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Abstract

Background: Speech recognition of individuals who are listening to a nonnative language is significantly
degraded in the presence of background noise and may be influenced by proficiency, age of acquisition,

language experience, and daily use of the nonnative language.

Purpose: The purpose of this study is to examine and compare speech recognition in noise performance
across test conditions with varying signal-to-noise ratios (SNRs) as well as the presence of vocal and

spatial cues in listeners who speak American English as a native language or Mandarin Chinese as a
native language. Self-rated English proficiency and experience were collected for native Mandarin Chi-

nese speakers to determine its relationship to performance on the test measures.

Research Design: A cross-sectional repeated measures design was used for the study.

Study Sample: Four groups of participants were included in the study. The adult groups consisted of 25
adults who speak native English and 25 adults who speak native Mandarin Chinese with English as an

additional language. The pediatric groups consisted of 16 children who speak native English and 16 chil-
dren who speak native Mandarin Chinese with English as an additional language.

Data Collection and Analyses: Percent correct speech recognition in noise was assessed at three
SNRs (23, 0, 13 dB) using the adult or pediatric versions of the AzBio sentence test. The Listening

in Spatialized Noise-Sentence (LiSN-S) test was used to determine the effect of providing spatial
and vocal cues on the speech recognition in noise performance of the groups of participants. The data

for each age group and test measure were analyzed with a repeated measures analysis of variance.
Correlation analyses were performed to examine relationships between English proficiency and expe-

rience on performance across the speech recognition test conditions.

Results: Analysis of the data from the adult or pediatric AzBio sentence test identified a significant effect
of native language for adults but no significant effect for children. The higher SNRs yielded better performance

for all listeners. On the LiSN-S test, results for the adult and pediatric groups were similar and showed sig-
nificantly better performance for the native English speakers in every test condition. The demographic and

language characteristics that most affected speech recognition performance across the test measures in-
cluded the length of time the person lived in the United States, the age of English acquisition, the number

of minutes per day English was spoken by the participant, and the self-rated English proficiency.

Conclusions: The findings in this study highlight the importance and benefit of higher SNRs as well as

the provision of vocal and spatial cues for improving speech recognition performance in noise of adult and
pediatric listeners who speak Mandarin Chinese as a native language.
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Abbreviations: LiSN-S 5 listening in spatialized noise-sentence; NC 5 native Chinese; NE 5 native

English; RM ANOVA 5 repeated measures analysis of variance; SNR 5 signal-to-noise ratio; SRT 5

speech recognition threshold

INTRODUCTION

H
earing in noisy environments is often difficult,
even for individuals with normal-hearing sensi-

tivity in the presence of high-intensity noise, at

a distance from the talker and in reverberant situations

(Finitzo-Hieber and Tillman, 1978; Festen and Plomp,

1990; Neuman et al, 2010; Wróblewski et al, 2012). Speech

recognition in noise is an evenmore challenging taskwhen

listening to a nonnative language (Crandall and Smaldino,

1996;Nelsonet al, 2005;Lecumberri et al, 2010;Nakamura
and Gordon-Salant, 2011; Tamati and Pisoni, 2014), likely

because of the increased processing demands (Zhang et al,

2016). Given the cultural diversity in theUnited States, an

in-depth understanding of the speech recognition dif-

ficulties in noise of nonnative listeners as well as the

demographic factors that may influence performance

is necessary to consider the listening needs and appropri-

ate speech recognition test materials for various popula-
tions of listeners (U.S. Census Bureau, 2011; American

Speech-Language-Hearing Association, 2017).

Speech Recognition in a Native Language

When listening in anative language, speech recognition

performance of children and adults with normal hearing

will often result in 100% accuracy when the stimuli are
presented at fixed suprathreshold levels in quiet and at

favorable signal-to-noise ratios (SNRs), such as 115 to

12 dB (Finitzo-Hieber and Tillman, 1978; Boothroyd,

2008; McCreery et al, 2010; Spahr et al, 2012; Schafer

et al, 2016). However, the addition of higher levels of back-

ground noise and reverberation, which is typical in most

everyday listening environments, results in substantial

declines in speech recognition performance. For example,
in a hallmark study by Finitzo-Hieber and Tillman (1978),

the authors report that 12 children with normal hearing

have excellent word recognition in quiet (i.e., near 100%

correct). However, at a 0 dB SNR and reverberation time

of 1.2 sec, performance decreased substantially to an av-

erage of approximately 30% correct. McCreery et al (2010)

reported performance-intensity functions of children rang-

ing in age from7 to 12 yr aswell as data from the same test
measure for adults (Boothroyd, 2008). For the word recog-

nition task, most of the children and the adults were able

to recognize and repeat the stimuli with 100% accuracy at

a115SNR.Conversely, when as theSNRdecreases below

0 dB SNR, the speech recognition of both age groups de-

creases significantly with average scores ranging from ap-

proximately 20% to 30% correct at a 210 SNR.

In addition to the effects of noise and reverberation,

there is awell-known influence of age on speech recogni-

tion performance (McCreery et al, 2010; Schafer, Beeler,
et al, 2012). In the Schafer et al study, the speech-in-

noise thresholds of 68 children, grouped into three-,

four-, five-, and six-yr-olds and 17 adults were assessed

using simple phrases (e.g., brush his teeth) in the pres-

ence of classroom noise. The three-yr-old children had

significantly higher (i.e., poorer) thresholds than all

other age groups, and the four- and five-yr-old groups

also had significantly higher (i.e., poorer) thresholds than
the adult group. McCreery et al found a similar effect of

age whereby the groups of children who were five to eight

yr had significantly poorer performance when compared

with the adult data in Boothroyd (2008). According to

Nilsson et al (1996), effects of age on speech recognition

performance in noise are minimal (i.e., within 1 dB on

an adaptive task) for children who are 12 yr and older

when comparedwith adults. Effects of age are also evident
at the other end of the spectrum between adults who are

younger versus older in age (Dubno et al, 2003; Vermeire

et al, 2016). As an example, Vermeire et al (2016) reports

that a group of 27 young adults, between the ages of 19

to 25 yr, have significantly better speech recognition

(byz3 dB) in noise than a group of older adults, between

the ages of 60 to 82 yr.

The aforementioned studies provide clear evidence
that noise, reverberation, and older age may negatively

impact speech recognition in adults. In children, noise,

reverberation, and a younger age (,8 yr) may influence

speech recognition.

Speech Recognition in a Nonnative Language

Similar to performance in a native language, English
speech perception in quiet in listeners of a nonnative

language is often good to excellent (i.e., 80–100%) at fix-

ed suprathreshold presentation levels (Crandall and

Smaldino, 1996; Nelson et al, 2005; Garcia Lecumberri

et al, 2010; Lecumberri et al, 2010; Nakamura and

Gordon-Salant, 2011; Tamati and Pisoni, 2014). How-

ever, as shown in the studies cited previously, the ad-

dition of noise results in significantly greater declines
in English speech recognition for nonnative speakers

of English as compared with NE speakers. For instance,

in Nelson et al (2005), investigators assessed word iden-

tification in quiet and noise in seven children who spoke

English and in 12 children, ages seven to eight yr, who

spoke Spanish as a first language and English as a sec-

ond language (L2). Both groups had better performance
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in quiet relative to noise, but the group of Spanish-

speaking children had significantly poorer performance

in noise by an average of 11% relative to the English-

only group. In another study, English sentence recogni-
tion in quiet and in noise was evaluated in ten adults,

ages 31 to 39 yr, who spoke English as a first language

as well as ten adults who spoke Japanese as a first lan-

guage (Nakamura and Gordon-Salant, 2011). Results

showed significantly poorer performance for the native

Japanese-speaking group as comparedwithNE-speaking

group participants in quiet as well as noise at every SNR

tested (26, 24, 22, 0, and 2 dB).
For speech recognition in one’s nonnative language,

numerous other factors that influence their perfor-

mance, such as context cues, age of English acquisition,

amount of exposure to English, type of stimulus, type of

noise, and presence of reverberation (Kalikowet al, 1977;

Lecumberri et al, 2010; Nakamura and Gordon-Salant,

2011; Rimikis et al, 2013; Zhang et al, 2016). For exam-

ple, Rimikis et al (2013) evaluated English sentence rec-
ognition in noise of 102 nonnative speakers, ages 18 to

50 yr, with various native languages, the age of immigra-

tion, number of years in the United States, and the

amount of time English was used daily were significant

predictors of performance. In another study, Zhang et al

(2016) evaluated speech recognition in Mandarin Chi-

nese in quiet and noise conditions in 60 undergraduate

students who were native speakers of Japanese. They
found that Mandarin Chinese (the Japanese speakers’

L2) proficiency and semantic context significantly im-

pacted performance, particularly in noise and when the

fundamental frequency information is degraded. See a

thorough review by Lecumberri et al (2010) for additional

information regarding other factors that may influence

nonnative speech recognition in noise. Studies on speech

recognition in noise in school-age children who speak
English as an L2 are limited.

Study Rationale

Given the language diversity of the U.S. population,

whereby 60 million people speak a language other than

English at home (U.S. Census Bureau, 2011), audiolo-

gists and other health professionals will need to be pre-
pared to appropriately assess and serve patients with

varied ethnicities and languages. An in-depth under-

standing of the effects of nonnative speech recognition

as well as factors that may influence the speech recog-

nition performance of a nonnative listener will enable

professionals to make appropriate recommendations

for patients who have normal hearing or hearing loss.

The purpose of the present study is to examine and
compare speech recognition of adults and children

who speak English (NE) or Mandarin Chinese (NC)

as a native language and to determine how speech rec-

ognition is affected by increasing noise levels as well as

the presence of spatial and vocal cues. NC listeners, in

particular, were selected for this study because Chinese

is widely used in the United States and is spoken by ap-

proximately 2.5 million individuals (U.S. Census Bureau,
2011). A secondary goal of the studywas to determine how

self-rated English proficiency and experience influenced

speech recognition in noise performance across the test

measures and conditions.

This study will contribute to existing literature by (a)

including both adult and pediatric listeners, (b) utilizing

a speech recognition test that evaluates the potential

benefit of spatial (i.e., noise presented from different lo-
cations) and vocal cues (i.e., same or different talkers for

speech and noise), and (c) reporting results using com-

mercially available test materials that have not been

used previously in studies with nonnative listeners.

There are few published studies examining speech-in-

noise performance on audiological tests in speakers

who speak Mandarin Chinese as a native language, as

well as the effects of L2 proficiency on bilingual speakers’
performance on audiological tests. Furthermore, to the

authors’ knowledge, there are no published studies that

examined the potential benefit of providing stimuli with

combined spatial and vocal cues on this population.How-

ever, there are previous studies documenting the sepa-

rate benefit of vocal cues (i.e., fundamental frequency)

(e.g., Zhang et al, 2016) as well as spatial separation

of speech and noise sources (e.g., Nilsson et al, 1994;
Schafer, Beeler, et al, 2012). Understanding the effects

of noise onNCchildren’s speech recognition performance

is of great importance given the acoustic characteristics

of typical school classrooms where children are expected

to learn, which are often plaguedwith high levels of noise

and reverberation (Knecht et al, 2002; Nelson et al,

2007). Furthermore, this study will provide hearing pro-

fessionals with expectations regarding clinical perfor-
mance of individuals who have normal hearing and

speak Mandarin Chinese as a native language.

METHODS

Participants

Participants included 25 NE adults and 16 NE chil-
dren as well as 25 adults and 16 children who speak

both NC and English. Participants were recruited from

the student body at the University of North Texas as

well as churches in north Texas. Table 1 provides addi-

tional information about the participant demographics.

A wide range of ages were included for the children to

obtain an adequate sample size, particularly for the

children who spoke NC, as well as to follow the recom-
mendation ages for use the speech recognition tests (i.e.,

a minimum of five to six yr). All NC participants com-

pleted an English-proficiency scale that is provided in

the Appendix. According to parents of the children or
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self-reports, no participants had a history of speech or

language delays, diagnosed disabilities, otitis media,

ear surgeries, or academic difficulties. According to a

pure-tone hearing screening at octave frequencies rang-

ing from 250 to 8000 Hz, all participants but one (see

results section for more information) NC adult had
thresholds less than 25 dB HL in each ear for adults

and less than 15 dBHL for children. Themore stringent

threshold criteria for the children was based on evi-

dence fromBess et al (1998) that indicates that children

with hearing thresholds greater than 20 dB HL had

poorer academic performance and teacher-rated com-

munication abilities relative to peers with better hear-

ing thresholds. In addition, all participants passed a
tympanometry screening with pass criteria of pressure

between 50 and 2150 daPa, compliance between 0.2

and 1.8 mL, and ear canal volume between 0.2 and

2.0 mL. This study was approved by the University of

North Texas Institutional Review Board, and written

informed consent was obtained from all participants.

Stimuli

AzBio Sentence Test

Speech recognition performance in noise was assessed

with the AzBio sentence test for adults and Pediatric

AzBio sentence test for children. The open-set AzBio sen-

tence test, developed by Spahr and Dorman (2004) and

Spahr et al (2012), was used initially to examine the
speech recognition performance of individuals with co-

chlear implants as part of the Minimum Speech Test

Battery. This test had better ecological validity because

the speech stimuli from four talkers were more realistic

in comparison to other tests utilizing stimuli from only a

single talker. In addition, scores from individuals with

implants did not reach ceiling (i.e., 100%), which was

common when using other frequently used tests (e.g.,
Hearing inNoise Test) (Gifford et al, 2008). The commer-

cial version of the AzBio sentence test is available on

compact disc and consists of 15 lists of 20 fixed-intensity

sentences on one channel with continuous ten-talker

babble in the opposite channel (Arizona State University

Board of Regents, 2006). Each sentence in a particular

list is spoken by one of four talkers (twomale; two female

talkers), and scores are determined by the percentage of

words repeated correctly. Previous research (Schafer,

Pogue, et al, 2012) found that 10 of the 15AzBio sentence

lists presented at a 0 and 23 SNR result in similar per-

formance in monolingual English-speaking adults (i.e.,
five lists weremore difficult or easier than the remaining

ten lists). Of these, six equivalently difficult and pseudor-

andomly selected lists (no repeats) were used in the pre-

sent study (i.e., lists 2, 4, 8, 9, 10, 11).

The Pediatric AzBio sentence test was developed in

2014 (Spahr et al, 2014) and consists of 16 lists of 20

fixed-intensity sentences spoken by one female talker

on one channel with ten-talker babble on the opposite
channel. For the pediatric test, only sentences that were

recognized by normal hearing, typically-developing chil-

drenwere included, and one talker, rather than four, was

utilized to make the test less difficult (Spahr et al, 2014).

This test consists of 16 equally intelligible and equivalent

lists of 20 sentences each. This version of the test is rec-

ommended for children as well as adults with poor perfor-

mance on the original AzBio sentence test and is scored
based on the percentage of words repeated correctly. In

this study, lists 1 through 6 were pseudorandomly se-

lected (no repeats) and presented to participants.

Listening in Spatialized Noise-Sentence Test

TheListening andSpatializedNoise-Sentence (LiSN-S)

test (Cameron et al, 2006; National Acoustic Laboratories,

2011) was used to determine the impact of spatial and vo-

cal cues on the speech recognition performance in NE and

NC listeners. TheLiSN-S testwas presentedvia computer

software and headphones that were set to a comfortable
volume as determined by patient preference. The LiSN-S

software creates the perception of a three-dimensional

acoustic space and evaluates 50% correct speech recog-

nition thresholds (SRTs) in the presence of distracter

stories by varying the spatial and pitch (vocal cues)

characteristics of incoming stimuli. More specifically,

the target sentences are presented at 0� azimuth, and

the distractor stories vary in spatial location (0� in front
of the listener versus 690� azimuth on the sides of the

listener), vocal characteristics (same versus different

Table 1. Demographic Information about the Participants

Groups N Gender Age Range (yrs) Mean Age in Yrs (SD)

English: Adults 25 Male: 8 19–48 25

Female: 17 (5)

Mandarin: Adults 24 Male: 9 26–62 37

Female: 15 (6)

English: Child 16 Male: 9 6–16 10

Female: 7 (3)

Mandarin: Child 16 Male: 4 6–17 9

Female: 12 (3)
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voice than the target sentences), or both. Each partici-

pant completed the four listening conditions including:

(a) same voice at 0� azimuth (low-cue SRT), (b) same

voice at690� azimuth, (c) different voices at 0� azimuth,
and (d) different voices at690� azimuth (high-cue SRT).

Upon completion of the four test conditions, the LiSN-S

software provides results for two SRT conditions and

three advantage conditions. The low-cue SRT condition

represents a speech-in-noise threshold when no spatial

or vocal cues are available (same voice at 0� azimuth)

while the high-cue SRT represents a speech-in-noise

threshold when both vocal (i.e., different talkers) and spa-
tial cues (i.e., stimuli presentedat690�azimuth) are avail-

able. The three advantage conditions represent difference

scores that are calculated using two of the conditions de-

scribed above. The talker advantage condition quantifies

the listener’s ability to use differences in vocal quality

to distinguish the signal of interest (talker advantage 5

same voice 0�2different voices 0�). The spatial advantage
condition reflects a listener’s ability to use differences in
the physical location of incoming stimuli to perceive the

signal of interest amid competing signals (spatial advan-

tage5 same voice 0�2 same voice690�). Finally, the total
advantage condition represents the benefit of using vocal

and spatial cues over conditions without these cues (total

advantage 5 same voice 0� 2 different voices 690�).

English Proficiency Questionnaire

An English proficiency questionnaire (see Appendix)

was completed by all NC participants. All adult partici-

pants were able to complete the questionnaire indepen-

dently, and six of the 16 children required some parental

assistance to complete the questionnaire. The purpose of

this questionnaire was to quantify the relationship be-
tween English proficiency and speech recognition perfor-

mance in noise. The participants were asked about the

age of English acquisition, length of English learning,

primary language at home, minutes of spoken English

per day, and self-rated English proficiency.

Equipment

The hearing screening was conducted using an audi-
ometer (GSI-61), headphones (TDH-50), and a double-

walled sound booth. The tympanometry screening was

conducted with immittance equipment (Maico MI 34).

AzBio test stimuli were presented with the same audiom-

eter, a compact disc player (Sony 5-CD Changer), and one

loudspeaker (Grason-Stadler Standard) located at 0� azi-
muth relative to the listener. The test was presented via

sound field loudspeakers to allow for comparison to future
studies with participants who have hearing loss and

amplification. During theAzBio sentence test, the partic-

ipant was seated 59 from the head-level loudspeaker, and

calibration of the stimuliwas conductedwitha sound-level

meter (Larson-Davis 824). The LiSN-S stimuli were pre-

sented through the LiSN-S software program on a compact

disc, a laptop computer (Dell Latitude), and manufacturer-

recommended headphones (Sennheiser HD 215).

Procedures

After completing the consent form and answering ques-

tions about hearinghealth, otoscopy aswell as thehearing

and tympanometry screeningswere performed. TheEn-

glish proficiency scale was completed by NC-speaking

participants. The order of the AzBio and LiSN-S test
measures was counterbalanced across participants. For

the AzBio sentence test, participants completed the

six lists at three randomly ordered (no repeats) SNRs

of 23, 0, and 3 dB. Two of these signal levels, 0 and

23 SNR, were used for the present study because no

ceiling or floor effects were obtained with these SNRs

in a previous study including normal hearing adult lis-

teners (Schafer, Pogue, et al, 2012). The13SNRwasadded
to the present study, given expected performance differ-

ences between the groups of listeners, where pediatric or

nonnative listeners may need a higher SNR to achieve

adequate performance (e.g., 80% correct). The noise level

was constant at 60-dBA at the listener’s earwhile the sen-

tence stimuli ranged from 55 to 65 dBA at the listener’s

ear depending on the test condition. As stated previously,

the LiSN-S test was completed via headphones at a com-
fortable volume selected by the participant. Before test-

ing, the normal-hearing examiner ensured that stimuli

were audible at the volume selected by the patient.

RESULTS

A ll but one NC participant passed the hearing

screening at every frequency. This participant re-
ceived a hearing test (i.e., threshold search), and the re-

sults suggested a mild sensorineural hearing loss only

at 2000 (right and left: 30 dB HL) and 4000 Hz (right:

30 dB HL; left: 40 dB HL) with a normal pure-tone av-

erage at 500, 1,000, and 2,000 of 18 dB HL. Given the

presence of the hearing loss, this participant was not

included in the statistical analysis in the results section;

however, her speech recognition performance across the
test conditions andmeasures was equal to or better than

the average (i.e., within one standard deviation [SD] of

the mean) of the adults in the NC group.

Speech Recognition in Noise on the AzBio

Sentence Test

The average AzBio sentence recognition performance
of the adults and children is shown in Figures 1 and 2,

respectively. Given the excellent performance (i.e., near

ceiling) of many of the adults and children, particularly

in the13 dB SNR condition, the data were transformed
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into rationalized arcsine transformed units before the

statistical analysis to ensure homogeneous variance

across the scores (Studebaker, 1985). The data for each

separate age group (i.e., adults; children) were analyzed

using a two-factor repeated measures analysis of vari-

ance (RM ANOVA) with the independent variables of

group (NE; NC) and listening condition (13, 0, 23 dB
SNR). Data from adults and children were not compared

given the unequal sample sizes as well as the different

versions of the AzBio sentence test that were used.

The analysis, with a Greenhouse–Geisser Correction,

for the adults yielded a significant main effect of group,

F(1,147) 5 77.6, p , 0.0001, a significant main effect of

listening condition, F(2,47) 5 367.9, p , 0.0001, and a

significant interaction effect between group and listening

condition, F(2,147) 5 20.7, p , 0.0001. To further examine

the significant main effects and interaction effect, a

Tukey–Kramer Multiple Comparisons Test was con-

ducted, which accounts for the multiple post hoc com-

parisons (adjusts the p value). For the main effect of
group, the NE group showed significantly higher aver-

age performance at each SNR (p , 0.05). For the main

effect of listening condition, each 3-dB increase in SNR

resulted in significantly higher performance across both

groups of listeners (p, 0.05).When examining the signif-

icant interaction effect, group differences were detected at

Figure 1. Average speech recognition on the AzBio sentence test in adults. Vertical lines represent SD.

Figure 2. Average speech recognition on the pediatric AzBio sentence test in children. Vertical lines represent SD.
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each separate SNR (p , 0.05). In addition, all conditions

and comparisons across both groupswere significantly dif-

ferent with the exception of the performance of the NE

group at a 23 SNR compared to the NC group at a
0 SNR (p . 0.05).

Results for the pediatric group were much different

than those of the adult group. The RM ANOVA, with

a Greenhouse–Geisser Correction, on the pediatric data

yielded no significant main effect of group, F(1,96) 5 0.72,

p 5 0.40, a significant main effect of listening condition,

F(2,96)5 115.9, p, 0.00001, and a significant interaction

effect,F(2,96)5 3.3, p5 0.04. The post hoc analysis for the
main effect of SNR showed that each 3-dB increase in

SNR resulted in significantly better speech recognition

performance across both groups. The post hoc analysis

on the interaction effect suggested that, at each separate

SNR, the talker groups had similar performance. How-

ever, comparisons within and between group for pairs of

the different SNRs yielded significant differences (p ,

0.05), with the exception of no significant difference be-
tween theNEgroup at a 0 dBSNRand theNC group at a

13 dB SNR (p . 0.05).

Performance on the LiSN-S Test

The average performance of both age groups on the

LiSN-S test is shown in Figure 3 for the SRT conditions

and in Figure 4 for the advantage conditions. Data from
both age groups were combined and analyzed with two

separate three-factor RM ANOVA, one for the SRT con-

ditions and one for the advantage conditions. The inde-

pendent variables for each RM ANOVA included age

group (adult; child), talker group (NE; NC), and test

condition.

The RM ANOVA on the SRT conditions showed a sig-

nificant main effect of talker group, F(1,162) 5 23.0, p ,

0.0001, significant main effect of age group, F(1,162) 5

7.7, p 5 0.007, and a significant main effect of test condi-
tion, F(1,162) 5 172.1, p , 0.0001. Significant interaction

effects, with aGreenhouse–Geisser Correction, were ob-

tained between talker group and condition, F(1,162) 5

18.0, p , 0.001, as well as between age and condition,

F(1,162) 5 0.0, p 5 0.99. No significant interaction effect

was detected between the talker group and the age

group, F(1,162) 5 4.0, p 5 0.05. Post hoc analyses on

the main and interaction effects were conducted with
the Tukey–Kramer Multiple Comparisons. For the main

effects of age group and talker group, adults showed sig-

nificantly lower (better) thresholds than the children

(p , 0.05), and the NE participants had significantly

lower (p , 0.05) thresholds than the NC participants.

Regarding the main effect of condition, the high-cue

SRT resulted in lower thresholds than the low-cue

SRT (p , 0.05). For the interaction effect between talker
group and condition, the NE group was significantly bet-

ter than the NC group only in the high-cue condition (p,

0.05). Similarly, for the interaction effect between age and

condition, the adults only showed better performance

than the children in the high-cue condition (p , 0.05).

The average results for the advantage conditions are

shown in Figure 4. The RM ANOVA on the advantage

conditions yielded a significant main effect of talker
group,F(1,243)5 39.3, p, 0.0001, significantmain effect

of age group, F(1,243) 5 4.8, p 5 0.03, and a significant

main effect of test condition, F(2,243) 5 95.4, p, 0.0001.

A significant interaction effect, with a Greenhouse–

Geisser Correction, was obtained between talker group

and condition, F(1,243) 5 3.4, p 5 0.04. No significant

Figure 3. Average speech-in-noise thresholds on the listening and spatialized noise-sentence test in for the children and adults. Vertical
lines represent SD.
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interaction effect was calculated between the age group

and condition,F(1,243)50.56,p50.56 or between the talker

group and the age group, F(1,243)5 0.52, p5 0.47. The post

hoc analyses on the main effects of age group and talker
group showed significantly larger advantage scores for

the adults over the children (p, 0.05) and the NE partic-

ipants over the NC participants (p, 0.05). Regarding the

main effect of condition, each comparison between condi-

tions yielded significant differences (p, 0.05) with the to-

tal advantage resulting the highest advantage followed by

the spatial advantage and talker advantage.

When examining the interaction effect between the
talker group and the condition (p , 0.05), there were

several noteworthy findings. First, in each condition,

the NE speakers had larger advantages than the NC

speakers (p , 0.05). Second, the talker advantage

and spatial advantage conditions for the NC speakers

resulted in significantly smaller advantages than all re-

maining conditions (p, 0.05). Finally, the total advan-

tage condition for the NC speakers did not differ (p .

0.05) from the spatial advantage condition for the NE

speakers.

Correlations: Performance and

Demographic Factors

The Pearson’s product-moment correlation coefficient
was used to examine how the data collected from the En-

glish Proficiency Questionnaire (Table 2) are related to

speech recognition performance on the AzBio (arcsine

transformed data) and LiSN-S tests. Correlation coeffi-

cients for adult and children are provided in Tables 3

and 4, respectively. The significance of the moderate

($0.3) and strong ($0.05) correlations (Cohen, 1988)

were tested with t-tests. Results of the correlation anal-
yses for the adult data showed somemoderate and strong

significant correlations between the demographic factors

and performance on both test measures. In particular,

for the adults, the demographic factors that most influ-

enced performance on both test measures were the

length of time the person lived in the United States

and the age of English acquisition. For the children, four

factors were related to performance in the testmeasures:
the child’s age at testing, length of time the child lived in

the United States, the number of minutes English is

Figure 4. Average advantage scores on the listening and spatialized noise-sentence test for the children and adults. Vertical lines
represent SD.

Table 2. Results of English Proficiency Questionnaire for Mandarin/Chinese Participants

Group

Age: English

Acquisition (yrs) Months in United States Minutes of English Per Day

Self-Rated English

Proficiency (1–10)

NC adults Range 5–40 1–468 10–600 2–10

Mean 13 77 174 7

SD 6 99 188 2

NC children Range 1–9 1–144 60–720 2–9

Mean 5 53 401 7

SD 2 51 187 3

Note: English proficiency ratings were on a scale with 1 as the lowest rating and 10 as the highest rating relative to native English speakers.
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spoken per day, and the child’s self-rated English

proficiency.

DISCUSSION

Performance on the AzBio Sentence Test

The goal of this study was to compare speech recog-

nition in noise in adults and children who speak Amer-

ican English and Mandarin Chinese with and without
the presence of spatial and vocal cues. The second goal

of this study was to examine the effects of English pro-

ficiency and experience on speech recognition for the na-

tive Mandarin Chinese speakers. On the AzBio sentence

test, a fixed-intensity measure that yielded percent cor-

rect scores, the NE adults’ scores were significantly

higher than theNCadults at all threeSNRs. This finding

is similar to previous studies that showed better speech
recognition performance of NE adults relative to nonna-

tive adults (Nakamura and Gordon-Salant, 2011). How-

ever, unlike previous studies in children (Crandall and

Smaldino, 1996; Nelson et al, 2005), there were no sig-

nificant differences between the groups across at the

three SNRs. The authors of this study hypothesize that

the differences between findings for the adults and chil-

dren stem from the difficulty of the adult version of the
AzBio (higher level vocabulary) relative to the simplic-

ity of the pediatric version of the AzBio (lower vocabu-

lary level). There is a possibility that NE and NC group

differences would have been detected in the study if the

adult AzBio sentence test was used. There is also a pos-

sibility that no group differences between the adult

groups would have been detected if the Pediatric version

of the AzBio was used for the pediatric as well as adult

groups.
When examining the data from the English Profi-

ciency Questionnaire (Table 2), there are two factors

that likely contributed to the different findings between

the NC adult and child groups. First, the average age

at English acquisition was eight yr for the children

as compared with 13 yr for adults. Second, given that

all the children are currently living and attending

school in the United States, the child group is exposed
to a greater number of spoken-Englishminutes per day.

On average, children spoke English an average of 410

min per day (SD 5 187), whereas adults only heard an

average of 186 min per day (SD 5 194).

It has been reported that the age of L2 acquisition

and amount of L2 use affect the L2 speakers’ overall

proficiency as well as perception of individual segments

(Flege et al, 1999; Piske et al, 2001). For example, Italian-
English bilingual speakers who started learning English

(L2) later in life (,14 yr) had lower scores in English

vowel discrimination task than Italian-English bilin-

gual speakers who started learning English earlier in

life (,7 yr) (Flege et al, 1999). In addition, there were

differences among the bilinguals who started learning

English (L2) earlier in life (,7 yr) based on the amount

of daily L2 use. Those who used English frequently,
scored similar to the monolingual English speakers,

whereas those who used English less (and Italian

more), scored lower than the monolingual English scores

on vowel perception. In the present study, theNCchildren

were using English on a daily basis and started learning

English at a younger age than the NC adults. These two

factors provide a reasonable explanation for the NC

Table 3. Correlation Coefficients between Demographic Variables and Test Results for the Adult Group

AzBio:

13 dB SNR

AzBio:

0 dB SNR

AzBio:

23 dB SNR

LiSN-S:

Low-Cue

SRT

LiSN-S:

High-Cue

SRT

LiSN-S:

Talker Adv.

LiSN-S:

Spatial Adv.

LiSN-S

Total Adv.

Age 0.09 0.14 20.40* 20.22 20.10 0.14 20.23 20.16

Age: English acquisition 20.33* 20.26 20.24 20.52* 0.12 20.30* 20.43* 20.31*

Length of time in U.S. 0.49* 0.22 20.20 0.06 20.35* 0.35* 0.30* 20.31*

Minutes English/Day 0.40* 0.26 20.23 20.02 20.23 0.23 0.24 0.21

Proficiency 0.59* 0.35* 20.08 20.08 20.11 0.11 0.15 0.17

Note: * 5 significant at the , 0.01 probability level; Adv. 5 advantage.

Table 4. Correlation Coefficients between demographic Variables and Test Results for the Pediatric Group

AzBio:

13 dB SNR

AzBio:

0 dB SNR

AzBio:

23 dB SNR

LiSN-S:

Low-Cue SRT

LiSN-S:

High-Cue SRT

LiSN-S:

Talker Adv.

LiSN-S:

Spatial Adv.

LiSN-S

Total Adv.

Age 0.43* 0.30* 0.40* 20.26 0.53* 0.08 0.07 0.13

Age English 20.29 20.14 0.03 0.10 0.19 20.19 20.25 20.20

Length in U.S. 0.81* 20.57* 0.45* 20.35* 0.00 0.58* 0.52* 0.60*

Minutes English/Day 0.71* 0.57* 0.62* 20.64* 0.22 0.17 0.15 0.23

Proficiency 0.54* 0.39* 0.47* 20.58* 0.01 20.08 20.18 20.03

Note: * 5 significant at the ,0.01 probability level; Adv. 5 advantage.
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children’s performance that was similar to that of the

NE children for the sentence recognition task at three

fixed SNRs.

For the correlations between demographic variables
and AzBio test results at the 13 dB SNR (see Table 3),

the adult NC speakers’ scores were significantly corre-

latedwith every demographic variable except age at test-

ing. However, at 0 dB SNR and 23 dB SNR, only their

self-related proficiency or age at testing, respectively,

was significantly correlated with their performance.

These results suggest that, for the NC adult speakers,

the factors related to their English (L2) proficiency
and experience with English affected their performance

only at the more favorable conditions (13 dB and 0 dB

SNR). When the condition is not favorable (23 dB

SNR), English proficiency did not seem to affect their per-

formance. These findings are consistent with Shi and

Sánchez (2010), who found that Spanish-English bilingual

speakers’ language dominance affected their performance

onaudiological tests. Specifically, they found thatSpanish-
English bilingual speakers performed better on audi-

ological tests in their dominant language (Spanish or

English). The current study also showed that the NC

adults’ scores were lower than the NE adults, and their

performance was correlated with their English (L2) profi-

ciency at13 dB and 0 dBSNR. These results indicate that

theNC adult speakers’ results on the AzBio test were neg-

atively affected because it was in their L2, and the results
atmore difficult SNRsneed to be interpretedwith caution.

For the NC children, all of the demographic variables,

with the exception of age at English acquisition, were sig-

nificantly correlated with performance on the Pediatric

AzBio sentence test (Table 4). These results suggest that,

for the NC children, their L2 use and proficiency influ-

enced the test results more than the age at which they

started learningEnglish.These results coincidewith pre-
vious research in L2 speech perception and production

(Flege et al, 1999; Piske et al, 2001) in that the amount

of L2 use (and L2 proficiency as a result) as well as the

length of time in theUnited States are important factors.

Nishi et al (2017) also reported that Spanish–English bi-

lingual children can recognize English consonants in

quiet and in noise as accurately as English monolingual

children, if their dominant language is English. In the
current study, the NC-speaking children were using En-

glish.6 h per day and had been in the United States for

.4 yr on an average (Table 4). The results of Nishi et al

and the current study both indicate that bilingual child-

ren’s performance on the audiological tests in English

may not differ from those of monolingual children, as

long as they are dominant or proficient in English.

Performance on the LiSN-S Test

Unlike the AzBio test, the LiSN-S test uses an adap-

tive paradigm to determine two speech-in-noise thresh-

olds with and without vocal and spatial cues as well as

three advantage conditions that provide an estimate of rel-

ative contributions from vocal cues, spatial cues, or both

cues. For the analysis of the LiSN-S test data, results from
the adults and children were combined because the same

version of the test was administered to both age groups.

Overall, adults and NE speakers had better speech-in-

noise thresholds. However, a closer look at the post hoc

analysis suggested that the age and language group differ-

ences only occurred in the high-cue condition.

This is a noteworthy finding because it suggests that,

the two NC groups were unable to gain as much benefit
from the presence of the vocal (i.e., different talkers) and

spatial cues (i.e., stimuli presented at 690� azimuth) as

the two NE age groups. The performance similarities of

NE and NC age groups in the low-cue condition also

highlight the importance of providing spatial and vocal

cues to NE and NC listeners, regardless of age.

When examining the data across the three advantage

conditions, similar to the SRT conditions, adults and
NE speakers had better speech-in-noise thresholds rela-

tive to the child andNCgroups, respectively. In addition,

the total advantage condition resulted in the largest

advantage relative to the spatial and talker advantage

conditions. The most noteworthy finding for the post

hoc analysis was that theNE speakers had larger advan-

tages than theNC speakerswithin each of the advantage

conditions. To summarize, the NE adults and children
made greater use of both vocal and spatial cues when

compared with the NC adults and children. Similar find-

ings were reported by Cooke et al (2008) where groups of

native and nonnative listeners benefitted equally to the

presence of vocal cues (i.e., speech and masker that dif-

fered in fundamental frequency), but the native listeners

had significantly better overall performance.

Comparisons between Test Measures

When examining the results across groups and the

two test measures, it is clear that the fixed-intensity pro-

cedure on the AzBio sentence test yields different out-

comes, in terms of the group comparisons, than the

adaptive procedure used for the LiSN-S test. As discussed

above, two different versions of the AzBio sentence test
were used for the adults and children, which likely

resulted in different outcomes for the two age groups.

It is also important to note that the noise stimulus

for the AzBio sentence test is 10-talker babble whereas

the noise stimulus/masker for the LiSN-S test is the

same or a different competing talker. The differences

in the noise stimuli between the tests is notable given

that multitalker babble is considered more of an energetic
masker, where the noise degrades with the perception of

the speech stimuli, but contains few, if any, contextual cues

(Lecumberri et al, 2010).On the other hand, the competing

talker for the LiSN-S test is considered an informational
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masker (i.e., a second talker), where the competing sig-

nal interferes with the target signal, and contextual infor-

mation is available. Previous research suggests that

nonnative listeners’ speech recognition is negatively af-
fected by both energetic and informational maskers, but

the energetic masker results in even greater decrement

than the informational masker (Garcia Lecumberri and

Cooke, 2006). It is also possible that the use of the simpler

pediatric stimuli as well as the smaller sample size con-

tributed to the lack of significant differences between pe-

diatric groups when using the energetic masker.

Clinical Implications and Study Limitations

Evaluation of speech recognition performance in noise is

an ecologically valid clinical measure and should be used

for routine clinical evaluations. Although clinical mea-

sures of speech recognition are often conducted in well-

controlled environments, they provide an estimate of a

patient’s ability to recognize speech stimuli in challenging
environments. Not only can speech-in-noise measures be

used for counseling purposes, but they can be used for com-

parison with other populations, as was shown in the pre-

sent study. However, it is pertinent for audiologists to be

aware of demographic factors that could influence results.

Therefore, themost effective use of English speech-in-noise

measures for nonnative listeners may be for comparison

purposes, suchas performance in quiet versusperformance
in noise or with and without a hearing aid with a direc-

tional microphone.

The findings in this study contribute to the published

literature on speech recognition in noise of nonnative

listeners, and in particular highlight the importance

and benefit of higher SNRs, vocal cues, and spatial cues

for improving performance of adult and pediatric NC

listeners in the presence of background noise. The re-
sults in the present study provide evidence regarding

the difficulties that NC listeners may encounter noisy

environments, such as school classrooms, social situa-

tions, and workplaces. When testing the speech recogni-

tion of patients who speak Mandarin Chinese or another

native language, audiologists and health professionals

will need to have realistic expectations regarding clinical

findings. Shi and Sánchez (2010) suggested that bilingual
dominance should be considered especially for adults who

started learning English later in life. Bilingual speakers’

performance may be affected by their proficiency in

English if English is their L2 and less dominant language.

Professionals also need to keep inmind that any degree of

hearing loss would likely result in even greater difficulty

(i.e., double jeopardy) than a patient who speaks English

as a native language (Nelson et al, 2005).
Future research will need to be conducted to compare

the speech recognition performance of children who

speak American English, Mandarin Chinese, and other

languages as their native language in order to examine

the effects of energetic and information maskers more

closely. In the opinion of the authors, both types of noise

stimuli are beneficial to use during clinical evaluations

given that both are encountered in everyday environ-
ments. In addition, use of test measures that use fixed-

intensity aswell as adaptive stimuli provide opportunities

to examine the effects of different SNRs as well as a sen-

sitive measure (i.e., 50% correct speech-in-noise thresh-

olds) to compare conditions with stimuli variations.

Limitations in the present study relate to the test

measures, sample sizes, and varied demographic charac-

teristics. First, as discussed previously, different versions
of the AzBio sentence test were used to ensure the use of

stimuli with appropriate vocabulary levels for each age

group.Therefore, comparisons between the twoage groups

were difficult; however, results showed some noteworthy

differences in performance across age groups. Second,

the use of unequal sample sizes precluded any statistical

comparison between the age groups on either measure to

avoid violation of the homogeneity of variance assumption
for the ANOVA. Future research will use identical test

measures and sample sizes to further examine the effect

of age. Use of larger sample sizes would also be beneficial

to further examine and control for demographic character-

istics as well as English proficiency and experience. In the

present study, the samples included listeners with highly

variable ages of English acquisition, lengths of residence in

the United States, andminutes of English spoken per day.

CONCLUSIONS

Results of this study showed better speech recogni-

tion in the NE adult group relative to the NC adult

group on both test measures. However, when comparing

the child groups, the NE group had better speech recogni-

tion on only the LiSN-S test, which examined the benefit of

providing vocal and spatial cues. The findings in this study

contribute to thepublished literature on speech recognition
in noise of nonnative listeners, and in particular highlight

the importance and benefit of higher SNRs, vocal cues, and

spatial cues for improving performance of adult and pedi-

atric NC listeners in the presence of background noise.
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