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Abstract

Objectives: The goal of the present study was to compare the extent to which children with
hearing loss and children with normal hearing benefit from mismatches in target/masker sex in the
context of speech-in-speech recognition. It was hypothesized that children with hearing loss
experience a smaller target/masker sex mismatch benefit relative to children with normal hearing
due to impairments in peripheral encoding, variable access to high-quality auditory input, or both.

Design: Eighteen school-age children with sensorineural hearing loss (7-15 years) and 18 age-
matched children with normal hearing participated in this study. Children with hearing loss were
bilateral hearing aid users. Severity of hearing loss ranged from mild to severe across participants,
but most had mild to moderate hearing loss. Speech recognition thresholds for disyllabic words
presented in a two-talker speech masker were estimated in the sound field using an adaptive,
forced-choice procedure with a picture-pointing response. Participants were tested in each of four
conditions: (1) male target speech/two-male-talker masker; (2) male target speech/two-female-
talker masker; (3) female target speech/two-female-talker masker; and (4) female target speech/
two-male-talker masker. Children with hearing loss were tested wearing their personal hearing
aids at user settings.

Results: Both groups of children showed a sex-mismatch benefit, requiring a more advantageous
signal-to-noise ratio when the target and masker were matched in sex than when they were
mismatched. However, the magnitude of sex-mismatch benefit was significantly reduced for
children with hearing loss relative to age-matched children with normal hearing. There was no
effect of child age on the magnitude of sex-mismatch benefit. The sex-mismatch benefit was larger
for male target speech than for female target speech. For children with hearing loss, the magnitude
of sex-mismatch benefit was not associated with degree of hearing loss or aided audibility.

Conclusions: The findings from the present study indicate that children with sensorineural
hearing loss are able to capitalize on acoustic differences between speech produced by male and
female talkers when asked to recognize target words in a competing speech masker. However,
children with hearing loss experienced a smaller benefit relative to their peers with normal
hearing. No association between the sex-mismatch benefit and measures of unaided thresholds or
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aided audibility were observed for children with hearing loss, suggesting that reduced peripheral
encoding is not the only factor responsible for the smaller sex-mismatch benefit relative to
children with normal hearing.

INTRODUCTION

Children with hearing loss are often expected to listen to the speech of one talker in the
presence of speech produced by competing talkers. This challenging task depends upon the
ability to separate streams of speech into distinct auditory objects and then focus attention
on the target speech stream of interest while ignoring the competing streams (Bregman
1990). Due to impairments in peripheral encoding as well as variable access to high-quality
auditory input (e.g., Walker et al. 2013; 2015), most children with hearing loss perform more
poorly than age-matched children with normal hearing on measures of speech-in-speech
recognition, even when children with hearing loss are tested wearing appropriately fitted
hearing aids (e.g., Leibold et al. 2013). This performance gap between children with hearing
loss and children with normal hearing has both theoretical and practical implications, given
that competing speech pervades children’s everyday environments (e.g., Ambrose et al.
2014). Nonetheless, the factors responsible for the increased susceptibility to speech-in-
speech masking experienced by children with hearing loss relative to children with normal
hearing are not well understood. Do children with hearing loss rely on the same acoustic
differences between target and masker speech used by children with normal hearing to
separate streams of speech, albeit less effectively? Alternatively, does hearing loss impact
the acoustic cues that would otherwise support the segregation of target and masker speech
or the recognition of degraded speech?

To begin to address these questions, the present study compared the extent to which children
with hearing loss and children with normal hearing benefit from a mismatch in target/masker
sex in the context of speech-in-speech recognition. Males and females tend to differ with
respect to the mass, length, and tension of the vocal folds, as well as the resonant
frequencies of the vocal tract and associated cavities (e.g., Fitch and Giedd, 1999). As a
result of these structural differences, the average fundamental frequency (Fq; corresponding
to the rate of vocal fold vibration) is about 210 Hz for adult females compared with 125 Hz
for adult males (e.g., Rendall et al. 2005). Adult females tend to have shorter vocal tracts
than adult males, influencing both formant frequencies and the overall spectral envelope of
speech (e.g., Fitch and Giedd 1999; Smith and Patterson 2005). Prior research has shown
that adults with normal hearing benefit from the resulting acoustic differences between
speech produced by male and female talkers, showing better speech recognition performance
in the presence of one or two streams of competing speech when the target and masker
talkers are different sexes compared to when they are the same sex (e.g., Festen and Plomp
1990; Brungart 2001; Helfer and Freyman 2008).

Adults with mild to moderate sensorineural hearing loss also appear to benefit from target/
masker sex mismatches (e.g., Festen and Plomp 1990; Humes et al. 2006; Helfer and
Freyman 2008). For example, Helfer and Freyman (2008) examined masked sentence
recognition in 12 younger adults with normal hearing (mean age = 22.7 years) and 12 older
adults (mean age = 71.5 years). While some older adults had pure-tone audiometric
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thresholds within normal limits, most had mild to moderate high-frequency hearing loss.
Target sentences were produced by an adult female. The maskers included two-female-talker
speech (target/masker sex matched) and two-male-talker speech (target/masker sex
mismatched). Both groups showed a substantial sex-mismatch benefit. Older adults
performed more poorly overall than younger adults, however, particularly in the sex-
mismatched condition. The authors posited that the pronounced group difference between
older and younger adults in the sex-mismatched condition might have been due to impaired
spectral resolution associated with hearing loss.

Although mild to moderate sensorineural hearing loss does not preclude a benefit associated
with mismatches in target and masker sex, peripheral impairments could degrade some of
the segregation cues that are available to listeners with normal hearing. Mackersie et al.
(2011) assessed masked sentence recognition in a group of 13 adults with hearing loss
(45-76 years) and a group of 6 adults with normal hearing (25 — 69 years) using the
Coordinate Response Measure speech corpus (Bolia et al. 2000). The target and masker
sentences were produced by the same male talker, and differences in Fy and simulated vocal
tract length were introduced using digital signal processing. Adults with hearing loss were
tested while fitted with individualized amplification. Shifting the target FO up in frequency,
above the masker FO, improved performance in the two groups to a similar degree. Whereas
shifting the simulated vocal tract length provided benefit for normal-hearing listeners, most
adults with hearing loss failed to benefit.

Like adults, school-age children with normal hearing benefit from mismatches in target/
masker sex (e.g., Wightman and Kistler 2005; Leibold et al. 2018). In a recent study, Leibold
et al. (2018) assessed whether a target/masker sex mismatch facilitates speech perception in
a two-talker masker for children (5-10 years) and adults (18-33 years) with normal hearing.
In two experiments, speech recognition thresholds (SRTs) for spondaic words were
estimated for children and adults in a continuous masker comprised of two male talkers or
two female talkers. Target words were either matched or mismatched in sex to the masker
talkers. Although Leibold et al. (2018) reported the sex mismatch benefit as the difference in
SRTs obtained for a given masker, the more conventional metric is the difference in SRTs
obtained for a given target. Using this more conventional metric, the mean sex-mismatch
benefit for child listeners was 9.6 dB (male target) and 5.4 dB (female target), compared to
values in adults of 7.6 dB (male target) and 3.1 dB (female target). Given that SRTs were
higher for children and adults in the sex-matched conditions, it was posited that greater
benefit of a sex mismatch in children could reflect greater amounts of informational masking
in the baseline condition.

Although school-age children with normal hearing take advantage of acoustic differences
between speech produced by male and female talkers to separate target from masker speech,
this effect has not been observed in listeners younger than 30 months of age (e.g., Newman
and Morini, 2017; Leibold et al., 2018). These findings suggest that the ability to segregate
streams of speech based on acoustic differences between speech produced by males and
females does not emerge until the second year of life for individuals with normal hearing.
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The question of whether mismatches in target/masker sex improve speech-in-speech
recognition for school-age children with hearing loss has not been addressed in the
literature. School-age children with normal hearing benefit from mismatches in target/
masker sex, but several consequences of sensorineural hearing loss have the potential to
limit the extent to which children with hearing loss take advantage of acoustic differences
between speech produced by male and female talkers. Sensorineural hearing loss, including
congenital sensorineural hearing loss, is most often a byproduct of abnormal functioning of
sensory cells within the cochlea (reviewed by Korver et al. 2017). In addition to reduced
audibility, these abnormalities may compromise the peripheral encoding of supra-threshold
sounds. Deficits in supra-threshold sound encoding are particularly evident for individuals
with moderate or greater degrees of hearing loss (e.g., Dubno and Dirks 1989; Henry et al.
2005). These participants exhibit reduced frequency selectivity (e.g., Glasberg and Moore
1986; Moore and Carlyon 2005) and impaired temporal coding (e.g., Buss et al. 2004).
Degraded peripheral encoding is associated with poorer speech-in-noise recognition for
children with hearing loss fitted with hearing aids relative to age-matched peers with normal
hearing (e.g., Finitzo-Hieber and Tillman 1978; Gravel et al. 1999; Nittrouer et al. 2013;
McCreery et al. 2015).

Another important issue to consider when evaluating the extent to which children with
hearing loss benefit from a target/masker sex mismatch in the context of speech-in-speech
recognition is that many of these children have had reduced and/or inconsistent experience
with sound relative to their peers with normal hearing (e.g., Walker et al. 2013; 2015). Both
aided audibility and daily hearing aid usage moderate language outcomes for children with
hearing loss (e.g., Moeller and Tomblin 2015). Further, it has been hypothesized that
reduced auditory experience disrupts the development of perceptual abilities related to the
segregation and selection of target from background speech (Leibold et al. 2013; Hillock-
Dunn et al. 2015), and may impact general cognitive processing skills (e.g., McCreery et al.
2017). For example, Leibold et al. (2013) evaluated speech recognition in children with
hearing loss who wear hearing aids and children with normal hearing, and they found that
the detrimental effect of hearing loss was larger in a two-talker speech masker than in a
spectrally matched noise masker.

In the present study, we compared the extent to which children with hearing loss and
children with normal hearing take advantage of target/masker sex mismatches in the context
of word recognition in a background of two competing talkers. Given the asymmetrical
benefit of target/masker Fq differences observed for adults with hearing loss by Mackersie et
al. (2011) -- with a benefit observed when the Fg of the target was higher than the masker
but not the converse -- the release from masking associated with a target/masker sex
mismatch was evaluated for target speech produced by a male talker and for target speech
produced by a female talker. Based on previous data on older adults with hearing loss
(Helfer and Freyman 2008) and on emerging evidence that many children with hearing loss
have variable access to high-quality acoustic input (e.g., Walker et al. 2013; Moeller and
Tomblin 2015), it was predicted that the benefit of a target/masker sex mismatch would be
smaller for children with hearing loss than for children with normal hearing.

Ear Hear. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leibold et al.

Methods

Participants:

Stimuli:

Page 5

A total of 36 school-age children participated in this study, including 18 children with
sensorineural hearing loss and 18 children with normal hearing. Inclusion criteria for all
participants were: (1) between the ages of 7 and 16 years; (2) English spoken at home; (3)
negative history of unresolved conductive or middle ear issues; and (4) negative history of
learning, cognitive, or motor delays as per parental report.

Children with hearing loss presented with sensorineural hearing loss in both ears that varied
from mild (audiometric thresholds ranging from 26 to 40 dB HL) to severe (audiometric
thresholds ranging from 71 to 90 dB HL) across participants. Note, however, that only one
child presented with severe hearing loss. The remaining 17 children had hearing loss that
ranged from mild to moderately severe across participants. All of the children with hearing
loss wore bilateral hearing aids. These children were recruited from the Human Research
Subjects Core database at Boys Town National Research Hospital in Omaha, Nebraska.
They ranged in age from 7.3 to 15.7 years (M = 11.3 years, SD = 2.4). The mean age at the
first hearing aid fitting was 3.8 years (SD = 2.9), and the mean duration of device use was
7.5 years (SD = 3.0). Demographic and device information for individual children with
hearing loss is shown in Table 1. Audiometric data were obtained on the day of testing if
previous audiometric data were more than six months old. The mean better-ear pure-tone
average (PTA) was 45.0 dB HL (SD = 14.0). Pure-tone thresholds for both ears are provided
for each child with hearing loss in Table 2.

Children with normal hearing were matched within 6 months of chronological age to the
children with hearing loss, ranging in age from 7.1 to 15.6 years (M = 11.3 years, SD = 2.5).
Prior to testing, each child with normal hearing passed a hearing screening at 20 dB HL for
all octave frequencies between 250 and 8000 Hz (ANSI, 2010).

Following Calandruccio et al. (2014), target stimuli were 30 disyllabic English words
familiar to children as young as 5 years of age. The target words were recorded from one
adult male and one adult female. Both talkers were native speakers of American English.
Recordings were created in a sound-isolated room using a condenser microphone
(AKG-1000S) positioned six inches from the talker’s mouth. The mean Fy was 143 Hz for
the male talker and 214 Hz for the female talker. The recordings were amplified (TDT MA3)
and digitized (CardDeluxe) using a 44.1 kHz sampling rate (32 bits). Individual words were
then scaled to normalize the root-mean-square (rms) amplitude across words.

The masker was either two-male-talker speech or two-female-talker speech, with talkers
reading different passages from the children’s book, Jack and the Beanstalk. The mean Fq
values of the two male masker talkers were 144 Hz and 124 Hz, and the mean Fq values of
the two female talkers were 210 Hz and 170 Hz. All four masker talkers were native
speakers of American English. The method for obtaining each masker recording was the
same as described above for the target recordings. Silent pauses longer than 300 ms were
reduced to approximately 200 ms. The two male and two female streams of speech were
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equated for overall rms level, mixed, and edited so that the masker ended at a word boundary
for both talkers. The two-female-talker masker sample was 2 min 48 sec, and the two-male-
talker masker sample was 2 min 35 sec.

A custom MATLAB script was used to control the selection and presentation of stimuli.
Stimuli were played through a 24-bit digital-to-analog converter (Avid, Fast Track Solo),
amplified (Applied Research and Technology, SLA4), and presented via a loudspeaker (JBL,
Controll1 Pro). Participants were tested while seated in a sound-treated booth, facing a
loudspeaker that was mounted at a distance of approximately 1 meter away.

Children with hearing loss wore their devices at user settings during testing, as programmed
by their clinical audiologist. Prescriptive settings were based on the child’s audiometric
thresholds and individual real-ear-to-coupler differences (RECDs) using the Desired
Sensation Level [i/o] v5.0 method (Scollie et al. 2005). Hearing aid verification was
performed in the laboratory prior to testing (Audioscan, \erifit 2) in order to determine (1)
the speech intelligibility index for a 65 dB SPL input, and (2) the maximum audible
frequency defined as the highest audiometric frequency at which the long-term average
speech spectrum reached or exceeded the participant’s audiometric threshold. These
measurements are provided for each child with hearing loss in Table 1. Hearing aid settings
were not adjusted.

Participants were tested in each of four conditions: (1) male target speech/two-male-talker
masker; (2) male target speech/two-female-talker masker; (3) female target speech/two-
female-talker masker; and (4) female target speech/two-male-talker masker. Thus, there were
two sex-matched conditions and two sex-mismatched conditions. Testing order was
randomized across participants.

A familiarization task was completed in quiet prior to testing in which participants were
asked to point to the picture associated with each of the 30 target words shown in a
laminated picture book. All participants completed the familiarization phase with ease.
During testing, the task was a four-alternative, forced-choice (4AFC). Participants held a
touchscreen monitor (iPad Mini 2, Apple) that was connected wirelessly to the testing
computer. One of the 30 target words was randomly selected on each trial. Three additional
illustrations were selected at random and without replacement from the remaining 29 words
to serve as foils. The four different pictures were displayed in black and white on the
touchscreen prior to the onset of the selected target word. Following the presentation of the
target word, the pictures turned from black-and-white to color. Participants indicated the
word they heard by touching the corresponding image on the touchscreen. After each
response, the correct image blinked in isolation to provide the participant with visual
feedback.

The masker was played continuously during each threshold estimation track at an overall
level of 60 dB SPL (57 dB/stream). The masker always began at the start of the sample and
repeated continuously until the track finished. The level of the target words changed
adaptively using a 2-down, 1-up stepping rule to achieve a SNR corresponding to 70.7%
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correct performance (Levitt 1971). The level of the target words at the beginning of each
track was approximately 10 dB above the expected threshold, based on pilot data. If
warranted, starting levels were adjusted for individual participants after initial estimates
were obtained. The initial step size was 4 dB, reducing to 2 dB after the first two reversals.
Each track continued until eight reversals were obtained; the levels at the final six reversals
were averaged to compute the SRT. Two threshold estimates were obtained for each
participant in each condition. There was generally good agreement between the two SRT
estimates within individuals. The average difference in SRT across the two estimates was 1.7
dB for CHH and 2.5 dB for CNH. A difference greater than 4 dB across the first and second
SRT was rarely observed; exceptions include SRTs in a single condition for 1 CHH and 6
CNH. The final threshold was the average of both SRTs for each participant. Testing was
completed in a single session lasting no longer than two hours.

Data analyses:

RESULTS

Repeated-measures analysis-of-variance (rmANOVA) was used to evaluate group
differences in SRTs and in the magnitude of the sex-mismatch benefit associated with the
male and female target talkers. A linear mixed-model analysis was conducted to determine
the association between the logarithm (base 10) of child age and the magnitude of the sex-
mismatch benefit for the two groups of children. The rationale for representing age in log
units was to account for reduced maturational effects observed with increasing age during
the school-age years (e.g., Buss et al. 2017).

Comparison of SRTs between children with hearing loss and children with normal hearing:

Figure 1 shows SRTs for children with hearing loss (left) and children with normal hearing
(right). SRTs are represented in dB SNR. Overall, SRTs were higher for children with
hearing loss than for children with normal hearing, although group differences were not
equivalent across the four listening conditions. For example, while children with hearing loss
required an additional 1.4 dB SNR to achieve comparable performance to peers with normal
hearing for the male target/two-male-talker masker condition, this disadvantage was 4.5 dB
for the male target/two-female-talker masker condition. SRTs for the one child with severe
hearing loss fell within the range observed for the remaining 17 children with mild to
moderately severe hearing loss.

A rmANOVA with SRT as the dependent variable was conducted to evaluate the trends
observed in Figure 1. The analysis included the between-subjects factor of group (children
with hearing loss, children with normal hearing), and the within-subjects factors of target/
masker correspondence (matched, mismatched) and farget sex (male, female). All three main
effects were significant: group [H1,34)=8.95; p<0.001; n,=0.54], target/masker
correspondence [R1,34)=191.47; p<0.001; 7,°=0.85], and target sex [R1,34)=50.42;
p<0.001; np2:0.60]. There were significant two-way interactions between group and target/
masker correspondence [R1,34)=16.78; p<0.001; n,=0.33] and between zarget sex and
target/masker correspondence [H1,34)=4.68; p=0.04; n,=0.12]. Neither the two-way
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interaction between group and farget sex [{1,34)=1.19; p=0.28; 1,=0.03] nor the three-
way interaction term [A1,34)=0.56; p=0.46; np2:0.02] were significant.

The significant group x target/masker correspondence interaction indicates that the
performance gap between children with hearing loss and children with normal hearing
differed for sex-mismatched compared with sex-matched conditions. Specifically, SRTs
were more similar across the two groups of children for sex-matched relative to sex-
mismatched conditions. Follow-up tests were conducted to evaluate the pairwise differences
among the marginal means for each group of children (with Bonferroni adjustment). These
tests revealed that children with hearing loss performed more poorly than peers with normal
hearing for both matched (p<0.001) and mismatched (p<0.001) target/masker conditions.

The target sex x target/masker correspondence interaction was also significant, indicating
that the difference in SRT observed between the male and female target speech was not
equivalent for the sex-matched and sex-mismatched conditions. Follow-up pairwise
comparisons (with Bonferroni correction) indicated that SRTs were higher for the male
target talker than for the female target talker for both matched (p<0.001) and mismatched
(0=0.001) conditions.

Figure 2 shows the mean sex-mismatch benefit (SRT in sex-matched condition minus SRT

in sex-mismatched condition) for both groups of children, plotted separately for the male

and the female target talker. The average sex-mismatch benefit across both target talkers was
3.2 dB for children with hearing loss and 5.9 dB for children with normal hearing. Both
significant interactions are evident in Figure 2. Consistent with the significant group x target/
masker correspondence interaction, a smaller sex-mismatch benefit was observed for
children with hearing loss than for age-matched peers with normal hearing. Consistent with
the significant farget sex and target/masker correspondence interaction, a smaller sex-
mismatch benefit associated with the female target talker than the male target talker was
observed for both groups of children.

Effects of age and group on the sex-mismatch benefit:

Individual estimates of the sex-mismatch benefit are plotted in Figure 3 as a function of
child age. Estimates for the male and female target talkers are shown in the left and right
panels, respectively. Data points above the dashed line indicate better performance in the
sex-mismatched compared with the sex-matched condition. All children showed a sex-
mismatch benefit for the male target talker, with the exception of a 15-year-old with hearing
loss. Seventeen (out of 18) children with hearing loss and 16 (out of 18) children with
normal hearing showed a sex-mismatch benefit for the female target talker.

Fixed effects of /og age, group (children with hearing loss, children with normal hearing),
and farget sex (male, female) on the sex-mismatch benefit were analyzed with a linear
mixed-effects model. Subject was included as a random variable. The analysis was
conducted using the nlme package for R (Pinheiro et al. 2018). Results are provided in Table
3. A significant main effect of groyp was observed (p<0.05), indicating the sex-mismatch
benefit was smaller for children with hearing loss than for children with normal hearing.
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There was no main effect of Jog age (p=0.40) or talker sex (p=0.15). No interaction terms
were significant.

No significant correlations were observed between the sex-mismatch benefit and degree of
hearing loss (unaided pure-tone average in the better-hearing ear) or aided audibility (SII in
the better ear) for children with hearing loss (7>0.25).

DISCUSSION

The goal of this study was to compare the extent to which children with hearing loss and
age-matched peers with normal hearing benefit from mismatches in target/masker sex when
asked to identify words in the presence of competing speech. A clear effect of target/masker
mismatch was observed for both groups of children; SRTs were lower for sex-mismatched
relative to sex-matched target/masker conditions. Individual data were consistent with the
group trends; most children in each group showed a sex-mismatch benefit with both sets of
target stimuli. Collectively, these results indicate that children with sensorineural hearing
loss can take advantage of acoustic voice differences between male and female talkers to
facilitate speech-in-speech recognition.

Although children with hearing loss were able to capitalize on mismatches in target/masker
sex, the sex-mismatch benefit was significantly smaller for children with hearing loss than
for age-matched children with normal hearing. This observation is consistent with prior data
on older adults with hearing loss (Humes et al. 2006; Helfer and Freyman 2008). For
example, Humes et al. (2006) observed that young adults with normal hearing (21-34 years)
experienced a larger sex-mismatch benefit than older adults with hearing loss (61-81 years)
in the context of monaural sentence recognition in a single competing talker. The present
study extends this general finding to school-age children, providing additional evidence that
sensorineural hearing loss interferes with the ability to recognize target speech in the
presence of competing speech, even when the target and masker talkers are mismatched in
sex, and listeners are tested wearing appropriately fitted hearing aids.

One possible explanation for the reduced sex-mismatch benefit experienced by individuals
with hearing loss is that hearing loss interferes with the peripheral encoding of acoustic
features that differentiate male and female voices (i.e., Fg and vocal tract length). Data on
adult hearing aid users with mild to severe sensorineural hearing loss are limited, and
findings are somewhat mixed across studies (e.g., Summers and Leek 1998; Arehart et al.
2005; Mackersie 2011). Of highest relevance to the present study, Mackersie et al. (2011)
evaluated the release from masking associated with target/masker differences in Fg and vocal
tract length in adults with normal hearing (mean age = 48 years) and adults with hearing loss
(mean age = 61 years). While adults with normal hearing took advantage of target/masker
differences in vocal tract length, most adults with hearing loss did not. The two groups
benefited to a similar extent from target/masker Fq differences when the target talker had a
higher mean Fq than the masker talker. Surprisingly, neither group benefitted from target/
masker Fq differences when the target talker had a lower mean Fg than the masker talker.
The authors posited that adults with hearing loss might have failed to utilize acoustic
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differences associated with vocal tract length because of impaired frequency resolution
associated with sensorineural hearing loss.

The a priori hypothesis of the present study was that children with hearing loss experience a
smaller target/masker sex mismatch benefit than age-matched children with normal hearing.
This hypothesis was based, in part, on the idea that impaired frequency resolution may
reduce the extent to which adults with hearing loss benefit from target/masker differences in
FO and vocal tract length (e.g., Mackersie et al., 2011). In addition, children with hearing
loss often have variable access to high-quality acoustic input (e.g., Walker et al. 2013;
Moeller and Tomblin 2015). The ability to separate and attend to target speech when
multiple people are talking at the same time appears to follow a prolonged time course of
development (e.g., Wightman and Kistler 2005; Corbin et. al. 2016; Flaherty et al. 2018),
and is thought to require extensive experience with sound (reviewed by Leibold 2017). This
time course of development might be prolonged or disrupted in children with hearing loss
who may have limited access to the acoustic information that differentiates one talker from
another, particularly if their experience with sound is reduced and/or inconsistent relative to
their peers with normal hearing (e.g., Walker et al. 2013). Of course, access to high quality
acoustic cues and prior experience are likely associated.

The benefit of the sex-mismatch was larger for both groups of children with the male target
words than with the female target words. For example, children with normal hearing showed
an average sex-mismatch benefit of 6.8 dB for the male target talker, compared with 5.0 dB
for the female target talker. A similar asymmetry in sex-mismatch benefit was observed for
children and adults with normal hearing tested by Leibold et al. (2018), using speech
produced by different talkers than in the present study. In that study, an average sex-
mismatch benefit of 9.6 dB was observed for 5- to 10-year-olds with normal hearing in the
context of a 4AFC word identification task when target words were produced by a male
talker. The corresponding benefit was 5.4 dB when target words were produced by a female
talker.

One possible explanation for the reduced sex-mismatch benefit observed with the female
target speech relative to the male target speech is that the female target/two-female-talker
masker produced less informational masking than the male target/two-male-talker masker
condition, limiting the magnitude of sex-mismatch benefit that could be obtained. One
approach that has been used in previous studies to estimate the amount of informational
masking produced by combinations of target and masker speech is to compare performance
between conditions in which the target and masker speech are co-located in space and
conditions in which target and masker speech are separated on the horizontal plane (e.g.,
Freyman et al. 1999; Arbogast et al. 2002). Spatially separating the target and masker speech
is thought to facilitate segregation (e.g., Freyman et al. 1999). A larger effect of spatial
separation is often interpreted as indicating greater informational masking in the baseline
(co-located) condition (Kidd et al. 2016).

To evaluate the relative magnitudes of informational masking associated with the two-talker-
male and two-talker-female maskers, supplemental data were collected on a group of six
adults with normal hearing (22-32 years). Each adult completed testing in a single visit

Ear Hear. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leibold et al.

Page 11

lasting approximately one hour. Participants completed testing in the four conditions
included in the main experiment, in which the target and masker stimuli were presented
through a single loudspeaker at 0° azimuth (co-located). Participants also completed testing
in four additional conditions in which target stimuli were presented at 0° azimuth while
masker stimuli were presented to the right at 90° azimuth (spatially separated). Testing order
was randomized across the eight conditions, with 2-3 runs completed per condition. If
differences in informational masking are responsible for differences in performance with the
male and female maskers in the main experiment, then providing a segregation cue should
reduce variability across conditions. We therefore expected to see variability in thresholds
when the target and masker were co-located, but more uniform performance when they were
spatially separated.

The supplemental data support the idea that differences in informational masking between
sex-matched target/masker conditions may be responsible for the reduced sex-mismatch
benefit observed with female versus male target speech tokens in the primary dataset, at least
for adults. When the target and masker were co-located, the average SRT differed by 14.3
dB across the four conditions. Considering the co-located, sex-matched conditions, the
average SRT was —4.8 dB for the male target/two-male-talker masker condition (SD=2.7)
compared with —17.3 dB for the female target/two-female-talker masker condition (SD=4.5).
Considering the co-located, sex-mismatched conditions, the average SRT was —-18.3 dB for
the male target/two-female-talker masker condition (SD=3.3) compared with —=19.1 dB for
the female target/two-male-talker masker condition (SD=3.3). In contrast to variability in
SRTs across co-located conditions, the average SRT differed by only 4.5 dB across the four
conditions when the target and masker were spatially separated. The average SRT for
spatially separated conditions was —21.5 dB for the male target/two-female-talker masker
condition (SD=1.8), —26.8 dB for the female target/two-female-talker masker condition
(SD=3.5), —26.0 dB for the male target/two-female-talker masker condition (SD=1.8), and
—24.7 dB for the female target/two-male-talker masker condition (SD=3.0).

As expected, variability across conditions was reduced in the spatial separation condition,
but it was not eliminated; the remaining 4.5-dB difference in SRTs could reflect modest
differences in energetic masking, residual effects of informational masking, or differences in
head shadow associated with differences in the spectral content of the male and female
voices. These results provide support for the idea that higher SRTs for the male target/two-
male-talker masker condition than the female target/two-female-talker masker in the primary
dataset are due to greater informational masking in the male target/two-male-talker masker
condition.

Another consideration when evaluating the magnitude of the sex-mismatch benefit in the
primary dataset is the observation that SRTs tended to hover near 0 dB SNR, particularly for
children with hearing loss. Previous studies investigating speech-in-speech recognition have
similarly observed that SRTSs rarely exceed more than 1-2 dB SNR for listening conditions
expected to provide substantial informational masking for both adults and children (e.g.,
Swaminathan et al. 2015; Corbin et al. 2016). It has been argued that the psychometric
function approaches the upper asymptote once the level of the target speech exceeds the
level of the masker speech (e.g., Brungart 2001; Wightman and Kistler 2005; Swaminathan
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et al. 2015), which would limit the magnitude of sex-mismatch benefit that can be achieved.
Future experiments are planned to evaluate the influence of relative level differences
between target and masker speech in children.

Our sample of children with hearing loss spanned a wide range of ages, and varied with
respect to degree of hearing loss and the age at which they first received hearing aids. While
no obvious association between these factors and the magnitude of sex-mismatch benefit
was observed, systematic evaluation of the influence of listener factors on performance
requires a larger sample of children with hearing loss. Another potential limitation is that
speech recognition performance was assessed for disyllabic word recognition using a forced-
choice paradigm and a limited number of target and masker talkers. To increase the
generalizability of these findings, future studies could evaluate open-set word or sentence
recognition using speech materials recorded from a larger number of target and masker
talkers.

In summary, our results provide additional evidence that children with hearing loss are at a
disadvantage relative to children with normal hearing when asked to recognize speech in the
presence of a small number of competing talkers. The present findings extend prior research
by demonstrating a larger performance gap between children with hearing loss and children
with normal hearing for sex-mismatched compared with sex-matched target/masker
configurations. One implication of our findings is that hearing loss appears to impact the
extent to which children are able to take advantage of acoustic differences between male and
female voices. The observation of larger effects for male than female target speech for both
groups of children highlights the clinical importance of considering stimulus factors when
evaluating masked speech recognition. Further testing of speech-in-speech recognition in
children with hearing loss is important to determine whether the present results reflect
cascading effects of variable auditory experience, peripheral encoding deficits associated
with hearing loss, or a combination of factors.
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Figure 1.

The boxplots show speech recognition thresholds (in dB SNR) for children with hearing loss
(left panel) and children with normal hearing (right panel). Box shading reflects the target
and masker conditions, as defined in the legend. The range of performance for sex-matched
and sex-mismatched conditions is shown in boxes without and with diagonal lines,
respectively. Median scores are shown by the horizontal lines inside each box. The 10t and
90t percentiles are shown by the vertical lines.

Ear Hear. Author manuscript; available in PMC 2021 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leibold et al.

Page 17

8 OJ hearing loss
B normal hearing

Mismatch Benefit (dB)

——

male

female

Target Sex

Figure 2.

The group average sex-mismatch benefit (SRT in sex-matched condition minus SRT in sex-
mismatched condition) is shown for children with hearing loss (open bars) and children with
normal hearing (filled bars) for both the male and female target speech, indicated on the

abscissa. Error bars show + 1 standard deviation.
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Figure 3.

Individual estimates of the sex-mismatch benefit in dB are shown as a function of age for
children with hearing loss (open circles) and children with normal hearing (filled triangles).
Estimates for the male and female target speech are shown in the left and right panels,

respectively.
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Table 3.

Parameter estimates for the mixed-effects regression model analyzing data from children with hearing loss and
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children with normal hearing.

Estimate | Standard df | t-value | p-value
B) Error (SE)
intercept 2.50 0.67 32 3.75 <0.001
target sex (male) 1.38 0.94 32 1.48 0.149
group (CNH) 2.25 0.95 32| 238 0.023
log age 2.46 2.85 32 0.86 0.395
target sex (male) x correspondence (matched) 1.38 0.93 32 1.48 0.143
target sex (male) x group (CNH) -0.17 1.32 32 | -013 0.896
target sex (male) x log age -5.16 4.00 32| -1.29 0.206
group (CNH) x log age -0.47 4.00 32 | -012 0.907
target sex (male) x group (CNH) x log age 11.26 5.60 32 20.1 0.053
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