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Abstract

Objective: This research aimed to investigate the effects of hearing aids(HAs)
on sound localization in noisy environment for individuals with unilateral
hearing loss(UHL). Method: The study used an experimental approach with
43 participants (22 with UHL, 21 with normal hearing). Hearing thresholds
were measured at 500 - 4000 Hz using pure-tone audiometry. Sound localiza-
tion experiments were conducted in a 2 m x 2 m room with five loudspeakers
arranged in a semicircle, both with and without hearing aids, in a simulated
noisy environment. Tests were performed at different signal-to-noise ratios
(SNR 5, SNR 0, SNR -5), and localization accuracy was assessed by participants
pointing to the speaker playing the target signal, ignoring background white
noise. Each participant completed at least 45 trials. Data were statistically ana-
lyzed to compare localization accuracy between groups and evaluate hearing
aid effectiveness in complex listening conditions. Results: Pure tone tests
showed substantial hearing loss in UHL individuals’ impaired ear (40 - 80 dB
HL), but aided conditions brought thresholds closer to normal hearing level.
Unaided UHL individuals had lower mean correct identification rate (CIR)
(26.36% at SNR 5, 23.03% at SNR 0, 22.12% at SNR —5) than aided (45.76% at
SNR 5, 39.70% at SNR 0, 38.12% at SNR -5). Hearing aids reduced mean angle
deviation from 74.18° (SNR 5), 76.09° (SNR 0), and 77.73° (SNR -5) unaided,
to 45.82° (SNR 5), 48.41° (SNR 0), and 47.73° (SNR -5) aided. It is proven that
the accuracy in sound localization is improved statistically (p-values < 0.05) at
all SNRs. However, a big performance gap persisted between UHL individuals
using HAs and those with NH, especially under challenging SNR conditions.
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Conclusion: The study concludes that HAs enhance sound localization for
UHL in noise although there remains a notable gap when compared to NH
individuals, it proves the need for HAs technology improvement to optimize
auditory outcomes for UHL individuals.
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1. Introduction

Hearing loss is one of the common global health issues that affect a large number
of people in a variety of age groups. In 2015, an estimated 115 million people in
China (8.4% of the population) had moderate-to-complete hearing loss, with
85.7% over 50 years old and 2.4% under 20 years old. This number is projected to
rise by 110% in the future decades [1]. The importance of having a healthy hearing
is crucial for effective communication, social interaction, and general quality of
life [2]. The ability to hear clearly is pivotal for individuals to actively engage in
educational pursuits, professional environments, and social interactions, under-
scoring the profound role of auditory function in daily life.

UHL affects 7.2% of the population, with 5.7% of adults having mild UHL and
1.5% experiencing moderate-to-severe UHL, with 1.4% using hearing aids [3].
UHL is linked to impaired speech recognition in noisy environments and difficul-
ties in sound localization [4]. Adults with UHL often report a diminished quality
of life and may use HAs [5]. Children with UHL favor their better-hearing ear,
leading to issues with spatial orientation, balance, and language acquisition [6]
[7]. Causes include congenital anomalies, acoustic trauma, infections, age-related
deterioration, and noise exposure [8] [9]. In noisy settings, the impaired ear strug-
gles to manage competing sounds, complicating sound localization and auditory
cue interpretation [10] [11].

A significant challenge for individuals with UHL is sound localization, which
relies on processing auditory cues from both ears, including variations in timing
and intensity [12] [13]. In typical hearing, low-frequency noise masking Interau-
ral Time Difference (ITD) cues can be compensated by high-frequency Interaural
Level Difference (ILD) cues for sound localization [14]. However, in UHL, the
impaired ear diminishes the efficacy of these binaural cues, leading to difficulties
in pinpointing sound sources, especially in noisy environments due to reduced
directional hearing capabilities [15]. Sound localization is particularly challenging
for individuals with UHL due to the head/shadow effect and the loss of ITDs or
squelch effect [16]. The head/shadow effect attenuates high-frequency sounds
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from the side opposite the impaired ear, making it difficult to localize sounds from
that direction [17]. Additionally, UHL results in the loss of the binaural summa-
tion effect, where sounds heard by both ears are perceived as louder [18]. This
reduces overall audibility and clarity, especially in quiet or noisy environments.
The absence of the binaural squelch effect makes it harder to localize sounds
amidst background noise [19]. Central processing typically subtracts background
noise, but with UHL, this process is less effective, further complicating hearing in
noisy situations.

In noisy environments, accurate sound localization is crucial, especially for in-
dividuals with UHL. UHL challenges spatial hearing due to overlapping sound
sources and impaired auditory processing mechanisms like ITDs [20] [14]. This
leads to difficulties in localizing essential sounds for safety and social interactions,
causing anxiety and isolation [21]. UHL compromises spatial awareness, posing
safety risks and hindering daily activities. Sound localization benefits speech com-
munication by helping listeners focus on active talkers and separate sounds in
noisy environments [22] [23]. However, UHL makes it harder to block out back-
ground noise, reducing speech comprehension and reliance on visual cues.

Modern HAs have advanced significantly, offering features like amplification,
noise reduction, and directional microphones to enhance sound clarity [24] Pre-
vious research shows HAs improve auditory perception in noise and localization
for children with UHL. Early intervention is crucial, but without bilateral benefits,
UHL children often lag in localization, especially in focusing on specific sounds
and reducing background noise [25]-[27]. The impact of HAs on UHL localiza-
tion remains a research focus.

Recent academic research has confirmed the benefits of HAs for individuals
with UHL, particularly in enhancing sound localization. Both cross-sectional and
longitudinal studies have demonstrated that continuous use of these devices not
only leads to immediate improvements in auditory localization but also fosters
long-term adaptive changes in the auditory processing regions of the brain, po-
tentially inducing positive plastic changes specifically in terms of temporal enve-
lope sensitivity [28] [29]. These findings collectively underscore the compensatory
potential of HAs in addressing the deficits associated with UHL, thereby enhanc-
ing the functional capabilities and overall quality of life for affected individuals.
While HAs have been shown to help people with UHL locate sounds, there’s lim-
ited research on their performance in noisy environments. Unlike most of the pre-
vious studies that tested sound localization in quiet or controlled environments
[27] [29]-[32], this study aims to address this gap by examining how HAs work in
real-world settings, in different noise levels like busy streets or crowded buses, by
simulating the complex sounds of everyday life. This approach helps understand
how HAs perform in the real world for people with UHL.

The aim of this study is to investigate the efficacy of HAs in enhancing sound
localization for individuals with UHL in noisy environments. The research will

evaluate the impact of various SNRs and HAs configurations on localization
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accuracy, with the aim of establishing whether HAs can elevate localization skills
to a level comparable to those with normal bilateral hearing. The study hypothe-
sizes that HAs can enhance localization abilities to levels similar to those with
normal bilateral hearing. This study is significant as it seeks to inform the design
of more effective HAs and rehabilitation strategies, ultimately improving the au-

ditory experience and quality of life for individuals with UHL.2.

2. Methodology
2.1. Technical Road Map

EXPERIMENT
43 Participants

EXPERIMENT GROUP 1 CONTROL GROUP
22 Unilateral HL 21 Normal hearing
:ﬁ;ﬁg LOCALIZATION Pure Tone LOCALIZATION
(Air Conductio TEST Audiometr TEST
aided) (SNRS, SNRO, SNR-5) | | (Air Conduction) (SNRS5, SNRO, SNR-5)
N\ J |\ J
RESULTS RESULTS

Figure 1. Illustrates the step-by-step methodological approach taken in the study, detailing
the process from experiment setup to data analysis and the results.

2.2. Selection Methodology

2.2.1. Sampling and Enhanced Criteria

The methodology used in this study was experimental, focusing on sound locali-
zation experiments in a simulated noisy environment. The stages of the method-
ology involved setting up the experiment, conducting sound localization tests, and
analyzing the results. The experimental design was chosen to provide empirical
data and insights into the research questions. Participants were selected using a
stratified random sampling technique to ensure representativeness and eliminate
selection bias. This stratification was based on auditory health status to achieve
comparative analytical robustness, focusing on unilateral sensorineural hearing
loss only, excluding those with conductive or mixed hearing loss, neurological,
otological, cognitive, or language disorders to control for confounding variables.
Native Chinese speakers were selected for cultural and linguistic consistency, with
ear health confirmed through Otoscopy, audiometry, and tympanometry to en-

sure validity in comparing normal hearing (NH) and UHL individuals. This
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methodical approach was designed to provide a balanced and unbiased represen-

tation of the study population, enhancing the reliability of the findings.

2.2.2. Study Population

The study included 43 participants from Hui’er Hearing Clinic in China. They
were divided into a control group (21 individuals with normal hearing) and an
experimental group (22 individuals with UHL). In the experimental group, 15
had UHL in the right ear and 7 in the left. The control group consisted of 21
participants, with 9 describing themselves as male and 12 as female, while the
UHL group had 22 participants, 14 describing themselves as male and 8 as fe-
male. Ages ranged from 7 to 62 years, with a mean age of 39.5 years. Participants
in the control group had normal hearing (<20 dB HL at 500 to 4 kHz), while the
experimental group comprised individuals with UHL of 40 - 80 dB (using
WHO) [33] at the same frequencies, using hearing aids for amplification. 21
UHL participants had hearing loss for at least 5 years, and only 1 for less than 6
months. 16 wore RIC hearing aids, and 6 wore CIC hearing aids. Age selection
was based on participants’ ability to understand instructions, and all partici-

pants were native Chinese speakers.

2.3. Setup and Procedure

2.3.1. Pure Tone Audiometry (PTA)

Pure tone audiometry (PTA) was conducted at Hangzhou Hui’er Hearing Clinic
in a soundproof booth using a pure tone audiometer to assess hearing thresholds
at various frequencies and intensities. Participants underwent air conduction test-
ing with TDH-39 headphones, bone conduction with the B-71 bone vibrator, and
aided thresholds with loudspeakers for those using HAs [34]. Masking was applied
to prevent cross-hearing, with testing frequencies ranging from 500 to 4000 Hz

[35]. Calibration equipment ensured accurate audiometer output.

2.3.2. Sound Localization Experiment

Set up

The sound localization experiments were also conducted at Hangzhou Hui’er
Hearing Clinic in a simulated noisy environment to replicate real-life scenarios
where individuals with unilateral hearing loss may struggle with sound localiza-
tion. Audiometer and Calibrated Sound Level Meters were used to ensure that the
sound stimuli including warble Tone Bursts as targeted signal and white noise as
background noise at various SNRs (SNR 5, SNR 0, SNR —5). To ensure that the
SNRs used in the experiment accurately reflect real-world noisy environments,
such as busy streets or crowded buses, The SNRs were chosen to simulate varying
degrees of background noise commonly encountered in daily life. For example,
on a busy street with lots of background or ambient noise. If a car horn suddenly
sounds, that’s like the target signal (warble tone) in this experiment. The different
SNRs help us simulate how easy or hard it is to hear that car horn over the background

noise. These were delivered at the correct levels and frequencies, maintaining the
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accuracy and reliability of the tests. The room used was a Custom-built sound-
proof booth to minimize echo and reverberation. The room size was 2 M by 2 M,
with five loudspeakers set up in a semicircular configuration at different angles as
shown in Figure 2. Participants were seated facing away from the speakers at a
distance of 1.5 M. HAs used were digital, programmable devices set to optimal

settings for each participant based on their audiometry profiles.

«—z2v—>

o =&
) @

B =TV

Figure 2. The five loudspeakers set up in a semicircular configuration, background noise
always presented at 90° speaker, and the targeted signal presented from the 5 speakers in
the random order.

Procedure

Participants with normal hearing completed only one unaided sound localiza-
tion experiment, while those with unilateral hearing loss (UHL) completed both
aided and unaided experiments. UHL participants first performed the unaided
experiment, followed by a minimum 15-minute rest before the aided experiment.
All participants were tested with both signal and diffuse white background noise
presented simultaneously at SNR 5, SNR 0, SNR —5. Both signal and noise were
presented at 1 kHz, with the white noise consistently behind the participant on a
speaker labeled 90°. Target signals were warble tone pulses randomly played from
five speakers in a semi-circular configuration labeled 0°, 457, 90°, 135°, 180°. Nor-
mal-hearing participants had a signal level of 65 dB, while UHL participants had
their signal level adjusted to 10dB below the impaired ear’s threshold to prevent
binaural hearing during the unaided experiment. Participants were instructed to
ignore background noise and identify the speaker producing the target signal by
pointing at it. Noise difficulty increased from SNR 5 to SNR —5. A minimum of
45 trials were conducted, with each SNR tested 15 times. Trials were presented in
random order with a fixed speaker sequence to avoid bias. Localization results
were measured and examined within a specific timeline for consistency and effi-

ciency.
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2.4. Data Analysis

The Mean Correct Identification Rate (MCIR) and Angle Difference (MAD) were
used to evaluate participants’ ability to locate sound sources under various condi-
tions by measuring the deviation between the actual sound source angle and the
participant’s reported angle. CIR was calculated as a percentage of correct identi-

fications, represented by the formula;

MCIR = Number of correct 1den‘.[1ﬁcat10n <100%
Toal number of trials

While MAD measured the accuracy of sound localization, the Wilcoxon signed-
rank test was applied to compare MCIR and MAD between aided and unaided
conditions [36], and p-values less than 0.05 (p < 0.05) indicated statistically sig-
nificant differences.

3. Results
3.1. PTA for Unaided Hearing in Unilateral Hearing Loss (UHL)

Individuals with unilateral hearing loss (UHL) have impaired ear thresholds of 40
- 80 dB HL, while their normal ear and normal hearing (NH) individuals have
thresholds < 20 dB HL across 500 - 4000 Hz. Unaided UHL shows elevated thresh-
olds, but aided UHL shows variable reductions. This improvement helps restore
some binaural cues, enhancing sound localization and speech comprehension in
noisy environments. The extent of improvement depends on the HAs efficacy,
technology, and the SNR of the environment [37]. Highlighting hearing aids’ role
in mitigating UHL effects Table 1.

Table 1. Mean pure tone audiometry results (dB) (Shows the mean pure tone audiometry
for all participants (UHL and NH) across different frequencies).

N=22 500 1000 2000 4000
Unaided 66.75 = 10.80 69.25 +10.75 70.00 +13.3 76.40 = 14.90
Aided 34.50 £ 9.87 34.25 + 8.90 35.90 + 8.82 40.00 + 14.60
Normal Ear 12.50 + 5.90 14.10 +7.01 12.25 +7.36 15.50 +£12.90

3.2. Sound Localization

3.2.1. Mean Correct Identification Rate in UHL

Table 2 below presents a comparison between the performance of participants
with UHL when using HAs (aided condition) and without using them (unaided
condition) across different SNR. These results consistently highlight the substan-
tial impact of HAs across varying auditory environments. For instance, at SNR 5,
the aided rate is 45.76 vs. 26.36 unaided. HAs consistently enhance performance
across varying noise conditions. The Wilcoxon test shows significant differences
in MCIR between Unaided and Normal conditions at SNRs of -5 dB, 0 dB, and 5
dB, with p-values < 0.05. The same applies to Aided vs. Normal conditions. Un-
aided UHL participants have lower MCIR than NH, especially at challenging
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SNRs, suggesting that while HAs improve sound localization, they don’t fully

match natural binaural hearing.

Table 2. Mean Correct Identification Rate (%) (Presents the mean correct identification
rate for the aided versus unaided conditions at different SNR levels in mean figures).

N=22 SNR 5 SNR 0 SNR -5
Unaided 26.36 £ 15.60 23.03 £ 20.76 22.12 £10.37
Aided 45.76 £ 17.97 39.70 £ 20.52 38.12 £ 14.13
P value >0.05 >0.05 >0.05

3.2.2. Mean Angle Difference in UHL

Unaided UHL participants showed poor localization accuracy with mean angle
deviations of 74.18" £ 26.0° at SNR 5, 76.09" + 25.4" at SNR 0, and 77.73" + 17.5°
at SNR —5. In contrast, aided UHL participants significantly improved with mean
deviations of 45.82° £ 26.8" at SNR 5, 48.41° + 23.8" at SNR 0, and 47.73" + 21.1°
at SNR —5. Statistical analysis confirmed these improvements were significant (p

< 0.05) across all noise conditions as illustrated in Table 3.

Table 3. Mean angle difference (Shows the mean angle deviation, which measures the av-
erage difference between the actual sound source location and the participant’s response,
provided further insights).

N=22 SNR 5 SNR 0 SNR -5
Unaided 74.18 £26.0 76.09 £ 25.4 77.73 £17.5
Aided 45.82 + 26.8 48.41 +23.8 47.73 £ 21.1
P value >0.05 >0.05 >0.05

4. Discussion

Unilateral hearing loss (UHL) presents a distinct challenge in sound localization,
a skill crucial for perceiving the spatial origin of auditory stimuli. This study
sought to investigate the potential of HAs in mitigating the difficulties faced by
UHL individuals, especially in noisy environments, where localization issues are
often exacerbated. The primary hypothesis posited that HAs would significantly
enhance sound localization abilities in UHL individuals, even in the presence of
background noise. Additionally, this study explored secondary hypotheses con-
cerning the variability in HA effectiveness based on factors such as SNR, HAs
technology, noise type, and noise level, as well as the impact of these improve-
ments on real-world situations and quality of life.

The results of this study demonstrate significant improvements in sound local-
ization accuracy with the use of HAs, as indicated by the substantial increase in
CIR and the reduction in MAD in aided conditions compared to unaided scenar-
ios. Individuals with UHL showed poor localization accuracy without HAs, espe-
cially in noise (e.g., SNR —5 dB). The mean CIR was 22.12% * 10.37% in the most
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challenging noise condition. With hearing aids, CIR improved to 38.12% =+
14.13%, highlighting the critical role of HAs in compensating for lost binaural
cues. This improvement was statistically significant across all SNRs, indicating
that HAs effectively mitigate UHL challenges in noisy environments. These find-
ings align with prior research showing the positive impact of HAs on sound local-
ization in UHL individuals [29] [30].

The influence of noise on HAs effectiveness in sound localization was pivotal.
Noise levels significantly impact localization performance, with lower SNRs re-
ducing accuracy for UHL participants, both with and without HAs [38]. In quieter
conditions (e.g., SNR 5 dB), UHL participants localized sounds better, especially
with aids (mean CIR 45.76% * 17.97%). However, as noise increased (e.g., SNR 5
dB), HAs effectiveness decreased but remained better than unaided conditions.
This highlights noise as a challenge for UHL individuals, even with HAs. These
findings align with prior research on UHL’s difficulty in noisy environments, such
as Haragopal’s work [39]. The study reinforces that while HAs provide significant
benefits, they cannot entirely overcome noise challenges.

A key observation is the performance discrepancy between quiet and noisy en-
vironments. UHL participants showed more improvement in localization accu-
racy in quieter settings with hearing aids, but the gap with normal hearing wid-
ened in noise. This suggests hearing aids are more effective in less noisy environ-
ments but face challenges in noise [40]. The head-shadow effect and loss of bin-
aural summation contribute to diminished effectiveness in noisy settings [41].
HAs struggle to provide effective localization in noise due to limited binaural cue
transmission like ILDs and ITDs [42]. Noise affects these cues, making ILDs more
reliable for localization [43].

The study aligns with prior research on HAs role in mitigating directional hear-
ing challenges for UHL individual Improvements in CIR support theoretical ben-
efits of HAs in restoring binaural cues essential for accurate localization, like ITD
and ILD [44]. Localization accuracy declines as SNR lessen, with off-median plane
sounds more detectable due to the head shadow effect [45].

Another observation wad UHL individuals tend to perceive sound as coming
from their better-hearing ear, skewing spatial perception due to lack of binaural
cues like ITD and ILD. Initial unfamiliarity with the task also affected perfor-
mance at SNR 5, suggesting a familiarization phase could help.

Localization ability was more disrupted at higher signal levels, possibly due to
dynamic range limitations in hearing aid processors [32] [33]. Compression in
HAs reduces ILDs, shifting perceived sound location toward the median plane
[46]. Lower sensitivity settings may enhance localization in noisy environments
[47]. High signal levels with intense noise may diminish ILD effectiveness, high-
lighting dynamic range limitations [48]. Specific stimulation strategies may not
prioritize target sound channels at negative SNRs, affecting ILD cue acquisition
[49]. Optimizing HA settings to enhance localization in noise is crucial, consider-

ing the impact of noise on cue transmission [50]. This complex sensory processing
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is influenced by top-down factors like attention, expectation, and perceptual task
[51].

The study provides critical insights into auditory processing for UHL individ-
uals, showing that HAs significantly enhance sound localization by compensating
for missing binaural cues like ITD and ILD [52]. It reinforces the theoretical
framework of auditory spatial perception and highlights practical mechanisms
such as signal enhancement, noise reduction algorithms, and directional micro-
phones [53]. These findings align with existing literature and suggest ongoing
technological advancements are crucial for improving quality of life for UHL in-
dividuals.

Improved sound localization through HAs can enhance daily functioning, re-
duce cognitive load, and improve social interactions and workplace performance
[54]. Patient education on the benefits and limitations of HAs, and strategies for
optimal use in various environments is essential. The study also emphasizes the
need for a holistic approach to auditory rehabilitation, including counseling, au-
ditory training, and assistive listening devices [55]. This comprehensive approach
can significantly enhance the user experience, enabling UHL individuals to lead
more fulfilling lives.

Individuals with unilateral hearing loss (UHL) face significant challenges in
sound localization, particularly in noisy environments such as public spaces or
vehicles. These challenges are exacerbated by the loss of binaural cues, which are
essential for accurate spatial perception [55]. To address these difficulties, future
hearing aids could incorporate advanced noise reduction algorithms and adaptive
directional microphones to enhance signal-to-noise ratios (SNRs) and improve
localization accuracy. Additionally, rehabilitation strategies could focus on audi-
tory training programs designed to help UHL individuals better utilize the re-
maining auditory information. These programs could include exercises that sim-
ulate real-world noise environments, helping users to develop more effective lis-
tening strategies. Furthermore, interdisciplinary collaboration between audiolo-
gists, engineers, and cognitive scientists could lead to innovative solutions that
combine technological advancements with personalized rehabilitation ap-
proaches, ultimately improving the quality of life for individuals with UHL.

The study’s limitations encompass several key areas: a limited participant sam-
ple size (43), limited hearing loss of 40 to 80 dB on the impaired ear, the study
focused on HAs only, and this study focused on individuals with unilateral senso-
rineural hearing loss (USNHL only. These limitations highlight the need for future
research to address these gaps and explore the broader implications of hearing aid
technology on sound localization.

Future studies should diversify participant pools and expand sample sizes to
better assess hearing aid efficacy across various noise environments. It is crucial
to include individuals with single-sided deafness, where the impaired ear has a
hearing threshold exceeding 80 dB, as well as those with cochlear implants. Addi-

tionally, considering other types of hearing loss, such as conductive or mixed
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hearing loss, will provide a more comprehensive understanding of sound locali-

zation challenges.

5. Conclusion

There’s a clear improvement in correct identification rates and accuracy with
hearing aids, a gap remains compared to normal hearing, particularly in poor SNR
conditions. This indicates that HAs, while beneficial, do not fully restore normal
hearing, highlighting ongoing challenges for UHL individuals. The research rec-
ommends technological advancements to improve localization abilities and sug-
gests strategies to enhance SNR, such as advanced noise reduction and adaptive
direction. It also emphasizes the impact of SNR on localization performance,
guiding future hearing aid designs for various acoustic environments. HAs play a
crucial role in improving the quality of life for UHL individuals in challenging
listening conditions, demonstrating consistent effectiveness in enhancing audi-

tory performance across different SNRs.
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