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Abstract

Background This study explores the impact of noise-induced hearing loss (NIHL) on the microstructural integrity

of white matter tracts in the brain, focusing on areas involved in speech processing. While the primary impact of hear-
ing loss occurs in the inner ear, these changes can extend to the central auditory pathways and have broader effects
on brain function. Our research aimed to uncover the neural mechanisms underlying hearing loss-related deficits

in speech perception and cognition among NIHL patients.

Methods The study included two groups: nine bilateral NIHL patients and nine individuals with normal hearing.
Advanced diffusion tensor imaging techniques were employed to assess changes in the white matter tracts. Regions
of interest (ROIs), including the auditory cortex, cingulum, arcuate fasciculus, and longitudinal fasciculus, were exam-
ined. Fractional anisotropy (FA) values from these ROls were extracted for analysis.

Results Our findings indicated significant reductions in FA values in NIHL patients, particularly in the left cingulum,
right cingulum, and left inferior longitudinal fasciculus. Notably, no significant changes were observed in the auditory
cortex, arcuate fasciculus, superior longitudinal fasciculus, middle longitudinal fasciculus, and right inferior longitudi-
nal fasciculus, suggesting differential impacts of NIHL on various white matter tracts.

Conclusions The study’s findings highlight the importance of considering association fibres related to speech pro-
cessing in treating NIHL, as the broader neural network beyond primary auditory structures is significantly impacted.
This research contributes to understanding the neurological impact of NIHL and underscores the need for compre-
hensive approaches in addressing this condition.
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Background

Noise-induced hearing loss (NIHL) is recognized as a
significant occupational health issue globally, attributed
primarily to excessive exposure to hazardous noise lev-
els. Characterized by the deterioration of hearing sen-
sitivity due to damage to the cochlear hair cells, NIHL
not only affects auditory capabilities but also has pro-
found implications on speech perception, cognitive func-
tions, and social interactions [1, 2] The sensory hair cells
in the cochlea are essential for converting sound waves
into electrical signals that can be interpreted by the
brain. When these cells are damaged by excessive noise,
it leads to a cascade of changes not just in the cochlea
but extending into the central auditory pathways, affect-
ing the brain’s ability to process auditory information [1].
This disruption can significantly impair an individual’s
ability to perceive speech, especially in noisy environ-
ments, leading to challenges in social interactions and
potentially contributing to feelings of isolation and emo-
tional distress. These associations are believed to arise
from the increased cognitive load and compensatory
demands placed on individuals with hearing loss as they
strive to decode and understand auditory inputs [3, 4].
The exact mechanisms behind this relationship remain
an area of active research, highlighting the complexity
of hearing loss and its far-reaching implications on brain
function.

Hearing loss can have secondary effects on the brain’s
white matter structure. These structural changes in the
white matter may contribute to difficulties in processing
auditory information and result in communication chal-
lenges for people with hearing loss [5]. Therefore, under-
standing the neurobiological changes induced by NIHL
at a microstructural level is essential. Diffusion tensor
imaging (DTI), an advanced magnetic resonance imaging
(MRI) technique, allows for the visualization and quan-
tification of microstructural white matter tracts in the
brain, providing insights into the integrity and organi-
zation of these pathways. By measuring the diffusion of
water molecules in neural tissues, DTI offers a unique
window into the microstructural properties of white mat-
ter, including changes in connectivity and integrity that
occur in response to sensory deprivation or neural dam-
age [6-8]. These changes can affect the transmission of
auditory signals and communication between different
brain regions involved in auditory processing, ultimately
impairing an individual’s ability to perceive and under-
stand sound. In the context of NIHL, DTT’s capability to
assess the fractional anisotropy (FA) values of white mat-
ter tracts offers a promising avenue to explore how hear-
ing loss affects the brain’s auditory and speech processing
networks. FA values, indicative of the directional coher-
ence of water diffusion in tissue, serve as a marker for
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white matter integrity. Reductions in FA are often inter-
preted as a sign of decreased white matter organization,
potentially reflecting damage or alterations in neural
pathways critical for auditory processing and cognitive
functions [9, 10].

Understanding white matter changes in NIHL within
the auditory cortex and association fibres is essen-
tial for gaining insights into the neural basis of hearing
loss-related deficits. Investigating white matter changes
within this area can help to understand how NIHL affects
the neural pathways responsible for perceiving and inter-
preting auditory information. Our study aims to use DTI
to explore the impact of NIHL on the microstructural
integrity of white matter tracts involved in speech per-
ception beyond auditory processing. By comparing these
findings with a control group of individuals with normal
hearing, we aimed to gain insights into the neural mecha-
nisms underlying hearing loss-related deficits in speech
perception and cognition among NIHL patients.

Methods

Patients

The present work is a cross-sectional study which com-
prised of two groups: nine bilateral NIHL patients [aver-
age age=45.0+6.1 years] and nine individuals with
normal hearing [average age=38.3+7.8 years). All sub-
jects are gender-matched male patients. The selection
of an all-male cohort was driven by the study’s focus on
occupations traditionally held by males, where noise
exposure is more prevalent. For NIHL group, average
hearing loss ranged from mild to severe (30 to 90 dB).
Our diagnosis of NIHL was based on a combination of
individual clinical history, typical audiometric criteria
of NIHL (hearing thresholds exceeding 25 dB in 3, 4,
and/or 6 kHz combined with a relatively normal thresh-
old at 8 kHz) (Fig. 1), and absence of other otological
conditions.

All subjects enrolled in the current study had normal
anatomy of auditory circuits in conventional MRI study.
The participants had no history of brain surgery, trauma,
infection, or ototoxic medication intake. All subjects
were submitted to full audiological history and otoscopic
examination, and pure tone average data of each subject
was obtained. The current study was approved by the
Research Ethics Committee (IREC 2022-090; 27/07/23),
and informed consent was obtained from each subject
before the examination.

MRI brain scanning

All MRI scans were conducted using a Siemens 3-Tesla
MR scanner. Prior to DTI acquisition, a standard non-
contrast MRI was performed to rule out any major abnor-
malities in the peripheral and central auditory pathways.
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Fig. 1 Average pure tone audiogram reading (dB) for different range of frequencies (0.5, 1, 2, 3,4, 6, and 8 kHz) for both NIHL (n=9) and control

group (n=9)

The MRI protocols comprised the following sequences:
(1) T1-weighted imaging: parameters included TE (echo
time)/TR (repetition time) of 10/678 ms, a reconstruc-
tion matrix of 512x512x%40, a field of view of 230 mm,
voxel size of 0.45%0.45, slice spacing of 1.0 mm, slice
thickness of 2.5 mm, and a flip angle of 70 degrees; (2)
T2-weighted imaging: parameters included TE/TR of
80/3000 ms, a reconstruction matrix of 512x512x24,
a field of view of 230 mm, voxel size of 0.45x%0.45, slice
spacing of 1.0 mm, slice thickness of 2.5 mm, and a flip
angle of 90 degrees; (3) fluid-attenuated inversion recov-
ery (FLAIR) imaging: parameters included TE/TR/TI
(inversion time) of 125/11000/2800 ms, a reconstruction
matrix of 512X 512X 40, a field of view of 230 mm, voxel
size of 0.45x0.45, slice spacing of 1.0 mm, slice thickness
of 5.0 mm, and a flip angle of 90 degrees.

DTl acquisition

The DTI parameters were adjusted as follows: repeti-
tion time of 7649 ms, echo time of 72 ms, flip angle of 90
degrees, field of view of 240 mm, matrix size of 96x 96,
section thickness of 2.5 mm with no gap, one excitation,
and an acquisition time of 4 min and 28 s. The diffusion-
weighting gradients were applied along 32 noncollinear
directions using the electrostatic repulsion model (b0=0,
2 image and b1 =1000 s/mm, 32 images).

DTI data processing

The diffusion imaging data underwent reconstruction
using the DTI method with the combined utilization
of MRI Converter and DSI Studio software (http://
dsi-studio.labsolver.org/). Initially, the Digital Imaging

and Communications in Medicine (DICOM) data for
each participant were imported into MRI Converter to
convert the DICOM files (.dcm) into NIfTTI file format
(.nii), which were subsequently loaded into DSI Stu-
dio. Automated registration of the DTI data was per-
formed to correct distortion artefacts. Subsequently,
a ".src" file was generated and reconstructed, while
"fib" data were produced to facilitate fibre tracking
and tractography, followed by the computation of the
mean FA value. The regions of interest (ROls) evalu-
ated included the auditory cortex, cingulum, arcuate
fasciculus (AF), superior longitudinal fasciculus (SLF),
middle longitudinal fasciculus (MLF), and inferior lon-
gitudinal fasciculus (ILF). ROIs from both hemispheres
were delineated using a semi-automated method. This
approach involved a combination of automated ROI
identification, utilizing a validated atlas such as the
John Hopkins University (JHU) white matter labels
atlas as a template, along with manual interactive selec-
tion and modification by the user [11]. Mean FA values
were then extracted from the ROIs of both hemispheres
for further analysis.

Statistical analysis

Data were analysed using Statistical Package for the
Social Sciences (SPSS) software version 22.0. Quantita-
tive data were described by calculating the means and
standard deviations with p values<0.05 considered as
statistically significant. The independent Student’s ¢
test was used to compare the mean FA value from the
selected ROIs between the two groups.
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Results

There were no statistical differences between patients and
controls for ages. The total 12 white matter tracts from
both hemispheres are shown in Fig. 2 (sagittal), Fig. 3
(coronal) and Fig. 4 (axial) section with different colours,
including auditory cortex, cingulum, AF, SLF, MLF, and
ILE. As shown in Table 1, this study compared FA values
between NIHL group and healthy controls, revealing sig-
nificant differences in several white matter tracts. While
the auditory cortex showed no significant differences, the
cingulum exhibited significant lower FA values bilaterally
in NIHL patients (p value <0.05). However, no significant
differences were found in most of the association fibres
such as both sides of AF, SLF, and MLE. Nevertheless, the
ILF showed significantly lower FA values in the left hemi-
sphere of NIHL patients (p value<0.05). These findings
suggest that while some white matter tracts may be rela-
tively preserved in NIHL, others associated with cogni-
tive and emotional functions may be more affected.

Discussion

The decrease in FA values in all ROIs in patients with
NIHL can be attributed to several underlying neurobio-
logical changes. FA is a DTI metric that measures the
degree of directional organization of water diffusion in
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tissues [12]. Higher FA values typically indicate greater
white matter integrity, reflecting more organized and
coherent fibre tracts. In comparison, lower FA values sug-
gest reduced directionality of water diffusion, indicative
of decreased white matter integrity or altered organiza-
tion. NIHL can disrupt the efficient transmission of audi-
tory information, potentially leading to decreased FA due
to diminished myelination or axonal density in the audi-
tory cortex [9]. Furthermore, altered sensory input with
cognitive overload and increased compensatory demands
in NIHL may lead to structural changes in the association
fibres, reflected in lower FA values in these areas [13].
Our findings showed that the cingulum and left ILF
had shown significant alterations in individuals with
NIHL compared to healthy subjects. This phenomenon
has been highlighted in various neuroimaging studies,
demonstrating altered integrity and functional connec-
tivity within these tracts [14, 15]. The cingulum, integral
to cognitive and emotional processing, is suspected to
be affected due to the stress and cognitive load imposed
by hearing loss. Additionally, the disruption in auditory
inputs in NIHL could lead to compensatory changes in
the cingulum, reflecting its role in multisensory integra-
tion [16]. These alterations may account for some of the
cognitive deficits observed in NIHL patients, such as
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Fig. 2 All white matter tracts from the sagittal view, extracted from the JHU white matter atlas, are analysed in this work. AF, arcuate fasciculus; SLF,
superior longitudinal fasciculus; MLF, middle longitudinal fasciculus; ILF, inferior longitudinal fasciculus
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Fig. 3 All white matter tracts from the coronal view, extracted from the JHU white matter atlas, are analysed in this work. AF, arcuate fasciculus; SLF,
superior longitudinal fasciculus; MLF, middle longitudinal fasciculus; ILF, inferior longitudinal fasciculus

difficulties in attention and memory. The ILF connects
the occipital cortex to anterior temporal structures and is
vital for a wide range of cognitive and affective processes
operating on the sensation modality [17]. This multifunc-
tionality and extensive connectivity might make it more
susceptible to changes in response to sensory deficits
like hearing loss. In most individuals, the left hemisphere
is dominant for language processing. Since the ILF is
involved in reading and lexical processing, the left ILF
might be more actively engaged or affected in hearing
loss, especially when it impacts comprehension or com-
munication [17].

However, in our study, the white matter changes did
not differ significantly between the two groups in the
auditory cortex, AF, SLF, and MLF. This disparity could
stem from the inherent resilience or different plasticity
mechanisms. The auditory cortex may be more able to
adapt to changes in sensory inputs without significant
structural alterations [18]. Furthermore, the primary
impact of NIHL is on the peripheral auditory system
rather than the central auditory pathways, which could
explain the lack of significant changes in the auditory
cortex [19]. This suggests that while peripheral auditory
damage is evident in NIHL, the central auditory system,

particularly the auditory cortex, maintains its structural
integrity, potentially through adaptive or compensatory
mechanisms. Nevertheless, several studies have reported
significant structural changes in the auditory cortex of
individuals with hearing loss [12, 20, 21]. The varying
findings can be attributed to several factors. NIHL is not
uniform; it varies greatly in severity and duration among
individuals. Some may have mild, short-term exposure
to noise, while others might have chronic, severe expo-
sure [2]. This variability can lead to differences in how
the auditory cortex is affected. Additionally, the stage
of NIHL at which participants are studied can influence
findings. Early stages might show different white matter
changes compared to more advanced stages [22]. Some
studies capture these changes while others may not,
depending on when the imaging is done.

Besides the auditory cortex, our study also demon-
strated that white matter changes were not observed to
differ significantly in the AF, SLF and MLE. These tracts
are crucial for language processing and cognitive func-
tions [23]. A study focusing on the diffusion tractography
of these tracts illustrated their importance in connecting
various brain regions and highlighted the complexity of
their functional contributions. The slight resilience of
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Fig. 4 All white matter tracts from the axial view, extracted from the JHU white matter atlas, are analysed in this work. AF, arcuate fasciculus; SLF,
superior longitudinal fasciculus; MLF, middle longitudinal fasciculus; ILF, inferior longitudinal fasciculus

these tracts in NIHL could be due to their role in func-
tions not directly impacted by auditory deficits. For
example, while the cingulum is more involved in multi-
sensory integration and emotional processing, the SLF
and MLF are primarily associated with language and
cognitive functions [24]. Besides, the SLF and MLF have
distinct roles compared to the ILF. The SLF is a parieto-
frontal tract involved in higher-order cognitive functions.
At the same time, the MLF, connecting the superior tem-
poral gyrus with the parietal and occipital lobe, is impli-
cated in language processing and semantic memory [25].
The structural integrity of these tracts might be main-
tained despite auditory deprivation, suggesting a differ-
ential impact of NIHL on various white matter tracts.

While the cingulum shows alterations possibly due to its
involvement in processing auditory stress and cognitive
load, the AF may remain structurally intact due to their
distinct functional roles that are less directly affected
by auditory input deficits [10, 26]. The specific impact
of hearing loss on these tracts may be less pronounced
due to their functional specializations. This differential
response in white matter tracts could have implications
for developing targeted interventions in NIHL, focusing
on auditory rehabilitation and cognitive and emotional
aspects.

There were some limitations in our study. The main
limitation was the small population in both groups, hin-
dering the stratification of patients according to hearing



Zolkefley et al. Egypt J Radiol Nucl Med

(2024) 55:93

Page 7 of 8

Table 1 Comparison of DTl metrics of FA white matter tracts between NIHL patients and controls using two-tailed Student’s t test

Location FA (mean+SD) Student t test p value
NIHL (n=9) Control (n=9)
Left Auditory cortex 0.1709+0.0306 0.1713+£0.0282 0.026 0.979
Right Auditory cortex 0.167440.0369 0.1745+0.0224 0.493 0.629
Left Cingulum 0.2976+0.0337 0.3261+0.0180 2.238 0.040*
Right Cingulum 0.5060+0.0299 0.5355+0.0222 2371 0.031*
Left AF 0.2774+0.0477 0.2904+£0.0248 0.723 0480
Right AF 0.4429+0.0287 0.4690+0.0470 1422 0174
Left SLF 0.3061+0.0365 0.3284+0.0218 1.571 0.136
Right SLF 0.3431+0.0243 0.3714+0.0451 1.659 0117
Left MLF 0.5748+0.0320 0.6016+0.0220 2077 0.054
Right MLF 04436+0.0318 04600+ 0.0358 1.013 0.326
Left ILF 0.4023+0.0396 0.4374+0.0233 2.285 0.036*
Right ILF 0.3726+0.0456 0.3749+0.0523 0.100 0.922

Significant differences of FA between NIHL patients and healthy controls are shown by *p <0.05

loss severity and healthy individuals. Despite the small
sample size, the study provides valuable insights into the
neurobiological changes associated with NIHL. The find-
ings contribute to the existing body of literature on the
subject and can guide future research and clinical inter-
ventions. Furthermore, this exploratory study aimed at
investigating the feasibility and potential of using DTI
to study white matter changes in NIHL and can be very
useful for the viability of future larger-scale studies. Our
second limitation of the study is we leveraged standard
non-contrast MRI, which, while not optimal for inner
ear structure evaluation, suffices for assessing white
matter integrity changes. The decision to omit the CISS
sequence was influenced by its limited availability in our
setting during the study period. We suggest future studies
incorporate CISS to enrich the evaluation of peripheral
auditory structures in NIHL. In addition, subjects’ ages
were not restricted; thus, results may have included age-
related brain degeneration. A larger subject pool would
be necessary to derive detailed prognosis predictions for
different age groups. Besides, we did not measure the
long-term effects of NIHL on the brain, and longitudinal
studies will be needed to explore changes in brain imag-
ing and NIHL.

Conclusions

Understanding these distinct patterns of white matter
changes provides crucial insights into the neurological
impact of NIHL. While the primary auditory structures
may remain relatively unaltered, the broader neural net-
work, particularly those associated with cognitive and
emotional processing, is significantly impacted. This
highlights the need for a comprehensive approach to

treating NIHL, addressing the auditory deficits and the
potential cognitive and psychological consequences.
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