framework
providing insight into the axonal density and macrostructural morphologic changes of the acoustic radiation in hearing loss
and tinnitus. The results show tinnitus-related atrophy of the left acoustic radiation near the medial geniculate body. This
finding may reflect a decrease in myelination of the auditory pathway, instigated by more profound peripheral deafferenta-
tion or reflecting a preexisting marker of tinnitus vulnerability. Furthermore, age was negatively correlated with the axonal
density in the bilateral acoustic radiation. This loss of fiber density with age may contribute to poorer speech understanding
observed in older adults.

Key words: acoustic radiation; acquired hearing loss; age; diffusion-weighted imaging; fixel-based analysis; tinnitus
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Age-related hearing loss is the most prevalent sensory impairment in the older adult population. Older individuals are subject
to the cumulative effects of aging and noise exposure on the auditory system. A debilitating symptom that frequently co-
occurs with hearing loss is tinnitus: the perception of a phantom sound. In this large DWI-study, we provide evidence that in
hearing loss, the additional presence of tinnitus is related to degradation of the acoustic radiation. Additionally, older age was
related to axonal loss in the acoustic radiation. It appears that older adults have the aggravating circumstances of age, hearing
loss, and tinnitus on central auditory processing, which may partly be because of the observed deterioration of the acoustic
radiation with age. j
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tinnitus, the perception of a phantom sound. Tinnitus is a com-
mon and debilitating symptom that affects ~12-30% of the gen-
eral population (McCormack et al., 2016). Unlike hearing loss,
research investigating damage to the peripheral auditory system
in tinnitus is sparse. Available research suggests that tinnitus
relates to distinctive damage to peripheral auditory structures
(Rittiger et al., 2013; Singer et al., 2013). In addition to the dam-
age to the structures of the peripheral auditory system, changes
to the structure of the central auditory system have been impli-
cated in both hearing loss and tinnitus.

Most of the information transfer in the auditory system takes
place via myelinated axons, that is, white matter tracts, which
facilitate rapid and precise information transfer (Sinclair et al.,
2017). In neuroscience, diffusion-weighted imaging (DWI) is the
most commonly used method to investigate white matter tracts
of humans with hearing loss and tinnitus. DWTI scans, obtained
with a magnetic resonance imaging (MRI) scanner, reflect the
diffusion of water molecules. In the white matter tracts of the
brain, water molecules are most likely to diffuse in parallel with
the fibers because of restrictions by axonal membranes and mye-
lination. Traditionally, diffusion-weighted images are analyzed
with a diffusion tensor imaging (DTT) model. Within this model,
white matter is quantified by the principal direction of restricted
water proton movement [fractional anisotropy (FA)] and the
more general molecular diffusion rate (mean diffusivity; Soares
et al., 2013). In voxels with multiple and crossing fiber bundles
(i.e., complex fiber populations), DTI cannot readily assign dif-
ferences in white matter to a specific pathway (Douaud et al,,
2011; Jones et al., 2013; Mito et al., 2018). Because up to 90% of
white matter voxels have complex fiber populations (Jones et al.,
2013), the calculation of only one averaged direction per voxel
renders the diffusion tensor model challenging to interpret bio-
logically (Mito et al., 2018).

To resolve multiple fiber populations within voxels, higher-
order diffusion-weighted models have led to a fixel-based analy-
sis (FBA) approach that exploits the fact that DWI images con-
tain information on the presence of multiple fiber bundles
(fixels) within a voxel (Raffelt et al., 2017). The approach
describes changes in fiber density (FD) and fiber-bundle
cross section (FC) and a combination of fiber density and
cross section (FDC; Raffelt et al., 2017; Mito et al., 2018). FD
reflects microstructural changes in a fiber pathway, with a
reduction indicating a decrease in axonal density. FC relates
to macrostructural changes of fiber pathways, with a reduc-
tion indicating white matter fiber bundle cross-sectional at-
rophy or preexisting differences in fiber bundle morphology.
Last, the FDC measure integrates both the degradation of a
fiber tract (FC) and the state of the remaining fibers in a tract
(FD; Raffelt et al., 2017; Mito et al., 2018). In summary, the
fixel-based analysis approach is tract specific and has a bio-
logically meaningful interpretation.

To date, there have been few diffusion-weighted imaging
studies that investigated the effect of tinnitus and acquired hear-
ing loss on the central auditory pathway (Tarabichi et al., 2017).
Our study aimed to investigate differences in the largest white
matter tract of the central auditory system, the acoustic radiation,
connecting the auditory thalamus with the auditory cortex. Two
groups with hearing loss, with and without tinnitus, were com-
pared with a normal-hearing control group. Additionally, the
relation between fixel-based metrics and demographics, hearing
level, and tinnitus-related variables was investigated. Finally, the
results from conventional voxel-based diffusion tensor analysis
were compared with those of fixel-based analysis.

J. Neurosci., May 5, 2021 - 41(18):3958-3965 + 3959

Materials and Methods

Ethical approval. This study was performed with the approval of the
medical ethical committee of the University Medical Center of
Groningen, The Netherlands. Participants signed an informed consent
form before participation and received reimbursement for their time
and travel costs.

Participants. This study included three groups: participants with
hearing loss without tinnitus, participants with hearing loss and tinnitus,
and a healthy control group. A total of 93 participants were included: 34
participants with hearing loss and tinnitus, 23 with hearing loss but with-
out tinnitus, and 36 healthy controls. Hearing loss participants had to
have bilateral symmetrical hearing loss and normal thresholds up to
1kHz. Pure tone thresholds were obtained in a sound-attenuating booth
for frequencies between 0.250 and 8 kHz. At the time of inclusion, none
of the participants used a hearing aid to improve their hearing or used a
tinnitus masker to alleviate their tinnitus. The tinnitus had to be present
for at least 6 months. Tinnitus variables collected were laterality, pitch,
and the duration of tinnitus. All participants were requested to complete
the Hospital Anxiety and Depression Scale (HADS; Zigmond and
Snaith, 1983) and the Hyperacusis Questionnaire (HQ; Khalfa et al,
2002). Additionally, the tinnitus participants were requested to fill in the
Tinnitus Handicap Inventory (THI; McCombe et al, 2001) and the
Tinnitus Reactions Questionnaire (Wilson et al., 1991).

Data acquisition. Diffusion-weighted imaging data were acquired
using a Philips Intera 3.0T scanner, with a 32-channel SENSE head coil.
All participants were scanned using the following parameters: TR
9000 ms; TE 60.6 ms; voxel size=2.5 x 2.5 x 2.5 mm”; 61 noncollinear
gradient directions; 55 slices; b=1000 s/mm? anterior-posterior phase
encoding direction.

Preprocessing. First, the data were denoised, motion corrected, and
eddy current distortion corrected in FSL (FMRIB Software Library)
(Jenkinson et al., 2012). These general preprocessing steps were followed
by apparent fiber density-specific preprocessing steps of bias field cor-
rection and global intensity normalization across participants. Bias field
correction eliminates inhomogeneities in the image that occur because
of low spatial frequency intensity areas (Raffelt et al., 2012b). Then,
global intensity normalization was performed using group-wise registra-
tion. None of the included DWT scans were affected by motion to such
an extent that they had to be excluded from the study.

Fixel-based analyses. After preprocessing, fixel-based analyses were
performed as outlined in Raffelt et al. (2017); with the aid of MRtrix3
(Tournier et al., 2019). Fixels represent the fiber bundle elements within
a voxel and are composed of a set of fibers that are sufficiently similar in
orientation. After intensity normalization, single-fiber response func-
tions were estimated for each participant (Tournier et al., 2013). These
unique response functions were averaged to obtain a group average
response function (Dhollander et al., 2019). The DWI data were up-
sampled to an isotropic voxel size of 1.3 mm to increase contrast, and a
whole-brain mask was computed from the up-sampled data.
Constrained spherical deconvolution was used to estimate the fiber ori-
entation distribution (FOD) for each participant (Dhollander and
Connelly, 2016). For the group comparisons, the relevant population
templates were created based on a subset of 15 participants per group, in
line with the recommendation of the creators of this method (Tournier
et al,, 2019), ensuring an equal representation of participants of the
groups that were investigated. All individual FOD images were then
registered to the FOD population template via nonlinear registra-
tion (Raffelt et al., 2011, 2012a). The outcome of this registration
was used to construct a template mask that contained white matter
voxels present in all participants. Subsequently, individual fixels and
their orientation in each voxel were identified by segmenting the
FODs. All fixel directions were reoriented using the FOD registra-
tion warps, and each identified fixel of the template mask was
matched to that of the participant image. Finally, FD, FC, and the
combination metric FDC were computed.

The interpretations of a reduction in FD, FC, and FDC for the white
matter fiber bundle’s structural integrity are shown in Figure 1. The FD
metric reflects a reduction in the volume of restricted water within a
given voxel, which can be because of axonal loss. FD is measured on a
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within-voxel level and reflects the state of the
remaining white matter tissue. The FC metric
reflects a change in the cross-sectional area occu-

pied by a white matter fiber bundle and can
reflect cross-sectional atrophy or acquired axo-
nal loss, such as in Alzheimer’s disease (Mito et
al., 2018). FDC is a metric that combines the FD
and FC metrics. All three metrics can reflect the
information-carrying capacity of the white mat-
ter tissue (Raffelt et al., 2017). To indicate the
magnitude of the significant effects in the group-
wise comparisons, the effect size of the FBA out-
comes was expressed as a percentage decrease in
the FBA metric of one group relative to another
group.

Whole-brain probabilistic fiber tractography
was used to derive information on local fixel
connectivity between neighboring fixels and
subsequently apply connectivity-based fixel
enhancement to aid statistical analysis (Raffelt et
al,, 2015). After obtaining the whole-brain trac-
togram, the initially estimated 20 million tracks
were reduced to 2 million to decrease tractogram
density biases, using spherical-deconvolution-
informed filtering of tractograms (Smith et al.,
2013).

Acoustic radiation fiber tracking. The focus of the current study was
on the white matter changes within the acoustic radiation. The popula-
tion FOD template was used to perform probabilistic tracking of the
acoustic radiation to investigate group differences in the white matter
between the auditory thalamus [medial geniculate body (MGB)] and the
primary auditory cortex. First, masks for the auditory cortex and auditory
radiations were derived from the Juelich Histologic atlas in MNI space, fol-
lowed by the nonlinear registration of the created masks to the population
template space using the Non-linear Image Registration Tool of FSL. Then,
the bilateral MGB regions of interest were identified by drawing a 4 mm
sphere on the FOD template [MNI coordinates left MGB (—13.4, —3.1,
7.3); right MGB (13.4, —3.6, —7.3)]. Subsequently, tracking of the acoustic
radiations in template space was performed by generating 5000 streamlines,
with the MGB as seed ROI and the primary auditory cortex as inclusion
ROL. The acoustic radiation masks derived from the Juelich Histologic atlas
were used to constrain the fiber tracking anatomically.

Voxel-based metrics. To facilitate the comparison of the FBA metrics
with the more conventional DTI-derived metrics, voxel-derived tensor-
based analyses were performed on the white matter of the acoustic radia-
tion. The two tensor-based metrics computed for each participant were
fractional anisotropy and mean diffusivity (MD), derived with MRtrix3.
These tensor metrics were transformed to the population template space
with the warps earlier calculated for fixel-based analysis. Voxel-masks
were constructed for the tracked acoustic radiations (both left and right)
to perform voxel-based diffusion tensor analyses in a manner similar to
the fixel-based analyses.

Statistical analysis. Differences among the groups on demographical
variables and questionnaire scores were tested for significance using
IBM SPSS version 26 software. Group differences for the variable sex
were tested with a y? test of independence. A three-group ANOVA was
used to test for group difference for the variable age, followed by in-
dependent pairwise t tests. A Kruskal-Wallis test was used to test
for significant differences between questionnaire scores and hearing
thresholds, and this test was followed by a pairwise Mann-Whitney
U test. Distributions of hearing thresholds and questionnaire scores
were assessed by visual inspection. If the dependent variable distri-
butions were similar for both groups, the differences in medians
were reported with the Mann-Whitney U test. However, if the dis-
tributions were dissimilar, the Mann-Whitney U test was used to
investigate the difference in distribution. A Pearson’s moment-
product correlation was run to assess the relationship between age
and high-frequency hearing loss (quantified as the mean of the
thresholds at 4.6 and 8 kHz).

Figure 1.
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Normal Fiber Bundle

Reduced FC Redu‘qci:éd FDC

Schematic representation of a decrease in the FBA metrics in keeping with the original figure in Raffelt et al.
(2017). The fixel-based analysis quantifies changes to the intra-axonal volume as three metrics: FD, FC, and FDC. 4, Normal
fiber bundle morphology. B, A reduction in fiber density corresponds to a loss of axons and reflects a change of the white
matter microstructure. €, A reduction in fiber-bundle cross section corresponds to the amount of contraction compared
with the population template and reflects a shift in the macrostructure of the white matter. D, A combination of reduced
fiber density and fiber-bundle cross section.

Group differences in the derived fixel-based metrics (FD, FC, and
FDC) were tested for significance with a general linear model. Sex and
age were added to the model as covariates. The fixel data were smoothed
based on the sparse fixel-fixel connectivity matrix derived from the
whole-brain streamline tractogram (Raffelt et al., 2015). For each fixel, a
familywise error (FWE) corrected p value was obtained via permutation
testing (n=>5000). For the visualization of the significant fixels, the
mrview tool in MRtrix3 was used. The significant fixels (FWE < 0.05)
were then displayed on the whole-brain tractogram and visualized as
streamlines. The effect size of the significant FBA metrics was expressed
as a percentage difference. Additionally, individual tract-averaged FD
and FC metrics were calculated for the acoustic radiation. This approach
allowed us to correlate the fixel-based metrics with age, sex, hearing level
(defined as the average of 1, 2, and 4 kHz), and questionnaire scores.

Threshold free cluster enhancement with permutation testing was
used to determine if group differences were significant for the voxel-
based tensor derived analysis. Differences in FA and MD metrics were
computed on a voxel-by-voxel basis, corrected for sex and age.

Results

In total, the diffusion-weighted imaging data of 93 participants
are presented, along with their demographical variables and
questionnaire scores (Table 1). A significantly larger percentage
of male participants was present in the hearing-loss group with
tinnitus compared with the control group [ x>(1)=8s,
p=0.003]. There were no significant differences in the percent-
age of male participants in the hearing-loss group without tinni-
tus and the control group [x*(1)=0.67, p=0.41], or between
both hearing-loss groups [x*(1) =34, p=0.07]. There were no
significant differences in age (t=1.88, p =0.13) between the hear-
ing-loss groups, with and without tinnitus. Both the hearing-loss
group with tinnitus (f=5.32, p<<0.001) and the hearing-loss
group without tinnitus (t=5.97, p<0.001) were significantly
older than those in the control group. The pure tone audiograms,
averaged over both ears, are reported for the three groups in
Figure 2. On average, the hearing-loss group with tinnitus had
higher thresholds than the hearing group without tinnitus. These
differences did not reach significance after correction for multi-
ple comparisons (Fig. 2). Both hearing-loss groups had signifi-
cantly higher thresholds than the control group for all
frequencies tested.
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Table 1. Demographics and questionnaire scores of the three participant
groups

Hearing
Groups Controls Hearing loss loss + tinnitus
Questionnaires
Demographics N=36 N=23 N=34
Sex 18 male, 18 female 14 male, 9 female 27 male, 7 female* **

Mean age years
(age range)

45+ 14 (18—67) 62 =8 (33-75)* 60 = 8 (41-72)*

HADS Anxiety 5+3(0-11) 3£3(0-11) 5+4(0-12)
HADS Depression 3+£3(0-9) 2 £3(0-10) 4+ 4(0-16)**
HQ 1M £7(0-27) 9+=5(1-18) 16 = 8 (0-30)**
THI 39 £ 19 (16-82)
Tinnitus

Mean duration (years) 14 +9(1-33)

Tinnitus pitch 1-<<4kHz (n=9)
4-TkHz (n=12)
>8kHz (n=11)
Broadband (n=2)
*Indicates that groups differed significantly from the control group; **indicates that hearing-loss groups dif-
fered significantly from one another at p<<0.001, x? ANOVA, Kruskal-Wallis, and Mann-Whitney,
respectively.

| |[¢Controls
‘®Hearing Loss
l®Hearing Loss + Tinnitus|

®
o

H (2]
o o

Hearing Threshold (dB HL)
N
o

0 025 05 1 2 3 4 6 8
Frequency (kHz)

Figure 2.  Hearing thresholds for the three groups with their respective SDs. After correc-
tion for multiple comparisons, the median thresholds of the hearing-loss groups were not
significantly different (250 Hz, p = 0.60; 500 Hz, p = 0.95; 1kHz, p =0.83; 2kHz, p=10.90;
3kHz, p=0.09; 4kHz, p=0.04; 6 kHz, p=0.17; 8 kHz, p =0.42). However, at 4 kHz, the
difference in hearing thresholds was significant at an uncorrected level of p <<0.05
(p = 0.04). Both hearing-loss groups, with and without tinnitus, differed significantly on all
frequencies from the control group. Higher median thresholds were present in the hearing-
loss group without tinnitus (250 Hz, p = 0.001; 500 Hz-8 kHz, = p << 0.0005) and the hear-
ing-loss group with tinnitus (250 Hz, p = 0.002; 500 Hz-8 kHz = p << 0.0005), compared
with controls.

There was a significant positive correlation between age and
high-frequency hearing loss (r(9;) = 0.629, p < 0.001). Furthermore,
the hearing-loss group with tinnitus had significantly higher scores
on the Hyperacusis Questionnaire (U=96.5, z = —2.89 p=0.004)
and the depression scale of the HADS (U=126.5, z = —241,
p=0.016) compared with the hearing-loss group without tinnitus,
at a level corrected for multiple comparisons.

Tract of interest fixel-based analysis

The auditory radiation was tracked from the medial geniculate
body to the primary auditory cortex. The outcomes presented in
this study are based on the metrics of these tracts, which are con-
structed based on 5000 streamlines. These tracts are shown in
Figure 3; the left acoustic radiation is presented in blue and the
right in red. The FD, FC, and the FDC of the three groups were

J. Neurosci., May 5, 2021 - 41(18):3958-3965 - 3961
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Figure 3.  Tracked acoustic radiations for left (blue) and right (red) hemispheres. The tracts
are overlaid on a representative coronal slice. Tracking was performed per hemisphere from
the MGB to the primary auditory cortex (TE 1.0).

compared, with the variables of age and sex controlled for within
the model. This analysis identified a significantly smaller FC of
the auditory radiation in hearing loss with tinnitus compared
with the control group. This effect was significant for the left au-
ditory radiation (p=0.024), and approached significance for the
right auditory radiation (p=0.056). Expressed as a percentage
change of the hearing-loss group with tinnitus compared with
the group mean of the control group, this corresponds to a
decrease in FC of 5.4%. There were no other significant group
differences for the FC, FD, and FDC metrics.

The significant difference in FC occurs in the area of the audi-
tory radiation closest to the medial geniculate area of the thala-
mus, shown in Figure 4. The black lines represent all the fixels
identified within the auditory radiation mask at this brain slice
(Fig. 4A). The colored lines represent the fixels where a signifi-
cant difference was detected between the hearing-loss group with
tinnitus and the control group. The enlarged inset illustrates that
even in voxels with crossing fibers (multiple fixels in a single
voxel), the FBA method identifies significant differences among
the groups only in the fixels belonging to the acoustic radiation,
which runs from medial to lateral, that is, from the thalamus in
the direction of the auditory cortex (Fig. 4B-D). The streamline
segments that correspond to the significant fixels (FWE-cor-
rected p value < 0.05) of the FC are displayed in Figure 5.

Association tinnitus-related variables, questionnaire scores,
hearing level, sex, and age with fiber density and cross-
section metrics

As summarized in Table 2, there was a significant association
between age and fiber density for both the left and the right
acoustic radiation. There was no significant association between
age and fiber cross section. Furthermore, there was no significant
association between either the fiber density or fiber cross-section
metrics and the THI score, sex, HADS score, or any of the tinni-
tus characteristics such as tinnitus pitch, duration, lateralization,
or hearing level, at a level corrected for multiple comparisons
(FWE < 0.05). Because the FDC metric is a combination of the
FD and FC metrics, we did not include it in this analysis.

To test whether the higher HQ scores in the group with tinni-
tus affected the results, we split the tinnitus group at an HQ score
of 22 (Aazh and Moore, 2017; Koops and van Dijk, 2021) and
compared the FC and FD metrics of the two resulting groups (high
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Region of the left acoustic radiation with an altered cross-sectional metric in participants with hearing loss and tinnitus compared with controls. 4, The line segments indicate fix-

els; each fixel corresponds to a population of fibers that pass through the corresponding voxel. The line segments represent all the fixels that were identified within the mask of left the acoustic
radiation. The upper portion is an overview to indicate the anatomic location. The zoomed-in inset shows the fixels that belong to a tract with a significantly smaller cross section in the hear-
ing-loss group with tinnitus than in the control group. These significantly different fixels are color-coded by their respective FWE-corrected p values. For black fixels, there was no significant dif-
ference between the groups. B, The nonsignificant fixels are omitted here. Only the fixels with a significantly decreased cross section are projected on a coronal slice; ¢, An axial slice; and D, A
sagittal slice. Significant differences can be observed in the area of the auditory radiation closest to the medial geniculate area of the thalamus. Note that the FBA identified significant differen-
ces in fixels that are part of the acoustic radiation only. Crossing fixels were not significantly different between the groups and are therefore shown in black. All panels show one representative
brain slice with the projected fixels. D, The small line segments indicate that fixels, and thus the corresponding nerve fibers, are oriented out of the depicted sagittal plane.

and low HQ scores) with two-sample ¢ tests. There
were no significant or near significant differences in
average FC (left, p=0.187; right, p=0.150) or FD
(left, p=0.678; right, p =0.904) of the acoustic radi-
ation between participants with hearing loss and
tinnitus with high and low HQ scores. It thus
appears that although the presence of tinnitus is
related to an altered FC of the acoustic radiation,
additional hyperacusis does not alter this relation.

Voxel-based metrics of tract of interest

A significant increase in MD in the left acoustic
radiation was observed for the hearing-loss group
with tinnitus, compared with the control group
(p=0.03, FWE corrected). No significant or near
significant differences in fractional anisotropy (FA)
or mean diffusivity (MD) were observed for any
other group comparisons. An overlay of the voxels
with significantly different mean diffusivity on the
fixel mask with the FC metric shows an anatomic
overlap between the voxels with increased MD and the fixels with
decreased FC. The voxels with a significant increase in MD are
located close to the medial geniculate body and slightly more ante-
rior to the fixels with a significant decrease in FC (Fig. 6).

Figure 5.

Discussion

Fixel-based analysis was used to investigate differences in the acous-
tic radiation in hearing-impaired participants, with and without tin-
nitus. In the presence of tinnitus, a significant reduction in the
acoustic radiation’s cross section was observed for the left acoustic
radiation. Conventional DTI showed a significant increase in mean
diffusivity at a similar location in the left acoustic radiation of hear-
ing-loss participants with tinnitus compared with controls.

Comparison with previous DWI studies in acquired hearing
loss

Previous reports on voxel-based tensor metrics in acquired hear-
ing loss or presbycusis are sparse. Only two studies included

Coronal

Sagittal ~ Axial

Fiber tracts with a reduction in fiber-bundle cross section in the hearing-loss group with tinnitus
compared with the normal-hearing control group. The template tractogram was adjusted to only include the
streamline segments that were significantly different in FC between the hearing-loss group with tinnitus and the
control group (FWE-corrected p value << 0.05). The significant streamlines are depicted on a coronal, sagittal, and
axial slice of the population template map in red. To aid orientation, left (L) and right (R) are indicated for the cor-
onal and axial slices and anterior (A) and posterior (P) for the sagittal slice.

regions of interest in the auditory pathway or reported on its
white matter tracts. Two whole-brain voxel-based studies were
identified. One reported increased MD in the transverse tempo-
ral plane and decreased FA for the middle temporal gyrus (Ma et
al,, 2016). Because no segmentation or masking of white matter
was reported, gray matter may have affected this report’s voxel-
based measures. The second study reported decreased FA for the
anterior thalamic radiation, specified as acoustic radiation
(Husain et al., 2011). In contrast, a diffusion tensor tractogra-
phy study reported no significant changes in FA or MD in
the auditory pathway of hearing-loss participants (Profant et
al., 2014). In line with the latter study, our tractography
results do not indicate significant differences in FA or MD
related to hearing loss. Similarly, no differences related to
hearing loss in the FD or FC of the acoustic radiation were
identified. Whereas earlier studies used voxel-based tensor
metrics to infer differences, FBA allows us to firmly place the
significant fixels in the fiber tract of interest. Thus, neither
conventional DTI nor the improved fiber determination of
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Table 2. Relation between fixel-based metrics and age, hearing loss, and tinni-
tus-related variables

Left acoustic Right acoustic

radiation radiation
R p R p
General variables
Age D —0.38 <0.001* —0.40 <0.001*
Log FC —0.07 0.53 —0.06 0.60
Hearing D —0.20 0.06 —0.06 0.59
Log FC —0.17 0.11 —0.04 0.71
Tinnitus-related variables
Sex D 0.24 0.047 0.12 0.34
Log FC —0.09 0.43 —0.04 0.73
THI D 0.29 0.11 0.18 0.33
Log FC —0.003 0.99 —0.15 0.41
Duration D 0.17 0.45 —0.23 0.30
Log FC 0.21 0.34 —0.27 0.23
Pitch D 0.23 0.20 —0.20 0.26
Log FC 0.12 0.51 —0.42 0.02
Questionnaires
Laterality D 0.07 0.68 0.27 0.12
Log FC 0.23 0.20 0.24 0.17
HADS Anxiety D 0.28 0.02 0.29 0.01
Log FC 0.12 0.32 0.06 0.59
HADS Depression 0 0.18 0.13 0.13 0.26
Log FC 0.14 0.26 0.08 0.53

There was a significant negative correlation between age and fiber density for both the left and the right acoustic
radiation (FWE-corrected p value < 0.05), indicated in bold. Hearing level, indicated by the mean of 1, 2, and 4 kHz
did not significantly correlate with either FD or FC. The type of fiber-based metric is indicated in italic. Tinnitus-related
variables and questionnaire scores were not significantly associated with FD or FC fixel-based metrics. The asterisks
denote a significant relation at a p level corrected for multiple comparisons. The association for sex and laterality with
FBA-metrics was tested with a point-biserial correlation. All other associations were tested with a Pearson’s correlation
test. *Bonferroni’s.
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2014), and one of them reported tinnitus-related significant vox-
els in the white matter of the auditory pathway (Seydell-
Greenwald et al., 2014). The data provided in these articles can-
not ascertain if the results are specifically located in the acoustic
radiation or reflect differences in fiber paths that run in close
proximity, such as the longitudinal fasciculus or the anterior tha-
lamic radiation. The application of fiber tractography can give a
better indication of the specific tracts. A fiber tractography study
reported no significant differences in the voxel-based tensor-
derived metrics in a group with tinnitus and hearing loss com-
pared with a control group (Crippa et al.,, 2010). Although the
former study did not include age and sex in its statistical model,
in the current study we did correct for differences in age and sex.
In the present study, we identified a difference in MD between
the hearing-loss group with tinnitus and controls, but there were
no significant differences between the hearing-loss groups with
and without tinnitus. Overall, our findings suggest that in the
presence of tinnitus, there is a more pronounced increase in MD
in the acoustic radiation, near the medial geniculate body, than
in hearing loss without tinnitus.

Reduction of fiber-bundle cross section and increase of mean
diffusivity in tinnitus
A significant reduction in FC was observed in the left acoustic
radiation of participants with hearing loss and tinnitus. A similar
effect, although nonsignificant, was observed in the right acoustic
radiation. The increase in mean diffusivity (MD) partially over-
lapped in location with the reduction in FC (Fig. 6). Although we
observed a loss of restriction of free diffusion, there was no loss
of directionality of this diffusion. The decrease in FC may reflect
fiber bundle atrophy or poor myelination of the axons within
this area of the acoustic radiation. The
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Figure 6.

Comparison between FBA and conventional tensor-based (DTI) measures of fiber tract properties. Both methods
identified differences between the group with tinnitus and the controls in the left acoustic radiation. Fixels with a significantly
decreased FC and voxels with significantly increased MD (a conventional DTl measure) are overlaid. The significant increase in MD
is represented by the blue voxels, whereas the significant decrease in FCis represented by the red/yellow-colored fixels (or fibers).

degradation of myelination is not
expected to yield a drastic decrease in
FA as even the complete absence of
myelin decreases FA only by ~20%.
However, the absence of myelination
causes an increase in MD of ~50%
(Gulani et al., 2001). Thus, the FC
reduction and MD increase in tinnitus
both suggest disruption or thinning of
the myelin sheet. The confinement of
the observed effect to the thalamic end
of the acoustic radiation can reflect
that at more distal points along this
tract; the axons are less densely packed
as the fibers fan out to project to the
larger area of the auditory cortex.

Medial

There was no significant difference in the white matter of the acoustic radiation between both hearing-loss groups or between

the hearing-loss group without tinnitus and the control group. The significant increase in MD and the significant decrease in FC
are overlaid on a coronal, sagittal, and axial slice of the population template. To aid orientation, the lateral and medial side of
the brain is indicated in the coronal and axial slices, and the posterior—anterior axis is identified in the sagittal slice. Color-coding
of the fixels is identical to that in Figure 4. This figure illustrates the degree to which the outcomes of these two different meth-

ods overlap.

FBA identified significant differences related to acquired
hearing loss in the acoustic radiation tracts.

Comparison with previous DWI studies on tinnitus

Diffusion imaging studies on tinnitus that included a control
group and reported on or included white matter tracts of the au-
ditory pathway are sparse. Two studies implemented whole-
brain analyses (Husain et al, 2011; Seydell-Greenwald et al.,

Myelination, white matter
reductions, and evoked potentials in
tinnitus

Animal research suggested that tinni-
tus is related to a loss of inner hair cell
ribbons (Riittiger et al., 2013). These
ribbons are the electron-dense struc-
tures associated with presynaptic active zones at the inner hair
cell base. A loss of these ribbons would disrupt the sustained
release of neurotransmitters at the first auditory synaptic junc-
tion (Matthews and Fuchs, 2010) and thereby have an impact on
auditory processing. Such damage may have caused the small but
not significantly higher average thresholds of the hearing-loss
group with tinnitus (Fig. 2). Furthermore, it has been suggested
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that tinnitus may relate to a loss of specific auditory nerve fibers.
On the one hand, the loss of low-spontaneous rate fibers (low-
SRFs) has been indicated in tinnitus (Schaette and McAlpine,
2011). However, recent evidence suggests that tinnitus in normal
hearing doesn’t correspond to diminished speech in noise per-
ception (Zeng et al.,, 2020), which would be expected with the
loss of low-SRFs. On the other hand, the specific loss of fast-cod-
ing high-spontaneous rate fibers (high-SRFs) has also been
implicated in tinnitus (Bauer et al., 2007; Knipper et al., 2020) ,
as are a combination of both fiber types (Paul et al., 2017). The
high-SRFs have a thicker myelin sheet than low- and medium-
SRFs (Liberman and Oliver, 1984; Gleich and Wilson, 1993),
facilitating fast information transfer. This is vital to the function-
ality of the auditory system as it relies on precise timing. Future
work could assess whether damage to specific auditory nerve
fibers instigates a Wallerian-like degeneration process that leads
to cross-sectional atrophy and increased medial diffusivity in the
central auditory tracts.

Overall, myelination in the CNS is enhanced by neuronal ac-
tivity (Demerens et al., 1996), and a reduction in sound activity
has been related to a decrease in the myelin thickness and the
number of large-diameter axons in the central auditory system
(Sinclair et al., 2017). Previously, our group and others have
shown that the auditory cortex is less responsive to high-fre-
quency sounds in tinnitus participants with mild or moderate
hearing loss than in those without tinnitus (Hofmeier et al.,
2018; Koops et al., 2020). The reduction in the acoustic radia-
tion’s cross section in the presence of tinnitus can relate to the
previously reported reduction in sound-evoked activity in tinni-
tus. Critical damage at the peripheral level could result in a thin-
ning of the myelin sheet of the corresponding central auditory
fibers that are no longer stimulated as a consequence. The addi-
tional presence of tinnitus in hearing loss may enlarge this effect.

Auditory brainstem responses (ABR) can detect changes in
the amplitude and time course of an auditory signal traveling
from peripheral to more central auditory areas via the white mat-
ter tracts. In tinnitus, the most consistently reported findings are
reduced (early) ABR amplitudes (Milloy et al., 2017; Hofmeier et
al., 2018) and prolonged wave I and V latencies (Ikner and
Hassen, 1990; Ravikumar and Ashok Murthy, 2016; Hofmeier et
al., 2018), similar to the changes observed in high-frequency
hearing loss (Sand and Saunte, 1994; Watson, 1996; Lewis et al.,
2015). A loss of high-SRFs at the peripheral level, a suggested
hallmark of tinnitus, could explain the reported ABR wave la-
tency prolongation (Knipper et al., 2020), which may relate to a
reduction in myelination (Kovach et al.,, 1999). Together, the pre-
viously reported tinnitus-related ABR features and the current
findings of cross-sectional atrophy in the acoustic radiation point
toward reduced myelination of the peripheral and central audi-
tory pathway in tinnitus, which warrants further investigation.

Age-related decline of fiber density

FD of the acoustic radiation and age were negatively correlated,
indicating a progressive loss of thalamocortical axons with
increasing age. Consequently, signal transfer from the thalamic
medial geniculate body to the primary auditory cortex may be
disturbed. Older adults with hearing loss perform worse than
younger people with similar hearing loss (Dubno et al.,, 1984;
Fitzgibbons and Gordon-Salant, 1995; Pichora-Fuller et al., 1995;
Wingfield et al., 2006; Cardin, 2016), and the loss of axonal den-
sity with age may contribute to the poorer speech understanding
observed in older adults. A minor decrease in peripheral myeli-
nation has previously been related to dramatic degradation of
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fine temporal structure coding, whereas it hardly affects hearing
thresholds (Resnick et al., 2018). Presumably, the reduction of
fiber density reported here further contributes to poorer infor-
mation transfer of auditory information. These findings have
implications for the rehabilitation of hearing in older individuals.
Peripheral stimulation (i.e., hearing aids) may be supplemented
with treatments aimed at stimulating cortical plasticity (e.g., inhi-
bition of neural growth inhibitors in combination with tailored
auditory training).

Conclusion

Our study did not identify significant changes in the acoustic
radiation specifically related to acquired hearing loss. On the
other hand, the additional presence of tinnitus was related to
macrostructural degeneration of the left acoustic radiation near
the medial geniculate nucleus. In addition, a significant increase
in MD was identified in participants with hearing loss and tinni-
tus, compared with controls. Both the diffusion tensor model
and the fixel-based analysis results point toward a reduction in
the axonal myelination of the acoustic radiation in the presence
of tinnitus. Together with the peripheral deafferentation reported
in animal studies on tinnitus, the current findings suggest
impaired integrity of nerve fibers at various levels of the auditory
system. Furthermore, age was related to a decrease in fiber den-
sity of the acoustic radiation, which relates to axonal loss. This
finding suggests a possible relation between acoustic radiation
axonal loss and a decline in sound processing in older adults.
This latter finding may have implications for the rehabilitation
approaches in older individuals.
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