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1.0 INTRODUCTION

The complex hearing mechanism involves numerous ear elements that work together to transmit information to the brain. The
auditory system is composed of central regions (cochlear nuclei in the medulla oblongata, superior olivary nuclei, and lateral
lemniscus in the pons; inferior colliculus in the midbrain; medial geniculate nuclei in the thalamus; and auditory cortex in the
superior temporal Heschl’s gyrus)and peripheral structures (external, middle, and inner ear). Most auditory fibres decussate
contralaterally to the opposing superior olive in the trapezoidal body region (Lee & Sherman, 2011).

Hearing loss is the fourth leading cause of disability. It impairs communication, with adverse effects on relationships
with others (Cunningham & Tucci, 2017). Hearing loss is defined based on the audiometric threshold. The World Health
Organization has classified hearing impairment according to pure-tone audiometry in the better hearing ear as: (1) no
impairment [< 25 dB hearing threshold level (HL)]; (2) slight impairment (26-40 dB HL); (3) moderate impairment (41-60 dB
HL); (4) severe impairment (61-80 dB HL); and (5) profound impairment (> 81 dB HL; Olusanya, Davis, & Hoffman, 2019).
Peripheral hearing loss is categorised as conductive or sensorineural. Sensorineural hearing loss (SNHL) results from
malfunction of the cochlea or spiral ganglion, whereas conductive hearing loss results from damage to the outer or middle ear
(Cunningham & Tucci, 2017). Noise-induced hearing loss (NIHL) is an SNHL that affects the hair cells of the inner ear and
has been used by clinicians to refer to either a malfunctioning inner ear or a retro-cochlear problem affecting the canalicular
VIII cranial nerve and cerebellopontine angle, or involving the higher (central) auditory nuclei and neural tracts. To develop a
treatment plan that can assist in preventing or delaying the total loss of auditory function, it is important to understand the
pathophysiology of hearing loss (Verbist, 2012).

In recent years, advanced magnetic resonance spectroscopy, magnetic resonance morphometry, functional magnetic
resonance imaging (fMRI), and diffusion tensor imaging (DTI) have revealed microstructural and functional alterations to the
auditory system. For example, magnetic resonance spectroscopy simplifies the display of changes in the concentrations and
contents of certain metabolites in the central nervous system. In addition, fMRI has shown that individuals with idiopathic
SNHL and healthy individuals have different levels of central auditory circuit activation (Ouda, Profant, & Syka, 2015). DTI
has become a common tool for research in recent years for examining the microstructural integrity linked to white matter
disorders (de Figueiredo, Borgonovi, & Doring, 2011; Yang et al., 2023; Zhang et al., 2022). This is based on the concept that
water diffusion is restricted perpendicular to the axis of the axons, causing anisotropy (Aung, Mar, & Benzinger, 2013).
Organised packed axonal tracts, overlying sheets of myelin, microtubules, and neurofilaments represent the physical barriers
that impose directionality on water movement in the tissues of the central nervous system. Anisotropic diffusion can be
distinguished using a sensitive and non-invasive quantitative method by calculating the diffusion tensor indices mean diffusivity
and fractional anisotropy (FA) for every voxel (Kerkela et al., 2021). The FA value, as observed in healthy brain tissues, is a
scalar number between 0 (indicating unrestricted diffusion in all directions) and 1 (indicating unrestricted diffusion in only one
direction). Therefore, decreased FA is a sensitive indicator of the loss of white matter integrity. Changes in tissue density,
damage to white matter fibres, or alterations in the overlying myelin sheath can influence these indices by affecting the
directionality of water motion (Huang et al., 2015).

To date, there is a lack of studies using DTI to evaluate the microstructural alterations in the brain and their associations
with NIHL in employees who have been exposed to high noise levels at work for an extended period of time. Therefore, this
study aimed to examine how NIHL affects anatomical alterations in the microstructure of the brain as measured using DTI
metric—-FA parameters). In this study, we focused on the area surrounding the primary auditory cortex. This study aimed to
evaluate subtle and microstructural changes in DTI metrics—FA within the auditory cortex and correlate them with hearing
threshold levels of pure tone average data in the participants. Hence, this study assessed the potential of brain information as a
novel biomarker of great importance for the early detection, diagnosis, and assessment of the severity and progression of NIHL
as well as its prognosis and expected response to preventive and therapeutic interventions.

2.0 METHOD

2.1 Patients

This study was approved by the Research Ethics Committee of International Islamic University Malaysia, and informed consent
was obtained from each patient prior to examination. The present study included nine gender-matched male patients with
bilateral NIHL. All participants enrolled in the current study had normal peripheral and central auditory circuits, as determined
by conventional MRI studies. The participants had no history of brain surgery, trauma, infection, or ototoxic medication use.
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All participants underwent a comprehensive audiological history taking and otoscopic examination, and pure-tone average data
for each participant were obtained. Hearing loss ranged from mild to severe (30-90 dB).

2.2 MRI

All MRI images were acquired using a Siemens 3-Tesla MR scanner. Before DTI acquisition, non-contrast conventional MR
was performed to exclude gross abnormalities in the peripheral and central auditory pathways. The MR imaging protocols
included the following sequences: 1) The T1 parameters were TE/TR = 10/678 msec; reconstruction matrix = 512 x 512 x 40;
field of view = 230 mm; voxel size = 0.45 x 0.45; slice spacing = 1.0 mm; slice thickness = 2.5 mm; and flip angle = 70 degree.
2) T2 parameters were TE/TR = 80/3000 msec; reconstruction matrix = 512 x 512 x 24; field of view = 230 mm; voxel size =
0.45 x 0.45; slice spacing = 1.0 mm; slice thickness = 2.5 mm; and flip angle = 90°. 3) FLAIR parameters were TE/TR/TI =
125/11000/2800 msec; reconstruction matrix = 512 x 512 x 40; field of view = 230 mm; voxel size = 0.45 x 0.45; slice spacing
= 1.0 mm; slice thickness = 5.0 mm; and flip angle = 90°.

2.3 DTI Acquisition

The DTI parameters were set as follows: repetition time = 7649 ms, echo time = 72 ms, flip angle = 90°, field of view = 240
mm, matrix = 96 x 96, section thickness = 2.5 mm, section gap = 0 mm, number of excitations = 1.0, and acquisition time = 4
min and 28 s. Diffusion-weighting gradients were applied along 32 non-collinear directions using the electrostatic repulsion
model (b0 =0, 2 images and bl = 1000 s/mm, 32 images).

2.4 DTI data processing

Diffusion-imaging data were reconstructed using the DTI approach with the combined use of MRI Converter version 2.1.0 and
DSI Studio software (http://dsi-studio.labsolver.org/). First, the Digital Imaging and Communications in Medicine data of each
participant were loaded into the MRI Converter to convert it into NIfTI file format (.dcm to .nii) before opening them in DSI
Studio. The automated registration of the DTI data was done to eliminate distortion artefacts. Then, the ‘.src’ file was created,
reconstructed and ‘.fib’ data were obtained to track the fibres and tractography, followed by the acquisition of the mean FA
value. The regions of interest (ROIs) assessed were those in the cortical parcellation of the auditory network (Kuiper et al.,
2020): A1, A4, AS, LBelt, MBelt, and PBelt (Figure 1). The ROIs from both hemispheres were localised using semi-automated
delimitation. This technique was used by combining the automated identification of the ROI (a validated atlas of John Hopkins
University white matter labels atlas was used as a template) with a manual, interactive selection, and modification by the user
(de Haan, Clas, Juenger, Wilke, & Karnath, 2015). The mean FA values of each region from both hemispheres were extracted
from the ROIs for further analysis.

2.5 Statistical Analysis

Data were analysed using the IBM SPSS software package version 22.0. Quantitative data were described by calculating the
means and standard deviations of non-parametric data because of the small number of samples with p-values < 0.05, which
were considered statistically significant. The Spearman correlation test was used to determine the correlation between changes
in the FA measures and hearing loss levels (pure tone average data) in NIHL.

Figure 1: Acquisition of region of interest in the cortical parcellation of the auditory cortex: left and right A1, A4, AS, LBelt, MBelt,
PBelt. The view from different axes: A) axial, B) coronal, C) sagittal section.
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3.0 RESULTS

Table 1 summarizes the mean and standard deviation of participants ages, pure tone average data for the right and left ears, and
FA values measured in six regions: Al, A4, A5, LBelt, MBelt, and PBelt.

Table 1. Mean and standard deviation of partcipants’ age, right and left pure tone average data?, and fractional anisotropy values
measured in six regions: Al, A4, AS, LBelt, MBelt, and PBelt

Variables Mean =+ SD values (n =9)
Age 45+6.1

Right pure tone average (dB)* 385£13.5

Left pure tone average (dB)* 415133

FA values measured in different regions of auditory cortex

Right side

Al 0.174 £ 0.022
A4 0.096 £ 0.015
AS 0.106 +0.015
LBelt 0.180 +0.033
MBelt 0.211£0.027
PBelt 0.179 £ 0.031
Left side

Al 0.171 £0.031
A4 0.091 £0.017
AS 0.103 +0.008
LBelt 0.192 +0.029
MBelt 0.218 £0.023
PBelt 0.166 + 0.023

2 Pure Tone Average = (0.5 Khz + 1 Khz + 2 Khz + 4khz)/4.

The correlations between the mean FA values in the six regions and the measured hearing levels (pure tone average data) are
summarised in Table 2. A significant inverse relationship was found between the left mean FA value of the A1 region and both
the right (p = 0.009,  =-0.807) and left (p = 0.03, » =-0.717) pure tone average data, whereas no significant correlation was
found between the mean FA values in other regions and the severity of hearing impairment.
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Table 2. Correlation analysis between mean fractional aAnisotropy and severity of sensorineural hearing impairment (pure tone

average)
Regions in auditory cortex Right pure tone average Left pure tone average
p-value r-value p-value r-value
Right side
Al 0.796 0.101 0.932 0.033
A4 0.456 0.286 0.244 0.433
A5 0.983 0.008 0.865 0.067
LBelt 0.682 -0.160 0.732 -0.133
MBelt 0.332 -0.367 0.557 -0.227
PBelt 0.406 -0.317 0.260 -0.420
Left side
Al 0.009%* -0.807 0.030% -0.717
A4 0.364 -0.345 0.286 -0.400
A5 0.079 -0.613 0.088 -0.600
LBelt 0.949 0.025 0.688 0.167
MBelt 0.415 0.311 0.356 0.350
PBelt 0.250 -0.429 0.308 -0.383

*Correlation is significant at the 0.05 level (two-tailed).
**Correlation is significant at the 0.01 level (two-tailed).

4.0 DISCUSSION

Our preliminary results revealed a significant negative correlation between the mean FA value of the left Al region and the left
and right pure tone average data. It is anticipated that hearing loss with a dominant effect on the contralateral side may affect
both the ipsilateral and contralateral auditory neural pathways because of the early and numerous decussations of the auditory
nerve system beginning at the cochlear nucleus level (Tae, Yakunina, Kim, Kim, & Nam, 2014). However, the cause of these
asymmetries in humans is either difficult to identify or extremely difficult to address because of the widespread corticofugal
effects on the auditory system. It makes no difference as to whether the laterality of function results from central or peripheral
influences, as it is crucial to comprehend the nature of minute variations in the ear structure. For instance, adult males typically
have better audiometric hearing thresholds in the right ear than in the left ear; however, women are known to have more
symmetric hearing sensitivity. Better hearing in the right ear of adults may be related to another asymmetry: greater
susceptibility of the left ear to NIHL (Pirild, Jounio-Ervasti, & Sorri, 1992).
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Because the ventral division of the medial geniculate complex provides point-to-point input to the primary auditory
cortex (A1), which is situated on the superior temporal gyrus in the temporal lobe, it has an accurate tonotopic map that spans
a large range of sound frequencies. This explains the strong association between the Al region and pure tone average data
(which comprise a range of sound frequencies) in our study. Similar to the main visual cortex (V1) and primary somatic sensory
cortex (S1) having topographical maps of their respective sensory epithelia, the primary auditory cortex (Al) has a
topographical map of the cochlea (Alloway, 2001). However, unlike the visual and somatic sensory systems, the cochlea had
already decomposed acoustic stimuli such that they were arrayed tonotopically along the length of the basilar membrane. As a
result, Al and most of the ascending auditory structures between the cochlea and cortex were thought to include a tonotopic
map, which explains their close association with pure tone average values computed from various sound frequency ranges.
However, because the belt sections of the medial geniculate complex receive more diffuse input, the belt areas of the auditory
cortex are less accurate in their tonotopic organisation (Brewer & Barton, 2016).

Our findings showed an inverse relationship between the mean FA value in the A1 region and pure-tone average data,
suggesting a reduction in mean FA with hearing loss. Previous research on patients with SNHL revealed decreased brain activity
in several cortical and subcortical regions, such as the inferior colliculus and temporal gyrus, as well as a decrease in the amount
of cortical grey matter (Kim, Heo, Kim, Kim, & Oh, 2018). DTI research in neurology has yielded promising results, indicating
the usefulness of this novel radiological approach. As auditory deprivation results in inadequate myelination, hearing loss can
produce cortical and subcortical microstructural alterations in numerous auditory neurological systems (Kim et al., 2018).
Diffusion tensor metrics offer quantitative information on the myelination status and microstructural integrity of the central
auditory circuit in auditory diseases. They also provide important prognostic information regarding progressive hearing loss
(Tarabichi et al., 2018). Owing to decreased functional activity in the auditory pathway, a demyelination process may be
present. This may be caused by increased water diffusivity across the neural fibre tracts. In our investigation, the principal
auditory area (the ‘A’ area) had lower mean FA values than the belt areas. Because the primary auditory area is a convergence
site for inputs from various caudal auditory nuclei, it may be more susceptible to neuronal damage than the belt areas. This
could be explained by the primary anatomical location of the auditory area in the central auditory circuit, and consequently,
greater myelin degeneration (Lin et al., 2008). FA may be regarded as a useful biological indicator of the degree of hearing
impairment, based on earlier findings that showed an apparent linear association between decreased FA values and audiometric
hearing loss (Kim et al., 2018). Similarly,, the current study showed that FA measures were inversely correlated with hearing
loss.

Our preliminary study has some limitations. The primary limitation was the small population of the NIHL group,
which hindered the stratification of patients according to the severity of hearing loss. In addition, only six regions of the auditory
network were investigated in this study. Further studies investigating other regions of the auditory tract are essential to
determine their roles in hearing impairments. Another limitation was the age of the participants, which was not restricted; thus,
the results may have included age-related brain degeneration. Therefore, a larger subject pool is necessary to derive detailed
prognostic predictions for different age groups. Furthermore, we did not measure the long-term effects of NIHL on the brain,
and longitudinal studies are needed to explore the changes in brain imaging and NIHL. In addition, the absence of
reproducibility of FA correlations with repeated pure-tone average data in a longitudinal study may indicate a deficiency in the
correlation analysis.

6.0 CONCLUSION

A decline in FA values can be used to reflect microstructural abnormalities of the central auditory tract in patients with NIHL
and is correlated with the degree of hearing impairment in the auditory cortex. Although the correlation analysis data should
be interpreted cautiously owing to the small sample size and statistical power, we propose that information about central
auditory pathway integrity should be included as a potential novel neurological biomarker for early detection, diagnosis, and
assessment of the severity and progression of NIHL.
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