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Normal-Hearing and Cochlear
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Abstract

For normal-hearing (NH) listeners, monaural factors, such as voice pitch cues, may play an important role in the segregation

of speech signals in multitalker environments. However, cochlear implant (CI) users experience difficulties in segregating

speech signals in multitalker environments in part due to the coarse spectral resolution. The present study examined how

the vocal characteristics of the target and masking talkers influence listeners’ ability to extract information from a target

phrase in a multitalker environment. Speech recognition thresholds (SRTs) were measured with one, two, or four masker

talkers for different combinations of target-masker vocal characteristics in 10 adult Mandarin-speaking NH listeners and 12

adult Mandarin-speaking CI users. The results showed that CI users performed significantly poorer than NH listeners in the

presence of competing talkers. As the number of masker talkers increased, the mean SRTs significantly worsened from

–22.0 dB to –5.2 dB for NH listeners but significantly improved from 5.9 dB to 2.8 dB for CI users. The results suggest that

the flattened peaks and valleys with increased numbers of competing talkers may reduce NH listeners’ ability to use dips in

the spectral and temporal envelopes that allow for “glimpses” of the target speech. However, the flattened temporal

envelope of the resultant masker signals may be less disruptive to the amplitude contour of the target speech, which is

important for Mandarin-speaking CI users’ lexical tone recognition. The amount of masking release was further estimated by

comparing SRTs between the same-sex maskers and the different-sex maskers. There was a large amount of masking release

in NH adults (12 dB) and a small but significant amount of masking release in CI adults (2 dB). These results suggest that adult

CI users may significantly benefit from voice pitch differences between target and masker speech.
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Everyday speech communication often requires listeners
to understand the messages from a specific target (e.g., a
specific talker or a talker from specific spatial location)
that are masked by one or more competing talkers from
the same or different spatial locations. When the target
and masker talkers originate from the same direction
relative to the listener, or when the target and masker
talkers are presented monaurally, the spatial acoustic
cues are not available for talker segregation. In this
case, listeners must rely on monaural cues to segregate
the competing messages. Many acoustic cues can be used
to segregate the competing speech, including vocal
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characteristics (e.g., vocal tract, fundamental frequency,
voice pitch, etc.; Başkent & Gaudrain, 2016; Brokx &
Nooteboom, 1982; Brungart, 2001; Brungart et al., 2001;
Darwin et al., 2003; Darwin & Hukin, 2000; Drullman &
Bronkhorst, 2004; El Boghdady et al., 2019; Vestergaard
et al., 2009), prosodic features (e.g., Darwin & Hukin,
2000), and overall speech levels (e.g., Bregman, 1994).

The effects of vocal characteristics and differing
speakers on the ability to segregate target and masker
talkers have been well documented in normal-hearing
(NH) listeners (e.g., Brungart 2001; Brungart et al.
2001). Brungart (2001) measured the intelligibility of a
target talker masked by a single competing talker as a
function of the signal-to-noise ratio (SNR). The compet-
ing talker was the same as the target talker, was the same
sex as the target talker (“same-sex masker”), or was a
different sex from the target talker (“different-sex
masker”). The results implied that the amount of mask-
ing strongly depended on the similarity between the
target and masker talkers in terms of vocal character-
istics. Performance was best with the different-sex
masker and worst when the masker talker was the
same as the target. Similar results were also reported
by Darwin et al. (2003), where the vocal characteristics
were directly manipulated on the same target/masker
speaker. In a follow-up study, Brungart et al. (2001) fur-
ther examined the effects of the vocal characteristics of
competing talkers on listeners’ ability to recognize target
speech in the presence of three or four competing talkers.
Similar to when there was only one competing talker,
recognition performance decreased when the target and
masker talkers had similar vocal characteristics.
Similarly, Cullington and Zeng (2008) measured speech
recognition with varying number of competing talkers in
NH listeners, finding a significant advantage with fewer
competing talkers and significant masking release with
up to three competing talkers. NH listeners also benefit-
ed from voice pitch differences between the target and
maskers, with more masking produced by the same-sex
maskers than by the different-sex maskers. They argued
that NH listeners may have attended to favorable SNRs
in the temporal and/or spectral gaps, thereby obtaining
masking release with one or two competing talkers.
Several studies examined the energetic masking (EM)
component of speech-on-speech masking (Anzalone
et al., 2006; Brungart et al., 2006), finding that EM
plays a relatively small role when speech is masked by
interfering speech but a much greater role when speech is
masked by interfering noise. Note that EM was defined
as the loss of detectable target information due to the
temporal and spectral overlap between the target and
maskers. However, adding more maskers (three or
more) likely fills in these temporal and spectral gaps,
resulting in increased EM as the target and maskers pro-
duce overlapping excitation patterns in the auditory

nerve. As the number of masker talkers increase, NH
listeners may be able to hear some words in the compet-
ing speech, but they cannot decide whether the words
were spoken by the target or the maskers. Such uncer-
tainty will also increase informational masking (IM;
Brungart et al., 2001; Durlach et al., 2003; Kidd et al.,
2016). Note that in this study, IM refers to listening
situations where the target and masker signals are clearly
audible, but the listener cannot segregate the target from
similar-sounding distracters. Kidd et al. (2016) found a
large masking release with different-sex maskers when
compared with the same-sex maskers, primarily due to
the reduction in IM. These results imply that voice pitch
cues play an important role in the segregation of speech
signals in multitalker environments. Increasing the
number of competing talkers may limit NH listeners’
ability to use voice pitch cues to help segregate target
and competing speech.

For cochlear implant (CI) users, the vocal character-
istics of target and masker talkers may not be discrimina-
ble due to the lack of fine spectrotemporal information
(Gaudrain & Başkent, 2018). As such, CI users are less
able to take advantage of differences in the spectrotem-
poral properties to segregate competing talkers. Previous
studies have shown reduced sensitivity to voice pitch
(related to fundamental frequency, or F0) and vocal-
tract length (VTL; related to the height of the speaker
and formant frequencies) in CI users (Gaudrain &
Başkent, 2018). El Boghdady et al. (2019) also found
that the sensitivity to both F0 and VTL was correlated
with the intelligibility of speech masked by a background
talker. Cullington and Zeng (2008) also measured speech
recognition with varying number of competing talkers in
CI users. In contrast to the NH data, there was no sig-
nificant advantage with fewer competing talkers in CI
users. However, CI users did benefit from voice pitch
differences between the target and maskers, with the
different-sex masker providing significantly less masking
than the same-sex masker. Similar results were also
reported by a few other studies (Meister et al., 2020;
Visram & McKay, 2012). These results suggest that
voice pitch cues also play an important role in CI users’
ability to segregate targets from competing speech.

Different from English, Mandarin Chinese is a tonal
language in which lexical tones convey linguistic mean-
ing (Liang, 1963). While the F0 is the primary cue for
lexical tones, listeners may also make use of duration
and amplitude cues that covary with F0 to recognize
lexical tones (Liang, 1963). Due to the lack of fine spec-
trotemporal information, voice pitch is not well per-
ceived by CI users, which limits the recognition of
lexical tones for Mandarin-speaking CI users (Fu &
Zeng, 2005; Luo et al., 2009). Mandarin-speaking CI
users depend more strongly on the covarying amplitude
contour to recognize lexical tones (Fu & Zeng, 2005).

2 Trends in Hearing



The amplitude contour of the target is likely more dis-
rupted by competing speech than by speech-shaped
steady noise (SSN), thus negatively affecting
Mandarin-speaking CI users’ ability to correctly per-
ceive lexical tones with competing talkers. Luo et al.
(2009) measured Mandarin-speaking CI users’ ability
to recognize concurrent vowels, tones, and syllables.
They found that concurrent vowel and syllable recogni-
tion were not significantly different between the same-
and different-talker conditions. However, concurrent
tone recognition was significantly better with the same-
talker condition, consistent with the eight-channel CI
simulation results in Luo and Fu (2009). Such unexpect-
ed results were likely because lexical tone recognition
primarily depends on the amplitude contour in CI
users and CI simulations, as pitch contours could not
be reliably detected due to the lack of fine spectrotem-
poral information (Fu & Zeng, 2005). The interference
between concurrent tones may undermine the benefits of
voice pitch cues in Mandarin-speaking CI users with
competing-talker backgrounds.

Tao et al. (2018)measured speech recognition thresholds
(SRTs) in SSNor in the presence of amasker talkerwith the
same or different sex as the target in pediatric Mandarin-
speaking CI and NH listeners. Similar to previous studies
(e.g., Leibold et al., 2018),Mandarin-speakingNHchildren
were able to greatly benefit from voice pitch differences
between the target and masker talker. Mandarin-speaking
CI children performed significantly better with SSN than
with the competing talker. In contrast to Cullington and
Zeng (2008), there was no significant performance differ-
ence in SRTs between the different-sex masker and the
same-sex masker in Mandarin-speaking CI children. Poor
CI performance in competing speech may be due to IM or
some kind of modulation interference, as CI users appear
unable to take advantage of temporal glimpsing when there
is only one competing talker. As the number of competing
talkers increases, the temporal gapsmay be filled up and the
amplitude contour of the resultant masker signals may be
flattened. In Cullington and Zeng (2008), varying the
number of competing maskers had little effect on English-
speaking CI users who were unable to take advantage of
temporal glimpsing. The flattened temporal envelope of the
multitalker masker may be less disruptive to the amplitude
contour of the target. Due to the importance of the ampli-
tude contour for lexical tone recognition in Mandarin-
speaking CI users (Fu & Zeng, 2005), it is possible that
Mandarin-speaking CI users’ recognition of target speech
may improve as the number of competing talkers increases.

In the present study, we measured recognition of
target speech in the presence of one, two, or four com-
peting talkers in 10 adult Mandarin-speaking NH listen-
ers and 12 adult Mandarin-speaking CI users. A number
of different combinations of target-masker vocal charac-
teristics were tested. We hypothesized that for

Mandarin-speaking CI users, recognition of the target
speech would significantly improve as the number of
masker talkers was increased, due to the resultant flat-
tening of the masker amplitude contour. We further
hypothesized that Mandarin-speaking CI users would
not benefit from voice pitch differences between the
target and masker, as the interference between concur-
rent tones may undermine the benefits of voice pitch cues
with competing-talker backgrounds (Luo et al., 2009).

Methods

Subjects

Twelve adult Mandarin-speaking Chinese CI users par-
ticipated in the study (eight males and four females). The
mean age at testing was 29.6 years (range¼ 18–47 years),
the mean duration of auditory deprivation was 11.2
years (range¼ 0.5–29.7 years), and the mean CI experi-
ence was 3.4 years (range¼ 0.4–16.5 years). CI subject
demographic information is shown in Table 1. Ten NH
adults (5 males and 5 females; mean age¼ 25.7 years,
range¼ 23–30 years) served as experimental controls
for the CI users. All NH subjects had pure tone thresh-
olds <20 dB HL at all audiometric frequencies between
125 and 8000 Hz. All CI and NH subjects were native
speakers of Mandarin. In compliance with ethical stand-
ards for human subjects, written informed consent was
obtained from all participants before proceeding with
any of the study procedures. This study was approved
by the institutional review board in Beijing Tongren
Hospital, Capital Medical University.

Test Materials

The Closed-set Mandarin Speech (CMS; Tao et al., 2017)
test materials were used to test speech understanding in the
presence of one or more competing talkers. The CMS test
materials consist of familiar words selected to represent the
natural distribution of vowels, consonants, and lexical
tones found in Mandarin Chinese. Ten keywords in each
of five categories (Name, Verb, Number, Color, and Fruit)
were produced by a native Mandarin talker, resulting in a
total of 50 words that can be combined to produce 100,000
unique sentences. The CMS test materials produced by
three male and two female native Mandarin talkers were
used in the present study. One of the three male talkers was
selected as the target talker (mean F0 across all 50 words:
139 Hz). The other two male talkers were used as the com-
peting talkers (mean F0s: 143 and 178Hz). The two female
talkers were also used as the competing talkers (mean F0s:
208 and 248 Hz).

SRTs, defined as the SNR that produced 50% correct
word recognition, were adaptively measured using a
modified coordinate response matrix (CRM) test
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(Brungart et al., 2001; Tao et al., 2017, 2018). Similar to

CRM tests, two target keywords (randomly selected

from the Number and Color categories) were embedded
in a five-word carrier sentence uttered by the Mandarin-

speaking male target talker. The first word in the target

sentence was always the Name “Xiaowang,” followed by

randomly selected words from the remaining categories.
Thus, the target sentence could be (in Mandarin)

“Xiaowang sold Three Red strawberries,” “Xiaowang

chose Four Brown bananas,” and so forth (Name to
cue target talker in bold; keywords in bold italic).

Recognition of the target keywords was measured in

the presence of one or more competing talkers. The
number of competing talkers ranged from one to four,

and the competing talkers had a combination of differ-

ent vocal characteristics. For the purpose of comparison,

the acronym (i.e., TS, TD, etc.) was adopted from
Brungart et al. (2001) to code the combination of differ-

ent vocal characteristics. T represents the target (male

talker), S indicates that the competing talker has the
same voice gender as the target (i.e., male talker), and

D indicates that the competing talker has a different

voice gender as the target (i.e., female talker). Six differ-

ent combinations based on the number and vocal char-
acteristics of competing talkers were generated,

including one female talker (TD; mean F0 across all

words¼ 248 Hz), one male talker (TS; mean F0 across
all words¼ 178 Hz), two female talkers (TDD; mean

F0s: 208 and 248 Hz), one male and one female (TSD;

mean F0s: 178 and 248 Hz), two male talkers (TSS;
mean F0s: 143 and 178 Hz), or two male and two

female talkers (TSSDD; mean F0s: 143, 178, 208, and

248 Hz). For the competing talkers, masker sentences

were randomly generated for each test trial using the
CMS materials; words were randomly selected from

each category, excluding the words used in the target

and other masker sentences. Thus, the Chinese masker
could be “Xiaozhang saw Two Blue kumquats,”
“Xiaodeng took Eight Green papayas,” and so forth
(competing keywords in italic). For conditions with mul-
tiple competing talkers, the target and all maskers have
different words for each category. Figure 1 shows the
waveforms mixed at 0 dB SNR for the target (red) and
different maskers (TD, TS, TDD, TSD, TSS, and
TSSDD). Note as the number of competing talkers
increases, the spectrotemporal dips in speech maskers
begin to weaken and the amplitude contour of the
masker becomes flatter.

Test Protocols

Due to the expected wide range in SRTs, a fixed overall
presentation level was used instead of a fixed target level
or a fixed masker level to avoid overly loud sounds for
some experimental conditions. Once target and compet-
ing sentences were combined according to a specific
SNR, the overall speech level was further adjusted to
have the same root mean square value in each presenta-
tion for all experimental conditions. All stimuli were
presented in sound field at 65 dBA via a single loud-
speaker; subjects were seated directly facing the loud-
speaker at a 1-m distance. For CI users, SRTs were
measured using the clinical settings for their device,
which were not changed throughout the study. During
each test trial, a sentence was presented at the designated
SNR; the initial SNR was 10 dB. Subjects were
instructed to listen to the target sentence (produced by
the male target talker and beginning with the name
“Xiaowang”) and then click on 1 of the 10 response
choices for each of the Number and Color categories;
no selections could be made from the remaining catego-
ries, which were grayed out. If the subject correctly iden-
tified both keywords, the SNR was reduced by 4 dB

Table 1. Cochlear Implant (CI) Subject Demographic Information.

Subject CI ear Sex

Age at

testing (years)

Duration of auditory

deprivation (years)

Duration of

CI use (years)

Hearing

age (years) Device

S1 Left Male 27 24.4 0.6 2.6 MED-EL

S2 Left Male 18 1.5 16.5 16.5 Cochlear

S3 Right Female 18 1.6 16.4 16.4 MED-EL

S4 Right Female 24 11.0 0.6 13.0 Nurotron

S5 Right Male 47 1.1 0.5 45.9 MED-EL

S6 Left Male 26 6.9 0.6 19.1 Cochlear

S7 Right Male 45 10.1 0.5 34.9 MED-EL

S8 Left Male 22 7.4 0.4 14.6 Advanced Bionics

S9 Left Female 29 0.8 0.9 28.2 Advanced Bionics

S10 Left Male 36 29.7 0.9 6.3 Nurotron

S11 Left Female 36 20.1 1.5 15.9 Nurotron

S12 Both Male 27 19.7 0.9 7.3 MED-EL

Note. The shaded cells indicate CI subjects with less than 16 years of hearing age; hearing age was defined as the difference between age at testing and

duration of auditory deprivation.
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(initial step size); if the subject did not correctly identify
both keywords, the SNR was increased by 4 dB. After
two reversals, the step size was reduced to 2 dB. The
SRT was calculated by averaging the last six reversals
in SNR. If there were fewer than 6 reversals with 2-dB
step size within 20 trials, the test run was discarded and
another run was executed. Two test runs were completed
for each condition, and the SRT was averaged across
runs. The masker conditions were randomized within
and across subjects.

Results

Effect of Number of Competing Talkers on SRTs

Figure 2 shows mean SRTs as a function of number of
competing talkers for the NH and CI groups. Note that
the one-talker masker data represent the mean scores
averaged across the TS and TD conditions, the two-
talker masker data represent the mean scores averaged
across the TDD, TSD, and TSS conditions, and the four-
talker masker data represent the mean score for the
TSSDD condition. For NH listeners, mean SRTs gradu-
ally worsened from –22.0 dB to –5.2 dB as the number of
competing talkers increased from 1 to 4. For CI users,
mean SRTs gradually improved fromþ5.9 dB toþ2.8 dB
as the number of masker talkers increased from 1 to 4. A
split plot analysis of variance (ANOVA) was performed
on the data shown in Figure 2, with number of competing
talkers (one, two, and four) as the within-subject factor
and group (NH and CI) as the between-subject
factor. Results showed significant effects for the
number of competing talkers, F(2, 40)¼ 94.36, p< .001,
and group, F(1, 20)¼ 128.12, p< .001; there was a

significant interaction, F(2, 40)¼ 2 00.01, p< .001. Due

to a significant interaction, within-subject effects were

tested independently for each subject group. For NH

subjects, a one-way repeated measures (RM) ANOVA

showed a significant effect for the number of competing

talkers, F(2, 18)¼ 162.05, p< .001. Holm–Sidak pairwise

comparisons showed that mean SRTs were significantly

better with the one-talker masker than with the two-

talker masker (p< .001) or the four-talker masker

(p< .001) and significantly better with the two-talker

masker than with the four-talker masker (p< .001). For

CI users, a one-way RM ANOVA showed a significant

effect for the number of competing talkers, F(2, 22)¼
21.72, p< .001. Holm–Sidak pairwise comparisons

Figure 1. Target Sentence (Red) Combined With Different Masker Conditions at 0 dB SNR.
TD¼ one female talker; TS¼ one male talker; TDD¼ two female talkers; TSD¼ one male and one female talker; TSS¼ two male talkers;
TSSDD¼ two male and two female talkers.

Figure 2. SRTs as a Function of the Number of Competing
Talkers in NH Listeners (Black) and CI Users (White). The error
bars show the standard deviation.
NH¼ normal-hearing; CI¼ cochlear implant.

Chen et al. 5



showed that mean SRTs were significantly poorer with

the one-talker masker than with the two-talker masker

(p< .001) or the four-talker masker (p< .001), with no

significant difference between the two- and four-talker

maskers (p¼ .692).

Interaction of Vocal Characteristics in the Multiple

Competing Talkers

Figure 3 shows mean SRTs for the NH and CI groups

for the six masker conditions. For NH listeners, the best

SRT was observed for the TD condition and the worst

for the TSS condition. For CI users, the best SRT was

observed for the TDD condition and the worst SRT for

the TS condition. A split plot ANOVA was performed

on the data shown in Figure 3, with listening condition

(TD, TS, TDD, TSD, TSS, and TSSDD) as the within-

subject factor and group (NH and CI) as the between-

subject factor. Results showed significant effects for

listening condition, F(5, 100)¼ 70.76, p< .001, and

group, F(1, 20)¼ 175.52, p< .001; there was a significant

interaction, F(5, 100)¼ 90.050, p< .001. Due to the sig-

nificant interaction, within-subject effects were tested

independently for each subject group. For NH subjects,

a one-way RM ANOVA showed a significant effect for

listening condition, F(5, 45)¼ 77.95, p< .001. Holm–

Sidak pairwise comparisons showed that SRTs were sig-

nificantly better for the TD condition than for the

remaining conditions (p< .001). SRTs were significantly

poorer for the TSS condition than for the TD, TS, or

TDD conditions (p< .001 in all cases) and significantly

poorer for the TSSDD condition than for the TD, TS, or

TDD conditions (p< .001 in all cases). SRTs were also

significantly poorer for the TSD than for the TSS con-

dition (p¼ .014). However, there was no significant dif-

ference between the TSD and TSSDD conditions

(p¼ .150) or between the TSS and TSSDD conditions

(p¼ .484). For CI users, a one-way RM ANOVA

showed a significant effect for listening condition, F(5,

55)¼ 17.34, p< .001. Holm–Sidak pairwise comparisons

showed that SRTs were significantly poorer for the TS

condition than for the remaining conditions (p< .001 in

all cases). SRTs were also significantly poorer for the TD

than for the TDD (p¼ .003) and TSSDD conditions

(p¼ .023). No significant differences were observed

among the remaining conditions. Table 2 lists all pair-

wise multiple comparisons for the listening conditions.

Effects of the Number of Competing Talkers on

Masking Release

In this context, masking release represents the benefit

(in dB) between the different-sex and same-sex masker

conditions. The amount of masking release was calculat-

ed for the one-talker (TS–TD) or two-talker masker con-

ditions (TSS–TDD). Figure 4 shows the amount of

masking release with the one- or two-talker maskers

for NH and CI listeners. Note that positive values indi-

cate masking release, and negative values indicate

masker interference. Paired t tests (adjusted for multiple

comparisons) showed significant masking release for NH

listeners (p< .001) and CI listeners (p< .005) for both

the one-talker and two-talker masker conditions. The

amount of masking release was significantly larger for

NH listeners than for CI users (p< .001) for both the

one-talker and two-talker masker conditions.

Figure 3. SRTs as a Function of Target-Masker Combinations in
NH Listeners (Black) and CI Users (White). The error bars show
the standard deviation.
NH¼ normal-hearing; CI¼ cochlear implant; TD¼ one female
talker; TS¼ one male talker; TDD¼ two female talkers;
TSD¼ one male and one female talker; TSS¼ two male talkers;
TSSDD¼ two male and two female talkers.

Table 2. All Pairwise Multiple Comparisons (Holm–Sidak
Method) for the Different Masker Conditions.

TD TS TDD TSD TSS TSSDD

NH: F(5, 45)¼ 77.95, p< .001

TD <.001 <.001 <.001 <.001 <.001
TS .493 <.001 <.001 <.001
TDD <.001 <.001 <.001
TSD .014 .150

TSS .484

CI: F(5, 55)¼ 17.34, p< .001

TD <.001 .003 .612 .603 .023

TS <.001 <.001 <.001 <.001
TDD .062 .084 .728

TSD .869 .248

TSS .291

Note. NH¼ normal-hearing; CI¼ cochlear implant; TD¼one female

talker; TS¼one male talker; TDD¼ two female talkers; TSD¼one male

and one female talker; TSS¼ two male talkers; TSSDD¼ two male and two

female talkers. When P< 0.05, the value is bold
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Effects of Hearing Age on Masking Release

In the present study, all CI users were at least 18 years

old at testing. However, duration of auditory depriva-

tion differed substantially among these CI users

(range¼ 0.8–29.7 years). Hearing age is commonly

used to indicate the period during which the listeners

received auditory input with acoustic or electric hearing.

For postlingually deafened CI users, hearing age can be

estimated as the difference between age at testing and

duration of auditory deprivation. Figure 5 shows the

amount of masking release with the one- or two-talker
maskers for CI users with less than or more than 16
years of hearing age. A hearing age of 16 years was
used as the threshold to divide the CI group, as previous
studies have shown that SRTs reach adult-like levels at
16 years (Corbin et al., 2016), and the amount of mask-
ing release asymptotes at 16 or 17 years in NH listeners
(Brown et al., 2010). The amount of masking release
with the one-talker masker was markedly larger for CI
users with more than 16 years of hearing age (3.61 dB vs.
1.64 dB). The amount of masking release with the two-
talker maskers was slightly larger for CI users with more
than 16 years of hearing age (1.69 dB vs. 1.25 dB).
However, the difference in masking release was not sig-
nificantly different between the two hearing age groups
for the one-talker (p¼ .17) or two-talker masker condi-
tions (p¼ .58).

Correlational Analyses

Demographic variables (age at testing, hearing age,
duration of auditory deprivation, and duration of CI
use) were compared with mean SRTs (averaged across
all listening conditions) and the amount of masking
release with the one- or two-talker maskers using
Pearson correlations; Bonferroni correction for multiple
comparisons was applied (adjusted p¼ .004).
Moderately strong relationships were observed between
mean SRTs and age at testing (r¼ .628, p¼ .029) and
between mean SRTs and duration of auditory depriva-
tion (r¼ .559, p¼ .059). However, the correlations were
not significant after Bonferroni correction. No signifi-
cant relationship was observed between the amount of
masking release and any of the remaining demographic
variables (p> .1).

Discussion

Consistent with many previous studies (Cullington &
Zeng, 2008; El Boghdady et al., 2019; Fu & Nogaki,
2005; Iyer et al., 2010; Meister et al., 2020; Nelson
et al., 2003; Stickney et al., 2004; Tao et al., 2018), CI
users were much more susceptible to speech-on-speech
maskers than were NH listeners, regardless of the
number of competing talkers. While CI users performed
significantly poorer in the presence of competing talkers,
some interesting similarities and differences were
observed between NH and CI listeners in terms of
target-masker voice pitch effects.

Effect of Number of Competing Talkers on SRTs

For Mandarin-speaking NH listeners, mean SRTs wors-
ened as the number of competing talkers increased. Such
trends are generally consistent with the NH data reported
in the literature (e.g., Freyman et al., 2007; Iyer et al.,

Figure 4. The Amount of Masking Release With One- or Two-
Talker Maskers for NH Listeners (Black) and CI Users (White).
The error bars show the standard deviation.
NH¼ normal-hearing; CI¼ cochlear implant; TS¼ one male
talker; TD¼one female talker; TSS¼ two male talkers;
TDD¼ two female talkers.

Figure 5. The Amount of Masking Release With One- or Two-
Talker Maskers for CI Users With More Than 16 Years of Hearing
Age (Black) or Less Than 16 Years of Hearing Age (White).
Hearing age was estimated by the difference between age at testing
and duration of auditory deprivation. The error bars show the
standard deviation.
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2010). The data can be well explained by EM and dip
listening for NH listeners, who are likely able to take
advantage of favorable SNRs in the spectrotemporal
gaps to obtain masking release with one competing
talker. As such, there was less EM with a one-talker
masker than with SSN. Indeed, mean SRTs with the
one-talker masker were as low as –22.0 dB, much lower
than SRTs with SSN (–11.4 dB) reported by Tao et al.
(2018) using the same test materials and protocols. When
the number of competing talkers increased, due to the
misaligned onsets and/or offsets for different competing
talkers, the dips in the spectral and temporal envelopes
were likely reduced, thereby smoothing the temporal
envelopes in the multitalker masker. This likely resulted
in fewer glimpses of the target speech (Figure 1). As
noted previously, as the number of competing talkers
increases, NH listeners may still be able to hear words
in the competing speech but cannot decide whether the
words were produced by target or the masker (i.e.,
increased IM). Indeed, mean SRTs were reduced to
–9.7 dB with the two-talker masker and further reduced
to –5.2 dB with the four-talker masker. Mean SRTs in the
two- or four-talker masker conditions were generally
worse than those with SSN in Tao et al. (2018). The pre-
sent pattern of results is consistent with those in previous
studies (e.g., Brungart et al., 2001; Cullington & Zeng,
2008), even though these studies differed in terms of test-
ing materials, protocols, and language. Taken together,
the results suggest that extracting information from
target speech becomes more difficult when there is more
than one interfering talker (the multimasker penalty
described by Durlach, 2006).

The pattern of results were different for the adult
Mandarin-speaking CI users, who performed worst
with the one-talker masker (þ5.9 dB) and best with the
four-talker masker (þ2.8 dB). Such trends were consis-
tent with our hypothesis but were in contrast to previous
findings that showed no effect of the number of compet-
ing talkers in English-speaking CI users (Cullington &
Zeng, 2008). With a one-talker masker, the mean SRT of
þ6.2 dB reported by Cullington and Zeng (2008) was
comparable with the mean SRT of þ5.9 dB in the pre-
sent study. Previous studies have shown that mean SRTs
with a one-talker masker were significantly poorer than
those with SSN in English-speaking CI users (þ6.2 dB
with one-talker masker vs. þ2.5 dB with SSN in
Cullington and Zeng, 2008) and Mandarin-speaking CI
users (þ3.5 dB with one-talker masker vs. –3.6 dB with
SSN in Tao et al., 2018). Given the lack of fine spectro-
temporal information and other signal processing com-
ponents (e.g., compressive amplitude mapping,
automatic gain control, channel interaction, etc.), CI
users may have greater difficulty segregating competing
talkers using target and masker vocal characteristics
(e.g., F0 and/or VTL, as in Fuller et al., 2014). As

such, CI users may be unable to take advantage of tem-
poral glimpsing. CI users’ inability to use temporal dips
has also been reported for nonspeech dynamic maskers
(e.g., Fu & Nogaki, 2005).

Relative to a one-talker masker, Cullington and Zeng
(2008) found that mean SRTs for English-speaking CI
users worsened by 2 dB. While they found similar
trends in NH and CI listeners, there was no significant
effect of the number of competing talkers in CI users. As
mentioned earlier, Cullington and Zeng (2008) found
that CI users performed more poorly with the one-
talker masker than with SSN, suggesting the presence
of IM with a single interfering talker. Increasing the
number of competing talkers may not increase the
amount of IM and may have little effect on SRTs in
English-speaking CI users. Mandarin-speaking CI users
are also unlikely able to use temporal glimpsing to rec-
ognize target speech in the presence of competing talkers
(e.g., the poorer SRTs with the one-talker masker than
with SSN in Tao et al., 2018). However, different from
English-speaking CI users, mean SRTs for the present
Mandarin-speaking CI users significantly improved by
3.1 dB as the number of competing talkers increased
from 1 to 4. The flattened multitalker masker temporal
envelope may be less disruptive to the amplitude contour
of the target speech, which is an important cue for lexical
tone recognition in Mandarin-speaking CI users (Fu &
Zeng, 2005).

Interaction of Vocal Characteristics in the Multiple
Competing Talkers

The different combinations of the target and masker
vocal characteristics also revealed some interesting
observations. For Mandarin-speaking NH listeners, the
best performance was observed for the TD condition
(–28.2 dB), in which the male target speech was
masked by one female talker; the poorest performance
was observed for the TSS condition (–3.1 dB), in which
the male target speech was masked by two different male
maskers. These data were consistent with previous find-
ings in English-speaking NH listeners (Cullington &
Zeng, 2008).

Iyer et al. (2010) examined the effects of vocal char-
acteristics of competing talkers on the multimasker pen-
alty (Durlach, 2006). They found that the multimasker
penalty was greatest when one of the maskers contained
contextually relevant information relative to the target;
under such circumstances, adding maskers with no con-
textual relevance has nearly no effect. Similarly,
Calandruccio et al. (2017) found that effects of a two-
talker masker were largely driven by the masker that was
most similar to the target. For the present two-talker
maskers, mean SRTs were –14.81, –7.71, and –3.12 dB
for the TDD, TSD, and TSS conditions, respectively.
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This supports the notion that the two-talker masker
effects were more driven by the masker that was most
perceptually similar to the target in terms of vocal char-
acteristics, consistent with the data from Calandruccio
et al. (2017). However, the vocal characteristics of the
second masker also had a small but significant effect on
SRTs, as a significant difference was observed between
the TSD and TSS conditions. Similar findings were also
observed by Cullington and Zeng (2008). Note that it is
difficult to ascertain the contextual similarity in the pre-
sent CRM-like task, as it was a closed-set procedure with
equally plausible target and masker words.

Several interesting discrepancies in terms of the inter-
action of vocal characteristics were observed between CI
users and NH listeners and between Mandarin-speaking
and English-speaking CI users. First, there was no multi-
masker penalty in CI users. For English-speaking CI
users, the number of competing talkers had little effect
on SRTs, while for Mandarin-speaking CI users, mean
SRTs actually improved with increasing number of com-
peting talkers. One of the conditions for multimasker
penalty in Iyer et al. (2010) is that SNR should be less
than 0 dB. For CI users, SRTs were typically greater
than 0 dB with competing talkers. With the two-talker
maskers, the lowest SRT was observed for the TDD
condition (þ2.4 dB), with no significant difference
between the TSD (þ4.0 dB) and TSS conditions
(þ3.9 dB). The relatively high SRTs observed with the
present Mandarin-speaking CI users may have preclud-
ed a mulitmasker penalty, according to the 0 dB SNR
threshold put forth by Iyer et al. (2010).

Note that mean SRTs for the one-talker masker were
averaged across the TS and TD conditions, and the
mean SRTs for the two-talker masker were averaged
across the TDD, TSS, and TSD conditions. As such,
the effects of masker vocal characteristics may have
not been fully considered when analyzing the mulit-
masker penalty. When the TD and TDD conditions
were excluded, mean SRTs were significantly improved
from þ7.1 dB with the one-talker masker (TS) to
þ3.9 dB with the two-talker masker (averaged across
TSD and TSS) to þ2.8 dB with the four-talker masker
(TSSDD; p< .05 for all comparisons).

Effects of the Number of Competing Talkers and
Hearing Age on Masking Release

Previous studies have shown that speech performance is
most difficult when the target and interfering maskers
are colocated, intelligible, and similar in terms of vocal
characteristics. Any additional cues, such as spatial sep-
aration (spatial cues; Freyman et al., 1999, 2001; Kidd
et al., 2016), degree of masker intelligibility (e.g.,
reversed speech maskers in Kidd et al., 2016), and differ-
ences in vocal characteristics (e.g., different-sex maskers

in Kidd et al., 2016), could be used to better segregate
the target from maskers, resulting in masking release.
Kidd et al. (2016) found that the large masking release
with these cues was primarily due to a reduction in IM.
In the present study, the amount of masking release was
estimated between the same-sex masker and different-sex
masker with the one-talker masker (TS–TD) or the two-
talker masker (TSS–TDD). As shown in Figure 4, the
amount of masking release was comparable between the
one-talker (12.3 dB) and two-talker maskers (11.7 dB) in
NH listeners. Large amounts of masking release were
reported by Cullington and Zeng (2008) for one-talker
(10.2 dB) and two-talker maskers (8.4 dB). Brown et al.
(2010) also reported a similar amount of masking release
(9.0 dB) with a two-talker masker using the listening in
spatialized noise—sentence test when voice pitch cues
were available.

Due to the loss of fine structure, CI users have much
greater difficulty using voice pitch cues to segregate and
competing speech. In the present study, mean SRTs
improved from þ7.1 dB in the TS condition to þ4.6 dB
in the TD condition, resulting in 2.5 dB of masking
release due to voice pitch cues when there was one com-
peting talker. This amount of masking release is consis-
tent with previous studies (e.g., Cullington & Zeng, 2008;
El Boghdady et al., 2019; Liu et al., 2019; Meister et al.,
2020; Visram & McKay, 2012). For example, Visram
and McKay (2012) reported an improvement of 1.3 dB
in English-speaking CI users with the CI alone and
1.6 dB with bimodal listening (CI combined with contra-
lateral hearing aid, or CIþHA) when voice pitch cues
were available. Liu et al. (2019) also reported a similar
amount of masking release (1.7 dB) in Mandarin-
speaking CI children with bimodal listening.
Cullington and Zeng (2008) found that mean SRTs
improved from þ7.6 dB in the same-sex masker condi-
tion to þ2.1 dB in the different-sex masker condition,
resulting in a relatively large improvement (5.5 dB)
with one competing talker.

However, other studies have shown no significant
masking release in CI users due to voice pitch cues
(Liu et al., 2019; Stickney et al., 2004, 2007; Tao et al.,
2018). There are several differences among the present
and previous studies, including language (tonal vs. non-
tonal), age at testing (children vs. adults), listening mode
(CI-only vs. CIþHA), and test materials (CRM vs. sen-
tences). Stickney et al. (2004, 2007) measured percent
correct at fixed SNRs using Institute of Electrical and
Electronics Engineers (IEEE) sentences (Rothauser
et al., 1969), while other studies adaptively measured
SRTs (Cullington & Zeng, 2008; Visram & McKay,
2012). Due to the difficulty of IEEE sentences, the over-
all performance was relatively low for all conditions,
resulting in a potential floor effect. The present data
also contrast previous studies that showed no masking
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release in Mandarin-speaking CI children (Liu et al.,
2019; Tao et al., 2018). The only difference between
the present and these previous studies was age at testing,
as all three studies used exactly same test materials and
protocols in Mandarin-spearing CI users. These results
suggest that age at testing may play an important role in
masking release.

For NH listeners, age at testing represents the time
period that listeners have been receiving the auditory
input. However, for postlingually deafened CI adults,
age at testing may be different from the time period
that listeners have been receiving the auditory input
due to the duration of auditory deprivation. In the pre-
sent study, hearing age was defined as the difference
between age at testing and duration of auditory depriva-
tion. Brown et al. (2010) found that the amount of
masking release increased from approximately 3 dB in
6-year-old children to approximately 9 dB in adults
when there was two competing talkers. Because the
amount of masking release typically asymptotes at 16
or 17 years in NH listeners (Brown et al., 2010), a 16-
year threshold of hearing age was used to divide the CI
group in the present study. The present data showed that
CI users with >16 years hearing age had substantially
larger masking release (3.4 dB) than CI users with <16
years hearing age (1.6 dB); however, this difference did
not achieve statistical significance due to the small
number of subjects. Aging effects on speech measures
have also been reported in middle-aged and elderly
adults (Başkent et al., 2014; Bergman et al., 1976;
Gordon-Salant & Fitzgibbons, 1999; Tun et al., 2002).
For example, Başkent et al. (2014) found that the differ-
ence in SRTs between young and middle-aged adults was
2.1 dB for competing speech and 0.8 dB for steady noise.
Tun et al. (2002) suggested that attention may be an
important factor in older adults’ difficulty in segregating
target and competing speech. These data suggest that
aging effects are already evident in children and
middle-aged or elderly adults when compared with
young adults, especially when testing with competing
speech.

In the present study, as the number of competing
talker increased, the amount of masking release reduced
and was more variable in CI users; this was not consis-
tent with the NH data, which showed little difference
between the one- and two-talker masker conditions.
Mean CI SRTs improved from þ3.9 dB in the TSS con-
dition to þ2.4 dB in the TDD condition, resulting in
1.5 dB of masking release with voice pitch cues.
However, Cullington and Zeng (2008) found that mean
SRTs worsened from 7.4 dB in the TSS condition to
8.7 dB in the TDD condition, resulting in a 1.3 dB deficit
when voice pitch cues were available. Again, the differ-
ent test materials and language across studies may have
contributed to differences in outcomes.

Summary and Conclusions

Understanding of target Mandarin Chinese speech was

measured in adult Mandarin-speaking NH listeners and

CI users in the presence of one or multiple competing

talkers using a modified CRM task. The number of com-

peting talkers increased from one to four, and the com-

peting talkers contained different combinations of vocal

characteristics. Major findings include the following:

1. For NH listeners, mean SRTs worsened from

–22.0 dB to –5.2 dB as the number of competing talk-

ers increased. The flattened peaks and valleys with

increasing numbers of competing talkers may limit

NH listeners’ ability to glimpse the target speech in

the dips of the spectral and temporal envelopes.
2. For Mandarin-speaking CI users, mean SRTs slightly

but significantly improved from 5.9 dB to 2.8 dB for

CI users as the number of competing talkers

increased. This finding is in contrast to some previous

studies that showed no effect of increasing number of

competing talkers on SRTs in English-speaking CI

users. The flattened amplitude contour of the multi-

talker masker may be less disruptive to the amplitude

contour of the target, which is an important cue for

Mandarin-speaking CI users.
3. Adult CI users significantly benefitted from voice

pitch differences between target and masker speech,

but the amount of masking release was much smaller

(2 dB) for CI users than for NH listeners (12 dB). The

present data are in contrast to some previous studies

that did not show a benefit for target-masker voice

pitch differences in CI children. This suggests that age

at testing (or hearing age) may be important to con-

sider when evaluating the benefits of voice pitch cues

for CI users.
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Başkent, D., van Engelshoven, S., & Galvin, J. J., III. (2014).

Susceptibility to interference by music and speech maskers

in middle-aged adults. The Journal of the Acoustical Society

of America, 135, EL147–EL153. https://doi.org/10.1121/

1.4865261
Bergman, M., Blumenfeld, V. G., Cascardo, D., Dash, B.,

Levitt, H., & Margulies, M. K. (1976). Age-related decre-

ment in hearing for speech: Sampling and longitudinal stud-

ies. Journal of Gerontology, 31, 533–538. https://doi.org/

10.1093/geronj/31.5.533
Bregman, A. S. (1994). Auditory scene analysis. MIT Press.
Brokx, J., & Nooteboom, S. (1982). Intonation and the per-

ceptual separation of simultaneous voices. Journal of

Phonetics, 10, 23–36. https://doi.org/10.1016/s0095-4470

(19)30909-x
Brown, D. K., Cameron, S., Martin, J. S., Watson, C., &

Dillon, H. (2010). The North American listening in spatial-

ized noise—sentences test (NA LiSN-S): Normative data

and test-retest reliability studies for adolescents and young

adults. Journal of the American Academy of Audiology,

21(10), 629–641. https://doi.org/10.3766/jaaa.21.10.3
Brungart, D. S. (2001). Informational and energetic masking

effects in the perception of two simultaneous talkers. The

Journal of the Acoustical Society of America, 109,

1101–1109. https://doi.org/10.1121/1.1345696
Brungart, D. S., Chang, P. S., Simpson, B. D., & Wang, D.

(2006). Isolating the energetic component of speech-on-

speech masking with ideal time-frequency segregation. The

Journal of the Acoustical Society of America, 120(6),

4007–4018. https://doi.org/10.1121/1.2363929
Brungart, D. S., Simpson, B. D., Ericson, M. A., & Scott,

K. R. (2001). Informational and energetic masking effects

in the perception of multiple simultaneous talkers. The

Journal of the Acoustical Society of America, 110(5 Pt 1),

2527–2538. https://doi.org/10.1121/1.1408946
Calandruccio, L., Bowdrie, K., & Buss, E. (2017). Effectiveness

of two-talker maskers that differ in talker congruity and

perceptual similarity to the target speech. Trends in

Hearing, 21, 2331216517709385. https://doi.org/10.1177/

2331216517709385

Corbin, N. E., Bonino, A. Y., Buss, E., & Leibold, L. J. (2016).

Development of open-set word recognition in children:

Speech-shaped noise and two-talker speech maskers. Ear

and Hearing, 37(1), 55–63. https://doi.org/10.1097/AUD.

0000000000000201
Cullington, H. E., & Zeng, F. G. (2008). Speech recognition

with varying numbers and types of competing talkers by

normal-hearing, cochlear-implant, and implant simulation

subjects. The Journal of the Acoustical Society of America,

123(1), 450–461. https://doi.org/10.1121/1.2805617

Darwin, C. J., Brungart, D. S., & Simpson, B. D. (2003).

Effects of fundamental frequency and vocal-tract length

changes on attention to one of two simultaneous talkers.

The Journal of the Acoustical Society of America, 114,

2913–2922. https://doi.org/10.1121/1.1616924
Darwin, C. J., & Hukin, R. W. (2000). Effectiveness of spatial

cues, prosody, and talker characteristics in selective atten-

tion. The Journal of the Acoustical Society of America,

107(2), 970. https://doi.org/10.1121/1.428278
Drullman, R., & Bronkhorst, A. W. (2004). Speech perception

and talker segregation: Effects of level, pitch, and tactile

support with multiple simultaneous talkers. The Journal of

the Acoustical Society of America, 116, 3090–3098. https://

doi.org/10.1121/1.1802535
Durlach, N. (2006). Auditory masking: Need for improved

conceptual structure. The Journal of the Acoustical Society

of America, 120, 1787–1790. https://doi.org/10.1121/1.

2335426
Durlach, N. I., Mason, C. R., Kidd, G., Jr., Arbogast, T. L.,

Colburn, H. S., & Shinn-Cunningham, B. G. (2003). Note

on informational masking. The Journal of the Acoustical

Society of America, 113, 2984–2987. https://doi.org/

10.1121/1.1570435
El Boghdady, N., Gaudrain, E., & Başkent, D. (2019). Does
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