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Abstract 32 

Age-related hearing loss is the most prevalent sensory impairment in the elderly population 33 

and is related to noise-induced damage or age-related deterioration of the peripheral 34 

auditory system. Hearing loss may affect the central auditory pathway in the brain, which is 35 

a continuation of the peripheral auditory system located in the ear. A debilitating symptom 36 

that frequently co-occurs with hearing loss is tinnitus. Strikingly, investigations into the 37 

impact of acquired hearing loss, with and without tinnitus, on the human central auditory 38 

pathway are sparse. This study employed diffusion-weighted imaging to investigate changes 39 

in the largest central auditory tract, the acoustic radiation, related to hearing loss and 40 

tinnitus. Participants with hearing loss, with and without tinnitus, and a control group were 41 

included. Both conventional diffusion tensor analysis and higher-order fixel-based analysis 42 

were applied. The fixel-based analysis was used as a novel framework providing insight into 43 

the axonal density and macrostructural morphological changes of the acoustic radiation in 44 

hearing loss and tinnitus. The results show tinnitus-related atrophy of the left acoustic 45 

radiation near the medial geniculate body. This finding may reflect a decrease in 46 

myelination of the auditory pathway, instigated by more profound peripheral 47 

deafferentation or reflecting a pre-existing marker of tinnitus vulnerability. Furthermore, 48 

age was negatively correlated with the axonal density in the bilateral acoustic radiation. This 49 

loss of fiber density with age may contribute to poorer speech understanding observed in 50 

older adults. 51 

 52 

  53 
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Significance statement 54 

 55 

Age-related hearing loss is the most prevalent sensory impairment in the elderly population. 56 

Older individuals are subject to the cumulative effects of aging and noise exposure on the 57 

auditory system. A debilitating symptom that frequently co-occurs with hearing loss is 58 

tinnitus: the perception of a phantom sound. In this large DWI-study, we provide evidence 59 

that in hearing loss, the additional presence of tinnitus is related to degradation of the 60 

acoustic radiation. Additionally, older age was related to axonal loss in the acoustic 61 

radiation. It appears that older adults have the aggravating circumstances of age, hearing 62 

loss, and tinnitus on central auditory processing, which may partly be due to the observed 63 

deterioration of the acoustic radiation with age.  64 

  65 
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Introduction 66 

Age-related hearing loss is the most prevalent sensory impairment in older individuals 67 

(Mathers et al., 2000). In hearing loss, the fast and efficient information transfer in the 68 

auditory system is hampered by a reduction in hearing sensitivity related to damage of the 69 

peripheral auditory pathway. A challenge in defining the characteristic changes of the 70 

auditory system related to hearing loss is that hearing loss often co-occurs with other 71 

auditory domain conditions. The most extensively studied co-occurring symptom is tinnitus, 72 

the perception of a phantom sound. Tinnitus is a common and debilitating symptom that 73 

affects around 12 – 30 % of the general population (McCormack et al., 2016). Unlike hearing 74 

loss, research investigating damage to the peripheral auditory system in tinnitus is sparse. 75 

Available research suggests that tinnitus relates to distinctive damage to peripheral auditory 76 

structures (Rüttiger et al., 2013; Singer et al., 2013). In addition to the damage to the 77 

structures of the peripheral auditory system, changes to the structure of the central 78 

auditory system have been implicated in both hearing loss and tinnitus. 79 

Most of the information transfer in the auditory system takes place via myelinated 80 

axons, i.e., white matter tracts, which facilitate rapid and precise information transfer 81 

(Sinclair et al., 2017). In neuroscience, diffusion-weighted imaging (DWI) is the most 82 

commonly used method to investigate white matter tracts of humans with hearing loss and 83 

tinnitus. DWI scans, obtained with a magnetic resonance imaging (MRI) scanner, reflect the 84 

diffusion of water molecules. In the white matter tracts of the brain, water molecules are 85 

most likely to diffuse in parallel with the fibers due to restrictions by axonal membranes and 86 

myelination. Traditionally, diffusion-weighted images are analyzed with a diffusion tensor 87 

model (DTI). Within this model, white matter is quantified by the principle direction of 88 

restricted water proton movement (fractional anisotropy) and the more general molecular 89 
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diffusion rate (mean diffusivity) (Soares et al., 2013). In voxels with multiple and crossing 90 

fiber bundles (i.e., complex fiber populations), DTI cannot readily assign differences in white 91 

matter to a specific pathway (Douaud et al., 2011; Jones et al., 2013; Mito et al., 2018). 92 

Since up to 90% of white matter voxels have complex fiber populations (Jones et al., 2013), 93 

the calculation of only one averaged direction per voxel renders the diffusion tensor model 94 

challenging to interpret biologically (Mito et al., 2018).  95 

To resolve multiple fiber populations within voxels, higher-order diffusion-weighted 96 

models have led to a fixel based analysis approach that exploits the fact that DWI images 97 

contain information on the presence of multiple fiber bundles (fixels) within a voxel (FBA; 98 

Raffelt et al., 2017). The approach describes changes in fiber density (FD) and fiber-bundle 99 

cross-section (FC) and a combination of these measures (FDC) (Raffelt et al., 2017; Mito et 100 

al., 2018). FD reflects microstructural changes in a fiber pathway, with a reduction indicating 101 

a decrease in axonal density. FC relates to macrostructural changes of fiber pathways, with a 102 

reduction indicating white matter fiber bundle cross-sectional atrophy or pre-existing 103 

differences in fiber bundle morphology. Lastly, the FDC measure integrates both the 104 

degradation of a fiber tract (FC) and the state of the remaining fibers in a tract (FD) (Raffelt 105 

et al., 2017; Mito et al., 2018). In summary, the fixel-based analysis approach is tract specific 106 

and has a biologically meaningful interpretation.  107 

To date, there have been few diffusion-weighted imaging studies that investigated 108 

the effect of tinnitus and acquired hearing loss on the central auditory pathway (Tarabichi et 109 

al., 2017). Our study aimed to investigate differences in the largest white matter tract of the 110 

central auditory system, the acoustic radiation, connecting the auditory thalamus with the 111 

auditory cortex. Two groups with hearing loss, with and without tinnitus, were compared to 112 

a normal-hearing control group. Additionally, the relation between fixel-based metrics and 113 



 

 6 

demographics, hearing level, and tinnitus-related variables was investigated. Finally, the 114 

results from conventional voxel-based diffusion tensor analysis were compared to those of 115 

fixel based analysis. 116 

Materials and methods 117 

Ethical approval 118 

This study was performed with the approval of the medical ethical committee of the 119 

University Medical Center of Groningen, the Netherlands. Participants signed an informed 120 

consent form before participation and received reimbursement for their time and travel 121 

costs.  122 

 123 

Participants 124 

This study included three groups: participants with hearing loss without tinnitus, 125 

participants with hearing loss and tinnitus, and a healthy control group. A total of 93 126 

participants were included: 34 participants with hearing loss and tinnitus, 23 with hearing 127 

loss but without tinnitus, and 36 healthy controls. Hearing loss participants had to have 128 

bilateral symmetrical hearing loss and normal thresholds up to 1 kHz. Pure tone thresholds 129 

were obtained in a sound-attenuating booth for frequencies between 0.250 and 8 kHz. At 130 

the time of inclusion, none of the participants used a hearing aid to improve their hearing or 131 

used a tinnitus masker to alleviate their tinnitus. The tinnitus had to be present for at least 132 

six months. Tinnitus variables collected were laterality, pitch, and the duration of tinnitus. 133 

All participants were requested to fill in the Hospital Anxiety and Depression Scale (Zigmond 134 

and Snaith, 1983) and the Hyperacusis Questionnaire (Khalfa et al., 2002). Additionally, the 135 

tinnitus participants were requested to fill in the Tinnitus Handicap Inventory (McCombe et 136 

al., 2001) and the Tinnitus Reactions Questionnaire (Wilson et al., 1991).  137 
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 138 

Data acquisition 139 

Diffusion-weighted imaging data were acquired using a 3 T Philips Intera scanner (Best, the 140 

Netherlands), with a 32-channel SENSE head coil. All participants were scanned with the 141 

parameters: TR 9000 ms; TE 60.6 ms; voxel size = 2.5 x 2.5 x 2.5 mm3; 61 non-collinear 142 

gradient directions; 55 slices; b = 1000 s/mm2; anterior-posterior phase encoding direction.  143 

 144 
Pre-processing 145 

First, the data were denoised, motion-corrected, and eddy current distortion corrected in 146 

FSL (Jenkinson et al., 2012). These general pre-processing steps were followed by apparent 147 

fiber density (AFD) specific pre-processing steps of bias field correction and global intensity 148 

normalization across participants. Bias field correction eliminates inhomogeneities in the 149 

image that are due to low spatial frequency intensity areas (Raffelt et al., 2012b). Then, 150 

global intensity normalization was performed using group-wise registration. None of the 151 

included DWI-scans were affected by motion to the extent that they had to be excluded 152 

from the study.  153 

 154 
Fixel based analyses 155 

After pre-processing, fixel-based analyses were performed as outlined in Raffelt et al., 2017, 156 

with the aid of MRtrix3.0 (Tournier et al., 2019). Fixels represent the fiber bundle elements 157 

within a voxel and are comprised of a set of fibers that are sufficiently similar in orientation. 158 

After intensity normalization, single-fiber response functions were estimated for each 159 

participant  (Tournier et al., 2013). These unique response functions were averaged to 160 

obtain a group average response function (Dhollander et al., 2019). The DWI data were up-161 

sampled to an isotropic voxel size of 1.3 mm to increase contrast, and a whole-brain mask 162 
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was computed from the up-sampled data. Constrained spherical deconvolution was used to 163 

estimate the fiber orientation distribution (FOD) for each participant (Dhollander and 164 

Connelly, 2016). For the group comparisons, the relevant population templates were 165 

created based on a subset of 15 participants per group, in line with the recommendation of 166 

the creators of this method (Tournier et al., 2019), ensuring an equal representation of 167 

participants of the groups that were investigated. All individual FOD images were then 168 

registered to the FOD population template via nonlinear registration (Raffelt et al., 2011, 169 

2012a). The outcome of this registration was used to construct a template mask that 170 

contained white matter voxels present in all participants. Subsequently, individual fixels and 171 

their orientation in each voxel were identified by segmenting the FODs. All fixel directions 172 

were reoriented using the FOD registration warps, and each identified fixel of the template 173 

mask was matched to that of the participant image. Finally, fiber density (FD), fiber-bundle 174 

cross-section (FC), and the combination metric FDC were computed.  175 

The interpretations of a reduction in FD, FC, and FDC for the white matter fiber 176 

bundle's structural integrity are visualized in Figure 1. The fiber density (FD) metric reflects a 177 

reduction in the volume of restricted water within a given voxel, which can be due to axonal 178 

loss. FD is measured on a within-voxel level and reflects the state of the remaining white 179 

matter tissue. The fiber-bundle cross-section (FC) metric reflects a change in the cross-180 

sectional area occupied by a white matter fiber bundle and can reflect cross-sectional 181 

atrophy or acquired axonal loss, such as in Alzheimer's' disease (Mito et al., 2018). FDC is a 182 

metric that combines the FD and FC metrics into one. All three metrics can reflect the 183 

information-carrying capacity of the white matter tissue (Raffelt et al., 2017). To indicate 184 

the magnitude of the significant effects in the group-wise comparisons, the effect size of the 185 
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FBA outcomes was expressed as a percentage decrease in the FBA metric of one group 186 

relative to another group.  187 

Whole-brain probabilistic fiber tractography was employed to derive information on 188 

local fixel connectivity between neighboring fixels and subsequently apply connectivity-189 

based fixel enhancement to aid statistical analysis (Raffelt et al., 2015). After obtaining the 190 

whole brain tractogram, the initially estimated 20 million tracks were reduced to 2 million to 191 

decrease tractogram density biases, using spherical-deconvolution informed filtering of 192 

tractograms (SIFT; Smith et al., 2013).  193 

 194 

Acoustic Radiation Fiber tracking 195 

The focus of the current study was on the white matter changes within the acoustic 196 

radiation. The population FOD template was used to perform probabilistic tracking of the 197 

acoustic radiation to investigate group differences in the white matter between the auditory 198 

thalamus (medial geniculate body) and the primary auditory cortex. First, masks for the 199 

auditory cortex and auditory radiations were derived from the Juelich Histological atlas in 200 

MNI space, followed by the nonlinear registration of the created masks to the population 201 

template space using the Non-linear Image Registration Tool (FNIRT) of FSL. Then, the 202 

bilateral medial geniculate body (MGB) regions-of-interest were identified by drawing a 4 203 

mm sphere on the FOD template (MNI coordinates L MGB [-13.4, -3.1, 7.3]; R MGB [13.4, -204 

3.6, -7.3]). Subsequently, tracking of the acoustic radiations in template space was 205 

performed by generating 5000 streamlines, with the MGB as seed ROI and the primary 206 

auditory cortex as inclusion ROI. The acoustic radiation masks derived from the Juelich 207 

Histological Atlas were used to constrain the fiber tracking anatomically 208 

 209 
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Voxel-based metrics 210 

To facilitate the comparison of the FBA metrics with the more conventional DTI derived 211 

metrics, voxel-derived tensor-based analyses were performed on the white matter of the 212 

acoustic radiation. The two tensor-based metrics computed for each participant were 213 

fractional anisotropy (FA) and mean diffusivity (MD), derived with MRtrix. These tensor-214 

metrics were transformed to the population template space with the warps earlier 215 

calculated for fixel-based analysis. Voxel-masks were constructed for the tracked acoustic 216 

radiations (both left and right) to perform voxel-based diffusion tensor analyses in a manner 217 

similar to the fixel based analyses.  218 

 219 

Statistical analysis 220 

Differences between groups on demographical variables and questionnaire scores were 221 

tested for significance with SPSS 26 (IBM SPSS Statistics for Macintosh, 2019). Group 222 

differences for the variable sex were tested with a Chi-Square test of independence. A three-223 

group ANOVA was used to test for group difference for the variable age, and this test was 224 

followed by independent pairwise t-tests. A Kruskal-Wallis test was used to test for 225 

significant differences between questionnaire scores and hearing thresholds, and this test 226 

was followed by a pairwise Mann-Whitney U test. Distributions of hearing thresholds and 227 

questionnaire scores were assessed by visual inspection. If the dependent variable 228 

distributions were similar for both groups, the differences in medians were reported with 229 

the Mann-Whitney U test. However, if the distributions were dissimilar, the Mann-Whitney 230 

U test was used to investigate the difference in distribution. A Pearson moment-product 231 

correlation was run to assess the relationship between age and high-frequency hearing loss 232 

(quantified as the mean of the thresholds at 4,6 and 8 kHz).  233 



 

 11 

Group differences in the derived fixel-based metrics (FD, FC, and FDC) were tested 234 

for significance with a general linear model (GLM). Sex and age were added to the model as 235 

covariates. The fixel data were smoothed based on the sparse fixel-fixel connectivity matrix 236 

derived from the whole-brain streamline tractogram (Raffelt et al., 2015). For each fixel, a 237 

family-wise error (FWE) corrected p-value was obtained via permutation testing (n = 5000). 238 

For the visualization of the significant fixels, the mrview tool in MRtrix3.0 was used. The 239 

significant fixels (FWE < 0.05) were then displayed on the whole-brain tractogram and 240 

visualized as streamlines. The effect size of the significant FBA metrics was expressed as a 241 

percentage difference. Additionally, individual tract-averaged FD and FC metrics were 242 

calculated for the acoustic radiation. This approach allowed us to correlate the fixel based 243 

metrics with age, sex, hearing level (defined as the average of 1, 2, and 4 kHz), and 244 

questionnaire scores.  245 

Threshold free cluster enhancement (TFCE) with permutation testing was used to 246 

determine if group differences were significant for the voxel-based tensor derived analysis. 247 

Differences in FA and MD metrics were computed on a voxel-by-voxel basis, corrected for 248 

sex and age.  249 

Results 250 

In total, the diffusion-weighted imaging data of 93 participants are presented, along with 251 

their demographical variables and questionnaire scores (see Table 1). A significantly larger 252 

percentage of male participants was present in the hearing loss group with tinnitus 253 

compared to the control group (2(1) = 8.6, p = 0.003). There were no significant differences 254 

in the percentage of male participants in the hearing loss group without tinnitus and the 255 

control group (2(1) = 0.67, p = 0.41), or between both hearing loss groups (2(1) = 3.4, p = 256 
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0.07). There were no significant differences in age (t=1.88, p = 0.13) between the hearing 257 

loss groups, with and without tinnitus. Both the hearing loss group with tinnitus (t=5.32, p < 258 

0.001) and the hearing loss group without tinnitus (t=5.97, p < 0.001) were significantly 259 

older than the control group. The pure tone audiograms, averaged over both ears, are 260 

reported for the three groups in Figure 2. On average, the hearing loss group with tinnitus 261 

had higher thresholds than the hearing group without tinnitus. These differences did not 262 

reach significance after correction for multiple comparisons (see Figure 2). Both hearing loss 263 

groups had significantly higher thresholds than the control group for all frequencies tested.  264 

 There was a significant positive correlation between age and high-frequency hearing 265 

loss (r(93)=0.629, p < 0.001). Furthermore, the hearing loss group with tinnitus had 266 

significantly higher scores on the Hyperacusis Questionnaire (HQ) (U=96.5,z=-2.89  p = 267 

0.004) and the depression scale of the Hospital Anxiety and Depression scale (HADS-D) 268 

(U=126.5, z=-2.41, p = 0.016) compared to the hearing loss group without tinnitus, at a level 269 

corrected for multiple comparisons.  270 

 271 

Tract of interest fixel-based analysis 272 

The auditory radiation was tracked from the medial geniculate body to the primary auditory 273 

cortex. The outcomes presented in this study are based on the metrics of these tracts, 274 

which are constructed based on 5000 streamlines. These tracts are visualized in Figure 3; 275 

the left acoustic radiation is presented in blue and the right in red. The fiber density (FD), 276 

fiber-bundle cross-section (FC), and the combined metric (FDC) of the three groups were 277 

compared, with the variables of age and sex controlled for within the model. This analysis 278 

identified a significantly smaller fiber-bundle cross-section (FC) of the auditory radiation in 279 

hearing loss with tinnitus compared to the control group. This effect was significant for the 280 
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left auditory radiation (p = 0.024), and approached significance for the right auditory 281 

radiation (p = 0.056). Expressed as a percentage change of the hearing loss group with 282 

tinnitus compared to the group mean of the control group, this corresponds to an overall 283 

decrease in FC of 5.4%. There were no other significant group differences for the FC, FD, and 284 

FDC metrics. 285 

The significant difference in FC occurs in the area of the auditory radiation closest to 286 

the medial geniculate area of the thalamus; this is visualized in Figure 4. In panel A, the 287 

black lines represent all the fixels identified within the auditory radiation mask at this brain 288 

slice. The colored lines represent the fixels where a significant difference was detected 289 

between the hearing loss group with tinnitus and the control group. The enlarged inset 290 

illustrates that even in voxels with crossing fibers (multiple fixels in a single voxel), the FBA 291 

method identifies significant differences between groups only in the fixels belonging to the 292 

acoustic radiation, which runs from medial to lateral, that is, from the thalamus in the 293 

direction of the auditory cortex (Figure 4 B, C, D). The streamline segments that correspond 294 

to the significant fixels (FWE-corrected P-value < 0.05) of the fiber cross-section metric (FC) 295 

are displayed in Figure 5.  296 

 297 

Association tinnitus-related variables, questionnaire scores, hearing level, sex, and age with 298 

fiber density and cross-section metrics 299 

As summarised in Table 2, there was a significant association between age and fiber density 300 

for both the left and the right acoustic radiation. There was no significant association 301 

between age and fiber cross-section. Furthermore, there was no significant association 302 

between either the fiber density or fiber cross-section metrics and the THI score, sex, HADS 303 

score, or any of the tinnitus characteristics such as tinnitus pitch, duration, lateralization, or 304 
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hearing level, at a level corrected for multiple comparisons (FWE < 0.05). Since the FDC 305 

metric is a combination of the FD and FC metrics, we did not include it in this analysis.  306 

 307 

To test if the higher HQ scores in the group with tinnitus affected the results, we split the 308 

tinnitus group at an HQ score of 22 (Aazh and Moore, 2017; Koops and van Dijk, 2021) and 309 

compared the FC and FD metrics of the two resulting groups (high and low HQ scores) with 310 

two-sample t-tests. There were no significant or near significant differences in average FC 311 

(Left p = 0.187; Right p = 0.150) or FD (Left p = 0.678; Right p = 0.904) of the acoustic 312 

radiation between participants with hearing loss and tinnitus with high and low HQ scores. It 313 

thus appears that even though the presence of tinnitus is related to an altered FC of the 314 

acoustic radiation, additional hyperacusis does not alter this relation. 315 

 316 

Voxel-based metrics of tract of interest 317 

A significant increase in mean diffusivity (MD) in the left acoustic radiation was observed for 318 

the hearing loss group with tinnitus, compared to the control group (p = 0.03; FWE-319 

corrected). No significant or near significant differences in fractional anisotropy (FA) or 320 

mean diffusivity (MD) were observed for any other group comparisons. An overlay of the 321 

voxels with significantly different mean diffusivity on the fixel mask with the FC metric 322 

shows an anatomical overlap between the voxels with increased MD and the fixels with 323 

decreased FC. The voxels with a significant increase in MD are located close to the medial 324 

geniculate body and slightly more anterior to the fixels with a significant decrease in FC; see 325 

Figure 6.  326 
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Discussion 327 

Fixel-based analysis was used to investigate differences in the acoustic radiation in hearing-328 

impaired participants, with and without tinnitus. In the presence of tinnitus, a significant 329 

reduction in the acoustic radiation's cross-section was observed for the left acoustic 330 

radiation. Conventional DTI showed a significant increase in mean diffusivity at a similar 331 

location in the left acoustic radiation of hearing loss participants with tinnitus compared to 332 

controls.   333 

 334 

Comparison with previous DWI studies in acquired hearing loss 335 

Previous reports on voxel-based tensor metrics in acquired hearing loss or presbycusis are 336 

sparse. Only two studies included regions-of-interest in the auditory pathway or reported 337 

on its white matter tracts. Two whole-brain voxel-based studies were identified. One 338 

reported increased MD in the transverse temporal plane and decreased FA for the middle 339 

temporal gyrus (Ma et al., 2016). Since no segmentation or masking of white matter was 340 

reported, gray matter may have affected this report's voxel-based measures. The second 341 

study reported decreased FA for the anterior thalamic radiation, specified as acoustic 342 

radiation (Husain et al., 2011). In contrast, a diffusion tensor tractography study reported no 343 

significant changes in FA or MD in the auditory pathway of hearing loss participants (Profant 344 

et al., 2014). In line with the latter study, our tractography results do not indicate significant 345 

differences in FA or MD related to hearing loss. Similarly, no hearing loss related differences 346 

in the fiber density (FD) or fiber-bundle cross-section (FC) of the acoustic radiation were 347 

identified. Whereas earlier studies used voxel-based tensor metrics to infer differences, FBA 348 

allows us to firmly place the significant fixels in the fiber tract of interest. Thus, neither 349 
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conventional DTI nor the improved fiber determination of FBA identified significant 350 

differences related to acquired hearing loss in the acoustic radiation tracts. 351 

 352 

Comparison with previous DWI studies on tinnitus 353 

Diffusion imaging studies on tinnitus that included a control group and reported on or 354 

included white matter tracts of the auditory pathway are sparse. Two studies implemented 355 

whole-brain analyses (Husain et al., 2011; Seydell-Greenwald et al., 2014), and one of them 356 

reported tinnitus-related significant voxels in the white matter of the auditory pathway 357 

(Seydell-Greenwald et al., 2014). The data provided in these articles cannot ascertain if the 358 

results are specifically located in the acoustic radiation or reflect differences in fiber paths 359 

that run in close proximity, such as the longitudinal fasciculus or the anterior thalamic 360 

radiation. The application of fiber tractography can give a better indication of the specific 361 

tracts. A fiber tractography study reported no significant differences in the voxel-based 362 

tensor derived metrics in a group with tinnitus and hearing loss compared to a control group 363 

(Crippa et al., 2010). Whereas the former study did not include age and sex in their 364 

statistical model, in the current study we did correct for differences in age and sex. In the 365 

present study, we identified a difference in MD between the hearing loss group with 366 

tinnitus and controls, but there were no significant differences between the hearing loss 367 

groups with and without tinnitus. Overall, our findings suggest that in the presence of 368 

tinnitus, there is a more pronounced increase in MD in the acoustic radiation, near the 369 

medial geniculate body, than in hearing loss without tinnitus. 370 

 371 

Reduction of fiber-bundle cross-section and increase of mean diffusivity in tinnitus 372 
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A significant reduction in fiber-bundle cross-section (FC) was observed in the left acoustic 373 

radiation of participants with hearing loss and tinnitus. A similar effect, although non-374 

significant, was observed in the right acoustic radiation. The increase in mean diffusivity 375 

(MD) partially overlapped in location with the reduction in FC (Figure 6). Even though we 376 

observed a loss of restriction of free diffusion, there was no loss of directionality of this 377 

diffusion. The decrease in FC may reflect fiber bundle atrophy or poor myelination of the 378 

axons within this area of the acoustic radiation. The degradation of myelination is not 379 

expected to yield a drastic decrease in FA as even the complete absence of myelin decreases 380 

FA only by about 20%. However, the absence of myelination causes an increase in MD of 381 

~50% (Gulani et al., 2001). Thus, the FC reduction and MD increase in tinnitus both suggest 382 

disruption or thinning of the myelin sheet. The confinement of the observed effect to the 383 

thalamic end of the acoustic radiation can reflect that at more distal points along this tract, 384 

the axons are less densely packed as the fibers fan-out to project to the larger area of the 385 

auditory cortex. 386 

 387 

Myelination, white matter reductions, and evoked potentials in tinnitus 388 

Animal research suggested that tinnitus is related to a loss of inner hair cell ribbons 389 

(Rüttiger et al., 2013). These ribbons are the electron-dense structures associated with 390 

presynaptic active zones at the inner hair cell base. A loss of these ribbons would disrupt the 391 

sustained release of neurotransmitters at the first auditory synaptic junction (Matthews and 392 

Fuchs, 2010) and thereby impact auditory processing. Such damage may have caused the 393 

small but not significantly higher average thresholds of the hearing loss group with tinnitus 394 

(Figure 2). Furthermore, it has been suggested that tinnitus may relate to a loss of specific 395 

auditory nerve fibers. On the one hand, the loss of low-spontaneous rate fibers (low-SRFs) 396 
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has been indicated in tinnitus (Schaette and McAlpine, 2011). However, recent evidence 397 

suggests that tinnitus in normal hearing doesn’t correspond to diminished speech in noise 398 

perception (Zeng et al., 2020), which would be expected with the loss of low-SRFs. On the 399 

other hand, the specific loss of fast coding high-spontaneous rate fibers (high-SRFs) has also 400 

been implicated in tinnitus (Bauer et al., 2007; Knipper et al., 2020) or a combination of 401 

both (Paul et al., 2017). The high-SRFs have a thicker myelin sheet than low and medium SR-402 

fibers (Liberman and Oliver, 1984; Gleich and Wilson, 1993), which facilitates fast 403 

information transfer. This is vital to the functionality of the auditory system since it relies on 404 

precise timing. Future work could assess whether damage to specific auditory nerve fibers 405 

instigates a Wallerian-like degeneration process that leads to cross-sectional atrophy and 406 

increased medial diffusivity in the central auditory tracts.  407 

Overall, myelination in the central nervous system is enhanced by neuronal activity 408 

(Demerens et al., 1996), and a reduction in sound-activity has been related to a decrease in 409 

the myelin thickness and the number of large diameter axons in the central auditory system 410 

(Sinclair et al., 2017). Previously, our group and others have shown that the auditory cortex 411 

is less responsive to high-frequency sounds in tinnitus participants with mild or moderate 412 

hearing loss than in those without tinnitus (Hofmeier et al., 2018; Koops et al., 2020). The 413 

reduction in the acoustic radiation's cross-section in the presence of tinnitus can relate to 414 

the previously reported reduction in sound-evoked activity in tinnitus. Critical damage at the 415 

peripheral level could result in a thinning of the myelin sheet of the corresponding central 416 

auditory fibers that are no longer stimulated as a consequence. The additional presence of 417 

tinnitus in hearing loss may enlarge this effect.  418 

Auditory Brainstem Responses (ABR) can detect changes in the amplitude and time-419 

course of an auditory signal traveling from peripheral to more central auditory areas via the 420 
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white matter tracts. In tinnitus, the most consistently reported findings are reduced (early) 421 

ABR amplitudes (Milloy et al., 2017; Hofmeier et al., 2018) and prolonged wave I and V 422 

latencies (Ikner and Hassen, 1990; Ravikumar and Ashok Murthy, 2016; Hofmeier et al., 423 

2018), similar to the changes observed in high-frequency hearing loss (Sand and Saunte, 424 

1994; Watson, 1996; Lewis et al., 2015). A loss of high-SR fibers at the peripheral level, a 425 

suggested hallmark of tinnitus, could explain the reported ABR wave latency prolongation 426 

(Knipper et al., 2020), which may relate to a reduction in myelination (Kovach et al., 1999). 427 

Taken together, the previously reported tinnitus-related ABR features and the current 428 

findings of cross-sectional atrophy in the acoustic radiation point towards reduced 429 

myelination of the peripheral and central auditory pathway in tinnitus, which warrants 430 

further investigation. 431 

 432 

Age-related decline of fiber density  433 

Fiber density (FD) of the acoustic radiation and age were negatively correlated, indicating a 434 

progressive loss of thalamocortical axons with increasing age. Consequently, signal transfer 435 

from the thalamic medial geniculate body to the primary auditory cortex may be disturbed. 436 

Older adults with hearing loss perform worse than younger people with similar hearing loss 437 

(Dubno et al., 1984; Fitzgibbons and Gordon‐Salant, 1995; Pichora‐Fuller et al., 1995; 438 

Wingfield et al., 2006; Cardin, 2016) and the loss of axonal density with age may contribute 439 

to the poorer speech understanding observed in older adults. A minor decrease in 440 

peripheral myelination has previously been related to dramatic degradation of fine 441 

temporal structure coding, whereas it hardly affects hearing thresholds (Resnick et al., 442 

2018). Presumably, the reduction of fiber density reported here further contributes to 443 

poorer information transfer of auditory information. These findings have implications for 444 
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the rehabilitation of hearing in older individuals. Peripheral stimulation (i.e., hearing aids) 445 

may be supplemented with treatments aimed at stimulating cortical plasticity (e.g., 446 

inhibition of neural growth inhibitors in combination with tailored auditory training).  447 

Conclusion 448 

Our study did not identify significant changes in the acoustic radiation specifically related to 449 

acquired hearing loss. On the other hand, tinnitus was related to macrostructural 450 

degeneration of the left acoustic radiation near the medial geniculate nucleus. In addition, a 451 

significant increase in MD was identified in participants with hearing loss and tinnitus, 452 

compared to controls. Both the diffusion tensor model and the fixel based analysis results 453 

point towards a reduction in the axonal myelination of the acoustic radiation in the 454 

presence of tinnitus. Taken together with the peripheral deafferentation reported in animal 455 

studies on tinnitus, the current findings suggest impaired integrity of nerve fibers at various 456 

levels of the auditory system. Furthermore, age was related to a decrease in fiber density of 457 

the acoustic radiation, which relates to axonal loss. This finding suggests a possible relation 458 

between acoustic radiation axonal loss and a decline in sound processing in older adults. 459 

This latter finding may have implications for the rehabilitation approaches in older 460 

individuals.  461 

 462 
  463 
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Figure legends 616 
Figure 1.  Schematic representation of a decrease in the FBA metrics, in keeping with the original figure 617 

displayed in Raffelt et al., 2017. The fixel-based analysis quantifies changes to the intra-axonal volume as three 618 

metrics: fiber density (FD), fiber-bundle cross-section (FC), and a combination of both measures (FDC). (A) 619 

Normal fiber bundle morphology. (B) A reduction in fiber density corresponds to a loss of axons and reflects a 620 

change of the white matter microstructure. (C) A reduction in fiber-bundle cross-section corresponds to the 621 

amount of contraction compared to the population template and reflects a shift in the macrostructure of the 622 

white matter (D) A combination of reduced fiber density and fiber-bundle cross-section 623 

 624 
Figure 2.  Hearing thresholds for the three groups with their respective standard deviations. After 625 

correction for multiple comparisons, the median thresholds of the hearing loss groups were not significantly 626 

different (250 Hz p = 0.60; 500 Hz p = 0.95; 1 kHz p = 0.83; 2 kHz p = 0.90; 3 kHz p = 0.09; 4 kHz p = 0.04; 6 kHz 627 

p = 0.17; 8 kHz p = 0.42). However, at 4 kHz, the difference in hearing thresholds was significant at an 628 

uncorrected level of p < 0.05 (p = 0.04). Both hearing loss groups, with and without tinnitus, differed 629 

significantly on all frequencies from the control group. Higher median thresholds were present in the hearing 630 

loss group without tinnitus (250 Hz p = 0.001; 500 Hz to 8 kHz = p < 0.0005) and the hearing loss group with 631 

tinnitus (250 Hz p = 0.002; 500 Hz to 8 kHz = p < 0.0005), compared to controls.  632 

 633 

 634 

Figure 3.  Tracked acoustic radiations for left (blue) and right (red) hemispheres. The tracts are overlaid 635 

on a representative coronal slice. Tracking was performed per hemisphere from the medial geniculate body 636 

(MGB) to the primary auditory cortex (TE 1.0).  637 

 638 

Figure 4.  Region of the left acoustic radiation with an altered cross-sectional metric in the left acoustic 639 

radiation of participants with hearing loss and tinnitus compared to controls. (A) The line segments indicate 640 

fixels, where each fixel corresponds to a population of fibers that pass through the corresponding voxel. The 641 

line segments represent all the fixels that were identified within the mask of left the acoustic radiation. The 642 

upper picture is an overview to indicate the anatomical location. The zoomed-in inset shows the fixels that 643 

belong to a tract with a significantly smaller cross-section in the hearing loss group with tinnitus than the 644 
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control group. These significantly different fixels are color-coded by their respective FWE-corrected p-values. 645 

For black fixels, there was no significant difference between the groups. (B) The non-significant fixels are 646 

omitted here. Only the fixels with a significantly decreased cross-section are projected on a coronal slice, (C) 647 

an axial slice, and (D) a sagittal slice. Significant differences can be observed in the area of the auditory 648 

radiation closest to the medial geniculate area of the thalamus. Note that the FBA analysis identified 649 

significant differences in fixels that are part of the acoustic radiation only. Crossing fixels were not significantly 650 

different between the groups and are therefore shown in black. All panels show one representative brain slice 651 

with the projected fixels. The small line segments in panel D indicate that fixels, and thus the corresponding 652 

nerve fibers, are oriented out of the depicted sagittal plane.    653 

 654 
Figure 5.  Fiber tracts with a reduction in fiber-bundle cross-section in the hearing loss group with 655 

tinnitus compared to the normal-hearing control group. The template tractogram was adjusted to only include 656 

the streamline segments that were significantly different in FC between the hearing loss group with tinnitus 657 

and the control group (FWE-corrected P-value < 0.05). The significant streamlines are depicted on a coronal, 658 

sagittal, and axial slice of the population template map in red. To aid orientation, left (L) and right (R) are 659 

indicated for the coronal and axial slices and anterior (A) and posterior (P) for the sagittal slice.  660 

 661 
Figure 6.  Comparison between fixel-based (FBA) and conventional tensor-based (DTI) measures of 662 

fiber tract properties. Both methods identified differences between the group with tinnitus and the controls in 663 

the left acoustic radiation. Fixels with a significantly decreased fiber-bundle cross-section (FC) and voxels with 664 

increased medial diffusivity (MD, a conventional DTI measure) are overlaid. The significant increase in MD is 665 

represented by the blue voxels, whereas the significant decrease in FC is represented by the red/yellow 666 

colored fixels (or fibers). There was no significant difference in the white matter of the acoustic radiation 667 

between both hearing loss groups or between the hearing loss group without tinnitus and the control group. 668 

The significant increase in MD and the significant decrease in FC are overlaid on a coronal, sagittal, and axial 669 

slice of the population template. To aid orientation, the lateral and medial side of the brain is indicated in the 670 

coronal and axial slices, and the posterior-anterior axis is identified in the sagittal slice. Color-coding of the 671 

fixels is identical to Figure 4.  This figure illustrates to what degree the outcomes of these two different 672 

methods overlap.   673 
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Table 1. Demographics and questionnaire scores of the three participant groups.  
 

 
* indicates that groups differed significantly from the control group ** indicates that hearing loss groups 
differed significantly from one another at p < 0.001. Chi-square, ANOVA, Kruskal-Wallis, and Mann-Whitney, 
respectively  

 

Groups Controls Hearing Loss Hearing Loss + Tinnitus 

Demographics N = 36 N = 23 N = 34 

Sex 18 M, 18 F 14 M, 9 F 27 M, 7 F* 

Mean age (years) 45 ± 14 (18 -67)   62 ± 8 (33-75)* 60 ± 8 (41-72)* 

Questionnaires    

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  11 ± 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 - <4 kHz (n = 9) 
   4 - 7 kHz (n = 12) 
   ≥8 kHz (n = 11) 
   Broadband (n = 2) 
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Table 2. Relation between fixel based metrics and age, hearing loss, and tinnitus-related variables. There was a 

significant negative correlation between age and fiber density for both the left and the right acoustic radiation 

(FWE-correct P-value < 0.05). Hearing level, indicated by the mean of 1, 2, and 4 kHz, did not significantly 

correlate with either FD or FC. Tinnitus related variables and questionnaire scores were not significantly 

associated with FD or FC fixel based metrics. 

  Left Acoustic Radiation Right Acoustic Radiation 

General variables     

  R p R p 

Age FD -0.38 <0.001* -0.40 <0.001* 

 Log FC -0.07 0.53 -0.06 0.60 

      

Hearing  FD -0.20 0.06 -0.06 0.59 

 Log FC -0.17 0.11 -0.04 0.71 

      

Sex FD 0.24 0.047 0.12 0.34 

 Log FC -0.09 0.43 -0.04 0.73 

Tinnitus related variables     

THI FD 0.29 0.11 0.18 0.33 

 Log FC -0.003 0.99 -0.15 0.41 

      

Duration FD 0.17 0.45 -0.23 0.30 

 Log FC 0.21 0.34 -0.27 0.23 

      

Pitch FD 0.23 0.20 -0.20 0.26 

Table 2 continued      

 Log FC 0.12 0.51 -0.42 0.02 

      

Laterality FD 0.07 0.68 0.27 0.12 

 Log FC 0.23 0.20 0.24 0.17 

Questionnaires     

HADS A FD 0.28 0.02 0.29 0.01 

 Log FC 0.12 0.32 0.06 0.59 

      

HADS D FD 0.18 0.13 0.13 0.26 

 Log FC 0.14 0.26 0.08 0.53 

 

The asterisks denote a significant relation at a p-level level corrected for multiple comparisons (*; Bonferroni). The 

association for sex and laterality with FBA-metrics was tested with a point-biserial correlation. All other associations were 

tested with a Pearson correlation test. 

 


