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Voxelwise analysis of the central 
hearing pathway in senior dogs 
reveals changes associated 
with fractional lifespan
Chin‑Chieh Yang 1, Pew‑Thian Yap 2, Ye Wu 3, Natalia Zidan 1, Gilad Fefer 1, Nathan C. Nelson 4, 
Margaret E. Gruen 1,5 & Natasha J. Olby 1,5*

Presbycusis, or age-related hearing loss, affects both elderly humans and dogs, significantly impairing 
their social interactions and cognition. In humans, presbycusis involves changes in peripheral and 
central auditory systems, with central changes potentially occurring independently. While peripheral 
presbycusis in dogs is well-documented, research on central changes remains limited. Diffusion tensor 
imaging (DTI) is a useful tool for detecting and quantifying cerebral white matter abnormalities. 
This study used DTI to explore the central auditory pathway of senior dogs, aiming to enhance our 
understanding of canine presbycusis. Dogs beyond 75% of their expected lifespan were recruited and 
screened with brainstem auditory evoked response testing to select dogs without severe peripheral 
hearing loss. Sixteen dogs meeting the criteria were scanned using a 3 T magnetic resonance scanner. 
Tract-based spatial statistics was used to analyze the central auditory pathways. A significant negative 
correlation between fractional lifespan and fractional anisotropy was found in the acoustic radiation, 
suggesting age-related white matter changes in the central auditory system. These changes, observed 
in dogs without severe peripheral hearing loss, may contribute to central presbycusis development.
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Presbycusis, or age-related hearing loss, is a common condition among the elderly affecting approximately one-
third of individuals aged 65–74 and nearly half of those over 751. This condition significantly impacts public 
health, as it not only impairs effective communication but is also linked with social isolation and accelerated 
cognitive decline2,3. In humans, presbycusis typically manifests as reduced sensitivity to high-pitched sounds, 
difficulty understanding speech in noisy environments, and impaired sound localization4,5. Traditionally, primary 
histological changes contributing to presbycusis were thought to involve peripheral hearing structures, such as 
hair cell loss, strial atrophy, and basilar membrane thickening6–11. However, clinical observations such as speech 
recognition difficulties are not fully explained by peripheral hearing loss, suggesting that alterations in the central 
hearing system may also play a role. Advanced imaging techniques like magnetic resonance imaging (MRI) and 
diffusion tensor imaging (DTI) have revealed age-related atrophy in the auditory cortex and changes in the white 
matter of central auditory pathways12–14.

Recent human studies using functional auditory tests have revealed that age-associated decline in central 
auditory function is independent of peripheral auditory function. Bao et al. observed a significant age-related 
increase in gap detection thresholds, a measure of central auditory temporal processing function, which was 
not correlated with peripheral hearing function as measured by pure-tone audiometry. Such observation sug-
gests that central auditory function deterioration is not directly linked to the degree of peripheral hearing loss15. 
Similarly, Purner et al. found that an individual’s capacity to discriminate sound duration and decibel level, 
aspects of central auditory function, deteriorate with age independently of peripheral hearing loss5. Further 
evidence comes from a study by Qian et al.16. Their study, focusing on adults with normal peripheral hearing, 
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showed age-related increases in gap detection thresholds, particularly in the high-frequency range. This study 
also noted a decrease in speech recognition in noisy environments as age advances, with the most significant 
decline occurring after the age of 40. These findings collectively underscore an age-related decline in the central 
auditory function, suggesting that central presbycusis develops independently and possibly precedes noticeable 
peripheral hearing loss in people.

Peripheral presbycusis has been reported in dogs, beginning around 8–10 years of age. Similar to humans, 
histological changes reported in dogs involve the organ of Corti, stria vascularis, and basilar membrane17. Audi-
tory impairment in dogs is most pronounced at middle to high-frequency ranges and adversely affects cognitive 
function18,19, further aligning with findings in humans. Yet, the concept of central presbycusis in dogs still needs 
to be explored. This knowledge gap is particularly significant given the similarities between human and canine 
auditory systems and the understanding of presbycusis thus far. This study aimed to evaluate age-related changes 
in the central hearing pathway in senior dogs using MRI by measuring DTI scalars. We hypothesized that DTI 
scalar changes in the central hearing pathway occurred in senior dogs without severe peripheral hearing loss 
defined as detectable BAER waveforms at 70 dB nHL or less.

Results
Twenty dogs with a fractional life span (FLS) of 0.75 or greater (defined as senior) were initially recruited and 
underwent hearing testing using brainstem auditory evoked responses (BAER). Anxiolytic or sedative medication 
was required in 10 dogs to complete the BAER test. Nine dogs received trazodone PO (median dosage 4 mg/kg, 
range 1.3–6.2 mg/kg), and one dog received 3 ug/kg dexmedetomidine IV. Dogs were categorized as hearing at 
50, 70 or 90 decibels (dB nHL) if they had at minimum a wave V on their BAER trace at the dB nHL level being 
tested. Four dogs were excluded due to severe hearing loss (no detectable waveforms at 70 dB nHL). Evidence 
of hearing was detected at 70 dB nHL in sixteen dogs, of which six also had a response at 50 dB nHL. These 16 
dogs met the criteria for the MRI study.

The dogs who underwent MRI included 5 neutered males and 11 spayed females. Breeds included: American 
Staffordshire terrier (n = 3), Labrador retriever (n = 3), golden retriever (n = 2), Siberian husky (n = 1), Jack Rus-
sell terrier (n = 1), German shorthaired pointer (n = 1), American foxhound (n = 1), boxer (n = 1), and mixed 
breed (n = 3). The median weight was 25.9 kg (range 8.4–34.0 kg). The median chronological age was 11.95 years 
(range 10.9–15.6 years), and the median FLS was 1.012 (range 0.85–1.16). Owner feedback on the hearing status 
of these 16 dogs, obtained prior to the disclosure of BAER result, revealed that 6 owners suspected hearing loss, 
9 reported normal hearing, and one did not respond. All demographic information, hearing status and MRI 
findings are summarized in Table 1.

Brain MRIs were essentially normal structurally, with no evidence of intracranial neoplasia in any of the dogs. 
Four dogs had a total of 11 cerebral microhemorrhages, including 5 in the caudate nucleus, one in the olfactory 
bulb, one in the sensorimotor cortex, one in the cingulate gyrus, one in the subcallosal gyrus, and two in the 

Table 1.   Demographic information, ITA height, brain atrophy, presence of microhemorrhage, owner 
assessment of hearing loss, and the BAER category of 16 dogs. FLS fractional lifespan, ITA interthalamic 
adhesion, Y yes, N no, L left, R right, Amstaff American Staffordshire terrier.

Case Breed Weight (kg) Age (years) FLS ITA height (mm) Brain atrophy (Y/N) Microhemorrhage

Owner assessment 
of hearing loss 
(Y/N)

BAER category (dB 
nHL)

1 Golden retriever 24.2 12.6 1.03 7.04 N – Y 70

2 Mixed 17.7 11.0 0.88 6.16 N – Y 70

3 Amstaff 22.4 11.3 0.91 6.62 N – N 70

4 Labrador retriever 31.0 11.0 0.99 7.69 N – N 50

5 Boxer 27.3 11.5 1.05 6.97 N – - 70

6 Siberian husky 26.7 12.3 1.01 7.15 N – N 50

7 American foxhound 17.8 11.9 0.93 7.06 N – N 50

8 German shorthaired 
pointer 20.6 10.9 0.85 7.49 N – N 50

9 Amstaff 29.4 13.1 1.13 5.83 N
L occipital cortex 2
L caudate nu. 1
R olfactory bulb 1

Y 70

10 Amstaff 33.0 11.1 0.98 7.32 N – N 70

11 Mixed 19.0 15.1 1.16 3.64 Y
L caudate nu. 2
L sensorimotor 
cortex 1

N 70

12 Mixed 34.0 12.6 1.10 6.82 N – Y 70

13 Labrador retriever 29.3 12.0 1.02 7.09 N – N 50

14 Golden retriever 31.2 11.9 1.02 7.95 N – N 50

15 Labrador retriever 25.1 13.3 1.10 6.13 N R caudate nu. 1
L cingulate gyrus 1 Y 70

16 Jack Russell terrier 8.4 15.6 1.15 3.46 Y L caudate nu. 1
R subcallosal gyrus 1 Y 70
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occipital cortex (Fig. 1). The presence of cortical atrophy was assessed by measurement of the interthalamic 
adhesion20 (Figs. 2 and 3). The median interthalamic adhesion height was 7.00 mm (range 3.46–7.95 mm). Corti-
cal atrophy was observed in two dogs with interthalamic adhesion heights of 3.46 mm and 3.64 mm, respectively. 
We traced streamlines connecting the established auditory structures to identify the central auditory pathway21,22. 
This pathway began from the caudal colliculus, continued craniolaterally to the medial geniculate nucleus, and 
ascended dorsolaterally via the internal capsule to the middle ectosylvian cortex at the temporal lobe (Fig. 4). 
This pathway was used as the region of interest (ROI) in the ROI-restricted Tract-Based Spatial Statistics (TBSS) 
to analyze the DTI data, including fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and 
mean diffusivity (MD)23–25.

TBSS analysis revealed a significant negative correlation between FA and FLS within the acoustic radiation 
bilaterally, but more predominantly in the right hemisphere (Fig. 5). However, no significant correlations were 
found between FLS and the other DTI scalars (RD, AD, and MD), nor between chronological age and DTI sca-
lars. A comparison of DTI scalars between dogs with a BAER threshold of 50 dB nHL (n = 6) and those with a 
threshold of 70 dB nHL (n = 10) showed no significant differences. Similarly, when dogs were categorized based 
on owner suspicion of hearing loss (n = 6) versus no suspicion (n = 9), no significant differences in DTI scalars 
were observed. When dogs were grouped in this way, based on BAER threshold and on owner suspicion of hear-
ing loss, there were no significant differences in age or FLS across groups (Table 2). 

Figure 1.   Susceptibility-weighted imaging on the transverse plane showing microhemorrhages (white arrows). 
(A) Microhemorrhages were present at the right caudate nucleus, (B) the right subcallosal gyrus and the left 
caudate nucleus. Rt right.

Figure 2.   Interthalamic adhesion height measurement on T2W (A) and T1W (B) transverse images. The height 
was calculated by averaging the height in the T2W image and T1W images (7.69 + 7.68)/2 (mm). Rt right.
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Discussion
This study aimed to investigate age-related changes in the central auditory pathways of dogs who had intact 
peripheral hearing based on BAER testing. We mapped the central auditory pathways using whole brain trac-
tography and connectome matrix. We used voxel-wise analysis to measure the association of DTI scalars to 
fractional lifespan and chronological age, alongside the difference of DTI scalars between dogs with different 
BAER thresholds and owner assessment of dog’s hearing capabilities. Our findings revealed a significant decline 
in FA with increasing FLS in the central auditory pathway bilaterally, but particularly in the right acoustic radia-
tion. This result suggests that as dogs age, microstructural changes in the white matter of the central hearing 
pathway occur, even in the absence of severe peripheral hearing loss. The age-related changes identified in our 
study correlate more closely with the life stage, as denoted by FLS, rather than the chronological age in years. This 
suggests that the white matter changes align more closely with the stage of life based on the expected lifespan 
than with simple chronological aging.

Diffusion Tensor Imaging is a widely used technique to characterize white matter organization and integrity 
in vivo. This technique is based on the principles of diffusion-weighted imaging, which measures the direction 
and extent of water molecule movements in nerve tissue. Cellular structures constrain water molecules within 
axons and tend to move parallel to the orientation of the axons. Thus, changes in water diffusivity can reflect 
underlying pathologies in axonal structure and can be quantified through multiple DTI scalars, such as FA, RD, 
MD, and AD. AD primarily reflects diffusivity along the axial direction, closely associated with axonal injury, 
while RD measures diffusivity along the radial direction, indicative of demyelination23,24. MD represents average 
diffusivity in all directions, typically linked with edema25. FA encompasses diffusivity along both axial and radial 
directions, making it sensitive to a range of microstructural changes in white matter, including axonal injury, 
demyelination, or combination26. Therefore, FA is considered a sensitive indicator for the directional coherence 
of white matter tracts, even though it does not specify particular pathologies.

Our results show a decrease in FA within the central auditory pathway as dogs age, particularly in the acoustic 
radiation. This aligns with a previous canine study, which demonstrated a widespread decrease in FA in the white 

Figure 3.   Interthalamic adhesion height in a dog with cortical atrophy. (A) T2W image, (B) T1W image. Rt 
right.

Figure 4.   Sagittal, transverse and dorsal view of the ROI. This figure illustrates the streamlines connecting the 
caudal colliculus, medial geniculate nucleus, and ectosylvian cortex. These streamlines represent the central 
auditory pathway and were used as a ROI in the TBSS.
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matter of senior dogs, indicating age-related changes in the white matter structure27. We specifically focused on 
changes in the central auditory pathway, as these alterations could potentially contribute to presbycusis in dogs. 
Our findings suggest notable age-related white matter pathologies, including axonal loss, demyelination, or a 
combination, which could disrupt signal transmission from the medial geniculate nucleus to the auditory cortex, 
thereby impacting sound perception and contributing to presbycusis in dogs. The fact that FA is sensitive but not 
specific to certain types of pathologies may suggest that the pathology affecting the auditory pathway in dogs 
can be attributed to a combination of both axonal loss and demyelination without the predominance of either 
pathology. This explanation may account for the absence of correlation with other DTI scalars which are more 
specific to certain pathologies. The interpretation of DTI scalars, however, is complex and can be influenced by 
a variety of elements, including imaging noise, effects of partial volume, and the presence of crossing fibers25,28. 
Therefore, further histological investigations are necessary, particularly focusing on acoustic radiation, to deepen 
our understanding of central presbycusis in dogs.

The DTI scalars did not reveal significant structural differences between the two BAER categories. Although 
no similar canine study has been conducted yet, some human studies have suggested that central auditory func-
tion can deteriorate independently of peripheral auditory function5,15,16. Therefore, different BAER categories 
might not necessarily show structural differences in the central auditory system, or our small group size meant 
we did not have enough statistical power. We anticipated potential differences in DTI scalars based on owner 
suspicion of hearing loss, as owners might notice changes in their pet’s response to sounds, involving sound 
processing and perception in the central auditory system. However, this suspicion was based on a simple yes or 
no question without detailed reporting. Numerous environmental and behavioral factors could affect a dog’s 
response to sound. This finding underscores a more comprehensive owner survey is needed to accurately capture 
these observations, and once again, a larger sample size would have been more powerful.

The question of whether the aging process of particular tissues reflects a physiological aging rate linked to 
lifespan, or to the number of years that have passed is of great interest29. This question can be studied in dogs 
because their expected lifespan varies widely between breeds and is linked to weight and height, thus allowing 
calculation of expected lifespan and expression of stage of life as a proportion of this lifespan (fractional lifespan, 
FLS)30. Our findings of correlation between FA and FLS but not chronological age suggest aging of white matter 

Figure 5.   Heatmap visualization of TBSS results overlaid on a brain atlas. This heatmap highlights voxels with a 
significant negative correlation between FA and FLS. The color gradient from red to white reflects a spectrum of 
FWE-corrected p values. The green regions correspond to the ectosylvian cortex, the purple regions correspond 
to the medial geniculate nucleus, and the blue regions correspond to the caudal colliculus.

Table 2.   Group Comparisons of chronological age and fractional lifespan (FLS) based on BAER testing and 
owner assessment of hearing loss.

Group n Chronological age (years, median, IQR) p value FLS (mean ± SD) p value

BAER category
 50 dB nHL 6 11.9, 1.10

0.158
0.97 ± 0.07

0.104
 70 dB nHL 10 12.6, 2.50 1.05 ± 0.10

Owner assessment of hearing loss
 Yes 6 12.85, 1.68

0.076
1.065 ± 0.10

0.121
 No 9 11.9, 1.10 0.983 ± 0.09
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is linked to the physiological aging rate that dictates expected lifespan rather than chronological age. Conversely, 
a previous study using owner-performed cognitive testing found that chronological age had a greater impact 
on cognitive function than life stage29. Given these white matter changes are evident before severe hearing loss 
becomes detectable, this might reflect a disconnect between white matter imaging changes that are caused by 
changes in myelination and ultimate loss of auditory function due to neuronal loss, underscoring the need for 
further research on central auditory function in senior dogs. In veterinary audiology, the assessment of the central 
auditory function is neglected. The primary method for assessing canine hearing is the BAER, which effectively 
evaluates auditory pathways up to the caudal colliculus. However, this electrodiagnostic test faces challenges in 
assessing middle and late latency responses, which are crucial for a comprehensive understanding of higher audi-
tory pathways. Unlike in human audiology, where a variety of functional auditory tests provide essential insights 
into central auditory functions, such equivalent tools are not readily available in veterinary settings. In human 
audiology, these tests include dichotic listening, binaural interaction tasks, monaural low-redundancy tests, and 
temporal processing tests. Temporal processing tests are considered the most sensitive in assessing the integrity 
of the central auditory system, evaluating an individual’s capacity to perceive and interpret auditory information 
over time, and covering aspects like gap detection, pattern recognition, and temporal integration31. These tests 
are extensively applied in studying central auditory function and diagnosing central presbycusis in humans. The 
progress in human audiology highlights the necessity for the development of comparable functional auditory 
tests in veterinary medicine. Such advancements would considerably improve our understanding of the central 
auditory system in dogs, thereby addressing the existing knowledge gap regarding central presbycusis in dogs.

In this study, we observed significant changes bilaterally but more prominently in the right hemisphere, 
similar to the findings of Ma et al., who noted a reduction in FA near the right auditory regions in human pres-
bycusis patients13. A loss of high-pitch sound perception often marks presbycusis in humans, a function typically 
associated with the right hemisphere32. This parallel suggests the possibility of similar auditory changes in dogs, 
specifically in the context of presbycusis. While there is no direct research on lateralized hemispheric functions 
for pitch perception in dogs, cerebral lateralization at various functional levels, including motor and sensory 
functions, has been extensively studied in dogs33–37. A study conducted by Siniscalchi et al. reported a functional 
dichotomy between the hemispheres of dogs. They found the left hemisphere of dogs primarily processes familiar 
sounds and species-specific vocalizations. In contrast, the right hemisphere is predominantly involved in pro-
cessing unfamiliar and emotionally charged sounds, such as the sound from a thunderstorm38. This observation 
highlights the specialized role each hemisphere serves in auditory processing in dogs.

This study has several limitations that should be noted. First, the inclusion of only sixteen dogs with a limited 
age range may only partially capture the association between all DTI scalars and age. A more extensive popu-
lation size and a more comprehensive study design, either group-wise or longitudinal, could provide a more 
detailed understanding of age effects. Second, while DTI is a sensitive and widely utilized technique for detecting 
microstructural changes in white matter, confirmation of specific pathologies in the auditory pathway requires 
histopathological examination. Third, our methodology focused exclusively on streamlines connecting estab-
lished auditory structures, but without a corresponding histological comparison, it is challenging to assess the 
robustness of the tractography results. Our study did not address gray matter changes, instead focusing on white 
matter using DTI, but a gray matter morphometry study would be of great interest in this population of dogs. 
Finally, the lack of established functional auditory tests for dogs limits our ability to correlate these structural 
changes with actual clinical outcomes or auditory performance in dogs.

In conclusion, this study demonstrated age-related changes in the central auditory pathways of dogs, reveal-
ing a decrease in FA in the acoustic radiation as dogs age. These findings suggest microstructural alterations in 
the white matter that could precede severe peripheral hearing loss, contributing to our understanding of canine 
presbycusis. Our findings also highlight the need for further research on the development of functional audi-
tory tests in dogs.

Methods
Ethics declarations
This study was conducted and reported according to the ARRIVE guidelines. Protocols underwent review and 
approval by the North Carolina State University Institutional Animal Use and Care Committee (IACUC # 21-303-
O). All procedures were performed in accordance with these approved protocols and institutional guidelines. 
Owners of the dogs who participated in these studies reviewed and signed an informed consent form. Institu-
tional review board (IRB) approval was not sought because all collected data pertained to dogs, and as such, the 
work was categorized as “Non-Human Subject Research”.

Study population
This study, conducted at North Carolina State University College of Veterinary Medicine (NCSU CVM), pro-
spectively enrolled companion dogs. Recruitment focused on local community owners and NCSU CVM staff 
through emails and postings on the NCSU CVM clinical trials website from November 1st 2020 through October 
31st 2023.

To be included, dogs were required to have a FLS equal to or greater than 0.75, indicating an age surpass-
ing 75% of their anticipated lifespan. The expected lifespan for each dog was determined using the formula 
proposed by Greer et al., which incorporates their height and weight30. The FLS was calculated by dividing the 
chronological age of the dog by its expected lifespan. This decision was based on the definition of life stages in 
dogs in which dogs that are greater than 75% of their expected lifespan are classified as senior39. To qualify for 
participation, dogs also needed to be healthy enough to undergo anesthesia without undue risk, and the owner 
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agreed to let them undergo an MRI scan after being informed of related risks. If diagnosed with congenital or 
acquired deafness prior to reaching 75% of their expected lifespan, the dogs were excluded.

Hearing assessments
To identify dogs before the onset of significant hearing loss, we conducted BAER assessments following the 
protocol outlined by Fefer et al.19. If needed, dogs were given oral trazodone (1–7 mg/kg, Pliva, Zagreb, Croatia) 
or intravenous dexmedetomidine (3 ug/kg, Zoetis, Michigan, USA) prior to BAER testing. Electrodes were 
placed subcutaneously with the recording electrode at the vertex, the ground electrode dorsal to the first cervical 
vertebra and reference electrodes over the mastoid process bilaterally. Tubal inserts with foam tips were placed 
in the external ear canals. Monaural click stimuli at 70 dB nHL were used, delivered at 11.4 Hz with alternating 
polarity. The average response to 1000 clicks was recorded. A masking noise at 40 dB nHL was applied to the 
non-stimulated ear. If a distinct wave V was detected during the examination of either ear, the stimulus intensity 
was reduced to 50 dB nHL, and the test was repeated. In the absence of waveforms at 70 dB nHL, the stimulus 
intensity was increased to 90 dB nHL, and testing was repeated. Dogs who demonstrated a distinct wave V at 
either 70 dB nHL or 50 dB nHL, subsequently underwent MR imaging. Dogs with no detectable waveforms at 
70 dB nHL were excluded due to severe hearing loss. Prior to disclosing the BAER outcomes and proceeding 
with MRI, owners of the eligible dogs were questioned about any suspicions of hearing impairments in their 
dogs, recording a simple “yes” or “no”.

MRI
The dogs underwent general anesthesia performed by a board-certified veterinary anesthesiologist. Anesthesia 
protocol was determined by the anesthesiologist for each patient, drugs used to premedicate, induce and main-
tain anesthesia are provided in Supplementary Table 1. Heart rate, blood pressure, oxygen saturation, end-tidal 
carbon dioxide level, and electrocardiogram were monitored during the anesthesia. MRI was performed in a 3.0 T 
Siemens MAGNETOM Skyra (Siemens, Cary, NC) with a 15-channel knee coil receiver. All dogs were positioned 
in sternal recumbency. A 3D T1 magnetization prepared rapid acquisition gradient echo (MPRAGE) image was 
acquired through the following protocol: slice thickness of 0.5 mm, voxel size of 0.5 × 0.5 × 0.5 mm, repetition 
time of 2300 ms, echo time of 3.68 ms, and flip angle of 9°. Other conventional MRI sequences including T2 
weighted sagittal, T2 weighted transverse, fluid-attenuated inversion recovery transverse, and susceptibility—
weighted transverse images were also acquired. Imaging parameters for the conventional MRI are outlined in 
the Supplementary Table 2.

Diffusion-weighted imaging (DWI) scans were acquired in the transverse plane using a bipolar diffusion 
encoding scheme and the following imaging protocol: slice thickness of 1.5 mm, voxel size of 1.5 × 1.5 × 1.5 mm, 
64 gradient directions, b-value of 800 s/mm2, repetition time of 9300 ms, and echo time of: 91 ms. All brain MRI 
scans were reviewed by two board-certified veterinary neurologists (NZ, NJO). Dogs with intracranial neoplasia 
were excluded. Brain atrophy was assessed by NZ by measuring the interthalamic adhesion height as described 
previously in order to assess the degree of age-associated cerebral atrophy20. Microhemorrhages are a common 
finding in the aging dog brain and could potentially affect the auditory pathway. They were identified based on the 
presence of round or oval-shaped signal voids within the cerebral parenchyma with maximal diameter ≤ 5.7 mm 
on transverse susceptibility-weighted imaging40–42.

Data processing
Raw diffusion DICOM data were converted to NIfTI format using dcm2niix43. DWI data were processed via 
FSL (https://​fsl.​fmrib.​ox.​ac.​uk/) and MRtrix3 (https://​www.​mrtrix.​org) software. DWI preprocessing includes 
denoising44, Gibbs artifact removal45, eddy-current and motion correction46, and bias field correction47. Diffu-
sion tensor scalar maps, including FA, RD, AD, and MD were generated through dwi2tensor and tensor2met-
ric48. Modified TBSS analysis was conducted following a canine study reported by Barry et al.27. tbss_1_preproc 
was used to perform image erosion and remove zero-end slices, improving data quality and alignment. Using 
the − n flag of tbss_2_reg, nonlinear registration was performed to align each FA map to another. Based on the 
result of the last step, tbss_3_postreg with − S flag was used to identify the most representative subject of the 
group as the template space. The individual FA maps were then registered to the template space, averaged, and 
subjected to a threshold at 0.2 to create an FA skeleton. Individual FA data was projected onto the FA skeleton 
using tbss_4_prestats to generate a 4D skeletonized file for statistical analysis49. MD, AD, and RD were projected 
similarly based on the FA skeleton.

Region of interest (ROI)
The streamlines connecting the caudal colliculus, medial geniculate nucleus and middle ectosylvian cortex were 
selected as the ROI. We first computed the response functions for white matter, gray matter, and CSF using 
the dhollander algorithm in the dwi2response50 and then computed voxel-wise fiber orientation distributions 
(FODs) using dwi2fod51,52. With the FOD data of each individual, whole-brain probabilistic tractography was 
performed53. A parcellated canine brain atlas54 was registered to each individual’s space to create a connectome 
matrix using tck2connectome55. Regions of interest include the caudal colliculus, medial geniculate nucleus, and 
middle ectosylvian cortex. Based on the connectome matrix, the subject with the highest number of anatomically 
correct streamlines was selected. Using connectome2tck48, streamlines connecting the regions of interest were 
extracted as a mask in the following analysis.

https://fsl.fmrib.ox.ac.uk/
https://www.mrtrix.org
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Statistics
Using the region of interest as a mask, the skeletonized data were analyzed through a non-parametric permuta-
tion general linear model (GLM) framework. To comprehensively assess age-related changes, this study utilized 
two measures of age: chronological age and FLS. Chronological age refers to the actual age of the dogs in years, 
whereas FLS is calculated based on the expected lifespan of the breed30. This approach provides a relative meas-
ure of age that accounts for breed-specific differences in longevity. In the GLM, the FLS or age were designated 
as the independent variables and diffusion scalars were identified as the dependent variables. The skeletonized 
data for each individual were categorized according to their BAER category (50 dB nHL vs. 70 dB nHL) and the 
owner’s suspicion of hearing loss (Yes vs. No). Group comparisons of chronological age and FLS were performed 
using independent t-test or Wilcoxon 2-sample test based on the data distribution. Comparisons of DTI scalars 
between groups were conducted within the GLM framework using independent t-test. Multiple comparisons 
were corrected by threshold-free cluster enhancement and family-wise error correction (FWE). FWE-corrected 
p < 0.05 was considered significant56–58.

Data availability
Data are available in the manuscript in the form of Tables 1 and 2 and Figs. 1, 2, 3, 4 and 5. Supplementary data 
are provided in Supplementary Tables 1 and 2. Imaging data analyses are provided in Dryad: https://​datad​ryad.​
org/​stash/​share/​2yBBV​d8rmz​WMXeFN_​JRpop​msaMo​W0FLED-​LaiQ8​63Bo.
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