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Abstract: To examine difficulties experienced by cochlear implant (CI) users when perceiv-
ing non-native speech, intelligibility of non-native speech was compared in conditions with
single and multiple alternating talkers. Compared to listeners with normal hearing, no rapid
talker-dependent adaptation was observed and performance was approximately 40% lower
for CI users following increased exposure in both talker conditions. Results suggest that
lower performance for CI users may stem from combined effects of limited spectral resolu-
tion, which diminishes perceptible differences across accents, and limited access to talker-
specific acoustic features of speech, which reduces the ability to adapt to non-native speech
in a talker-dependent manner. VC 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001941

[Editor: Martin Cooke] Pages: EL267–EL272

Received: 29 June 2020 Accepted: 21 August 2020 Published Online: 16 September 2020

1. Introduction

Compared to native-accented speech, non-native speech is less intelligible and requires greater lis-
tening effort due to segmental and suprasegmental patterns that differ from those listeners are
accustomed to in their native language.1 Listeners can partially overcome this difficulty with
increased exposure2,3 even after just a few sentences.4 Accent-dependent adaptation is one mecha-
nism shown to facilitate this process, whereby listeners utilize similar acoustic cues across multi-
ple non-native talkers who share the same native language.3 For example, when native talkers of
English are speaking French as a second language, since English does not have the high vowel
/y/, they tend to substitute /u/ in place of /y/.6 Talker-dependent adaptation is another mechanism
that occurs after increased exposure to an individual talker, whereby listeners utilize talker-
specific cues, such as the fundamental frequency (F0, related to glottal pulse rate) and the spec-
tral envelope (related to vocal tract length), to aid with adaptation.7,8

Few studies have characterized the added difficulties that cochlear implant (CI) users
experience when attending to non-native speech compared to (NH) listeners. Ji et al. found that
CI users have poorer than normal speech reception thresholds in non-native speech in noise per-
ception compared to NH listeners, with performance being strongly correlated to ratings of intel-
ligibility and talker accentedness for CI users.9 The same study also reported greater inter-subject
variability for CI users perceiving non-native speech compared to native speech.9 Tamati and
Pisoni found that CI users are less sensitive to differences across accents compared to NH listen-
ers in a task where listeners judged perceived intelligibility of native and non-native speech.10 To
date, only one study has reported whether CI users can overcome perceptual deficits with non-
native speech. Waddington et al. found that CI users could utilize audiovisual cues to aid with
non-native speech perception, though not to the level observed for native speech.11 The same
study found that older CI users were at an increased disadvantage when perceiving non-native
speech relative to their younger counterparts, though they could partially overcome the age-
related deficit with access to audiovisual cues.11

The extent to which CI users can rapidly adapt to non-native speech and how this pro-
cess may be similar to or different from NH listeners is unknown. CI users have relatively nor-
mal temporal envelope processing but have limited access to fine structure cues such as mean F0
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and spectral envelope,12 which lead to reduced talker discrimination.13 These robust voice charac-
teristics may aid NH listeners with perceptual recalibration when adapting to non-native speech
in a talker-dependent manner. Although these cues are limited for CI users, they are not entirely
absent,14 and CI users can partially discriminate talkers, individual voice cues, and can learn
talkers’ voices in native-accented speech.15 This entails that CI users can obtain some talker-
dependent benefit; however, when speech production patterns drastically vary, such as with non-
native speech, having only limited access to these talker-specific cues may not suffice. CI users
may find it more reliable to utilize other systematic cues in non-native speech that are accessible
via temporal envelope processing, such as a reduction of unstressed syllables.5 This latter mode
implies that CI users may benefit more from an accent-dependent mechanism, where stable cues
inherent to the accent can be accessed via exposure to several different non-native talkers who
share the same native language.3 But even this method may be limited for CI users regardless of
whether certain accent-dependent cues are more aptly transmitted through their device.
Specifically, in an easier listening condition such as with native speech, CI users already exhibit a
detriment when perceiving speech from several different talkers compared to only a single
talker.16 This suggests that perceiving non-native speech from multiple talkers may be even more
difficult since they would need to simultaneously resolve sources of variability in vocal character-
istics stemming from different talkers while also reconciling with increased segmental and supra-
segmental variability occurring in non-native speech production.

Given that it is unclear whether CI users utilize similar mechanisms as NH listeners to
adapt to non-native speech, the present work examined whether listeners exhibit rapid adaptation
(defined as an improvement in intelligibility performance with increased exposure) to non-native
speech by utilizing either talker-dependent or accent-dependent mechanisms. Listeners were
divided into in either single- or multiple-talker conditions. In single-talker conditions, listeners
were exposed to speech from the same non-native talker to allow for an assessment of whether
listeners could adapt in a talker-dependent manner. In multiple-talker conditions, listeners were
exposed to five different interleaved non-native talkers who share the same native language in
order to assess abilities to adapt in an accent-dependent manner. Listeners were further divided
into three groups: NH listeners perceiving unprocessed sentences, NH listeners perceiving nine-
channel vocoded sentences, and CI users perceiving sentences through their implant device.
Vocoded conditions were included because talker-specific cues, such as F0 and spectral envelope,
are neither well-encoded in CI devices nor in vocoded speech with decreased spectral resolu-
tion.17,18 This provided an assessment of rapid adaptation without additional potential confounds
that can vary across CI users, such as the number of active electrodes.

Based on previous results using the same paradigm,8 it was hypothesized that NH listen-
ers would rapidly adapt to non-native speech in the unprocessed single-talker condition but not
in the unprocessed multiple-talker condition, providing evidence that a talker-dependent mecha-
nism aids with rapid adaptation to non-native speech to a greater extent than accent-dependent
adaptation for NH listeners. It was also hypothesized that when talker-specific voice cues are lim-
ited, as with vocoded speech or with a CI, this talker-dependent adaptation effect would be
impaired. In such cases, it was considered whether CI users and listeners in the vocoded condi-
tion could benefit in the multiple-talker condition by utilizing systematic accent-dependent cues
to aid with adaptation.

2. Method

2.1 Listeners

Thirty-six monolingual (n¼ 6 per listening condition), native talkers of American English partici-
pated (NH: n¼ 24, age range: 18–39 years, M¼ 23 years; CI users: n¼ 12, age range: 23–73 years,
M¼ 53 years). NH participants reported having no hearing impairments and passed a hearing
screening at 20 dB hearing level at octave frequencies from 250 to 8000 Hz. Additional informa-
tion regarding CI participants can be found in supplementary material.19 Participants were mone-
tarily compensated for participation.

2.2 Stimuli

Phonetically balanced low-context Harvard sentences (e.g., “The ripe taste of cheese improves
with age”) recorded from five non-native American English talkers (3 females, 2 males) were
root-mean-squared equalized and presented for the experiments. Talkers’ accentedness and intelli-
gibility were classified in quiet by 22 NH native talkers of American English who did not partici-
pate in this study. Non-native talkers were Mandarin-accented, had resided in Taiwan and the
United States, and rated as being relatively heavily non-native-accented (M¼ 7, SD¼ 0.66) using
a nine-point Likert scale where 9 corresponded to “heavily non-native-accented.” Intelligibility
was scored as the percent of correctly typed key words (key words ¼ words other than article
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adjectives) to total key words using a customized automatic scoring program created in MATLAB

(The MathWorks USA). The program also accounted for commonly misspelled words and
homonyms. Non-native talkers’ intelligibility scores ranged from 58% to 74% (M¼ 68%,
SD¼ 7.0). Sentences from an additional female native-accented talker (accent rating: M¼ 1,
SD¼ 0; intelligibility: M¼ 97%, SD¼ 0.55) were used for task familiarization. For vocoded con-
ditions, spectral resolution was limited with a nine-channel tone vocoder that included low-pass
filtering at 160 Hz and full-wave rectification.20 Nine channels were chosen for being similar to
the effective number of channels when perceiving speech with a CI.21

2.3 Group assignment

The experiment was divided into single- and multiple-talker conditions. In single-talker condi-
tions, sentences from one of the five talkers in the multiple-talker conditions were randomly
selected for each listener, and that same talker was heard for the duration of the experiment. In
multiple-talker conditions, listeners heard speech from five non-native talkers, sequentially (i.e.,
talkers were presented one at a time). Two sentences per talker were randomly presented every
ten sentences for the multiple-talker conditions. For each of the two talker conditions, listeners
were assigned to one of three groups (unprocessed, vocoded, CI). For the unprocessed group, NH
listeners heard unprocessed stimuli in either the single-talker (n¼ 6, age range: 18–39) or the
multiple-talker (n¼ 6, age range: 18–28) condition. For the vocoded group, NH listeners heard
vocoded stimuli in either the single-talker (n¼ 6, age range: 18–27) or the multiple-talker (n¼ 6,
age range: 18–30) condition. For the CI group, CI users heard stimuli processed through their
devices in either the single-talker (n¼ 6, age range: 23–71) or the multiple-talker condition (n¼ 6,
age range: 23–73). Listeners were only assigned to one of the six conditions to control for talker
adaptation.

2.4 Procedure

Stimuli were presented in a sound-attenuating booth through a speaker (Grason-Stadler, Inc.,
Eden Prairie, MN) located 1 m away and directly in front of the listener. The presentation level
was constant for NH listeners [72 dB sound pressure level (SPL)] but presented at a comfortable
level for each individual CI user [varying from 62 to 83 dB SPL (M¼ 72, SD¼ 5.79)]. CI users
were instructed to use their preferred clinical MAP setting and to insert an ear plug into the less
dominant implanted ear in bilateral users or into the non-implanted ear in unilateral users to
reduce possible residual hearing. NH listeners were instructed to plug their right ears. No check
for residual hearing in the dominant ear of CI users was performed nor were listeners screened to
assure that plugging their ears prevented them from hearing sounds in the plugged ear.

Listeners were asked to type what they heard for a total of 40 unique sentences to simu-
late the amount of exposure that could occur over the course of a single conversation (i.e., rapid
adaptation). A brief practice session comprising ten sentences spoken by a single native-accented
talker was given immediately prior to the experiment. Listeners in the vocoded conditions heard
vocoder-processed speech instead of unprocessed speech during the practice session. The talker
included in the practice session was the same for all listeners and was not presented for the exper-
imental session. The experiment lasted approximately 30 min. Procedures were approved by the
University of California, Irvine Institutional Review Board.

Each talker condition was a 3� 2 mixed design: three listening conditions (unprocessed,
vocoded, CI; between-subjects) by 2 exposure stages (initial, final; within-subjects). The initial
and final exposure stages correspond to mean scores for the first and last ten sentences, respec-
tively. Adaptation entails an improvement in scores from the initial to the final exposure stage.
Intelligibility was scored as the percentage of correctly typed keywords over total keywords using
the same scoring program that was used to obtain baseline intelligibility scores for each talker.
Scores were transformed into rationalized arcsine units (RAU) for analyses.

3. Results

3.1 Perception of non-native speech from a single talker

Figure 1(a) shows intelligibility scores as a function of listening condition across exposure stages.
NH listeners in the unprocessed condition had the highest intelligibility scores (M¼ 80.5 RAU,
SD¼ 8.529), followed by those in the vocoded condition (M¼ 60.6, SD¼ 12.652). CI users had
the lowest scores (M¼ 43.5, SD¼ 14.210). A mixed design analysis of variance (ANOVA) indi-
cated main effects of listening condition [F(2,15)¼ 14.565, p< 0.001, generalized g2¼ 0.588] and
exposure stage [F(3,45)¼ 5.420, p¼ 0.003, generalized g2¼ 0.087] but no significant interaction of
listening condition by exposure stage [F(6,45)¼ 1.706, p¼ 0.142, generalized g2¼ 0.057]. To test
if rapid adaptation occurred after increased exposure, post hoc comparisons using Dunnett’s tests
were made. An improvement from initial exposure to final exposure was observed for the
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unprocessed condition, p¼ 0.039, and for the vocoded condition, p¼ 0.010, but not for CI users,
p¼ 0.503.

3.2 Perception of non-native speech from multiple talkers

A mixed design ANOVA indicated a main effect of listening condition [F(2,15)¼ 28.250,
p< 0.001, generalized g2¼ 0.664], but no effect of exposure stage [F(3,45)¼ 0.609, p¼ 0.613, gen-
eralized g2¼ 0.019]. No interaction of listening condition by exposure stage was found
[F(6,45)¼ 0.356, p¼ 0.903, generalized g2¼ 0.022]. Figure 1(b) displays performance across
groups. Post hoc comparisons revealed no significant improvement from initial exposure to final
exposure for any group: unprocessed, p¼ 0.502, vocoded, p¼ 0.353, CI, p¼ 0.759.

3.3 Single- versus multiple-talker conditions

Post hoc comparisons testing for differences in single- versus multi-talker conditions across expo-
sure to all 40 sentences revealed that NH listeners in the unprocessed condition had higher intelli-
gibility scores when perceiving speech from only a single non-native talker, p¼ 0.049. No differ-
ences between single- and multi-talker conditions were observed for NH listeners perceiving
vocoded speech nor for CI users, both p> 0.05. Given the greater amount of variability in per-
formance from CI users, further analyses are provided in supplementary material19 revealing that
CI users’ performance when perceiving native-accented speech from a single native talker can
partially predict outcomes for non-native speech perception.

4. Discussion

Results demonstrated that NH listeners benefited from rapid adaptation to a single non-native
talker. Talker-dependent adaptation was also observed with nine-channel vocoded speech, though
only to a limited extent. Talker-dependent adaptation was not observed for CI users. No listener
group benefited from increased exposure to multiple talkers, suggesting that rapid accent-
dependent adaptation is limited across all groups. A greater amount of variability for CI users in
the multiple-talker condition revealed that while some performed worse with increased exposure,
others improved to levels similar to NH listeners. This suggests that some CI users benefit from
rapid accent-dependent adaptation while others are further impaired. Finally, a relationship
between how well CI users perceive native-accented speech and how well they can rapidly adapt
to non-native speech was also found. This suggests that CI users’ performance in easier listening
conditions can partially predict non-native speech perception outcomes.

The present work provides a preliminary comparison of potential mechanisms used by
CI users and NH listeners to adapt to non-native talkers. Intelligibility of non-native speech was
scored initially and after increased exposure in a rapid adaptation paradigm with single- and
multiple-interleaved-talker sentence sequences to assess whether a talker- or accent-dependent
benefit would be observed for each listener group. The results showed that intelligibility scores
were lower for CI users compared to NH listeners in both talker conditions, and unlike for NH
listeners, no talker-dependent benefit was observed for CI users after increased exposure. Despite
no observed improvement for any CI participant in the single-talker condition, two showed some
improvement in the multiple-talker condition. This implies that some CI users can more readily
adapt to non-native speech via an accent-dependent mechanism that may utilize systematic

Fig. 1. Intelligibility of non-native speech in single- and multiple-talker conditions. (a) Single-talker conditions (left). The
density of RAU-transformed intelligibility scores for each exposure period across listener groups is presented. Solid lines rep-
resent the median, dashed lines above indicate the third quartile, and dashed lines below indicate the first quartile. Dots rep-
resents individual data points. Abbreviations: UNPR¼ unprocessed, VCDR¼ vocoder-processed, CI¼ cochlear implant. (b)
Multiple-talker conditions (right). (b) Follows the same conventions as (a).
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non-native production cues that are better encoded in implant devices, such as duration cues.5

Since not all CI users adapted in the multiple-talker condition, and some did worse with more
exposure, other factors may be limiting performance, such as listener fatigue. Also, listeners who
improved in the multiple-talker condition may have also improved if they were in the single-
talker condition. Future work could use a repeated-measures design to control for this
possibility.

The observed lower intelligibility scores and lack of rapid adaptation experienced by CI
users perceiving non-native speech may be a consequence of limited access to talker-specific fine
structure cues. This account is further supported by the present results from NH listeners’ percep-
tion of vocoded non-native speech, which also limits talker identity cues while minimizing the
effects of uncontrolled factors associated with electric hearing. Lower intelligibility scores were
observed when NH listeners perceived vocoded speech compared to unprocessed speech.
Listeners were able to somewhat overcome their initial limitation in the vocoded condition with
increased exposure, but not to levels of those in the unprocessed condition. Also, no difference
between the two talker conditions was observed.

Although the CI users and those in the vocoded condition may have had some access to
talker-specific cues,14,15 since NH listeners perceiving vocoded speech do not also have the added
potential confounds that CI users incur, this may be why listeners perceiving vocoded speech
from a single talker could partially adapt. Because of these added confounds, CI users may still
be able to adapt but require more processing time than what is needed for NH listeners.22 Age
may have also contributed to the results. In the present work, the CI participants were, on aver-
age, older than the NH listeners. A recent study found that older CI listeners were at an
increased disadvantage when perceiving non-native speech compared to younger CI users.11

Although age may have been a factor in the present findings, adaptation in the vocoded single-
talker condition never reached levels observed in the unprocessed condition despite listeners in
both groups sharing matching demographics. This suggests that reduced spectral resolution may
largely, though not fully, explain the deficits shown by CI users and listeners in the vocoded con-
dition. Another important consideration is that the present work did not assess listeners’ abilities
to adapt to native-accented speech with increased exposure in both talker conditions. It could be
that CI users would also exhibit the same difficulties with any unfamiliar talker. However, previ-
ous work included both native- and non-native talkers to address this concern using vocoded
speech and found that listeners performed near ceiling performance in both native talker condi-
tions, while scores were drastically lower when perceiving non-native speech.8 Those results sug-
gest the present findings are more specific to non-native speech.

Finally, a moderate relationship was found between CI users’ performance when listen-
ing to the same native-accented talker and performance when listening to non-native speech.
Despite this correlation, even higher performing CI users did not attain scores near those of NH
listeners when perceiving non-native speech. This indicates that outcomes of CI users’ perception
of non-native speech are more complex than their performance abilities in easier listening condi-
tions. Specifically, in more difficult listening situations, there is likely an interplay between device
limitations, such as reduced spectral resolution, and cognitive limitations related to attention and
processing speed that disrupt rapid adaptation by impeding utilization of top-down processing to
enhance acoustic bottom-up information.12 These limitations can vary extensively across CI users
and support the need to develop processing and listening strategies for improved performance
under realistic listening environments.
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