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Abstract

:

Severe conductive hearing loss due to unilateral aural atresia leads to auditory and developmental disorders, such as difficulty in hearing in challenging situations. Bone conduction devices compensate for the disability but unfortunately have several disadvantages. The aim of this study was to evaluate the benefits of cartilage conduction (CC) hearing aids for speech perception in unilateral aural atresia. Eleven patients with unilateral aural atresia were included. Each participant used a CC hearing aid in the atretic ear. Speech recognition scores in the binaural hearing condition were obtained at low speech levels to evaluate the contribution of aided atretic ears to speech perception. Speech recognition scores were also obtained with and without presentation of noise. These assessments were compared between the unaided and aided atretic ear conditions. Speech recognition scores at low speech levels were significantly improved under the aided atretic ear condition (p < 0.05). A CC hearing aid in the unilateral atretic ear did not significantly improve the speech recognition score in a symmetrical noise presentation condition. The binaural hearing benefits of CC hearing aids in unilateral aural atresia were predominantly considered a diotic summation. Other benefits of binaural hearing remain to be investigated.
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1. Introduction


Unilateral hearing deficit deprives individuals of the benefits of binaural hearing naturally present in individuals with normal hearing and disturbs auditory development [1,2,3,4]. Thus, auditory intervention is required for unilateral hearing disability as well as for binaural disability. Representative benefits of binaural hearing are diotic summation, binaural squelch, and improved sound localization [5].



Air conduction (AC) hearing aids are usually used as an intervention device in most individuals with hearing loss. However, some pathological ear conditions, such as atretic ear, prevent the use of AC hearing aids. Bone conduction (BC) hearing aids are effective in atretic ears and are therefore used instead of AC hearing aids in individuals with aural atresia. Unfortunately, BC hearing aids also have several disadvantages concerning comfort, esthetics, and stability [5,6]. Its alternatives include implantable BC devices [7,8,9,10], which unfortunately require surgical intervention. For most patients with unilateral aural atresia, these options are not desired.



On attaching a transducer on the aural cartilage, the patient is able to perceive loud sounds [11], and this conduction, termed cartilage conduction (CC), has characteristics different from those of conventional AC and BC [12,13,14,15,16]. CC hearing aids are new, innovative hearing devices utilizing CC, which address the issues concerning the fixation of BC hearing aids and require no surgical intervention [17,18,19,20,21]. Thus, they can be an attractive alternative for patients with unilateral aural atresia.



Hearing via CC is not simple, since both direct-AC sound and airborne sound generated by vibrating the cartilaginous portion of the ear canal result in sound perception [22]. CC hearing provides excessive low-frequency boost depending on the ear conditions [23], which can deteriorate speech perception [24]. However, appropriate gain-adjustment can improve it [25], and according to the previous reports on CC hearing aids, patients with aural atresia had good speech recognition in the aided condition [20]. In Japan, CC hearing aids have been clinically used since 2017 and gained popularity among patients with aural atresia [26,27,28]. A nationwide clinical survey revealed excellent outcomes of CC hearing aids in the patients who experienced difficulty with AC hearing aids due to aural atresia, canal stenosis, and chronic continuous otorrhea [29].



In clinical use, patients who tried CC hearing aids reported benefits, such as improved conversation in noisy situations and improved sound localization, and they wished to continue using them [20]. Our previous study revealed improved sound localization with CC hearing aid use in patients with bilateral aural atresia [30]. In contrast, the benefits of CC hearing aid in unilateral aural atresia remain unclear. Unilateral aural atresia causes unilateral severe conductive hearing loss, since the patient is deprived of unilateral AC due to a lack of the ear canal. Amplification in the ear affected by unilateral severe hearing loss with a hearing aid improves binaural hearing, which contributes to improved speech recognition, conversation in noisy situations, and sound localization [31,32]. It remains to be investigated whether these binaural hearing benefits are provided with a CC hearing aid in the unilateral atretic ear. The purpose of this study was to clarify the audiological benefits of CC hearing aids for the unilateral atretic ear. The contributions of CC hearing aid to speech perception by the unilateral atretic ear were investigated.




2. Materials and Methods


All participants were recruited from a previous clinical trial of CC hearing aids [20]. Eleven participants (three females; eight males) with unilateral aural atresia who used CC hearing aids were enrolled in the present study. The median age of the participants was 29 years (range, 7–83 years). The average AC and BC hearing levels at 500, 1000, and 2000 Hz in pure tone audiometry of atretic ears were 68.9 ± 15.9 dB and 17.7 ± 8.7 dB, respectively. The average AC for unaffected ears was 14.7 ± 10.8 dB. The study was approved by the ethics committee of Nara Medical University (No. 09-KEN011). Participants provided written informed consent before being enrolled. If the participant’s age was <20 years, the parents provided consent.



The average threshold at 500, 1000, and 2000 Hz in atretic ears aided with a CC hearing aid was 35.6 ± 9.0 dB. When the thresholds in the atretic ear were measured in the sound field, normal ear was masked with narrow band noise. In some participants, adequate masker level could not be determined using a plateau method due to a large difference between the two ears, and the unaided threshold in the atretic ear (and functional gain) could not be obtained. Judging from the aided threshold and functional gain in bilateral atretic ears in the previous study, the functional gains for the participants were estimated to be 30–40 dB [20]. The duration of CC hearing aid use was 36.8 ± 11.2 months, while nobody had used other hearing devices before the fitting. The CC hearing aids used in this study were equipped with the directional mode and noise suppression functions. However, these functions had not been activated both for daily use and during the measurement in all subjects.



2.1. Measurement of Speech Recognition at Low Speech Levels


The contribution of CC hearing aids in atretic ears to speech recognition was estimated. The normal ears allowed conversation in quiet environments. The contribution of CC hearing aids in quiet situations is difficult to estimate at more than a moderate speech level. Speech recognition scores were obtained at low speech levels under the unaided and aided conditions, and the scores were compared. In Japan, speech audiometry is conducted using 57-S or 67-S word lists including 50- or 20-monosyllable words, respectively. They are authorized by the Japan Audiological Society [33]. In order to evaluate speech recognition in detail, 57-S word lists are preferable as the test material owing to the larger number of the monosyllables. However, a long examination time is required for the repeated measurements using 57-S word lists. To reduce the burden of the examination, speech performance-intensity functions were first measured using 67-S word lists. Speech recognition was measured in 10-dB steps under the unaided condition. The speech level at which the maximum score was obtained in the speech performance-intensity function was defined as the “dB (Max)”. After the dB (Max) was determined using 67-S word lists for each participant, speech recognition tests using the 57-S word lists were conducted under the unaided and aided conditions. The measurements were conducted not only at the dB (Max), but also at 10 dB below the dB (Max), which was defined as the “dB (Max-10).” In this study, dB (Max-10) was employed as a low speech level. The determination procedures of the dB (Max) and dB (Max-10) are described in Figure 1.




2.2. Measurement of Speech Recognition in Noise


The speech recognition scores with and without noise were compared under the unaided and aided conditions. A loudspeaker for speech presentation was located 1 m in front of each participant. Two loudspeakers for noise presentation were individually located at ±45 degrees azimuth at a distance of 1 m according to ISO 8253-3 (2012). The 57-S word lists and speech-weighted noise were employed as the test material and noise, respectively. The power spectrum of the speech-weighted noise was constant from 125 Hz to 1000 Hz, with a roll-off of 12 dB/oct [34]. The presented noise between two loudspeakers was uncorrelated. Speech recognition scores were obtained at a 60-dB hearing level in the unaided and aided binaural hearing conditions, and the measurements were performed with and without noise presentation. The signal-to-noise ratio (SNR) was set at +10 dB. These procedures were performed according to guidelines that are standard in Japan [35].



The above-mentioned assessments were performed in a soundproof room (dimensions, approximately 5.4 m × 5.4 m). The calibration of the loudspeakers was carried out with a sound level meter (NA–20; Rion, Kokubunji, Japan).




2.3. Statistical Analysis


Speech recognition scores at two speech levels were analyzed using two-way analysis of variance (ANOVA), with hearing aid (aided with CC hearing aid or not) and speech levels as within-subject factors. The impact of noise on speech recognition scores were also analyzed using two-way ANOVA, with hearing aid and noise (with and without noise presentation) as within-subject factors. Statistical ANOVA was performed using SPSS ver. 22 (International Business Machines Corporation, Armonk, NY, USA). The Bonferroni method was used as a post-hoc correction of the multiple comparisons test after ANOVA. Significance was set at 0.05.





3. Results


The obtained speech performance-intensity functions determined the dB (Max) of each participant. The average dB (Max) was 35.4 ± 12.1 dB. Figure 2A shows the speech recognition scores at the dB (Max) and dB (Max-10) under the unaided and aided conditions. ANOVA revealed a significant effect for speech level (F(10, 1) = 37.57, p < 0.01), but not for the hearing aid (F(10, 1) = 3.07, p = 0.11). A significant interaction between them was found (F(10, 1) = 7.54, p < 0.05). In the post-hoc tests at the dB (Max-10), the speech recognition score under the aided condition was found to be 54.0 ± 20.0%, which was significantly higher than that under the unaided condition, which was 44.7 ± 19.4% (p < 0.05).



The speech recognition scores decreased under the noise presentation condition (Figure 2B). ANOVA revealed a significant effect for noise (F(10, 1) = 12.20, p < 0.01), but not for the hearing aid (F(10, 1) = 1.56, p = 0.24). No interaction between them was found (F(10, 1) = 0.14, p = 0.72). Speech recognition scores significantly decreased with noise presentation. No differences in the decrease were found between the unaided and aided conditions.




4. Discussion


The benefits of CC hearing aids in unilateral aural atresia were evaluated. We investigated the effects of a CC hearing aid in the atretic ear on speech recognition at low speech levels and in presence of noise. Only the benefit of diotic summation on speech recognition was obtained in this study.



Unilateral aural atresia induces severe conductive hearing loss of the atretic ear, which causes a large difference between the two ears. The amplification gain with CC hearing aids is estimated to be 30–40 dB [20], reducing the left–right difference in hearing. This study tried to evaluate the contribution of CC hearing aids in atretic ears to speech recognition. When the presentation level is high enough for the normal ear alone to accurately understand the speech, the contribution of the atretic ear cannot be detected. Therefore, the speech recognition scores under the unaided and aided conditions were obtained at 2 presentation levels: dB (Max) and dB (Max-10). Although no difference in speech recognition scores was observed at the dB (Max), binaural hearing benefit on speech recognition was observed at the dB (max-10). Low speech level condition revealed the contribution of the aided atretic ear to speech recognition. Diotic summation contributes to improving speech recognition in difficult hearing conditions [36]. The sound condition in daily conversation is poorer than that in the experimental room. CC hearing aids in atretic ears are expected to assist real-life listening by the diotic summation.



Another advantage of binaural hearing is improved hearing in noisy situations. Individuals with binaural hearing can benefit from head shadow effects just by attending to the ear with the better SNR [37]. Furthermore, the auditory system can combine different mixtures of speech and noise arriving at each ear to effectively remove some of the noise [38]. Unfortunately, no binaural hearing benefit was identified in this study. The reduction of speech intelligibility due to noise has been associated with various factors, including localization of noise, SNR, and type of noise [39,40]. Speech-weighted noises were presented from ±45 degrees azimuth according to ISO 8253-3 (2012), which symmetrically disturbed the hearing in both ears. In such a noise presentation condition, binaural squelch did not function well. In previous studies, the speech recognition under noise condition was improved with a bone anchored hearing aid (BAHA) in the atretic side [41,42]. However, those evaluations were conducted with different arrangements of signal and noise presentation. They placed the loudspeakers for noise presentation contralateral to the BAHA side. In this noise presentation condition, binaural squelch provided its benefits. If the current measurements were conducted in similar noise presentation condition as these previous studies, the benefits would be observed.



Limitations of the Study


Most patients with unilateral aural atresia who have tried CC hearing aids in atretic ears wished to continuously use the aids, as they subjectively perceived the benefits of binaural hearing after daily use [20]. This study evaluated the benefits of binaural hearing in terms of speech recognition and speech recognition under noise presentation. However, significant improvement was objectively observed only for speech recognition at low speech levels. The other factors such as age and laterality probably influence the benefits of binaural hearing. The sample size of this study was too small to determine the impact of these factors. In terms of the experimental condition, the arrangement of loudspeakers and the type of noise present have to be reconsidered. Further study is required to elucidate the benefits of CC hearing aids in a unilateral atretic ear.





5. Conclusions


The benefits of binaural hearing with CC hearing aids in unilateral aural atresia were evaluated. By decreasing the left–right difference in hearing, speech recognition scores improved at low speech levels. No improvements in speech recognition in noise were found. The binaural hearing benefits of CC hearing aids in unilateral aural atresia were predominantly considered to be a diotic summation.







Author Contributions


Conceptualization, S.A., T.N., O.S., and C.M.; statistical analysis, T.N. and R.S.; investigation, S.A., and T.N.; data curation, T.N., and O.S.; writing—original draft preparation, S.A., and T.N.; writing—review and editing, H.H.; Approval of the manuscript: H.H., and T.K.; funding acquisition, C.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by JSPS KAKENHI Grant Number 17K11339 and 19K09874, and also supported by the Japan Agency for Medical Research and Development (AMED), grant number 15he1302011g0003.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the ethics committee of Nara Medical University (No. 09-KEN011).




Informed Consent Statement


Participants provided written informed consent before being enrolled. If the participant’s age was <20 years, the parents provided consent.




Data Availability Statement


Not applicable.




Conflicts of Interest


Cartilage conduction hearing aids were manufactured and supplied by Rion Co., Ltd., Kokubunji, Tokyo, Japan for a previous clinical study [20].




References


	



Huttunen, K.; Erixon, E.; Löfkvist, U.; Mäki-Torkko, E. The impact of permanent early-onset unilateral hearing impairment in children—A systematic review. Int. J. Pediatr. Otorhinolaryngol. 2019, 120, 173–183. [Google Scholar] [CrossRef] [PubMed]

	



Bagatto, M.; DesGeorges, J.; King, A.; Kitterick, P.; Laurnagaray, D.; Lewis, D.; Roush, P.; Sladen, D.P.; Tharpe, A.M. Consensus practice parameter: Audiological assessment and management of unilateral hearing loss in children. Int. J. Audiol. 2019, 58, 805–815. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, K.; Kral, A. Animal and human studies on developmental monaural hearing loss. Hear. Res. 2019, 380, 60–74. [Google Scholar] [CrossRef]

	



Yang, F.; Zheng, Y.; Li, G. Early prelingual auditory development of infants and toddlers with unilateral hearing loss. Otol. Neurotol. 2020, 41, 650–654. [Google Scholar] [CrossRef]

	



Dillon, H. Hearing Aids; Thieme: Stuttgart, Germany, 2001. [Google Scholar]

	



Lo, J.F.; Tsang, W.S.; Yu, J.Y.; Ho, O.Y.; Ku, P.K.; Tong, M.C. Contemporary hearing rehabilitation options in patients with aural atresia. BioMed Res. Int. 2014, 2014, 761579. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, R.; Hidaka, H.; Murata, T.; Miyazaki, H.; Katori, Y.; Kobayashi, T. Vibrant Soundbridge implantation via a retrofacial approach in a patient with congenital aural atresia. Auris Nasus Larynx 2019, 46, 204–209. [Google Scholar] [CrossRef]

	



Håkansson, B.; Reinfeldt, S.; Persson, A.C.; Jansson, K.F.; Rigato, C.; Hultcrantz, M.; Eeg-Olofsson, M. The bone conduction implant—A review and 1-year follow-up. Int. J. Audiol. 2019, 58, 945–955. [Google Scholar] [CrossRef]

	



Oh, S.J.; Goh, E.K.; Choi, S.W.; Lee, S.; Lee, H.M.; Lee, I.W.; Kong, S.K. Audiologic, surgical and subjective outcomes of active transcutaneous bone conduction implant system (Bonebridge). Int. J. Audiol. 2019, 58, 956–963. [Google Scholar] [CrossRef] [PubMed]

	



Curca, I.A.; Parsa, V.; Macpherson, E.A.; Scollie, S.; Vansevenant, K.; Zimmerman, K.; Lewis-Teeter, J.; Allen, P.; Parnes, L.; Agrawal, S. Audiological outcome measures with the BONEBRIDGE transcutaneous bone conduction hearing implant: Impact of noise, reverberation and signal processing features. Int. J. Audiol. 2020, 59, 556–565. [Google Scholar] [CrossRef]

	



Shimokura, R.; Hosoi, H.; Nishimura, T.; Yamanaka, T.; Levitt, H. Cartilage conduction hearing. J. Acoust. Soc. Am. 2014, 135, 1959–1966. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Miyamae, R.; Shimokura, R.; Matsui, T.; Yamanaka, T.; Levitt, H. Is cartilage conduction classified into air or bone conduction? Laryngoscope 2014, 124, 1214–1219. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Miyamae, R.; Shimokura, R.; Yamanaka, T.; Kitahara, T.; Levitt, H. Cartilage conduction is characterized by vibrations of the cartilaginous portion of the ear canal. PLoS ONE 2015, 10, e0120135. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Miyamae, R.; Shimokura, R.; Matsui, T.; Yamanaka, T.; Kitahara, T.; Levitt, H. Cartilage conduction efficiently generates airborne sound in the ear canal. Auris Nasus Larynx 2015, 42, 15–19. [Google Scholar] [CrossRef]

	



Hosoi, H.; Nishimura, T.; Shimokura, R.; Kitahara, T. Cartilage conduction as the third pathway for sound transmission. Auris Nasus Larynx 2019, 46, 151–159. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Akasaka, S.; Shimokura, R.; Yamanaka, T.; Kitahara, T. Effect of fixation place on airborne sound in cartilage conduction. J. Acoust. Soc. Am. 2020, 148, 469. [Google Scholar] [CrossRef] [PubMed]

	



Hosoi, H.; Yanai, S.; Nishimura, T.; Sakaguchi, T.; Iwakura, T.; Yoshino, K. Development of cartilage conduction hearing aid. Arch. Mat. Sci. Eng. 2010, 42, 104–110. [Google Scholar]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Miyamae, R.; Shimokura, R.; Matsui, T.; Iwakura, T. Benefit of a new hearing device utilizing cartilage conduction. Auris Nasus Larynx 2013, 40, 440–446. [Google Scholar] [CrossRef]

	



Shimokura, R.; Hosoi, H.; Iwakura, T.; Nishimura, T.; Matsui, T. Development of monaural and binaural behind-the-ear cartilage conduction hearing aids. Appl. Acoust. 2013, 74, 1234–1240. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Shimokura, R.; Yamanaka, T.; Kitahara, T. Cartilage Conduction Hearing Aids for Severe Conduction Hearing Loss. Otol. Neurotol. 2018, 39, 65–72. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, T.; Hosoi, H.; Shimokura, R.; Morimoto, C.; Kitahara, T. Cartilage Conduction Hearing and Its Clinical Application. Audiol. Res. 2021, 11, 23. [Google Scholar] [CrossRef]

	



Shimokura, R.; Hosoi, H.; Nishimura, T.; Iwakura, T.; Yamanaka, T. Simulating cartilage conduction sound to estimate the sound pressure level in the external auditory canal. J. Sound Vib. 2015, 20, 261–268. [Google Scholar] [CrossRef]

	



Morimoto, C.; Nishimura, T.; Hosoi, H.; Saito, O.; Fukuda, F.; Shimokura, R.; Yamanaka, T. Sound transmission by cartilage conduction in ear with fibrotic aural atresia. J. Rehabil Res. Dev. 2014, 51, 325–332. [Google Scholar] [CrossRef]

	



Miyamae, R.; Nishimura, T.; Hosoi, H.; Saito, O.; Shimokura, R.; Yamanaka, T.; Kitahara, T. Perception of speech in cartilage conduction. Auris Nasus Larynx 2017, 44, 26–32. [Google Scholar] [CrossRef]

	



Nishimura, T.; Miyamae, R.; Hosoi, H.; Saito, O.; Shimokura, R.; Yamanaka, T.; Kitahara, T. Frequency characteristics and speech recognition in cartilage conduction. Auris Nasus Larynx 2019, 46, 709–715. [Google Scholar] [CrossRef] [PubMed]

	



Sakamoto, Y.; Shimada, A.; Nakano, S.; Kondo, E.; Takeyama, T.; Fukuda, J.; Udaka, J.; Okamoto, H.; Takeda, N. Effects of FM system fitted into the normal hearing ear or cartilage conduction hearing aid fitted into the affected ear on speech-in-noise recognition in Japanese children with unilateral congenital aural atresia. J. Med. Investig. 2020, 67, 131–138. [Google Scholar] [CrossRef]

	



Nishiyama, T.; Oishi, N.; Ogawa, K. Who are good adult candidates for cartilage conduction hearing aids? Eur. Arch. Otorhinolaryngol. 2020, in press. [Google Scholar] [CrossRef]

	



Nishiyama, T.; Oishi, N.; Ogawa, K. Efficacy of cartilage conduction hearing aids in children. Int. J. Pediatr. Otorhinolaryngol. 2021, 142, 110628. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Sugiuchi, T.; Matsumoto, N.; Nishiyama, T.; Takano, K.; Sugimoto, S.; Yazama, H.; Sato, T.; Komori, M. Cartilage conduction hearing aid fitting in clinical practice. J. Am. Acad. Audiol. 2021, in press. [Google Scholar] [CrossRef]

	



Nishimura, T.; Hosoi, H.; Saito, O.; Shimokura, R.; Yamanaka, T.; Kitahara, T. Sound localisation ability using cartilage conduction hearing aids in bilateral aural atresia. Int. J. Audiol. 2020, 59, 891–896. [Google Scholar] [CrossRef] [PubMed]

	



Johnstone, P.M.; Nábĕlek, A.K.; Robertson, V.S. Sound localization acuity in children with unilateral hearing loss who wear a hearing aid in the impaired ear. J. Am. Acad. Audiol. 2010, 21, 522–534. [Google Scholar] [CrossRef] [PubMed]

	



Bishop, C.E.; Hamadain, E.; Galster, J.A.; Johnson, M.F.; Spankovich, C.; Windmill, I. Outcomes of Hearing Aid Use by Individuals with Unilateral Sensorineural Hearing Loss (USNHL). J. Am. Acad. Audiol. 2017, 28, 941–949. [Google Scholar] [CrossRef]

	



Japan Audiological Society. Methods of speech audiometry. Audiol. Japan. 2003, 46, 621–637. [Google Scholar] [CrossRef]

	



Nishimura, T.; Okayasu, T.; Saito, O.; Shimokura, R.; Yamashita, A.; Yamanaka, T.; Hosoi, H.; Kitahara, T. An examination of the effects of broadband air-conduction masker on the speech intelligibility of speech-modulated bone-conduction ultrasound. Hear. Res. 2014, 317, 41–49. [Google Scholar] [CrossRef]

	



Kodera, K.; Hosoi, H.; Okamoto, M.; Manabe, T.; Kanda, Y.; Shiraishi, K.; Sugiuchi, T.; Suzuki, K.; Tauchi, H.; Nishimura, T.; et al. Guidelines for the evaluation of hearing aid fitting (2010). Auris Nasus Larynx 2016, 43, 217–228. [Google Scholar] [CrossRef]

	



Davis, A.; Haggard, M.; Bell, I. Magnitude of diotic summation in speech-in-noise tasks: Performance region and appropriate baseline. Br. J. Audiol. 1990, 24, 11–16. [Google Scholar] [CrossRef]

	



Schoenmaker, E.; Sutojo, S.; van de Par, S. Better-ear rating based on glimpsing. J. Acoust. Soc. Am. 2017, 142, 1466. [Google Scholar] [CrossRef]

	



Hilly, O.; Sokolov, M.; Finkel, R.B.; Zavdy, O.; Shemesh, R.; Attias, J. Hearing in noise with unilateral versus bilateral bone conduction hearing aids in adults with pseudo-conductive hearing loss. Otol. Neurotol. 2020, 41, 379–385. [Google Scholar] [CrossRef] [PubMed]

	



Weisser, A.; Buchholz, J.M. Conversational speech levels and signal-to-noise ratios in realistic acoustic conditions. J. Acoust. Soc. Am. 2019, 145, 349. [Google Scholar] [CrossRef]

	



Wagner, L.; Geiling, L.; Hauth, C.; Hocke, T.; Plontke, S.; Rahne, T. Improved binaural speech reception thresholds through small symmetrical separation of speech and noise. PLoS ONE 2020, 15, e0236469. [Google Scholar] [CrossRef]

	



Hol, M.K.; Snik, A.F.; Mylanus, E.A.; Cremers, C.W. Does the bone-anchored hearing aid have a complementary effect on audiological and subjective outcomes in patients with unilateral conductive hearing loss? Audiol. Neurootol. 2005, 10, 159–168. [Google Scholar] [CrossRef]

	



Kunst, S.J.; Leijendeckers, J.M.; Mylanus, E.A.; Hol, M.K.; Snik, A.F.; Cremers, C.W. Bone-anchored hearing aid system application for unilateral congenital conductive hearing impairment: Audiometric results. Otol. Neurotol. 2008, 29, 2–7. [Google Scholar] [CrossRef] [PubMed]








[image: Audiolres 11 00026 g001 550] 





Figure 1. Determination of the dB (Max) and dB (Max-10). Speech performance-intensity function under the unaided binaural hearing condition was measured using 20-monosyllable word lists in 10-dB steps. The minimum speech level at which the maximum speech recognition score was obtained was termed the “dB (Max)” (X2 in the figure); the “dB (Max-10)” was determined by subtracting 10 dB from the dB (Max) (X1 in the figure). 
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Figure 2. Speech recognition scores at two speech levels (A) and with/without noise presentation (B). Speech recognition scores were measured using 50-monosyllable word lists in unaided and aided binaural hearing conditions. Vertical bars indicate standard deviations. 
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