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Voice-gender differences and spatial separation are important cues for auditory object segregation. The goal of this study was to investigate the relationship of voice-gender difference benefit to the breadth of binaural pitch fusion, the perceptual integration of dichotic stimuli that evoke different pitches across ears, and the relationship of spatial separation benefit to localization acuity, the ability to identify the direction of a sound source. Twelve bilateral hearing aid (HA) users (age from 30 to 75 years) and eleven normal hearing (NH) listeners (age from 36 to 67 years) were tested in the following three experiments. First, speech-on-speech masking performance was measured as the threshold target-to-masker ratio (TMR) needed to understand a target talker in the presence of either same- or different-gender masker talkers. These target-masker gender combinations were tested with two spatial configurations (maskers co-located or 60° symmetrically spatially separated from the target) in both monaural and binaural listening conditions. Second, binaural pitch fusion range measurements were conducted using harmonic tone complexes around a 200-Hz fundamental frequency. Third, absolute localization acuity was measured using broadband (125–8000 Hz) noise and one-third octave noise bands centered at 500 and 3000 Hz. Voice-gender differences between target and maskers improved TMR thresholds for both listener groups in the binaural condition as well as both monaural (left ear and right ear) conditions, with greater benefit in co-located than spatially separated conditions. Voice-gender difference benefit was correlated with the breadth of binaural pitch fusion in the binaural condition, but not the monaural conditions, ruling out a role of monaural abilities in the relationship between binaural fusion and voice-gender difference benefits. Spatial separation benefit was not significantly correlated with absolute localization acuity. In addition, greater spatial separation benefit was observed in NH listeners than in bilateral HA users, indicating a decreased ability of HA users to benefit from spatial release from masking (SRM). These findings suggest that sharp binaural pitch fusion may be important for maximal speech perception in multi-talker environments for both NH listeners and bilateral HA users.
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Introduction

Multi-talker listening environments occur when multiple talkers with various voice characteristics and spatial locations interact with each other. Those multi-talker listening situations present a challenging auditory environment which can make the task of target speech perception remarkably difficult for listeners due to masking effects created by the abundance of interfering background talkers (maskers). This situation is often referred to as the “cocktail party” phenomenon (Cherry, 1953).

Many previous studies have reported that there are two major acoustic cues that can improve speech segregation performance of a target message in listening environments like the “cocktail party” (Brungart, 2001; Albogast et al., 2002; Darwin et al., 2003; Ericson et al., 2004; Allen et al., 2008; Brungart et al., 2009; Best et al., 2011; Litovsky, 2012; Gallun et al., 2013; Srinivasan et al., 2016; Gaudrain and Başkent, 2018; Oh et al., 2021). One of these acoustic cues is vocal-characteristic differences between target and maskers that are a result of differences in talker gender (e.g., fundamental frequency differences, vocal-tract length differences, etc.) and the other is spatial separation between target and maskers (e.g., co-located vs. spatially separated talkers). Here, the improvement they can provide for speech segregation is referred to as “release from masking.” Specifically, the release from masking by the cues from vocal-characteristic differences is termed “voice-gender release from masking” (VGRM), and the masking release by spatial separation cues is termed “spatial release from masking” (SRM). It should be noted that the term VGRM was originally proposed in the study by Oh and Reiss, 2017a,b and used in their other studies (Oh et al., 2021, 2022). Here, “gender” denotes the classical categorization of a talker’s voice with their assigned sex at birth. Different terms have been used in previous speech-on-speech masking studies (e.g., “sex-mismatch benefits” Richter et al., 2021).

Previous studies have explored VGRM in isolation and have found that differences in voice characteristics between talkers of different genders lead to greater masking release than the differences in voice characteristics between talkers of the same gender for normal hearing (NH) listeners (Brungart, 2001; Ericson et al., 2004; Brungart et al., 2009). Studies have also explored SRM in isolation and have established that NH listeners benefit significantly from spatial separation cues between the target and competing maskers, beginning at separations as small as 2°, and that SRM benefit generally improves with increasing degrees of separation (Allen et al., 2008; Best et al., 2011; Litovsky, 2012; Gallun et al., 2013; Srinivasan et al., 2016; Yost, 2017).

While these findings are important, few studies have explored the interaction between these two cues together and their influences on SRM and VGRM. One recent study by Oh et al. (2021) found that there is an unequal perceptual weighting between the VGRM and SRM that NH listeners achieve across a spatial field. That is, at smaller spatial separations (up to 15–30°) between target and maskers, VGRM is more dominant than SRM, and at larger separations, (greater than 30 up to 60°) the perceptual weighting is reversed and SRM is more dominant than VGRM. Additionally, there was a clear point of intersection between this reversal of VGRM and SRM dominance where the magnitude of masking release for SRM and VGRM was equal.

In hearing-impaired (HI) listeners, bilateral device use including hearing aid (HA) and/or cochlear implant (CI) can be a major factor for binaural listening advantages in both voice-gender difference and spatial separation cues (Litovsky et al., 2006; Marrone et al., 2008; Visram et al., 2012; Bernstein et al., 2016). However, benefits from bilateral devices are highly variable, and often provide little speech perception benefit or even interfere with speech perception, compared to monaural device use (Litovsky et al., 2006; Ching et al., 2007; Reiss et al., 2016; Reiss and Molis, 2021). Reduced benefits of voice-gender differences in HI listeners could be attributed to poorer monaural frequency resolution for representation of pitch or even vocal tract length cues for voice pitch discrimination. Alternatively, recent findings suggest that reduced benefits from voice-gender difference could be explained by an increased likelihood to integrate dichotic stimuli that evoke different pitches between two ears into a single fused sound, which is termed binaural pitch fusion (Reiss and Molis, 2021; Oh et al., 2022). Generally, binaural pitch fusion is narrow in NH listeners because the two ears provide essentially matched spectral information for a given signal. In contrast, HI listeners can exhibit abnormally broad binaural pitch fusion, i.e., can fuse stimuli with pitches differing by up to 3–4 octaves across ears into a single percept (Reiss et al., 2014, 2017, 2018a,b; Oh and Reiss, 2017b, 2020). Thus, broad binaural pitch fusion appears to be detrimental, and could negatively impact the ability to segregate out multiple voices of different pitches in complex environments. In the current study, as the first goal, we investigated whether variability in binaural pitch fusion may explain some of the variability in voice-gender difference benefits in a common speech-on-speech masking task similar to those used in the previous studies.

Similarly, reduced benefits of spatial separation have previously been attributed to aging, hearing loss, poor sound source localization abilities, and a combination of those factors (Gallun et al., 2005, 2013; Best et al., 2011; Gifford et al., 2014; Füllgrabe et al., 2015; Srinivasan et al., 2016, 2021; Swaminathan et al., 2016; Ellinger et al., 2017; Baltzell et al., 2020). Their studies found aging and hearing loss could contribute to the reduction in SRM interdependently or independently (Gallun et al., 2013; Srinivasan et al., 2016). In addition, reduced temporal and spectral processing caused by either aging or hearing loss could reduce the ability to use spatial cues to segregate different auditory streams (Best et al., 2011; Füllgrabe et al., 2015; Srinivasan et al., 2016). There has also been some evidence showing that absolute sound localization ability from the processing of interaural time differences (ITDs) and interaural level differences (ILDs) could contribute to SRM (Gallun et al., 2005; Gifford et al., 2014; Srinivasan et al., 2016; Swaminathan et al., 2016; Ellinger et al., 2017; Baltzell et al., 2020). Most of their studies argued that the limited access to those localization cues could be explained by the interaction between aging and hearing loss. In the current study, as the second goal, we investigated whether variability in listener’s absolute sound localization ability may explain some of the variability in SRM in speech-on-speech masking.

The overall goal of this study was to measure two different types of masking releases due to (1) the voice-gender differences between talkers (i.e., VGRM); and (2) the spatial separation between talkers (i.e., SRM), and investigate how these differ in bilateral HA users from age-matched NH listeners. Further, measurements of binaural pitch fusion and absolute localization acuity were conducted on the same subject groups that participated in the speech-on-speech masking experiment. We explored whether variability in pitch fusion and localization acuity could explain the variability in VGRM and SRM, respectively. In order to check that these correlations are truly due to binaural processing, speech-on-speech masking experiments were repeated in two monaural (left ear and right ear) listening conditions, and their results were compared with those in the bilateral listening conditions. Our primary hypothesis was that broad binaural pitch fusion would be associated with reduced benefit from the voice-gender difference cue, and conversely that narrow binaural pitch fusion would be associated with a greater advantage in the use of this cue. In other words, the benefit from the voice gender difference cue (VGRM) would be negatively correlated with the binaural pitch fusion ranges. We also hypothesized a negative correlation between sound localization acuity and masking release by spatial separation (SRM). That is, poor localization acuity would be associated with reduced SRM, and conversely that acute localization acuity would be associated with a greater advantage in SRM. Finally, we expected that no correlations would be observed with the monaural listening conditions.



Materials and methods


Participants

All measurements were conducted according to the guidelines for the protection of human subjects as set forth by the Institutional Review Boards (IRBs) of both Oregon Health and Sciences University and the Portland VA Medical Center, and the methods employed were approved by these IRBs. Twenty-three adult subjects, consisting of eleven NH listeners ranging in age from 36 to 67 years (mean and standard deviation (std) = 50.0 ± 9.9 years; 7 females), twelve bilateral HA users ranging in age from 30 to 75 years (mean and std = 53.8 ± 16.7 years; 10 females; Table 1), participated in this study. A Kruskal–Wallis H-test showed that there were no significant age differences between these two listener groups [H(1) = 1.817, p = 0.611]. All subjects were native English speakers and screened for normal cognitive function using the 10-min Mini Mental Status Examination (MMSE) with a minimum score of 27 out of 30 required to qualify (Folstein et al., 1975; Souza et al., 2007), ruling out cognitive impairment that would potentially influence performance.


TABLE 1    Demographic information for hearing-aid (HA) users: age, sex, etiology of hearing loss, and reference ear.
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Normal hearing was defined as air conduction thresholds ≤25 dB hearing level (HL) from 125 to 4000 Hz. Mean pure-tone averages at octave interval frequencies between 125 and 4000 Hz for NH subjects were 12.6 ± 2.2 dB HL for the left ear and 11.5 ± 1.4 dB HL for the right ear. Bilateral HA users had moderate to severe hearing losses in both ears and relatively symmetric losses between ears, with the exception of subject H1. Mean pure-tone averages were 56.5 ± 10.8 and 57.7 ± 10.5 dB HL for left and right ears, respectively. Figure 1 shows group-averaged audiograms for NH subjects (thick solid lines) and individual audiograms for bilateral HA subjects (lines with open symbols) for left and right ears.
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FIGURE 1
Unaided audiograms for the NH and bilateral HA subjects in this study. Solid thin lines show individual thresholds for bilateral HA users. Solid thick lines and shaded areas represent averaged thresholds and standard deviations for NH subjects.


All bilateral HA users were required to have at least 1 year of experience with bilateral HA use and have monaural word intelligibility scores of 65% or higher on the Consonant Nucleus Consonant (CNC) word test with both devices. For the speech-on-speech masking experiment and the sound localization acuity experiment, all HA users used lab loaner HA devices (Phonak Ambra). All extra processing features for hearing devices were disabled, including adaptive/automatic gain control, frequency lowering, directional microphones, and noise reduction. HAs were verified to meet NAL-NL2 (National Acoustics Laboratories-Non-Linear2, Australia) targets (speech stimuli at 50, 65, and 75 dB SPL) using real-ear measurements in order to provide suitable amplification for a subject’s hearing loss, and all subjects met the target criteria. In both subject groups, tympanometry was also conducted to verify normal middle ear function. Additional details of etiology of hearing loss of the HA users are shown in Table 1. All subjects were paid an hourly wage and completed all experiments in between four to seven sessions of 2–3 h each. No prior experience with psychophysical research was required for participation; however, practice tutorials (20–30 min) were provided to all subjects in order to assure familiarity with the procedures.



Stimuli and procedures

Three main experiments were conducted in this study: speech recognition threshold measurement in competing speech, binaural pitch fusion range measurement, and localization acuity measurement. The measurements of both speech recognition threshold and localization acuity were conducted in the anechoic chamber located at the National Center for Rehabilitative Auditory Research (NCRAR). The measurement of binaural pitch fusion range was conducted in a double–walled, sound attenuated booth at the Oregon Hearing Research Center (OHRC). All statistical analyses were conducted in SPSS (version 25, IBM).


Speech-on-speech masking measurement

All speech stimuli were digitally processed in MATLAB to have a sampling rate of 44.1 kHz. Stimuli were presented through a bank of three eight-channel amplifiers (Ashlys/ne4250) and 24 frequency-equalized loudspeakers calibrated by a Brüel and Kjaer sound level meter. The loudspeakers were arranged in a circle in the horizontal plane with 15° increments surrounding the listener and equidistant at 2 m from the listener’s head.

All speech stimuli were drawn from the Coordinate Response Measure (CRM; Bolia et al., 2000) speech corpus, which consists of sentences in the form “Ready [call sign] go to [color] [number] now.” In this study, speech stimuli were presented with a 20% slower speaking rate than the original CRM corpus stimuli because some HA users had difficulties in understanding target-only stimuli at the original speaking rate. A custom MATLAB implementation of a modified pitch synchronous overlap add (PSOLA) technique (Moulines and Laroche, 1995) was used to time-stretch CRM sentences by 20%. There are eight possible call signs (Arrow, Baron, Charlie, Eagle, Hopper, Laker, Ringo, and Tiger), and 12 keywords: four colors (red, green, white, and blue) and the numbers (1–8). All possible combinations of the call signs, colors, and numbers were spoken by four male (F0 = 100 ± 7 Hz) and four female talkers (F0 = 204 ± 12 Hz). Note that fundamental frequency (F0), which represents the voice pitch, was estimated using the cepstrum algorithm in MATLAB where the output is the Fourier transform of the log of the magnitude spectrum of the input waveform (Flanagan, 1965). F0 for each talker was averaged across all of that talker’s CRM speech stimuli.

Each subject was presented with three simultaneous sentences from the CRM corpus (1 target and 2 simultaneous maskers). Subjects identified keywords associated with one target sentence while attempting to ignore two masker sentences. Target speech stimuli were presented from directly in front of the listener with a fixed sound presentation level of 60 dB SPL. Masker speech stimuli were presented in one of two spatial configurations: co-located (target at 0°, maskers at 0°) or 60° symmetrical separations (target at 0°, maskers at ± 60°). Only symmetrical target-masker separation conditions were considered in order to minimize availability of the better ear cue (monaural head shadow effect; Shaw, 1974; Kidd et al., 1998) and maximize reliance on spatial cues or voice-gender cues for source segregation.

These two spatial conditions were tested with four different gender combinations of target and maskers: MM (male target, male maskers), MF (male target, female maskers), FF (female target, female maskers), and FM (female target, male maskers), for a total of 2 × 4 = 8 conditions. In each trial, the subject was instructed to face the front speaker and attend to the target sentence, always identified here by the call sign “Charlie,” and indicate the target color and number keywords from the 32 possible color/number combinations. The masker sentences had exactly the same form as the target but a different call sign, color, and number, randomly selected on each trial. The one target and two masker sentences were randomized from eight talkers (four males and four females) for each target-masker gender combination at each trial, and they were temporally aligned at the beginning and were roughly the same total duration.

Responses were obtained using a touch screen monitor located on a stand within arm’s reach of the listener seated in the middle of the anechoic chamber. The monitor was directly in front of the listener but below the plane of the loudspeakers. Subjects were asked to look straight ahead and to hold their heads stead during a stimulus presentation. Feedback was given after each presentation in the form of “Correct” or “Incorrect.” Approximately one second of silence followed the response being registered, prior to the next stimulus presentation.

The masker sound presentation level was adaptively varied at each trial to find the target-to-masker ratio (TMR), or the masker level yielding 50% correct recognition of both target color and number (i.e., 1/32 chance), using a one-up/one-down procedure (Levitt, 1971). The initial level for the masker sentence was set at 30 dB SPL and increased in level by 5 dB for each correct response until an incorrect response occurred, then decreased in level for each incorrect response until a correct response, and so on. This was repeated until three reversals in direction were obtained, at which point the step size was changed to 1 dB and six more reversals were measured. The TMR was estimated as the average of the last six reversals. Note that TMR indicates the difference in level between the target and each masker in the symmetrical target-masker separation conditions, while signal-to-noise ratio (SNR) refers to difference between the target and the combined masker level. For example, if the target level is 60 dB SPL and each masker is also 60 dB SPL, the TMR would be 0 dB, and the overall SNR would be approximately −3 dB. All subjects were tested in binaural listening conditions and in both monaural listening conditions with the non-test ear plugged and muffed. Thresholds were averaged over three separate runs for each condition.



Binaural pitch fusion measurement

All stimuli were digitally generated at a sampling rate of 44.1 kHz with MATLAB, delivered using an ESI Juli sound card, TDT PA5 digital attenuator and HB7 headphone buffer, and presented over Sennheiser HD-25 headphones. Headphone frequency responses were equalized using calibration measurements obtained with a Brüel and Kjaer sound level meter with a 1-inch microphone in an artificial ear.

Prior to the binaural fusion range measurements, loudness balancing was conducted sequentially across frequencies and across ears using a method of adjustment. For both listener groups, 300-ms tones at 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1, 1.25, 1.5, 2, 3, and 4 kHz in the reference ear were initialized to “medium loud and comfortable” levels corresponding to a 6 or “most comfortable” on a visual loudness scale from 0 (no sound) to 10 (too loud). Loudness for the comparison ear was then adjusted for each frequency to be equally loud to a tone in the reference ear during sequential presentation across the ears, based on subject feedback. Here, all loudness balancing adjustments were repeated with a fine attenuation resolution (0.1 dB steps for bilateral HA and 0.5 dB steps for NH listeners) until equal loudness was achieved with all comparison sequences within and across ears, with a reference to a 500-Hz tone in the reference ear. The averaged comfortable sound levels were 65 ± 4/65 ± 4.1 dB sound pressure level, SPL (left/right ear) for NH listeners and 90 ± 1.4/91 ± 1.7 dB SPL (left/right ear) for bilateral HA users. The frequencies and order of presentation were randomized to minimize the effect of biases such as time-order error and underestimation or overestimation of the loudness (Florentine et al., 2011). This loudness balancing procedure was performed to minimize use of level-difference cues and maximize focus on pitch differences as the decision criteria. Using the same program, each ear was then checked for poor within-ear pitch ranking ability by asking subjects to rank which tone was higher in pitch for all frequency combinations.

Binaural pitch fusion range measurements were then performed to measure the fusion ranges over which dichotic pitches were fused with dichotic 1500-ms harmonic tone complexes. The method of constant stimuli procedure was used: the reference stimulus was fixed in the designated “reference ear,” and the contralateral, comparison stimulus was varied across trials. For NH listeners, the reference ear was randomized. For bilateral HA users, if one ear had poor within-ear frequency discrimination as assessed during the loudness balancing procedure, that ear was assigned to be the reference ear so that the resolution of comparison stimulus testing would be maximized using the contralateral better ear, instead of limited by the worse ear. The reference fundamental frequency (F0ref) was fixed at 200 Hz, and the comparison stimuli consisted of other harmonic complexes with fundamental frequencies (F0comp) sampled around the reference with 1/64 to 1/16 octave steps and varied pseudo-randomly across trials. The number of harmonic components was fixed at four.

At each trial, subjects were asked to indicate whether they heard a single fused sound or two different sounds through a touch screen monitor. If a single sound was heard, subjects were instructed to indicate whether they heard that sound as a single fused sound (“Same”). If two different sounds were heard, subjects were instructed to indicate which ear had the higher pitch (“Left higher” or “Right higher”) as a check of whether two sounds were really heard. A “Repeat” button was also provided to allow subjects to listen to the stimuli again. No feedback was given during the run. Binaural pitch fusion ranges were averaged over three separate runs.



Localization acuity measurement

Three Gaussian noise-band stimuli with 500-ms duration were generated with sixth-order Butterworth filter and processed in MATLAB to have a sampling rate of 44.1 kHz. The broadband stimulus was band-pass noise filtered between 125 and 8000 Hz, and two narrowband stimuli were band-pass noises centered at 500 and 3000 Hz with 1/3-octave-wide bands. All stimuli were presented through the same 24-loudspeaker array system and equipment configuration as used in the speech-on-speech masking experiment.

Prior to the localization acuity measurements, threshold estimates of “quiet detection threshold” were performed to ensure the audibility of each noise stimulus. A one-up/two-down adaptive procedure tracking the 70.7% correct point (Levitt, 1971) was used with a four-interval (two-cue, two-alternative). On each trial, the target sound was assigned to the second or third interval with equal probability, and no signal was presented in the first and the fourth intervals. The initial level was set at 50 dB SPL and decreased in level for two consecutive correct responses until an incorrect response occurred, then increased in level for each incorrect response until a correct response, and so on. This was repeated until three reversals in direction were obtained, at which point the step size was decreased by half for each reversal. The average of the last six reversals with a 1-dB step size was used to estimate thresholds. The averaged quiet threshold levels were 21 ± 3.2/24 ± 5.1/25 ± 5.3 dB SPL (broadband/500-Hz band-pass noise/3000-Hz band-pass noise) for NH listeners and 32 ± 9.4/40 ± 8.7/43 ± 7.2 dB SPL (broadband/500-Hz band-pass noise/3000-Hz band-pass noise) for bilateral HA users.

Localization acuity measurements were then performed with the method of constant stimuli procedure for each stimulus condition: three presentations of the 24 speakers in random order (i.e., 72 trials for each stimulus condition). The stimulus level was fixed at 30 dB sensational level (SL). Subjects were asked to look straight ahead and to hold their heads steady during a stimulus presentation and asked to identify the location of the sound through the touchscreen (a circle with a radius of 5 cm without a visual representation of all speakers) after stimulus presentation. No feedback was given during the run. Localization acuity was averaged over three separate runs for each stimulus condition.





Results


Effects of voice-gender differences and spatial separation on speech recognition thresholds in noise

Figures 2, 3 show the results of the speech-on-speech masking experiment for NH and HA user groups, respectively. Note that the TMR thresholds of the two same-gender conditions (MM and FF) were similar at each spatial configuration in both groups, as were those of the two different-gender conditions (MF and FM), and these TMR threshold similarities between talker-masker gender combinations were also reported in the previous studies (Gallun et al., 2013; Oh et al., 2021) that used the same experimental setup as the current study. Thus, the TMR thresholds averaged in the same-gender vs. the different-gender conditions were used for all plots and statistical analyses in this study.
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FIGURE 2
Individual and average target-to-masker ratio (TMR) thresholds and voice gender release from masking (VGRM) and spatial release from masking (SRM) for NH listeners. The left, middle, and right columns refer to the binaural, left only, and right only listening conditions, respectively. The upper panels show the TMR thresholds (A–C) as a function of target-masker spatial separation (0 and ± 60°). Dark-shaded and light-shaded symbols indicate TMR thresholds for the same-gender masker and the different-gender masker conditions, respectively. The middle panels show VGRMs (D–F) as a function of target-masker spatial separation (0 and ± 60°). The lower panels show SRMs (G–I) as a function of target-masker gender combination (same-gender and different-gender). Error bars represent standard deviation around the mean. Horizontal dotted lines represent reference zero values.
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FIGURE 3
Individual and average target-to-masker ratio (TMR) thresholds and voice gender release from masking (VGRM) and spatial release from masking (SRM) for bilateral HA users. Plotted as in Figure 2, with different scales on the y-axis.


The top row of Figure 2 shows individual and mean TMR thresholds as a function of target-maskers spatial separation (0 and ± 60°) for three listening conditions (binaural, left only, and right only) in NH listeners. Generally, smaller or more negative TMR thresholds indicate better (or improved) speech recognition ability in noise. In the binaural listening condition, the results show that the same-gender condition (3.16 ± 0.56 dB) exhibits larger (poorer) TMR thresholds than the different-gender condition (−5.18 ± 2.19 dB) in the co-located target-maskers spatial configuration. A similar trend was observed in the spatially (± 60°) separated configuration (the same-gender condition: −8.31 ± 3.14 dB; the different-gender condition: −11.09 ± 2.65 dB). In both spatial configurations, the lower TMR values for the different-gender conditions relative to the same-gender conditions are indicative of the amount of VGRM, which shows how much speech recognition thresholds in noise are improved by differences in gender between the target and maskers. The amount of VGRM (Figure 2D) was calculated by the difference in TMR thresholds between same-gender (dark-gray symbols) and different-gender (light-gray symbols) conditions at each spatial configuration. The VGRM for NH listeners (Figure 2D) ranged between −0.11 and 12.52 dB, and the mean VGRM was greater in the co-located spatial configuration (8.34 ± 2.07 dB) than in the spatially separated configuration (2.79 ± 1.10 dB).

Another interesting finding in NH listeners is that spatial separation of the maskers to ± 60° relative to the target at 0° led to smaller (better) TMR thresholds for all target-masker gender combinations. This reduction is indicative of the amount of SRM, which shows how much speech recognition thresholds are improved by spatial separation of the talker from the maskers. The amount of SRM (Figure 2G) is defined as the spatial separation benefits at each target-masker gender combination [i.e., differences between dark-gray (or light gray) symbols at 0° and at ± 60° in Figure 2A]. The SRM for NH listeners ranged between 3.42 and 17.29 dB, and the mean SRM was greater in the same-gender target-maskers combination (11.47 ± 3.12 dB) than in the different-gender combination (5.91 ± 2.61 dB).

Compared to the binaural listening condition, the two monaural listening conditions elicited TMR threshold changes, especially in the spatially separated target-maskers configuration, and thus different results in VGRM and SRM. First, the TMR thresholds in the left-only (Figure 2B) and right-only (Figure 2C) listening conditions were similar to those in the binaural listening condition (Figure 2A) at the co-located target-maskers configuration (left only: 3.11 ± 0.78 dB same-gender/−4.38 ± 2.92 dB different-gender; right only: 3.02 ± 0.82 dB same-gender/−4.72 ± 2.64 dB different-gender). However, the monaural TMR thresholds were essentially unchanged compared to the co-located condition when the target and maskers were spatially separated (left only: 1.81 ± 2.99 dB same-gender/−5.48 ± 3.60 dB different-gender; right only: 2.06 ± 2.32 dB same-gender/−5.40 ± 2.99 dB different-gender). The masking release results in the two monaural listening conditions show that the VGRM remained steady at around 8 dB regardless of spatial separation between target and maskers (Figures 2E,F), while SRM was decreased to near zero regardless of target-maskers gender differences (Figures 2H,I).

The results in the top row of Figure 3 show that bilateral HA users exhibited overall poorer speech recognition performance (i.e., more positive TMR thresholds with a range between −4.38 and 15.09 dB) throughout all listening conditions compared to NH listeners (TMR thresholds with a range between −14.85 and 4.43 dB). Interestingly, spatial separation between target and maskers didn’t improve TMR thresholds for HA users even in the binaural listening condition (differences between 0 and ± 60° in the same-colored symbols). The mean SRMs for bilateral HA users (Figure 3G) were 1.70 ± 1.84 dB and 0.41 ± 1.24 dB for the same-gender and different-gender talker combinations, respectively. In contrast, benefits from voice-gender differences existed in both spatial separation configurations, thus positive mean VGRMs (Figure 3D) were observed (4.11 ± 1.89 dB for the 0° and 2.83 ± 1.42 dB for ± 60° spatial separations). In the two monaural listening conditions, the SRM performance was more degraded (−2 dB shown in Figures 3H,I) than in the binaural listening conditions; however, the VGRM performance was remained steady at around 4 dB (Figures 3E,F).

Since the primary goal of this study was to investigate masking release by voice-gender differences (VGRM) and spatial separations (SRM), only the masking release data were analyzed in each masking release type using linear mixed model (LMM) analyses with the amount of masking release (VGRM or SRM) as a dependent variable, the subject group (NH vs. bilateral HA), the listening conditions (binaural vs. left only vs. right only), and the target-maskers conditions (spatial separation for VGRM: 0° vs. ± 60°; gender difference for SRM: same-gender vs. different gender) as fixed effects, and the subject as a random effect. The results for both VGRM and SRM showed significant main effects of all fixed factors (p < 0.006 for all cases) and significant interactions between any two combinations of the fixed factors (p < 0.006 for all cases). Post-hoc pairwise comparisons using Bonferroni correction were computed to better understand the interaction between those fixed factors. The results demonstrated that the VGRM at the ± 60° in the binaural listening condition was significantly lower than all other VGRMs in the NH listeners (p < 0.001 for all cases), but no VGRMs were significantly different in bilateral HA users (p = 1.000 for all cases). In addition, the results demonstrated that the SRM in NH listeners was significantly higher in the binaural listening condition than in two monaural listening conditions (p < 0.001 for all cases), and the same-gender target-maskers combination elicited a significantly higher masking release than the different-gender combination in the binaural listening condition (p < 0.001). A similar binaural listening benefit in SRM was also observed in the bilateral HA user group (p < 0.05 for all cases), but the SRMs were not significantly different between the two target-maskers gender combinations in the binaural listening condition (p = 1.000). Please see the Supplementary material for the detailed LMM specifications and results.



Binaural pitch fusion and its relationship with voice gender release from masking

Figure 4 shows individual harmonic tone fusion range results for NH listeners (Figure 4A) and bilateral HA users (Figure 4B). As shown in the example fusion functions in the insets of Figure 4, fusion functions were computed as the averages of the subject responses to the multiple (six to seven) presentations of each reference and comparison stimulus pair, expressed as a function of comparison tone fundamental frequency. Values near 0 indicate comparison stimuli that did not often fuse with the reference stimulus (were heard as two sounds), while values near 1 indicate comparison stimuli that were often fused with the reference stimulus (were heard as one sound). Vertical dotted lines indicate 50% points on the fusion function, and the fusion range was defined as the range between these two lines (horizontal arrows), i.e., frequencies were fused more than 50% of the time. Fusion range is thus a measure of the breadth of fusion. The NH subjects (Figure 4A) exhibited narrow harmonic tone fusion ranges (0.14 ± 0.12 octaves), while bilateral HA users (Figure 4B) showed significantly broader harmonic tone fusion ranges [0.53 ± 0.57 octaves; t(21) = −2.25, p = 0.036].
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FIGURE 4
Individual harmonic tone fusion range results in an octave scale for NH listeners (A) and bilateral HA users (B). A sample fusion function inset within each panel illustrates the fusion ranges of the 50% points (vertical dotted lines) on the fusion function.


The next step was to determine whether VGRM, the release from masking due to voice-gender differences between target and maskers, is related to the width of binaural pitch fusion. Multiple regression analyses were conducted to measure a linear relationship between two variables. Figure 5 shows individual VGRMs plotted as a function of fusion ranges in the co-located target-maskers configuration for NH listeners (left column) and bilateral HA users (right column). In the binaural listening condition, VGRM was significantly correlated with the fusion range in both subject groups (NH listeners: r = −0.710, p = 0.014 in Figure 5A; bilateral HA users: r = −0.850, p < 0.001 in Figure 5B). In other words, listeners with narrow binaural pitch fusion ranges had larger VGRM (larger differences in TMR thresholds between same-gender and different-gender maskers) than did listeners with broad fusion. However, this negative correlation between VGRM and fusion range was eliminated in the two monaural listening conditions in both listener groups (see Figures 5C–F: p > 0.073 for all cases). Note also that some listeners with broad fusion had greater VGRM in one or both monaural conditions compared to the binaural condition (e.g., N10 and H9, indicated by star and diamond symbols in Figures 5A–E, respectively). As provided in Table 2, no significant correlation was observed in the spatially separated target-maskers configuration as well (p > 0.163 for all cases).
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FIGURE 5
Correlations between voice gender release from masking (VGRM) and binaural pitch fusion range for the co-located target-maskers configuration. The left and right columns show the correlation results for NH and bilateral HA user groups, respectively. The panels (A–F) show the correlation results for the binaural, left, and right listening conditions, respectively. Table 2 shows the correlation results for the spatially separated target-maskers configuration.



TABLE 2    Regression coefficients between voice gender release from masking (VGRM) and binaural pitch fusion range widths for NH and bilateral HA user groups in each spatial separation and listening condition.
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Localization acuity and its relationship with spatial release from masking

Figure 6 shows individual minimum audible angle results for NH listeners (Figure 6A) and bilateral HA users (Figure 6B). Example localization scatter plots were shown in the insets of Figure 6. The subject’s response angles were plotted as a function of the source angles, and ideal performance would be represented by all points lying on the diagonal lines. The root-mean-square (RMS) angular errors were calculated to quantify a subject’s accuracy in localizing sound sources (Lorenzi et al., 1999). It should be noted that the circle and plus symbols in the insets of Figure 6 indicate the subject’s responses to any given source locations in the front and rear source fields, respectively, and that front-back confusions were excluded for estimating the absolute localization ability in this study. The NH subjects (Figure 6A) exhibited fine localization acuity with all stimuli tested in this study (broadband: 5.75 to 13.75°; 500-Hz band-pass noise: 6.2 to 12.35°; 3000-Hz band-pass noise: 7.25 to 11.65), while bilateral HA users (Figure 6B) showed significantly poorer localization acuity [broadband: 10 to 26.4°; 500-Hz band-pass noise: 9.4 to 28.2°; 3000-Hz band-pass noise: 11.2 to 26.35 degree; t(48.5) <−4.61, p < 0.001 for all stimulus cases]. The localization acuity was not significantly different across the stimulus types for each subject group [NH: t(42) >−0.760, p = 1; bilateral HA: t(42) >−0.619, p = 1].
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FIGURE 6
Individual localization acuity results with three different stimuli (BB: broadband, 500 Hz: band-passed noises centered at 500 Hz, 3000 Hz: band-passed noises centered at 3000 Hz) for NH listeners (A) and bilateral HA users (B). A sample subject response inset within each panel illustrates the mean root mean square (RMS) angular error calculated by the difference between the perfect localization (diagonal line) and the listener’s response (symbols) angles. The circle and plus symbols indicate the subject’s responses to any given source locations in the front and rear source fields, respectively.


The next step was to determine whether SRM, the release from masking due to spatial separation between target and maskers, is related to the absolute localization ability quantified as the RMS angular error. Multiple regression analyses were conducted to measure a linear relationship between two variables. Figure 7 shows individual SRMs plotted as a function of RMS angular errors in the same-gender target-maskers combination for NH listeners (left column) and bilateral HA users (right column). Results show that the SRM was correlated, but the correlation was not statistically significant, with the RMS angular errors for all stimuli tested in this study (p > 0.077). In other words, there was a tendency for listeners with sharp localization acuity to have larger SRM (larger differences in TMR thresholds between co-located and spatially separated maskers) compared to listeners with poor localization acuity. In addition, this correlation was reduced in the different-gender target-maskers combination (not shown). The model summary of the regression analysis is provided in Table 3.
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FIGURE 7
Correlations between spatial release from masking (SRM) and localization acuity for the same-gender target-maskers condition. The left and right columns show the correlation results for NH and bilateral HA user groups, respectively. The panels (A–F) show the correlation results for the broadband, 500 and 3000 Hz stimulus conditions, respectively. Table 3 shows the correlation results for the different-gender target-maskers condition.



TABLE 3    Regression coefficients between spatial release from masking (SRM) and localization acuity for NH and bilateral HA user groups in each stimulus and gender-combination conditions.
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Discussion

The ability to segregate a target talker from competing masker talkers is important for speech perception in multi-talker listening environments. The current study measured speech-on-speech masking performance by varying voice-gender differences and spatial separation cues between target and maskers in both NH listeners and bilateral HA users, and examined how this performance relates to binaural pitch fusion range and localization acuity.

The results from NH listeners showed that VGRM, the average masking release via voice-gender differences, was maximized at 8.34 dB in the co-located spatial configuration and reduced to 2.79 dB in the separated spatial configuration. Similarly, SRM, the average masking release via talker spatial separation, was maximized at 11.47 dB when the target was presented with the same-gender maskers and reduced to 5.91 dB when the different-gender target-maskers were presented. Consistent with previous studies, these findings demonstrate a trading relationship between the perceptual weights applied to voice-gender difference and those to spatial separation cues. This trading relationship of masking release was also partially discussed in previous literature (Misurelli and Litovsky, 2012, 2015; Gallun and Diedesch, 2013; Gallun et al., 2013; Oh et al., 2021). The current study results also indicate that this trading relationship is eliminated in monaural listening conditions. SRM was minimized at around 1 dB regardless of the talkers’ gender difference cue, while VGRM was maintained at around 8 dB regardless of the talkers’ spatial separation cue. Hence, the trading relationship between SRM and VGRM appears to be related to the presence of binaural cues.

The results from bilateral HA users showed that average VGRM was 4.11 and 2.83 dB for co-located and spatially separated conditions, while average SRM was 1.7 and 0.41 dB for the same-gender and different-gender maskers. As in NH listeners, a trading relationship was observed between the two masking release types, though not as pronounced. In addition, both voice gender difference and spatial separation benefits were reduced in HA users compared to NH listeners.

Previous studies have reported that reduced masking release performance observed in bilateral HA users could be attributed to reduced ability to access monaural spectro-temporal cues and/or binaural cues caused by either aging or hearing loss (Best et al., 2011, 2012; Gallun et al., 2013; Füllgrabe et al., 2015; Srinivasan et al., 2021). In this study, we also conducted multiple regression analyses to find a linear relationship between two different types of masking releases (VGRM and SRM; combined both NH and HA subjects’ data) and subject factors (e.g., age and degree of hearing loss). The results showed that the pure-tone average (PTA from 125 and 4000 Hz) accounted for more than 18% (R2 predictor, p < 0.045) of the variance in both VGRM and SRM; however, age couldn’t explain VGRM and SRM variances (p > 0.227). The model summary of the regression analysis is provided in Table 4. However, as will be discussed, broad binaural pitch fusion and poor sound localization abilities might be other factors reducing overall SRM and VGRM.


TABLE 4    Regression coefficients for masking release by voice-gender differences (VGRM) and spatial separation (SRM), binaural pitch fusion range, and absolute localization acuity predicted by age and pure tone average (PTA).
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One likely reason for the reduced SRM, though, for bilateral HA users is that they have limited access to binaural cues on the horizontal plane such as ITD and ILD cues. Previous studies have shown that ITD sensitivity is particularly important for localization performance and speech perception in noise (Gallun et al., 2005; Gallun and Diedesch, 2013; Gifford et al., 2013, 2014; Swaminathan et al., 2016; Ellinger et al., 2017). Phase-locking and ITD sensitivity can both be impaired with hearing loss (Henry and Heinz, 2013; Dai et al., 2018). In addition, bilateral HA users have reduced access to ongoing ITD cues, because the hearing devices are not designed to coordinate their timing of stimulation of the auditory nerves across the ears (Brown et al., 2016). Thus, they do not communicate their processing schemes (such as compression ratio) across the devices, especially for old hearing devices, which could alter ILDs (Byrne and Noble, 1998; Wiggins and Seeber, 2013). To minimize any potential interaural cue distortion, the current study used symmetrical target-masker configurations (co-location and ± 60° separation) so that the image of both target and masker signals can appear in front, as opposed to the left or right due to reduced ILD, and all additional processing features for hearing devices were disabled to avoid altered ILD cues. Note that in this study, effects of head shadow were also minimized due to the symmetrical target-masker configuration. In addition, all HA users used lab loaner HA devices (Phonak Ambra) with all extra processing features disabled. Due to lack of acclimation, overall performance may be reduced with the loaner devices compared with the subjects’ own hearing devices. However, for evaluation of VGRM and SRM in this study, it is important to disable these extra processing features, which often include noise reduction and directional microphones.

There was also significant variation in listeners’ masking release performance for both NH and HI listeners. The findings of this study show that, as hypothesized, binaural pitch fusion range is a strong predictor for variation in VGRM. In contrast, localization ability does not seem to predict variation in SRM, though a non-significant trend was observed.

Regarding the relationship of binaural fusion to VGRM, a strong negative correlation was observed. Previous studies have found that differences in age or hearing loss (alone or in combination) can explain some of the variance across subjects (Glyde et al., 2013; Besser et al., 2015). The proportion of variance accounted for by either factor was between 24 and 39% (R2 predictor, p < 0.01). In this study, stronger negative correlations were observed between binaural fusion range and VGRM for both NH listeners and bilateral HA users, especially in the co-located target-masker configuration. As reported in Table 2, the proportion of variance accounted for by binaural pitch fusion for VGRM was 50% (R2 predictor, p = 0.014) for NH listeners, and 72% (R2 predictor, p < 0.001) for bilateral HA users, which are higher than the amount of variance explained by age (R2 = 0.07, p = 0.23 in the current study; R2 = 0.02, p < 0.52 in Glyde et al., 2013) or hearing loss (R2 = 0.51, p < 0.01 in the current study; R2 = 0.39, p < 0.001 in Glyde et al., 2013) alone. Hence, broad binaural fusion could be a stronger predictor for reduced VGRM than age or hearing loss. It should be noted that the significance of this proportion of variance was observed only in the co-located target-maskers spatial configuration. We also confirmed that significance of the correlation was eliminated when binaural cues were not provided (i.e., at two monaural listening conditions; see Table 2), indicating that the correlation is not explained by poorer frequency discrimination or other factors that might also lead to broad binaural fusion. In particular, some subjects with broad fusion had larger VGRM under monaural listening compared to binaural listening, consistent with an interpretation of binaural interference arising from broad binaural fusion.

Regarding the relationship of sound localization acuity to SRM, a negative correlation was observed, but was not statistically significant. As reported in Table 3, the proportion of variance accounted for by localization acuity for SRM was low at 25% (R2 predictor, p = 0.115) for NH listeners and 22% (R2 predictor, p = 0.123) for bilateral HA users. A similar finding was also reported in the study by Srinivasan et al. (2021) with 22% of variance (R2 predictor, p = 0.033) accounted for NH listeners. The lack of statistical significance in this study is likely due to the small sample size for each listener group, along with the small effect size. There is likely to be an effect of localization acuity, but this effect seems to be small. One reason for the small effect size is that localization acuity with multiple sounds from multiple sound sources may differ from that for a single sound, especially when there is broad binaural fusion. In such cases, fusion of multiple sounds from different spatial locations may occur, leading to an illusion of a single sound source with a diffuse spatial percept, and thus poor localization acuity. Thus, a better predictor of ability to benefit from SRM may be localization ability of more than one sound source presented simultaneously. It should also be noted that the current study estimated the absolute localization acuity without considering front-back confusion in the subject’s responses. In this study, three NH and four HA subjects showed some degree of front-back confusion rates in their absolute localization acuity measurements, especially for the two narrowband signal conditions. The application of a more rigorous angular analysis, perhaps one in which front-back errors are considered, should be explored in future studies.

Interestingly, the multiple regression analysis results (Table 4) showed that the pure-tone average was a strong predictor for the variations of all outcomes measured in this study: (1) the masking release (>18% as R2 predictor, p < 0.045); (2) the binaural pitch fusion range (29% as R2 predictor, p = 0.009); and (3) the absolute localization acuity at three different stimuli (>35% as R2 predictor, p < 0.003). However, age couldn’t predict those variations (p > 0.227). These results indicate that the degree of hearing loss itself could be a common factor to explain degraded binaural sensitivity involved in speech-on-speech masking performance and related to pitch and spatial perception. In addition, although the correlation between age and degree of hearing loss was not found in the current study (r = 0.078, p = 0.724), it is well known that the age of the listeners is often allowed to covary with hearing loss. Furthermore, as mentioned in the introduction, the reduce binaural sensitivity could be caused by a reduction in higher-order processing such as cognitive and linguistic abilities (Besser et al., 2015). Therefore, future work will need to involve listeners who vary widely in age regardless of hearing status to separately examine the effects of age and hearing loss as factors.

In conclusion, this is the first study to demonstrate an important role of abnormally broad binaural pitch fusion in reduced binaural benefits for speech perception in multi-talker listening environments for both NH and HI listeners. The findings demonstrate that masking release from both voice gender and spatial cues is much smaller for HA users than NH listeners, and that the reduced benefit from voice gender cues is explained by abnormally broad binaural pitch fusion. Thus, for HI listeners, it will be critically important to help restore sharply tuned pitch fusion across ears for optimal binaural benefit in noise environments, especially when benefit from spatial cues is limited. Increased understanding of factors that affect binaural benefits for speech perception for HI listeners is clinically essential for the future design of training- and device-based rehabilitative strategies to improve speech perception in quiet and noise.
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