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Objectives: To explore binaural speech perception patterns in hearing aid (HA) and/or cochlear implant (CI) users through a retrospective observational study.

Design: Monaural and binaural speech perception scores of 82 bilateral HA, 83 bimodal CI+HA, and 89 bilateral CI users were analyzed.

Results: The binaural benefit pattern dominated at 55% in the bilateral HA group, while only 1% of the binaural interference pattern was observed. Both CI groups exhibited lower rates of the binaural benefit pattern (bimodal CI+HA: 37%; bilateral CI: 27%) but higher rates of the binaural interference pattern (bimodal CI+HA: 8%; bilateral CI: 12%), compared to the bilateral HA group.

Conclusions: The presence of binaural interference implies that listening on two devices is not always better than one. Increased understanding of how this binaural disadvantage affects speech perception for hearing-impaired users is clinically essential for future design of training- and device-based rehabilitative strategies to increase the binaural benefits.
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Introduction

In recent years, significant advancements in auditory technology have transformed the lives of individuals with hearing loss through various types of hearing devices, such as hearing aids (HAs) and cochlear implants (CIs). Their devices can provide an increased understanding of speech in noisy environments, sound localization ability, and better subjective quality of life for hearing-impaired (HI) listeners (Ching et al., 2004; Culling et al., 2012; Gifford and Stecker, 2020; Litovsky et al., 2006; van Hoesel, 2004; Yawn et al., 2018; Zheng et al., 2022). Those advantages arise mostly from binaural auditory processing, which is the benefit of auditory information from both ears. However, the degree to which binaural advantages are observed can vary greatly depending on various factors, such as the type of hearing device configuration (e.g., bilateral HAs, bilateral CIs, or bimodal stimulation using a CI in one ear and a HA in the other) and the etiology of hearing loss (e.g., age-related, noise-induced, or drug-induced). Therefore, understanding the relative advantages and disadvantages of different binaural hearing device configurations is essential to explore how those factors impact the overall binaural listening experiences.

Bilateral HAs are often the first line of intervention for individuals with mild to severe hearing loss in both ears. Bilateral HAs aim to restore/aid binaural hearing capabilities, improving their access to binaural cues such as interaural timing and level differences for better speech segregation performance (Zheng et al., 2022). Second, CIs offer an alternate option for individuals with a severe to profound hearing loss who do not gain enough benefit from HAs (i.e., amplification). Bimodal stimulation, which combines a CI and a contralateral HA, has been used to leverage the strengths of both CI and HA devices. Sound localization ability can be maintained with this bimodal CI + HA configuration, particularly when the electrical stimulation and natural acoustic sound in the opposite ear are well-matched and balanced across the spectral and temporal domains (Dorman and Gifford, 2010). Lastly, bilateral CIs offer an alternative to bimodal CI + HA for individuals with profound hearing loss in the non-implanted ear of the bimodal CI + HA users, which means that instead of relying on a HA in one ear and a CI in the other, both ears receive a CI. Similar to the bimodal CI + HA users, the majority of bilateral CI recipients demonstrate improved speech recognition and sound localization when auditory input is balanced across both ears. Notably, within-subject comparison studies have shown that individuals tend to exhibit better audiologic outcomes, speech perception, and quality of life with bilateral CIs compared to a bimodal CI + HA configuration (Ching et al., 2004; Potts and Litovsky, 2014; van Hoesel, 2004; Yawn et al., 2018).

However, limitations to the benefits of binaural devices can be seen. For bilateral HA users, several factors, such as the degree of hearing loss and the presence of dead regions in the cochlea, could vary the effectiveness of using two HAs (Cox et al., 2012). For CI users, they can experience difficulties related to asymmetrical hearing, device compatibility, and the integration of different auditory inputs (Anderson et al., 2024). Therefore, the benefits of bilateral devices may be influenced by the ability of how well the inputs from two hearing devices could be integrated during the auditory processing (Oh et al., 2022, 2023; Reiss et al., 2016).

Although most previous studies showed that bilateral hearing devices elicit binaural benefits, there were also some studies showing little benefit or worse performance in listeners' binaural perception when using two devices compared to just one device. This is an indication of the presence of binaural interference. The existence of this binaural interference was first documented from the mid-1990s to the early 2000s by clinical case reports (Jerger et al., 1993; Carter et al., 2001; Chmiel et al., 1997; Holmes, 2003), and a more recent cross-sectional study by Mussoi and Bentler (2017) confirmed the co-occurrence of binaural benefits and binaural interference phenomena in their HA patients. Therefore, there remains significant variability in the benefits/interferences between two HAs, two CIs, and a CI with a contralateral HA. The goal of this study is to investigate different patterns of binaural perception in all three bilateral hearing device users (i.e., bilateral HA, bimodal CI+HA, and bilateral CI users) with a large sample size. Through retrospective data analysis of patients‘ speech recognition records, this study explores several types of binaural advantages and disadvantages, looking to identify where underlying binaural interferences may be present in bilateral HA, bimodal CI+HA, and bilateral CI users.



Materials and methods


Participants

This study retrospectively reviewed electronic medical records for adult HI listeners using HA and/or CI, who underwent audiologic evaluations at two major audiology clinics in Kentucky, USA (University of Louisville Hospital and Heuser Hearing Institute) between September 2008 and October 2024. A total of 578 HI patients (422 CI recipients and 156 HA users) were initially assessed for their eligibility, and 254 patients (172 CI recipients and 82 HA users) were selected according to the following inclusion/exclusion criteria: documented history of bilateral device use with at least 1 year of experience with their CI and/or HA devices, post-lingual onset of hearing loss, age between 19 and 100 (age of 19 years or older at the time of implantation), pure-tone audiometric thresholds for each ear, and two monaural (i.e., unilateral device) and binaural (i.e., bilateral devices) speech perception scores in quiet. Patients with other pathologic histories, such as Meniere's disease, labyrinthitis, and vestibular neuronitis, were excluded from the study to rule out inconsistent hearing test results. Finally, subjects were divided into three groups: those who used two HAs (82 bilateral HA users), those who used two CIs (89 bilateral CI users), and those who used bimodal stimulation (a CI with a contralateral HA: 83 bimodal CI+HA users). The guidelines for the protection of human subjects were reviewed and approved by the Institutional Review Board (IRB) of the University of Louisville.



Data acquisition

Subject's demographic information (age and sex), audiometric thresholds (aided thresholds for the non-implanted ear), and their two monaural and binaural speech recognition scores in quiet (AzBio Quiet scores; Spahr et al., 2012) were all obtained. Table 1 shows a summary of the demographic data for the subjects who were selected via the inclusion/exclusion criteria described above. It should be noted that all audiologic measurements were conducted in a calibrated sound-treated booth with a traditional sound field setup used in the United States, where the participants were positioned 1 meter away from the loudspeaker. The free-field laaudiometric thresholds were calculated as a pure-tone average (PTA, mean threshold across 250, 500, 1,000, 2,000, 4,000, and 6,000 Hz), and the speech recognition ability was measured using the AzBio sentence corpus, one of the most common test batteries in the United States for the clinical evaluation for adult HI listeners, especially for adult CI users, for both pre- and post-implant assessment of speech recognition performance. Each patient was examined using one randomly selected list of AzBio sentences (20 sentences per list), and the percentage of words that were correctly repeated was calculated to score each list. The measurements were conducted in quiet (AzBio Quiet) at the fixed presentation level of 60 dB sound pressure level (SPL) using a loudspeaker, and the AzBio Quiet scores were measured separately for each ear with the non-test ear's hearing device off (and the non-implanted ear plugged and muffled) and both ears (binaurally). In addition, all subjects' data were collected based on the most recent patient visit records saved in the database.

TABLE 1  Participant demographics for 82 bilateral HA, 83 bimodal CI+HA, and 89 bilateral CI users, including age, sex, pure-tone average (PTA), and HA/CI manufacturer.


	Variable
	Subject group



	
	Bilateral HA
	Bimodal CI + HA
	Bilateral CI





	Age, years

 
	Mean ± SD
	58.1 ± 21.3
	59.3 ± 18.5
	53.3 ± 19.6

 
	Sex, No (%)

 
	Male
	30 (36.3)
	38 (45.8)
	32 (38.6)

 
	Female
	52 (63.4)
	45 (54.2)
	51 (61.4)

 
	PTA, dB HL

 
	Mean ± SD
	Left: 38.8 ± 9.6
	CI: 27.9 ± 8.6
	Left: 24.6 ± 7.6



	
	Right: 39.9 ± 10.3
	HA: 40.1 ± 12.3
	Right: 27.3 ± 7.9

 
	HA manufacturer, No (%)

 
	Oticon
	34 (41.5)
	6 (7.2)
	

 
	Phonak
	21 (25.6)
	16 (19.3)
	

 
	Resound
	15 (18.3)
	41 (49.4)
	

 
	Widex
	9 (11.0)
	13 (15.7)
	

 
	Others
	3 (3.7)
	7 (8.4)
	

 
	CI manufacturer, No (%)

 
	Advanced bionics
	
	11 (13.3)
	9 (10.1)

 
	Cochlear Americas
	
	43 (51.8)
	57 (64.1)

 
	MED-EL
	
	29 (34.9)
	23 (25.8)





Nominal variables (sex and device manufacturer) were summarized by number (percentage). Continuous variables (age and PTA) were summarized by mean ± standard deviation.






Statistical analysis

Descriptive analysis based on frequency and percent distribution was performed for all demographic data (nominal variables: sex and manufacturer; continuous variables: age and pure-tone threshold). A univariate analysis of variance (ANOVA) was conducted to compare the age across three listener groups and the mean pure tone thresholds between the two ears within each listener group. For the speech recognition test, categorical analysis, using a “discretize” function in MATLAB (version R2025a, MathWorks, Natick, Massachusetts, USA) was used to organize the binaural speech recognition (AzBio Quiet) scores into four distinct patterns (Described the details in the Results Section), and statistical analyses were performed to assess the difference in the AzBio Quiet scores between monaural and bilateral listening conditions. All statistical analyses were conducted in SPSS (version 25, IBM, New York, USA).




Results


Demographic results

A total of 254 adult HI patients (82 bilateral HA users, 83 bimodal CI+HA users, and 89 bilateral CI users) were involved in this retrospective observational study. Bilateral HA users ranged in age from 21 to 96 (mean ± std = 58.1 ± 21.3 years; 63.4% females), bimodal CI+HA users ranged in age from 21 to 98 (mean ± std = 59.3 ± 18.5 years; 54.2% females), and bilateral CI users ranged in age from 20 to 90 (mean ± std = 53.3 ± 19.6 years; 61.4% females). A one-way ANOVA test showed that there were no significant age differences between the three listener groups (F2,166 = 2.290, p = 0.104). Note that the participants' ages were collected at their most recent visits for both pure-tone and speech audiometry measurements, and all 254 participants reported regularly using their bilateral devices (i.e., full-time bilateral device usage).



Pure-tone average (PTA) results

The PTA mean ± standard deviation of the aided thresholds for bilateral HA users was 38.8 ± 9.6 dB for the left ear and 39.9 ± 10.3 dB for the right ear. For bimodal CI + HA users, the mean PTA was 27.9 ± 8.6 dB HL in the implanted ear and 40.1 ± 12.3 dB HL in the non-implanted ear. The mean PTAs for the left and right ears of bilateral CI users were 24.6 ± 7.6 and 27.3 ± 7.9 dB HL, respectively. The statistical analysis results using a one-way ANOVA within each listener group demonstrated no significant differences in PTAs between the two ears for the two bilateral device user groups (Bilateral HA: F1,161 = 0.506, p = 0.478; Bilateral CI: F1,176 = 1.44, p = 0.232); however, for the bimodal CI+HA user group, there was a significant PTA difference in PTAs between CI and HA ears (F1,146 = 54.0, p < 0.001).



Speech recognition (AzBio quiet) results

Figure 1 shows individual and average AzBio scores for two monaural and binaural listening conditions. The results revealed four distinct binaural speech recognition patterns across all three listener groups: (1) binaural benefit, where two ears exhibit better speech recognition performance than a single ear alone; (2) better-ear dominance, where the ear with better speech recognition performance plays a more dominant role in binaural speech recognition; (3) binaural averaging, where binaural speech recognition is averaged between two monaural performances; (4) binaural interference, where speech recognition is poorer when listening with two ears than with each ear alone.
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FIGURE 1
 Individual and average AzBio speech perception scores for four different binaural perception patterns: binaural benefit, better-ear dominance, binaural averaging, and binaural interference. Error bars represent standard deviation of the mean (*p < 0.05; **p < 0.01; ***p < 0.001). The right column shows percentage distribution of the four binaural speech recognition patterns for each subject group (the percentages were rounded to the nearest whole number).


Within the bilateral HA group, the binaural benefit pattern was the most dominant at 55% (N = 45 out of 82), the better ear pattern was 27% (N = 22 out of 82), the binaural averaging pattern was 17% (N = 14 out of 82), and only 1% of subjects (N = 1 out of 82) exhibited binaural interference patterns. Within the bimodal CI group, the binaural benefit and better ear patterns were similar at 37% (N = 31 out of 83) and 34% (N = 28 out of 83), respectively, the binaural averaging pattern was 17% (N = 17 out of 83), and an increased binaural interference pattern (8%; N = 7 out of 83) was observed. Within the bilateral CI group, the better ear pattern was relatively dominant (40%; N = 36 out of 89), and 27% binaural benefit (N = 24 out of 89), 20% binaural averaging (N = 18 out of 89), and 12% binaural interference (N = 11 out of 89) patterns were observed. Multiple one-way ANOVAs were performed for each binaural speech recognition pattern with the speech perception score as a dependent variable and the listening condition (i.e., two monaural and binaural) as a grouping variable, and the analyses were repeated for each listener group. The results showed significant effects of the listening condition on all four speech recognition patterns in each listener group (p < 0.007, see details in Table 2). Post hoc pairwise comparison results (using Bonferroni correction) demonstrated that the binaural listening condition was significantly different than either monaural listening condition (p < 0.05 for all cases, except for the better-binaural listening condition pairs in the better ear patterns). Please see Table 3 for the detailed pairwise comparison results. Note that the statistical analysis was not performed for the binaural interference in the bilateral HA user group due to the low sample size (N = 1).

TABLE 2  One-way ANOVA results for the effects of listening conditions on four different binaural speech recognition patterns in three listener groups.


	
	Speech recognition patterns





	Listener group
	Binaural benefit
	Better ear
	Binaural averaging
	Binaural interference

 
	Bilateral HA
	F(2,86.7) = 26.3 p < 0.001
	F(2,42.0) = 12.8 p < 0.001
	F(2,25.4) = 20.1 p < 0.001
	Not tested

 
	Bimodal CI+HA
	F(2,59.4) = 19.8 p < 0.001
	F(2,53.5) = 9.23 p < 0.001
	F(2,31.0) = 12.5 p < 0.001
	F(2,11.9) = 8.09 p = 0.006

 
	Bilateral CI
	F(2,45.5) = 11.5 p < 0.001
	F(2,68.2) = 8.30 p < 0.001
	F(2,34.0) = 12.6 p < 0.001
	F(2,20) = 6.53 p = 0.007






TABLE 3  Post hoc pairwise comparison results (i.e., p-values) for the listening effects on binaural speech recognition patterns described in Table 2.


	
	
	Speech recognition patterns





	Listener group
	Listening condition pair
	Binaural benefit
	Better ear
	Binaural averaging
	Binaural interference

 
	Bilateral HA
	Worse–Binaural
	< 0.001
	< 0.001
	0.019
	Not Tested



	
	Better–Binaural
	0.007
	1
	0.001
	Not Tested

 
	Bimodal CI+HA
	Worse–Binaural
	< 0.001
	< 0.001
	0.041
	0.041



	
	Better–Binaural
	0.047
	1
	0.043
	0.002

 
	Bilateral CI
	Worse–Binaural
	< 0.001
	< 0.001
	0.042
	0.046



	
	Better–Binaural
	0.05
	0.966
	0.032
	0.003









Discussion

The results of the current retrospective observational study estimate four distinct patterns of binaural speech recognition in quiet among HA and/or CI users. All three listener groups showed the following four patterns: (1) binaural benefit; (2) better-ear dominance; (3) binaural averaging; and (4) binaural interferences. Here, the binaural benefit and binaural interference are indicative of the existence of binaural advantages and disadvantages in speech recognition performance, respectively. The findings in this study demonstrate that the binaural benefit dominated in the bilateral HA group (55%), while a small chance of binaural interference (1%) occurred. In addition, the findings also show that, in comparison to the bilateral HA group, both CI groups showed less of the binaural benefit pattern (bimodal CI+HA: 37%; bilateral CI: 27%) and more of the binaural interference pattern (bimodal CI+HA: 8%; bilateral CI: 12%).

The binaural advantages (or benefits) have been reported in many previous studies for bilateral hearing device users (Gifford and Dorman, 2019; Litovsky et al., 2006; van Hoesel, 2004). For example, studies have shown that bilateral HA users demonstrate a 3–5 dB improvement in speech recognition thresholds (SRT) in noisy environments compared to unilateral users (Litovsky et al., 2006). Similarly, both bimodal CI + HA and bilateral CI users exhibited bilateral benefits in their word recognition in quiet (bimodal CI + HA: up to 26%; bilateral CI: up to 20%) and in their AzBio sentence recognition in both quiet (bimodal CI+HA: up to 24%; bilateral CI: up to 15%) and noisy (bimodal CI + HA: up to 52%; bilateral CI: up to 25%) conditions (Gifford and Dorman, 2019). In addition to speech perception ability, localization accuracy—the ability to identify source locations—can also improve with binaural hearing. Bilateral CI users show a 30–50% improvement in angular resolution compared to unilateral CI users (van Hoesel, 2004).

Although many studies have reported binaural benefits, a few studies have reported the phenomenon of binaural interference in speech perception for HI listeners, especially for HA users in speech-in-noise configurations (Allen et al., 2000; Henkin et al., 2007; McArdle et al's., 2012; Walden and Walden, 2005); however, their results of the proportion of binaural interference cases are mixed. The studies by Henkin et al. (2007) and Walden and Walden (2005) reported that 70 to 80% of HA device users exhibited poor speech (word or phoneme) recognition performance while using bilateral amplification compared to unilateral amplification (i.e., binaural interference). On the contrary, only 20 to 30% of binaural interference cases were observed in other studies (McArdle et al's., 2012; Mussoi and Bentler, 2017). It should be noted that the binaural interference in the context of all previous studies refers to the situation wherein performance with two ears is poorer than with the better ear alone, which includes both binaural averaging and binaural interference, as distinguished in the present study. For the bilateral HA users in our study, the proportion of those binaural disadvantage cases was 18% (17% binaural averaging + 1% binaural interference), which is shown to be similar to the findings in the studies by McArdle et al's. (2012) and Mussoi and Bentler (2017).

In the study with CI device users, the proportion of binaural interference wasn't directly measured like in the studies with HA users; however, binaural interference was often represented as negative values of binaural benefit. For example, the study by Gifford and Dorman (2019) reported that binaural benefit for AzBio sentence recognition in quiet (AzBio Quiet) ranged from −18 to 100% for the bimodal CI+HA users and −57 to 100% for the bilateral CI users. The study by (Litovsky et al. 2006) also reported that 10% to 23% of their bilateral CI users have a negative performance with their two CI devices compared to one CI. Here, the negative values mean that AzBio Quiet scores in the use of bilateral devices are worse than those in the better ear alone, which is compatible with the combined proportion of binaural averaging (bimodal CI+HA: 20%; bilateral CI: 20%) and binaural interference (bimodal CI+HA: 8%; bilateral CI: 12%) found in the present study.

While this study provided investigators with evidence that there are advantages and disadvantages for speech recognition performance using bilateral hearing devices, it also raised another question: what factors might account for the binaural disadvantages? Several potential factors include: (1) aging, (2) asymmetric hearing performance, and (3) non-optimized device parameters. First, as observed in the previous studies (Allen et al., 2000; Henkin et al., 2007; Mussoi and Bentler, 2017), the binaural interference phenomenon mostly occurred in the elderly population, and their studies suggested that age-related hearing loss (presbycusis) could cause more experience in binaural disadvantages compared to young listeners. Second, the asymmetric hearing performance could cause differences in loudness growth and dynamic range between ears, which are associated with poor sensitivity to access interaural timing and level cues (Litovsky et al., 2006). The results of Litovsky et al.'s (2006) study showed that bilateral CI users could exhibit both bilateral averaging (6 out of 10) and bilateral interference (4 out of 10) in their study participants (N = 10) who had asymmetrical unilateral CI performances. Additional data analysis was conducted to check if the four distinct patterns found in the current study could be explained by either demographic information (age) or hearing asymmetry (PTA difference between two ears). The results using a one-way ANOVA demonstrated that neither age nor PTA differences are significant factors to explain those binaural speech perception patterns within subject groups (Age: F3,78.9 = 1.62, p = 0.191; PTA difference: F3,71.6 = 0.657, p = 0.581).

The last possibility is that binaural interference could occur with non-optimal device parameters, which causes a mismatch in the timing or processing of auditory information between the two devices. In the clinic, CI mapping procedures typically require more time than HA fittings due to the complexity of electrically stimulated hearing, such as the need for electrode-specific adjustments (e.g., electrode impedance check, threshold/comfort level settings) and the iterative process due to the progressive adaptation required for optimal outcomes. This could be more challenging in bilateral device setup (bimodal CI+HA and bilateral CI) because clinicians should consider more factors such as loudness matching between two ears, increased subjective feedback demands, and interaction between devices. Future studies should include those possibilities to better understand the relationships between parameter optimization and bilateral device performance.

The findings in the present study provide insightful information; however, it is important to acknowledge certain limitations that may have influenced our results and their interpretation. In this study, the patients' medical records were collected over a sixteen-year duration for the retrospective period (between 2008 and 2024). Thus, the binaural speech perception patterns seen in the current study could not equally reflect the development of new technologies applied to the participants' hearing devices. For example, bilaterally synchronized signal processing between two CI devices could improve functional spatial hearing performance and reduce bilateral stimulation artifacts (Dennison et al., 2021). For the bimodal CI+HA users, new clinically available functions to program a mismatch in the processing delay between CI and the contralateral HA could also improve listeners' spatial hearing performance (Richter et al., 2024). Additionally, a recent development of anatomy-based fitting (such as OTOPLAN®, MED-EL, Innsbruck, Austria) could decrease the frequency-to-place mismatch caused by different tonotopic characteristics between two CIs (e.g., different insertion depths), and thereby improve speech perception performance in bilateral CI users (Kurz et al., 2023). It is also noted that the current data set (i.e., audiometric thresholds and speech perception scores) was collected only in the two audiology clinics in Kentucky, USA (University of Louisville Hospital and Heuser Hearing Institute), and the variability of repeated tests was not considered in this study, which could lead to limited generalizability and might not be able to generalize to broader populations. While it may not be possible to completely eliminate the inherent systematic errors of observational retrospective studies, a better understanding of binaural speech perception patterns in bilateral hearing device users could be provided by incorporating a rigorous study design, including accounting for confounding variables and acknowledging the limitations of the data.

In summary, to our knowledge, this is the first study to estimate binaural speech recognition patterns with a large sample size, including adult listeners with HA and/or CI devices. The results from this retrospective observational study have strong clinical implications for the management of cochlear implantation, especially for transitioning from bilateral HA to bimodal CI+HA and from bimodal CI+HA to bilateral CIs. The presence of both binaural averaging and binaural interference patterns implies that listening on two devices is not always better than one. Increased understanding of how those binaural disadvantages affect speech perception for hearing-impaired listeners is clinically essential for the future design of training- and device-based rehabilitative strategies to increase the benefits of binaural processing for speech perception in both quiet and noise. In addition, delving into the intricacies of individual binaural benefits is crucial for refining treatment strategies and tailoring services to the unique needs of each recipient, consequently bolstering speech perception and spatial hearing abilities. Such insights hold promise for addressing suboptimal outcomes, notably in mitigating instances of binaural interference.
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