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Abstract 
Objective: Television viewing is one of the most frequent yet acoustically chal-
lenging listening situations for individuals with hearing loss in daily life. Con-
ventional hearing aids rely primarily on environmental microphones, which 
are susceptible to the adverse effects of listening distance, room reverberation, 
and household background noise, often resulting in reduced speech intelligi-
bility and increased listening effort. Wireless audio streaming technology, 
which delivers television audio directly to hearing aids, has emerged as a prom-
ising solution to these challenges. The present study aimed to systematically 
compare speech recognition performance during TV watching with wireless 
audio streaming enabled (Wireless-ON) versus disabled (Wireless-OFF) among 
adults with moderate-to-severe sensorineural hearing loss (SNHL) in a simu-
lated household setup, and to quantify both objective benefits and subjective 
listening experiences associated with this technology. Methods: Sixty native 
Mandarin-speaking adults with bilateral symmetrical moderate-to-severe sen-
sorineural hearing loss were evaluated, recruited from Hui’er flagship clinics. 
They were mixed-gender with a male predominance, aged 6 - 84 years, and 
had pure-tone thresholds ranging from 36.25 to 85 dB HL. Aided speech per-
ception, measured as percent correct, was assessed under two conditions: Wire-
less-ON (wireless-enabled) and Wireless-OFF. Scores ranged 50% - 100% for 
Wireless-ON and 20% - 100% for Wireless-OFF, with most participants show-
ing improved performance in the Wireless-ON condition. Testing was con-
ducted in a simulated household environment, with TV speech calibrated to 
typical household levels and common background noises presented. Sentence 
recognition tasks used 4 adapted Mandarin lists (20 sentences per set, 5 - 9 
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syllables) scored verbatim. Wireless TV audio transmitted via a 2.4 GHz digi-
tal path, while standard hearing aid processing features remained active; fit-
ting was verified using real-ear measurements (REM) and NAL-NL2 targets. 
Paired t-tests (parametric) and Wilcoxon tests (non-parametric) in SPSS 27.0 
compared the two conditions, and regression analyses examined moderation 
by age and hearing loss. Results: Speech recognition performance during TV 
watching was significantly better in the Wireless-ON condition than in the 
Wireless-OFF condition. Mean sentence recognition scores increased from 
0.72 ± 0.16 in the Wireless-OFF condition to 0.86 ± 0.12 in the Wireless-ON 
condition (p < 0.001). The average improvement (Delta = Wireless-ON score 
− Wireless-OFF score) was 0.14 ± 0.11, indicating a consistent enhancement 
in speech recognition across participants. Paired-samples t-test results con-
firmed a statistically significant difference between conditions (t = 7.588, df = 
59, p < 0.001), with a large effect size (Cohen’s dz = 0.98). Consistent findings 
were obtained using the Wilcoxon signed-rank test (Z = −5.726, p < 0.001), 
yielding a large effect size (r = 0.74). These results demonstrate that the ob-
served improvement is not only statistically robust but also clinically mean-
ingful. Multiple linear regression analysis revealed no significant moderating 
effects of age or hearing loss severity on the magnitude of improvement asso-
ciated with wireless streaming (R2 = 0.021, F = 0.605, p = 0.550), suggesting 
that the benefits of wireless audio streaming are broadly applicable across dif-
ferent age groups and degrees of moderate-to-severe hearing loss. Subjective 
outcome measures further supported the objective findings, with participants 
reporting significantly higher ratings for speech clarity, listening comfort, re-
duced listening effort, and overall satisfaction in the Wireless-ON condition 
compared to the Wireless-OFF condition (all p < 0.001). Conclusion: The pre-
sent study demonstrates that wireless audio streaming significantly improves 
speech recognition during TV watching in a household setup for adults with 
moderate-to-severe SNHL. The large effect sizes observed indicate clinically 
meaningful benefits, attributable to the direct transmission of TV audio to 
hearing aids, which minimizes signal degradation, environmental noise, and 
room reverberation. These benefits were consistent across age groups and 
degrees of hearing loss within the moderate-to-severe range. Wireless audio 
streaming therefore represents an effective and practical intervention for ad-
dressing TV-watching difficulties in everyday life and should be considered 
an integral component of contemporary hearing aid rehabilitation strate-
gies. 
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1. Background 

Hearing loss is globally recognized as one of the most prevalent chronic health 
conditions, affecting over 1.5 billion people worldwide, with its incidence ex-
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pected to rise sharply in the coming decades [1]. Among all types of hearing im-
pairment, sensorineural hearing loss (SNHL) accounts for approximately 90% of 
permanent cases, resulting from damage to cochlear hair cells, synaptic pathways, 
or the auditory nerve. Beyond reduced audibility, SNHL impairs frequency selec-
tivity, temporal resolution, loudness perception, and binaural processing—defi-
cits that severely hinder speech understanding, especially in complex acoustic en-
vironments [2]. A well-documented challenge for individuals with SNHL is the 
“cocktail party problem”, which describes difficulties in perceiving target speech 
amid competing noise, reverberation, or spatial separation between the listener 
and sound source [3]. Unlike normal-hearing individuals, those with SNHL typi-
cally require higher signal-to-noise ratios (SNRs)—often 10 - 15 dB higher—to 
achieve comparable speech comprehension [4], making everyday activities such 
as telephone conversations, group discussions, and television (TV) watching sig-
nificantly challenging. 

Television watching plays a central role in the daily lives of middle-aged and 
older adults, serving as a primary source of entertainment, information, social 
connection, and lifelong learning [5]. Surveys indicate that adults over 60 years 
old spend 3.5 - 5 hours per day watching TV, underscoring its importance in their 
auditory experiences [5]. For individuals with SNHL, the ability to understand 
televised speech directly impacts their quality of life, social engagement, and psy-
chological well-being [6]. However, even with widespread hearing aid use, TV lis-
tening remains a persistent struggle: 74% - 80% of hearing aid users report diffi-
culties following TV dialogue, and dissatisfaction with TV listening performance 
is a leading cause of hearing aid abandonment [7]. A 2018 survey of 515 hearing-
impaired individuals aged 50+ found that while hearing aid users watched TV for 
an average of 6 hours 10 minutes per day (57 minutes longer than non-users), 
over 39% still encountered frequent listening problems, highlighting the unmet 
need for effective solutions [6]. 

Three interconnected factors contribute to TV listening challenges for individ-
uals with SNHL. First, signal decay: sound intensity decreases with distance, with 
a doubling of distance resulting in a roughly 6 dB reduction in sound energy. In 
typical home environments, viewing distances of 2 - 3 meters significantly weaken 
high-frequency speech cues critical for consonant discrimination and overall in-
telligibility [8]. Second, transmission distortion: room acoustics, including reflec-
tions from hard surfaces, introduce reverberation that smears temporal and spec-
tral speech features, further reducing clarity. Individuals with SNHL are particu-
larly vulnerable to this distortion due to preexisting impairments in temporal pro-
cessing [9]. Third, environmental interference: household noises (e.g., appliances, 
conversations, outdoor sounds) reduce the effective SNR, often to negative or near-
zero values—insufficient for adequate speech recognition in moderate-to-severe 
SNHL [4]. These factors collectively create a hostile listening environment that 
conventional hearing aids struggle to overcome. 

Conventional hearing aids address reduced audibility through amplification 
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and signal processing features such as directional microphones and noise reduc-
tion [10]. While these technologies provide measurable benefits, they are limited 
by their reliance on on-device microphones, which capture sound after it has been 
degraded by distance, reverberation, and background noise [11]. As a result, many 
hearing aid users continue to experience difficulty understanding TV speech even 
with well-fitted devices [7]. For example, a study by Gordon-Salant and Callahan 
(2009) found that hearing aid use alone did not significantly improve word recog-
nition for TV content, though closed captioning provided additional benefit [12]. 
This limitation underscores the need for solutions that bypass environmental 
sound degradation at the source. 

Wireless audio streaming technology has emerged as a promising alternative, 
transmitting audio directly from external devices (e.g., TVs, laptops, smartphones) 
to hearing aids via 2.4 GHz Bluetooth or proprietary radio-frequency (RF) proto-
cols [13]. By bypassing environmental microphones, wireless streaming preserves 
the original audio signal’s fidelity, eliminates distance-related signal decay, and 
reduces interference from background noise—directly addressing the root causes 
of TV listening difficulties [13]. Additionally, wireless streaming supports binau-
ral transmission, delivering synchronized audio to both ears to enhance spatial 
perception, speech segregation, and listening comfort [14]. This binaural input is 
particularly valuable for individuals with SNHL, who often experience degraded 
spatial processing and increased listening effort [11]. 

Empirical evidence confirms the efficacy of wireless streaming for TV listening 
and speech recognition in noisy environments. Kim et al. (2014) demonstrated 
that Bluetooth-implemented hearing aids significantly improved both objective 
speech recognition scores and subjective clarity ratings among adults with SNHL 
[15]. Similarly, Shetty et al. (2023) found that coupling hearing aids with TVs via 
Bluetooth streamers resulted in better speech recognition scores for compressed 
speech (a common challenge in fast-paced TV content) and higher quality ratings 
across all speech rates compared to conventional hearing aid use [16]. A survey of 
hearing aid users also noted that while only 6% currently use audio streaming ac-
cessories for TV, these technologies have the potential to provide high-quality, 
interference-free audio with spatial cues [6]. Wireless streaming’s benefits extend 
beyond TV: Cho et al. (2020) reported improved telephone conversation perfor-
mance with Bluetooth-enabled hearing aids, and Chen et al. (2021) found that wire-
less remote microphones enhanced speech recognition in noise for Chinese hear-
ing aid users [10]. 

Despite these promising findings, critical research gaps remain. First, many stud-
ies compare streaming across quiet vs. noisy environments rather than isolating 
the specific effect of streaming (ON vs. OFF) in realistic TV listening scenarios 
[16]. Second, most research has focused on English- or Korean-speaking popula-
tions [15], while evidence for Mandarin-speaking listeners is limited. Mandarin is 
a tonal language where pitch contours carry lexical meaning, making speech recog-
nition highly sensitive to temporal and spectral distortion—factors that may 
uniquely influence streaming efficacy [17]. Third, the moderating effects of age 
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and hearing loss severity on streaming benefits are unclear: some studies report 
greater improvements for severe hearing loss [16], while others find no significant 
moderation [3]. Finally, evolving media consumption habits, such as laptop-based 
TV streaming, have not been adequately studied. Laptop speakers differ acousti-
cally from traditional TV speakers, and few studies calibrate output levels to re-
flect real-world household listening conditions [3]. 

To address these gaps, the present study compares speech recognition perfor-
mance between wireless streaming ON and OFF modes during TV watching in a 
simulated household environment and incorporating realistic household noise, 
the study evaluates streaming efficacy in a Mandarin-speaking population with 
moderate-to-severe SNHL. This design rigorously assesses the clinical utility of 
wireless streaming in everyday TV listening scenarios, providing actionable guid-
ance for clinicians and users. By focusing on a tonal language and real-world lis-
tening conditions, the research fills critical gaps in the literature and contributes 
to more inclusive hearing assistive technology solutions. 

2. Significance of the Study 
2.1. Theoretical Significance 

This study enriches academic literature in three key aspects: First, by exclusively 
comparing wireless streaming ON versus OFF modes, it provides rigorous evi-
dence of speech recognition improvements uniquely attributable to wireless trans-
mission, avoiding confounds from quiet-noisy environment comparisons [16]. 
Second, it validates wireless streaming efficacy among Mandarin speakers, ex-
tending cross-linguistic generalizability beyond English and Korean populations 
[15]; given Mandarin’s tonal nature, findings clarify how language-specific acous-
tic features interact with hearing aid technologies [17]. Third, it explores age and 
hearing loss severity as moderators of streaming benefits, deepening theoretical 
understanding of factors influencing technology efficacy [3]. 

2.2. Practical Significance 

Findings benefit multiple stakeholders: Clinicians gain quantitative benchmarks 
to counsel patients on TV listening improvements, boosting hearing aid adher-
ence [7]. Manufacturers receive insights to optimize user-friendly streaming so-
lutions for laptops and modern platforms [13]. Payers obtain evidence to justify 
reimbursing streaming accessories [16]. Most importantly, hearing aid users gain 
evidence-based solutions for TV listening challenges, enhancing quality of life and 
social engagement [6]. 

2.3. Research Gap 

Critical gaps remain in wireless streaming research: Limited evidence for Manda-
rin speakers, whose tonal language increases distortion susceptibility [17]; lack of 
ecologically valid testing (e.g., artificial vs. real household noise); few direct ON/OFF 
streaming comparisons and unclear moderating effects of age and hearing loss 
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severity [3]. 

2.4. Overall Aim 

To evaluate whether wireless audio streaming improves speech recognition dur-
ing TV watching among Mandarin-speaking adults with moderate-to-severe sen-
sorineural hearing loss in a simulated household environment. 

2.5. Specific Objectives 

Quantify speech recognition differences (words, sentences) between wireless stream-
ing ON/OFF in a calibrated laptop-based household setup; calculate effect sizes to 
measure improvement magnitude; assess if age or hearing loss severity moderates 
streaming benefits. 

2.6. Research Questions 

What is the mean speech recognition score difference between Wireless-ON and 
-OFF? Is the improvement clinically meaningful (large effect size)? Do age or 
hearing loss severity predict improvement magnitude? 

2.7. Hypotheses 

H1: Speech recognition scores will be significantly higher in Wireless-ON. H2: 
Streaming improvement will show a large effect size. H3: Age and hearing loss 
severity will not moderate streaming benefits. 

3. Method and Materials  
3.1. Technical Road Map 

Figure 1 shows the step by step study roadmap from the recruitment of the par-
ticipants and audiological assessments, statistical analysis until the results inter-
pretation.  

3.2. Study Methods 
3.2.1. Subject Recruitment 
The recruitment of participants was a rigorous, targeted process designed to en-
sure the sample’s representativeness, homogeneity, and relevance to the study’s 
research questions. All participants were recruited from Hui’er Flagship Hearing 
Centre, a specialized clinical facility with extensive experience in audiological as-
sessment and hearing aid fitting, ensuring access to a population of Mandarin-
speaking adults with confirmed sensorineural hearing loss (SNHL). The recruit-
ment process adhered to strict inclusion and exclusion criteria, ethical guidelines, 
and sample size considerations to maximize the validity and generalizability of the 
study’s findings. 

3.2.2. Sampling 
A convenience sampling approach was employed, with a target sample size of 60 
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native Mandarin speakers with bilateral symmetrical moderate-to-severe SNHL. 
This sample size was determined based on prior studies investigating speech 
recognition and hearing aid technology efficacy, which typically require 50 - 70 
participants to detect moderate-to-large effect sizes (Cohen’s d ≥ 0.5) with 80% 
statistical power and a significance level of α = 0.05. The sample was restricted to 
individuals with bilateral symmetrical hearing loss to eliminate confounding ef-
fects associated with asymmetrical auditory input, which can alter binaural pro-
cessing and speech recognition outcomes. All participants were regular hearing 
aid users, ensuring familiarity with hearing aid technology and reducing learning 
effects during the test procedures. Recruitment was conducted over a 3-month 
period, with potential participants identified through the clinic’s patient database, 
referrals from audiologists, and in-clinic informational materials explaining the 
study’s purpose and procedures. 
 

 
Figure 1. Technical route map of the study. 

3.2.3. Inclusion Criteria 
To ensure the sample aligned with the study’s focus on Mandarin-speaking adults 
with moderate-to-severe SNHL and wireless streaming-compatible hearing aids, 
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the following inclusion criteria were strictly applied: 
• Native Mandarin Speaker: Participants must have been native speakers of Man-

darin Chinese, with the ability to fluently express themselves and accurately 
repeat Mandarin words and sentences. This criterion was critical given the to-
nal nature of Mandarin, where pitch contours carry lexical meaning, and 
speech recognition is highly dependent on accurate perception of temporal 
and spectral features unique to the language. Fluency was verified through a 
brief verbal interview conducted by a trained audiologist. 

• Bilateral Symmetrical Moderate-to-Severe SNHL: Participants must have had 
a pure-tone average (PTA) of 50 - 80 dB HL across the 500 - 4000 Hz frequency 
range (the speech-frequency range) in both ears. Symmetry was defined as an 
interaural PTA difference of ≤15 dB HL. Additionally, the air-bone gap (ABG) 
must have been ≤10 dB HL in both ears, confirming the absence of significant 
conductive hearing loss components. This criterion ensured that the primary 
hearing impairment was sensorineural, consistent with the study’s focus on 
SNHL-related TV listening challenges. 

• No Middle Ear Abnormalities: Middle ear health was confirmed via tympa-
nometry, with participants required to have peak compliance within norma-
tive ranges (0.3 - 1.7 cc for adults). Tympanometry results were classified using 
standard clinical criteria, with only participants exhibiting normal middle ear 
function included to eliminate confounding effects of middle ear pathology on 
sound transmission and speech recognition. 

• No Retrocochlear Lesions or Cognitive/Language Disorders. Language disor-
ders were excluded to ensuring participants could understand and follow test 
instructions and accurately repeat speech stimuli. 

• Baseline Speech Processing Ability: Participants must have had a Maximum 
Phonetically Balanced (PB-max) word recognition score of ≥50% in a quiet 
environment. The PB-max score reflects the highest percentage of correctly 
recognized phonetically balanced words at the most comfortable listening 
level, and a score of ≥50% ensured that participants had sufficient baseline 
speech processing ability to detect improvements associated with wireless 
streaming. This criterion excluded individuals with severe speech recognition 
impairments that would limit the ability to measure meaningful changes be-
tween test conditions. 

• Wireless Streaming-Compatible Hearing Aids: Participants must have been 
current users of bilateral Receiver-In-Canal (RIC), In-the-Canal (ITC), or In-
the-Ear (ITE) hearing aids with wireless streaming capability, specifically com-
patible with 2.4 GHz Bluetooth technology. This included hearing aids from 
leading brands (Widex, Resound, and Hui’er) with verified streaming func-
tionality, ensuring consistent performance across participants. Participants 
who did not own compatible hearing aids were provided with Fascinating 5300 
ITC demo hearing aids (Hui’er) with confirmed wireless streaming capability, 
matched to their hearing loss profile. 
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3.2.4. Exclusion Criteria 
Participants were excluded if they met any of the following criteria, which could 
confound the study’s outcomes or compromise participant safety and test validity: 
• Conductive or Mixed Hearing Loss: Individuals with conductive hearing loss 

(ABG > 10 dB HL) or mixed hearing loss (combined conductive and sensori-
neural components) were excluded, as the study’s focus was on SNHL-specific 
challenges and the efficacy of wireless streaming for this population. Conduc-
tive hearing loss involves impairments in sound transmission through the outer 
or middle ear, which would require different interventions and could alter 
speech recognition outcomes independently of streaming technology. 

• Unilateral or Asymmetrical Hearing Loss: Participants with unilateral hearing 
loss (hearing thresholds >80 dB HL in one ear) or asymmetrical hearing loss 
(interaural PTA difference >15 dB HL) were excluded. Asymmetrical hearing 
loss disrupts binaural processing, which is critical for speech segregation and 
spatial perception—key benefits of wireless streaming. Unilateral hearing loss 
would also limit the effectiveness of bilateral streaming, making it difficult to 
assess the technology’s true efficacy. 

• Middle Ear Pathology: Individuals with middle ear pathology, including otitis 
media (inflammation of the middle ear), tympanic membrane perforation 
(hole in the eardrum), or Eustachian tube dysfunction, were excluded. These 
conditions can alter sound transmission, cause pain or discomfort during test-
ing, and confound speech recognition results by introducing additional audi-
tory impairments. 

• Retrocochlear Disorders: Participants with retrocochlear disorders, such as audi-
tory neuropathy spectrum disorder (ANSD), acoustic neuroma, or other lesions 
affecting the auditory nerve or central auditory pathway, were excluded. These 
disorders affect speech processing at the neural level, independently of cochlear 
hair cell damage, and could mask or alter the benefits of wireless streaming. 

• Cognitive Impairment or Language Barriers: Individuals with cognitive im-
pairment were excluded, as cognitive function is critical for following test in-
structions, maintaining attention during speech recognition tasks, and accu-
rately reporting subjective experiences. Language barriers, including non-na-
tive Mandarin speakers or individuals with aphasia, were also excluded to en-
sure participants could understand and respond to Mandarin speech stimuli. 

• Poor Baseline Speech Recognition: Participants with a PB-max score < 50% in 
a quiet environment were excluded. A low PB-max score indicates severe 
speech processing impairment, which would limit the ability to detect mean-
ingful improvements in speech recognition between wireless streaming ON 
and OFF conditions. This criterion ensured that the sample included individ-
uals who could benefit from streaming technology and for whom changes in 
speech recognition would be measurable. 

3.2.5. Ethical Approval 
The study was conducted in full compliance with the patients with prior ethical 
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approval obtained from the Hui’er Hearing Centre. All participants received a 
comprehensive explanation of the study’s purpose, procedures, potential risks 
(minimal, including temporary listening fatigue), benefits (access to optimized 
hearing aid settings and potential improvement in TV listening experience), and 
their right to withdraw from the study at any time without penalty or negative 
consequences for their clinical care. A written informed consent form was pro-
vided to each participant, with ample time to review the document, ask questions, 
and consult with the research team or their family members if desired. Only par-
ticipants who provided signed informed consent were enrolled in the study. All 
participant data were de-identified to protect privacy, with unique identification 
codes used in place of names, and data stored securely in encrypted files accessible 
only to the research team. 

3.2.6. Audiological Assessment 
All participants completed a comprehensive audiological assessment prior to 
study enrollment to confirm eligibility, document baseline hearing status, and en-
sure consistent characterization of hearing loss. The assessment was conducted by 
a trained, certified audiologist in a soundproof testing room at Hui’er Flagship 
Hearing Centre, using calibrated equipment to ensure accuracy and reliability. 
The assessment included three key components: pure-tone audiometry, tympa-
nometry, and speech audiometry, each designed to evaluate different aspects of 
auditory function relevant to the study’s objectives. 

3.2.7. Pure-Tone Audiometry 
Pure-tone audiometry was performed to measure air and bone conduction thresh-
olds across a range of frequencies, allowing for the classification of hearing loss 
type, degree, and symmetry. Testing was conducted in a soundproof room (back-
ground noise < 30 dB SPL) using a Grason-Stadler Audiostar ProTM audiometer, 
TDH-39 supra-aural headphones (for air conduction testing), and a B-71 bone 
vibrator (for bone conduction testing). All equipment was calibrated in accord-
ance with the American National Standards Institute (ANSI) S3.6-2018 standards 
for audiometers, ensuring accurate and consistent threshold measurements. 

Air conduction thresholds were measured at octave frequencies from 250 Hz to 
8000 Hz, with additional measurements at 3000 Hz and 6000 Hz (interoctave fre-
quencies) if thresholds at adjacent octave frequencies differed by ≥20 dB HL. Bone 
conduction thresholds were measured at 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, and 
4000 Hz, the frequencies most relevant to speech perception. The Hughson-
Westlake threshold-finding method was used, which involves presenting tones at 
decreasing intensities (in 10 dB steps) until the participant no longer responds, 
then increasing intensities (in 5 dB steps) until a response is detected, with a min-
imum of three consistent responses required to confirm the threshold. Test-retest 
reliability was ensured by repeating threshold measurements at 500 Hz, 1000 Hz, 
2000 Hz, and 4000 Hz for both ears, with a maximum allowable difference of 5 dB 
between test and retest thresholds. The 4-frequency PTA (average of thresholds at 
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500, 1000, 2000, and 4000 Hz) was calculated for each ear to determine the degree 
of hearing loss, with moderate-to-severe SNHL defined as a PTA of 50 - 80 dB HL. 

3.2.8. Tympanometry 
Tympanometry was performed to assess middle ear function, excluding partici-
pants with middle ear abnormalities that could confound speech recognition out-
comes. A Titan tympanometer (Interacoustics) was used, with a 226 Hz probe 
tone presented at 85 dB SPL and air pressure ranging from +200 daPa to −400 
daPa (decapascals). The tympanometer measures tympanic membrane compli-
ance (the ability of the tympanic membrane to vibrate in response to sound) as a 
function of air pressure in the ear canal, generating a tympanogram (graph of 
compliance vs. pressure) for each ear. 

Tympanograms were classified into three standard types based on clinical cri-
teria: Type A (normal middle ear function), Type B (flat tympanogram, indicative 
of middle ear effusion or tympanic membrane perforation), and Type C (tympa-
nogram with peak compliance at negative pressure, indicative of Eustachian tube 
dysfunction). Only participants with Type A tympanograms in both ears were in-
cluded in the study, confirming normal middle ear function and ensuring unim-
paired sound transmission to the cochlea. Participants with Type B or Type C 
tympanograms were excluded, as these findings indicate middle ear pathology 
that could alter auditory perception independently of SNHL. 

3.2.9. Speech Audiometry 
Speech audiometry was conducted to assess baseline speech recognition ability, 
with the PB-max test used to measure the highest percentage of correctly recog-
nized phonetically balanced words in a quiet environment. The test was adminis-
tered using Mandarin Speech Test Materials (MSTMs), a standardized set of pho-
netically balanced bisyllabic words developed specifically for Mandarin-speaking 
populations. The MSTMs consist of 100 bisyllabic words, evenly distributed across 
Mandarin’s phonetic categories (consonants, vowels, and tones), ensuring that the 
test accurately reflects real-world speech perception. 

Testing was conducted in a quiet environment (background noise < 30 dB SPL), 
with participants seated in a soundproof room. The words were presented via the 
audiometer at the participant’s most comfortable listening level. Participants were 
asked to repeat each word aloud, and their responses were recorded by the audi-
ologist. The PB-max score was calculated as the percentage of correctly repeated 
words (e.g., 60/100 words correct = 60% PB-max score). Only participants with a 
PB-max score of ≥50% were included, ensuring sufficient baseline speech pro-
cessing ability to detect improvements associated with wireless streaming. Partic-
ipants with a PB-max score < 50% were excluded, as their severe speech recogni-
tion impairment would limit the ability to measure meaningful changes between 
test conditions. 

3.2.10. Hearing Aid Fitting 
Consistent hearing aid performance was critical to the study’s validity, as varia-
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tions in hearing aid settings could confound the comparison between wireless 
streaming ON and OFF conditions. All participants used either their own bilateral 
hearing aids (ITE, ITC, or RIC) or Fascinating 5300 ITC demo hearing aids 
(Hui’er) with verified wireless streaming capability. The hearing aids used by par-
ticipants included models from leading brands (Widex, Resound, and Hui’er), all 
of which were compatible with 2.4 GHz Bluetooth streaming and had similar sig-
nal processing features (e.g., feedback cancellation, directional microphones). 

Prior to testing, the research team rechecked and optimized the hearing aid set-
tings for each participant to ensure consistent amplification across the speech-
frequency range (500 - 4000 Hz) based on their individual pure-tone thresholds. 
The fitting was conducted using the NAL-NL2 prescription procedure, a widely 
used clinical protocol that adjusts hearing aid gain and output to match the par-
ticipant’s hearing loss, ensuring that speech cues are amplified to comfortable and 
audible levels without distortion. The NAL-NL2 procedure was selected because 
it is designed specifically for adults with SNHL and has been shown to improve 
speech recognition in noisy environments. 

Two key signal processing features were enabled in both test conditions (wire-
less streaming ON and OFF) to reflect real-world hearing aid usage: feedback 
cancellation and directional microphones. Feedback cancellation was enabled to 
eliminate acoustic feedback (whistling) that can occur when hearing aids are 
worn, particularly at higher amplification levels. Directional microphones were 
enabled, a feature commonly used in everyday listening environments. These fea-
tures were consistent across all participants and test conditions, ensuring that any 
differences in speech recognition between streaming ON and OFF were attribut-
able to the streaming technology itself, rather than variations in hearing aid set-
tings. 

For participants using their own hearing aids, the research team verified wire-
less streaming capability by pairing the devices with a Television via a bluetooth 
device and testing the transmission of audio signals. Participants who were unfa-
miliar with streaming functionality received brief training to ensure they could 
reliably switch between streaming ON and OFF modes during testing. For partic-
ipants using the Fascinating 5300 demo hearing aids, the devices were pro-
grammed to match their hearing loss profile using the NAL-NL2 procedure, and 
streaming capability was verified prior to testing. All hearing aids were checked 
for battery life before each test session, with batteries replaced as needed to ensure 
consistent performance. 

3.2.11. Test Environment 
The study was conducted in a controlled, simulated household environment de-
signed to mimic real-world TV listening conditions, ensuring ecological validity 
while maintaining experimental control. The test environment was a 2.5 m × 2.5 
m × 2.8 m soundproof chamber located at Hui’er Clinic, with background noise 
levels maintained at <35 dB SPL (well below the threshold for interfering with 
speech perception). The chamber was configured to resemble a typical household 
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living room, with a comfortable chair for the participant and a flat-screen TV po-
sitioned at eye level.  

Figure 2 shows the configuration of a simulated household setup test environ-
ment which includes the TV, background noise speaker and the participant. 
 

 
Figure 2. Videos played from the TV placed 1.5 meters away from the person, P with a 
speaker placed 0.5 m away at 180˚ adjacent to person, P. speech was played from the TV 
and household noises played from the speaker. 

 
The audio-visual setup included a 55-inch Vidda flat-screen television, posi-

tioned 1.5 meters directly in front of the participant—this distance was selected 
based on surveys indicating that 1.5 - 2.5 meters is the typical viewing distance for 
household TV watching. The TV played short video clips (5 - 6 minutes each) 
with embedded speech test materials (MSTMs), ensuring that the speech stimuli 
were presented in a natural, real-world context (similar to TV dialogue) rather 
than as isolated words or sentences. The audio intensity of the TV was calibrated 
to 65 dB SPL at the participant’s ear level using a sound level meter, a level con-
sistent with typical household TV volume settings (60 - 70 dB SPL). 

To simulate realistic household distractions, a standardized household noise 
mix was played through a single speaker positioned at one either side or behind 
the participant at a distance of 0.5 meters. The noise mix included common house-
hold sounds: vacuum cleaner noise (65 dB SPL), kitchen sounds, and family con-
versations (60 - 65 dB SPL), mixed to a total intensity of 65 dB SPL (calibrated 
using the sound level meter). This noise intensity was selected to create a chal-
lenging but realistic listening environment, with an SNR of 0 dB (TV audio at 65 
dB SPL, background noise at 65 dB SPL)—a scenario commonly encountered in 
household settings and sufficient to challenge individuals with moderate-to-se-
vere SNHL. 

The participant’s position was standardized to ensure consistency across test 
sessions: participants were seated in a chair, facing the TV directly, with their head 
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positioned at a height of 1.2 meters (average seated eye level for adults). The chair 
was positioned to ensure that the participant’s ears were aligned with the center 
of the TV screen. Prior to each test session, the sound level meter was used to 
recheck the intensity of the TV audio and background noise, ensuring that the 
calibration remained consistent across participants and test conditions. 

3.3. Test Materials 
3.3.1. Speech Recognition Test Materials 
Sentence recognition was assessed using four sets of standardized Mandarin sen-
tence lists adapted from the Mandarin version of The University of Western Aus-
tralia’s speech audiometry database (supported by Widex). Each set contained 20 
sentences of 5 - 9 syllables, selected to reflect natural conversational speech pat-
terns, with vocabulary and syntax appropriate for both young and adult partici-
pants (e.g., “一辆汽车有多少个轮子？” [“How many tires does a car have?”]). 
The sentences were divided into 4 parallel lists to avoid practice effects; each par-
ticipant was randomly assigned 2 lists for testing. Scoring followed a verbatim 
rule: a sentence was scored as correct only if the participant repeated all words in 
the sentence exactly, with no word substitutions, omissions, or additions. Partial 
correct responses (e.g., missing one word or substituting a synonym) were scored 
as incorrect to ensure consistency in measurement. 

3.3.2. Test Procedure 
A counterbalanced repeated-measures design minimized practice effects: half the 
participants completed Wireless-OFF first, then Wireless-ON; the other half re-
versed the order. Each condition lasted 5 - 7 minutes, with the entire process (au-
diological assessment, hearing aid fitting, testing) taking 45 - 55 minutes per par-
ticipant. Pre-test briefing included study details, informed consent, and a short 
questionnaire on TV-watching habits, household noise sources, and prior stream-
ing experience. Target fitting was verified using both real-ear measurements 
(REM) and software-based NAL-NL2 targets. 

In Wireless-OFF, hearing aids used standard microphone mode; TV clips with 
embedded sentences played via built-in speakers, with household noise from the 
external speaker placed either on the side or behind the participant, and partici-
pants repeated sentences (scored by verbatim rule). In Wireless-ON, wireless TV 
audio was transmitted using a standardized 2.4 GHz digital signal path: the TV’s 
analog output was converted to digital by a connected transmitter, streamed wire-
lessly to the hearing aids’ internal receivers, decoded back to analog, and then 
processed through the devices’ signal-processing chain before delivery to the ear 
canal. In Wireless-ON mode all standard processing features including directional 
microphones, adaptive gain control, and individualized frequency shaping re-
mained active during streaming. A different parallel sentence list played, noise 
remained consistent, and responses were recorded and scored identically to the 
Wireless-OFF condition. 
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3.4. Statistical Analysis 

Data were entered into Microsoft Excel and analyzed using IBM SPSS Statistics 
27. The significance level was set at α = 0.05 for all analyses. 

4. Descriptive Statistics 

Descriptive statistics were computed for variables (pure-tone average [PTA]), and 
speech recognition scores under each condition (Wireless-ON, Wireless-OFF, 
Delta = Wireless-ON – Wireless-OFF). Calculated metrics included means, stand-
ard deviations (SD), ranges, and frequencies, providing an overview of participant 
characteristics and performance outcomes. Given the non-normal distribution, 
the Wilcoxon Signed-Rank Test was conducted to evaluate differences in speech 
recognition between Wireless-ON and Wireless-OFF conditions. This non-para-
metric test accounts for the paired nature of the data and provides a robust assess-
ment of median differences. The Z statistic and associated two-tailed p-value were 
reported. 

5. Results 

This study evaluated speech recognition performance during television watching 
under two test conditions (Wireless-ON vs. Wireless-OFF) among Mandarin-
speaking adults with moderate-to-severe sensorineural hearing loss (SNHL), with 
additional analyses of potential moderation by age and hearing loss severity (pure-
tone average [PTA] across 500 - 4000 Hz) and subjective listening experiences. 
Normality testing confirmed non-normal distribution of speech recognition 
scores (Shapiro-Wilk test, p < 0.05), so the nonparametric Wilcoxon signed-rank 
test was designated the primary inferential approach for paired within-subjects 
comparisons; a paired-samples t-test was used as a secondary complementary 
analysis. Objective speech recognition outcomes indicated a statistically signifi-
cant and clinically meaningful improvement in the Wireless-ON condition com-
pared to the Wireless-OFF condition: mean sentence recognition scores were 0.72 
± 0.16 (Wireless-OFF, 95% bootstrapped CI [0.68, 0.76]) and 0.86 ± 0.12 (Wire-
less-ON, 95% bootstrapped CI [0.83, 0.89]). The average Delta score (Wireless-
ON − Wireless-OFF) was 0.14 ± 0.11 (95% bootstrapped CI [0.08, 0.14]), reflect-
ing an 8 - 14 percentage point consistent enhancement in speech recognition 
across all study participants. The primary Wilcoxon signed-rank test confirmed a 
significant condition difference (Z = −5.726, p < 0.001) with a large nonparametric 
effect size (r = 0.74); the secondary paired-samples t-test yielded consistent results 
(t(59) = 7.588, p < 0.001) with a large parametric effect size (Cohen’s dz = 0.98), 
collectively demonstrating the wireless streaming benefit is statistically robust and 
clinically meaningful. Table 1 presents the objective speech recognition results for 
the Wireless-ON, Wireless-OFF, and Delta conditions. The table includes the 
mean scores, standard deviations, and the main outcomes related to the use of 
wireless audio streaming. To further examine whether age or the severity of hear-
ing loss (measured by PTA) influenced the improvement observed in the Delta 
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scores, a multiple linear regression analysis was conducted. Robust standard er-
rors were applied, and bootstrapped 95% confidence intervals were used to ad-
dress potential non-normality in the data. Figure 3 shows the mean speech recog-
nition scores for the liatening conditions, wireless-ON and OFF with error bars 
representing the standard deviation thus demonstrating clearly the significant im-
provement with wireless improvement. Figure 4 further quantifies this difference 
in performances with boxplots, showing interquartile ranges and median scores 
for wireless-ON and wireless-OFF, confirming the consistency in improvements 
across the participant sample. 

 

 
Figure 3. Mean speech recognition scores for TV watching under Wireless-OFF and Wireless-
ON conditions. Error bars represent ±1 standard deviation. Speech recognition improved signif-
icantly with wireless streaming (Z = −5.726, p < 0.001, r = 0.738. 

 

 
Figure 4. Boxplots of speech recognition scores under Wireless-OFF and Wireless-ON condi-
tions. Median scores and interquartile ranges are shown. Wireless-ON scores were consistently 
higher, demonstrating robust improvement with direct audio streaming. 
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Table 1. Standard deviation; Delta score represents the average magnitude of improvement 
in speech recognition when using wireless streaming compared to conventional listening. 

Test condition 
Mean Sentence  

Recognition Score (±SD) 
Key Outcome 

Wireless On 0.86 ± 0.12 Significant improvement (p < 0.001) 

Wireless Off 0.72 ± 0.16 Baseline performance 

Delta (ON-OFF) 0.14 ± 0.11 
Average improvement  

(8 - 14 percentage points) 

 
A multiple linear regression analysis (robust standard errors, bootstrapped 95% 

CIs for non-normality) examined moderation of the Delta score by age and PTA 
hearing loss severity. The model explained a negligible proportion of variance in 
Delta scores (R2 = 0.021, Adjusted R2 = −0.012) and was not statistically signifi-
cant (F(2, 57) = 0.605, p = 0.550). Complete regression coefficients confirmed no 
moderation effects: age (β = 0.0004, SE = 0.001, 95% CI [−0.0016, 0.0024], p = 
0.698) and PTA severity (β = −0.0002, SE = 0.001, 95% CI [−0.0022, 0.0018], p = 
0.836) both had near-zero coefficients with 95% CIs including 0 and non-signifi-
cant p-values. These results indicate that neither age nor the degree of moderate-
to-severe hearing loss significantly influenced the benefits of wireless streaming, 
suggesting that these advantages are broadly applicable across the target popula-
tion. Figure 5 presents participants’ subjective evaluations of several important 
aspects of the listening experience, including speech clarity, comfort, listening ef-
fort, and overall satisfaction. The results show that ratings for all these measures 
were significantly higher when the wireless feature was enabled, compared with 
when it was turned off (all p < 0.007). Figure 6 illustrates the distribution of indi-
vidual improvement scores (calculated as Wireless-ON minus Wireless-OFF). 
The results indicate that most participants showed improved speech recognition 
performance when wireless streaming was enabled. 
 

 
Figure 5. Mean subjective ratings for speech clarity, listening comfort, listening effort, and 
overall satisfaction under Wireless-OFF and Wireless-ON conditions. Ratings were signif-
icantly higher in the Wireless-ON condition (all p < 0.001). 
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Figure 6. Distribution of individual improvements in speech recognition (Delta = Wire-
less-ON – Wireless-OFF). Most participants experienced a positive change, with a mean 
improvement of 0.11 ± 0.11, indicating a large effect size (r = 0.738). 

6. Discussion 

The purpose of the present study was to examine whether wireless audio stream-
ing significantly improves speech recognition for hearing aid users during televi-
sion watching in a household environment. Consistent with the study’s hypothe-
sis, the results showed that speech recognition scores were significantly higher 
with wireless streaming compared to without (Z = −5.73, p < 0.001, r = 0.74). This 
effect size indicates a very large and clinically meaningful improvement, reinforc-
ing that wireless streaming provides substantive benefits beyond traditional hear-
ing aid amplification. Unlike basic amplification, which relies on microphone-
captured sound, wireless streaming delivers a direct audio feed, addressing key 
limitations of conventional hearing aid use in TV listening scenarios—namely, 
distance-related signal degradation, room reverberation, and competing back-
ground noise. 

These findings align with the broader literature demonstrating advantages of 
assistive listening technologies in improving auditory outcomes. Specifically, tel-
evision streaming devices directly transmit audio signals to hearing aids, thereby 
improving the effective signal-to-noise ratio (SNR) by reducing the impact of 
room acoustics, reverberation, and distance from the sound source (American 
Journal of Audiology, 2023). Research has shown that streamed audio from tele-
visions can significantly improve speech understanding in noise for hearing aid 
users relative to listening with hearing aids alone (Plyler et al., 2023). While Plyler 
and colleagues noted that streaming benefits in quiet conditions may depend on 
microphone settings, they found clear advantages in noise for conditions when 
hearing aid microphones were muted or attenuated, thus highlighting the value 
of a direct audio feed for speech clarity (Plyler et al., 2023). The current study 
extends this work by simulating a realistic household environment—complete 
with standardized background noise (e.g., vacuum cleaner, kitchen sounds)—

https://doi.org/10.4236/ijohns.2026.152016


M. T. Ray et al. 
 

 

DOI: 10.4236/ijohns.2026.152016 189 Int. J. Otolaryngology and Head & Neck Surgery 
 

mirroring the actual listening challenges faced by hearing aid users, rather than 
artificial laboratory conditions. 

The current results extend these findings by demonstrating such benefits within 
a real-world household context and using a robust non-parametric statistical ap-
proach appropriate for the observed distribution of performance scores. As doc-
umented in the study’s statistical analysis section, the Shapiro-Wilk test confirmed 
non-normal distribution of speech recognition scores (p < 0.05), justifying the use 
of the Wilcoxon Signed-Rank Test—an approach that enhances the reliability of 
the observed differences between Wireless-ON and Wireless-OFF conditions. The 
large effect size (r = 0.74) suggests that the observed improvement is not merely 
statistically significant but also functionally important, consistent with clinical ex-
pectations for meaningful benefit in everyday listening situations. According to 
Cohen (1988), r values of 0.50 and above indicate large effects, which are typically 
perceptible and impactful in real-world settings. For the study’s participants—in-
dividuals with moderate-to-severe SNHL—this magnitude of improvement trans-
lates to a tangible reduction in listening effort and frustration during TV viewing. 

The mechanism through which wireless streaming enhances speech recogni-
tion likely relates to the improvement in the quality and clarity of the auditory 
signal delivered to the listener. Traditional hearing aid microphones capture 
sound acoustically from a distance, which is then subject to environmental noise 
and reverberation—factors that are particularly detrimental for individuals with 
SNHL, who often struggle to distinguish speech cues from background distrac-
tions. Wireless streaming circumvents these limitations by delivering the audio 
signal directly from the television to the hearing aid, thereby preserving the fine 
spectral and temporal details necessary for speech understanding, including the 
tonal nuances critical for Mandarin speech perception. This technological ad-
vantage is echoed in studies of wireless assistive listening devices, which consist-
ently report improved performance in noise when the target speech signal is 
brought closer to the listener via remote microphones or direct streaming (Chen 
& Wang, 2021). 

The current study’s outcomes are functionally significant for the hearing aid 
population. Television listening is a pervasive daily activity; older adults and indi-
viduals with hearing loss often spend substantial portions of time engaging with 
televised media, with hearing aid owners reporting over 6 hours of TV watching 
per day (Strelcyk & Singh, 2018). Without adequate auditory support, this activity 
can be frustrating and fatiguing, leading to reduced enjoyment and social partici-
pation—for example, avoiding group TV viewing with family members due to 
difficulty following dialogue. The meaningful improvement in speech recognition 
observed with wireless streaming suggests that these technologies can enhance the 
listening experience, reduce listening effort, and potentially improve quality of life 
for hearing aid users, aligning with the subjective feedback collected via the study’s 
5-point Likert scale questionnaire. 

Importantly, the present findings support guidance that audiologists should 
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proactively counsel patients about streaming technologies as part of comprehen-
sive hearing rehabilitation. Evidence from industry and clinical practices indicates 
growing adoption of Bluetooth and streaming features in modern hearing aids, 
and data suggest that users with such functionalities report higher satisfaction and 
perceived quality of life (Picou, 2022). Given that the study’s participants included 
users of various hearing aid models (Widex, Resound, Hui’er) with 2.4 GHz Blue-
tooth compatibility, the results underscore the broad applicability of streaming 
benefits across different devices. Counseling on setup, device compatibility, and 
optimal usage—including when to enable streaming vs. rely on microphone 
mode—can therefore empower users to maximize the benefits of their hearing 
technology in complex listening environments. 

From a clinical perspective, the results underscore the need to consider envi-
ronment-specific interventions rather than relying solely on amplification. While 
hearing aids remain central to auditory rehabilitation, assistive technologies such 
as wireless streaming can address specific situational challenges (e.g., television 
listening, distance hearing) that hearing aids alone may not fully resolve. This is 
consistent with models of best practice in audiologic rehabilitation that emphasize 
individualized support strategies tailored to patients’ daily listening demands. For 
individuals with moderate-to-severe SNHL, who often experience greater diffi-
culty in noisy or distance-based listening scenarios, streaming technologies offer 
a targeted solution that complements standard hearing aid fitting (e.g., NAL-NL2 
prescription procedure used in the study). 

The improvements observed in the current study also have implications beyond 
speech recognition scores. Enhanced auditory clarity can contribute to reduced 
cognitive load in listening tasks, which in turn may support better comprehen-
sion, memory, and communicative engagement. Prior work has shown that lis-
tening effort decreases when audibility and clarity are improved via assistive tech-
nologies (e.g., remote microphones), suggesting that improved SNR not only en-
hances accuracy but also lessens the mental strain associated with difficult listen-
ing conditions. As a result, wireless streaming may offer benefits that extend into 
cognitive and psychosocial domains, including reduced listening fatigue and 
greater participation in shared media experiences—outcomes that were partially 
captured by the study’s subjective questionnaire but warrant further investigation 
in future research. 

Despite these strengths, several limitations warrant consideration. First, the 
study’s household setup, while ecologically valid, may not capture the diversity of 
real-world listening conditions, such as varying levels of background noise, mul-
tiple competing sound sources (e.g., simultaneous TV and conversation), or dif-
ferent room acoustics (e.g., larger living rooms with more reverberation) that lis-
teners may encounter. Second, the participant sample consisted mainly of indi-
viduals who were already experienced hearing aid users; generalization to first-
time users or those with severe-to-profound hearing loss may require caution. Fu-
ture research should explore the effects of wireless streaming across broader user 
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populations and in more complex, ecologically varied environments. Addition-
ally, the technological specifics of streaming systems can vary across manufactur-
ers and device generations, potentially influencing outcomes. Differences in codec 
efficiency, latency, and device compatibility may affect user experience and speech 
perception; clinicians should remain aware of these factors when recommending 
streaming solutions. 

In conclusion, the present study demonstrates that wireless audio streaming 
confers significant benefits to hearing aid users during television listening, as ev-
idenced by the large effect on speech recognition performance (Z = −5.73, p < 
0.001, r = 0.74). These findings are supported by prior research showing that di-
rect audio streaming improves speech understanding in noise and enhances user 
satisfaction (Plyler et al., 2023). The practical implications are clear: integrating 
wireless streaming into hearing aid fittings and patient counseling can enhance 
everyday auditory experiences and improve overall communication outcomes for 
individuals with moderate-to-severe SNHL. Future work should continue to re-
fine understanding of how these technologies operate across diverse settings and 
populations, and how integration with advanced signal processing strategies (e.g., 
directional microphones, feedback cancellation) may further reduce listening ef-
fort and improve quality of life. 

7. Conclusion 

This study provides robust evidence that wireless audio streaming significantly 
enhances TV-watching speech recognition in adults with moderate-to-severe sen-
sorineural hearing loss (Z = −5.73, p < 0.001), with 11 - 14 percentage point im-
provements and large effect sizes (Cohen’s dz ≈ 1.0), indicating clinical relevance. 
The benefit stems from direct signal transmission to hearing aids, bypassing en-
vironmental degradation (attenuation, noise) and improving SNR, unlike conven-
tional loudspeaker listening. Notably, age and hearing loss severity did not mod-
erate this advantage, supporting broad clinical applicability. Subjective feedback 
and objective results confirm wireless streaming as an evidence-based interven-
tion to improve everyday communication for this population. 

8. Limitations of the Study 

Despite methodological rigor, several limitations exist. First, sample specificity: 
participants were only native Mandarin speakers with bilateral moderate-to-se-
vere SNHL, limiting generalization to other languages, hearing loss types, or those 
with cognitive impairments. Second, noise simulation constraints: only one com-
posite household noise condition was used, unlike real-world’s heterogeneous 
noise sources that may affect SNR differently. Third, hearing aid variability: di-
verse brands/models (e.g., Phonak, Oticon, ReSound, Hui’er) with differing trans-
mission features may introduce minor performance variance. Fourth, short-term 
design: single 40 - 60-minute sessions fail to capture long-term factors (battery 
use, connectivity stability). Finally, no longitudinal data: adaptation effects, hear-
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ing status changes, and long-term adherence were unevaluated. 

9. Implication of the Study’s Future 

This study’s findings highlight that wireless hearing aid technology can enhance 
speech recognition in noisy environments and improve listening comfort for 
hearing aid users, providing valuable references for clinical recommendations. 
Given the study’s limited sample size, future research should expand sample sizes 
to compare wireless technology’s impact on speech recognition across different 
signal-to-noise ratios (SNR) and hearing loss severities. Additionally, recruiting 
participants with different dialects could further evaluate wireless audio stream-
ing’s effectiveness across linguistic variations, addressing current sample limita-
tions and enhancing result generalizability. 
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