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Purpose: The goal of this study was to examine the effects
of cognitive and linguistic skills on masked speech recognition
for children with normal hearing in three different masking
conditions: (a) speech-shaped noise (SSN), (b) amplitude-
modulated SSN (AMSSN), and (c) two-talker speech (TTS).
We hypothesized that children with better working memory
and language skills would have better masked speech
recognition than peers with poorer skills in these areas.
Selective attention was predicted to affect performance
in the TTS masker due to increased cognitive demands
from informational masking.
Method: A group of 60 children in two age groups (5- to
6-year-olds and 9- to 10-year-olds) with normal hearing
completed sentence recognition in SSN, AMSSN, and TTS
masker conditions. Speech recognition thresholds for 50%
correct were measured. Children also completed standardized
measures of language, memory, and executive function.
Results: Children’s speech recognition was poorer in the
TTS relative to the SSN and AMSSN maskers. Older children
erception and Cognition Laboratory, Boys Town
arch Hospital, Omaha, NE
itory Development Laboratory, Boys Town National
pital, Omaha, NE
of Otolaryngology/Head and Neck Surgery, University
lina at Chapel Hill

g to Ryan W. McCreery: Ryan.McCreery@boystown.org

ef: Frederick (Erick) Gallun
el Frush Holt

ary 24, 2020
ived June 8, 2020
e 28, 2020
/10.1044/2020_JSLHR-20-00030

h, Language, and Hearing Research • Vol. 63 • 3525–3538 • October 20
had lower speech recognition thresholds than younger
children for all masker conditions. Greater language abilities
were associated with better sentence recognition for the
younger children in all masker conditions, but there was no
effect of language for older children. Better working memory
and selective attention skills were associated with better
masked sentence recognition for both age groups, but only
in the TTS masker condition.
Conclusions: The decreasing influence of vocabulary on
masked speech recognition for older children supports the
idea that this relationship depends on an interaction between
the language level of the stimuli and the listener’s vocabulary.
Increased cognitive demands associated with perceptually
isolating the target talker and two competing masker talkers
with a TTS masker may result in the recruitment of working
memory and selective attention skills, effects that were not
observed in SSN or AMSSN maskers. Future research should
evaluate these effects across a broader range of stimuli or
with children who have hearing loss.
The ability to recognize speech in the presence of
competing sounds develops throughout childhood
and into adolescence. Because many daily listening

environments contain numerous competing sound sources
(Crukley et al., 2011; Nelson & Soli, 2000), the ability to
understand speech in these complex acoustic environments
is critical for children to communicate and reach high levels
of academic and social functioning. Competing sounds in
a child’s listening environments have varying acoustic
characteristics, from relatively steady-state noise, such as
noise from heating and ventilation systems, to sounds that
have fluctuating temporal and spectral characteristics,
such as competing talkers. Speech recognition in steady
speech-shaped noise (SSN) improves from ages 5 to 10 years
(Choi et al., 2008; McCreery et al., 2010; McCreery &
Stelmachowicz, 2011; Nittrouer & Boothroyd, 1990; Talarico
et al., 2007; Wilson et al., 2010; Yacullo & Hawkins, 1987).
Whereas a large number of competing talkers often pro-
duce masking effects of similar magnitude to SSN maskers
(Carhart et al., 1969), speech recognition in maskers com-
posed of a small number of competing talkers tends to
be more challenging for children than for adults (Bonino
et al., 2013; Buss et al., 2016; Goldsworthy & Markle, 2019;
Hall et al., 2002; Leibold & Buss, 2013). Even though typi-
cally developing children reach levels of performance similar
to adults by 9–10 years of age for speech recognition in
SSN, adultlike levels of performance in a two-talker speech
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(TTS) masker are often not observed until 13 years of
age or older (Brown et al., 2010; Corbin et al., 2016). The
prolonged developmental trajectory of speech recognition
in TTS suggests that different perceptual or cognitive mech-
anisms play a role in the development of listening in the
presence of competing talkers. A better understanding of
the cognitive and linguistic skills that support listening in
different maskers has important implications for the clini-
cal assessment of hearing using masked speech-recognition
tests, as well as the implications of listening and learning
in classrooms or other environments where children en-
counter different sources of competing sound. The goal of
this study was to evaluate how school-age children’s lin-
guistic and cognitive skills affect masked speech recogni-
tion, with the goal of better understanding individual
differences and masker effects.

Developmental Differences in Masked
Speech Recognition

One potential mechanism that could account for the
protracted development of speech recognition in TTS com-
pared to SSN in children and adolescents is the ability to
segregate or selectively attend to target speech while inhi-
biting attention to speech produced by competing talkers
(see Leibold & Buss, 2019, for a review). Masking from
SSN produces predominantly energetic masking, where the
audibility of the target signal is reduced by the masker be-
cause the signals have overlapping representations in the
peripheral auditory system (but see work by Stone et al.,
2012, on nonenergetic masking effects from SSN maskers).
A small number of competing talkers produces energetic
masking, but often produce more masking than would be
predicted by reductions in audibility. This type of additional
interference is known as perceptual or informational mask-
ing. Informational masking occurs when the stimulus is
adequately represented in the peripheral auditory system,
but the listener is unable to perceptually isolate the target
from the masker due to stimulus uncertainty and/or per-
ceptual similarity of the target and masker (Brungart, 2001;
Durlach et al., 2003; Neff, 1995). Greater perceptual simi-
larity between target and masker reduces the ability to
perceptually isolate the target speech from the speech of
a small number of competing talkers (Brungart & Simpson,
2002; Buss et al., 2016; also see Leibold, 2017, for a review).
The developmental improvement in the ability to recognize
speech in a TTS masker is thought to parallel improvements
in the abilities to segregate and selectively attend to the
stimulus (Corbin et al., 2016; Sobon et al., 2019). The changes
in susceptibility to informational masking during childhood
and adolescence have often been attributed to immature
selective attention (Leibold & Buss, 2019; Wightman &
Kistler, 2005), but the influence of selective attention
skills on speech recognition with TTS maskers in chil-
dren has not been directly assessed in previous research.

Children may also be at a disadvantage in a TTS
masker because they are developing the ability to use brief
temporal fluctuations in a speech masker to “glimpse” the
3526 Journal of Speech, Language, and Hearing Research • Vol. 63 •
target speech (Hall et al., 2012; Wróblewski et al., 2012).
Adults can use portions of the target speech that are audi-
ble during temporal fluctuations in the masker to improve
their speech recognition in noise compared to a listening
condition where the masker is unmodulated (Cooke, 2006;
Howard-Jones & Rosen, 1993). The ability to access target
speech during fluctuations in the masker to improve speech
recognition in noise requires the listener to attend to the
target speech during those segments where the target has
greater audibility and reconstruct the target speech signal
from the components that were audible.

Some studies have shown that improvements in speech
recognition associated with the introduction of amplitude
modulation to a speech-shaped masker increase as children
get older (Buss et al., 2016; Hall et al., 2012, but also see
Stuart, 2008). The difference in masked speech recognition
between SSN and amplitude-modulated SSN (AMSSN) is
often referred to as release from masking or modulation
masking release. Both AMSSN and TTS maskers fluctuate
in level over time, but AMSSN maskers are less perceptu-
ally similar to target speech than a TTS masker. In most
studies measuring speech recognition in AMSSN, modu-
lation is imposed via multiplication with a raised sinusoid,
resulting in predictable and periodic glimpses of the target.
In a TTS masker, the glimpses are more irregular and less
predictable, making it more difficult to extract cues that
are audible during fluctuations in the masker. As a result,
an AMSSN masker generally produces less informational
masking than a TTS masker.

Comparisons of the relationship between audibility
and speech recognition for different masker types highlight
the particular difficulties associated with listening to speech
in TTS maskers for children. To examine differences in
how children and adults use the information that is audible
during masker fluctuations, Sobon et al. (2019) used the
Extended Speech Intelligibility Index (Rhebergen et al.,
2006) to characterize the amount of audibility required for
speech-reception thresholds across different masker condi-
tions for children, young adults, and older adults. Children
required greater audibility of the target to reach the same
level of performance as young and older adults, but the
audibility differences between age groups were larger in a
TTS masker than an SSN masker. The psychometric function
slopes were also steeper for TTS for children than adults,
suggesting that adults were better able to benefit from
spectrotemporally sparse audible speech cues than children.
Collectively, these results lend support to the idea that the
TTS masker was more difficult for children and required
greater signal audibility to reach similar levels of performance
as adults. However, it remains unclear which cognitive
and linguistic abilities might contribute to these differences
between children and adults for different masker types.

Cognitive and Linguistic Contributions to Masked
Speech Recognition in Children

When the audibility of a target speech signal is de-
graded, listeners rely on a combination of their accumulated
3525–3538 • October 2020



knowledge of language and cognitive skills related to lan-
guage processing to understand the target (Mattys et al.,
2012). One theoretical perspective that has emerged to de-
scribe how listeners use linguistic and cognitive abilities
to understand degraded speech is the Ease of Language
Understanding (ELU) model (Rönnberg et al., 2008). The
ELU model suggests that listeners are better able to pro-
cess degraded speech when they have a larger working
memory capacity, to store and process incoming speech,
and greater accumulated language abilities to support
that processing (Zekveld et al., 2013). The ELU model
has been applied to a wide range of degraded listening
conditions to explain individual differences in speech recog-
nition among adults (see Rönnberg et al., 2013, for a re-
view). The ELU model more recently has been extended
to the development of speech recognition in children. For
example, individual differences in children’s masked speech
recognition are partially explained by individual differ-
ences in language skills and working memory (MacCutcheon
et al., 2019; McCreery et al., 2017, 2019; but also see
Magimairaj et al., 2018). The prolonged developmental
trajectory of children’s speech recognition in a TTS masker
compared to SSN maskers (e.g., Corbin et al., 2016) sup-
ports the prediction that cognitive and linguistic demands
may be particularly crucial for listening in TTS. However,
previous studies have not assessed whether the effects of
cognitive and linguistic skills on children’s masked
speech recognition vary depending on the masker type.

For SSN maskers, language abilities are generally
associated with better masked speech recognition for chil-
dren, but the effects of language are not always observed.
Phonotactic, lexical, grammatical, and semantic knowl-
edge has been found to support masked speech recognition
in some studies (Blamey et al., 2001; Edwards et al., 2004;
McCreery & Stelamachowicz, 2011; McCreery et al., 2017;
Walley et al., 2003), but not in others (Eisenberg et al.,
2000; Magimairaj et al., 2018; Stelmachowicz et al., 2004).
Discrepancies across studies could be due to developmental
and stimulus factors. Children may not be able to efficiently
process linguistic cues, even when they are present in the
stimuli. For example, work by Nittrouer and Boothroyd
(1990) indicated that children may be less able to benefit
from linguistic context than adults, which could limit the
observed relationship between language abilities and speech
recognition in noise. The ability for children to use lin-
guistic cues may also depend on the masker. Buss et al.
(2019) found that children benefited from the addition of
semantic context when the masker was SSN, but not when
the masker was TTS.

The lexical characteristics of the target stimuli and
the age of the children in a study may also affect the degree
to which language supports speech recognition in noise.
Klein et al. (2017) measured the association between vocab-
ulary size and speech recognition in SSN for monosyllabic
words and nonwords for 5- to 12-year-old children. The ben-
efits of larger vocabularies were only observed for recognition
of late-acquired words and nonwords. A more recent study
by Miller et al. (2019) examined masked speech recognition
for Spanish–English bilingual and English monolingual
children in SSN and TTS masking conditions for sentences
that included vocabulary that was appropriate for the youn-
gest children in the study. In that study, an association be-
tween vocabulary size and masked speech recognition was
observed for younger children (5- to 6-year-olds) in both
masker conditions but was only observed for older children
(9- to 10-year-olds) in the TTS masker. For sentence stimuli,
children with better knowledge of sentence-level syntax
and grammar also have better masked recognition than
children with poorer grammatical knowledge (McCreery
et al., 2017). Collectively, the results of these studies sug-
gest that the benefits of language skills for speech recognition
are not uniform for school-age children. Rather, the complex-
ity of the target stimuli and masker influence these relation-
ships, such that the strongest associations between language
and speech recognition have been observed for younger chil-
dren, linguistically complex stimuli, and TTS maskers.

The listener’s ability to use their accumulated lin-
guistic knowledge to support degraded speech recognition
is facilitated by cognitive abilities (Mattys et al., 2012).
Cognitive skills associated with language processing have
also been examined as predictors of masked speech recog-
nition in children. Domains of cognitive function related
to regulation, planning, and actively processing incoming
sensory information, known collectively as executive func-
tion, are areas that are likely to support masker speech
recognition (see a review by Kronenberger, 2019). Executive
function includes three core domains: working memory,
inhibition of information, and cognitive flexibility (Zelazo
et al., 2003). Of these, working memory has received the
most attention in previous research as a predictor of masked
speech recognition in children, potentially due to estab-
lished linkages between learning language and working
memory (Gathercole & Baddeley, 2014). The ability to store
and process incoming auditory information in working
memory is a key component of the ELU model (Rönnberg
et al. 2013). Working memory may help children to rec-
ognize speech in noise, but research pertaining to this
association has been mixed. Sullivan et al. (2015) found
that school-age children with better working memory
skills had better auditory comprehension than peers with
poorer working memory. Our previous work revealed
that typically developing school-age children with better
verbal and visuospatial working memory skills had bet-
ter speech recognition in SSN for monosyllabic words,
semantically anomalous sentences, and sequences of words
without syntactic structure or semantic meaning (McCreery
et al., 2017). Work by Magimairaj et al. (2018), however,
did not find correlations between recognition of Bamford-
Kowal-Bench (BKB; Bench et al., 1979) sentences in four-
talker babble and any measure of language, selective
attention, or working memory in a group of typically devel-
oping school-age children. The discrepancies between
these studies leave important questions about how a child’s
cognitive and linguistic abilities might interact with masker
characteristics to produce the different patterns observed
across studies.
McCreery et al.: Speech on Speech Masking in Children 3527



Other aspects of executive function apart from work-
ing memory, including selective attention, inhibition of atten-
tion for task-irrelevant stimuli, and cognitive flexibility,
may also support masked speech recognition in children.
In adults, the ability to inhibit attention to irrelevant infor-
mation and selectively attend to the target has been shown
to support segregation of multiple sound sources (Shinn-
Cunningham & Best, 2008). Wightman and Kistler (2005)
showed that 4- to 16-year-old children had poorer recogni-
tion than adults when they were required to selectively
attend to target speech in one ear when an SSN masker or
competing talker was presented to the opposite ear. The larg-
est differences between children and adults were observed
when the contralateral competing signal was a male talker.
Studies using broad measures of attention have not found
consistent associations between recognition of degraded
speech and attention in children. For example, the ability
to sustain attention, often known as vigilance, was not as-
sociated with speech recognition in noise and reverberation
for children with typical hearing or children with hearing
loss (McCreery et al., 2019). Similarly, Brännström et al.
(2020) did not find a relationship between passage com-
prehension in multitalker babble and a general measure
of executive function that combined multiple components
of attention and other aspects of executive function into a
single construct. However, neither study included indi-
vidual measures of the selective attention, inhibition, or
cognitive flexibility, all factors known to be important for
masked speech recognition in adults (Shinn-Cunningham &
Best, 2008). When listening to speech with a small number
of masker talkers, attentional control may facilitate selective
attention to the target, and working memory facilitates com-
bination of temporally sparse speech information.

The Current Study
The overall goal of this study was to examine masked

sentence recognition with three different maskers to deter-
mine whether the masker characteristics influence the rela-
tionships between masked speech recognition and language,
working memory, and selective attention. Based on the
ELU model and our previous research, we predicted that
children with advanced language and working memory
abilities would have better performance in an SSN masker
than children with poorer abilities. Groups of younger
children (5- to 6-year-olds) and older children (9- to 10-year-
olds) were recruited based on our previous research indi-
cating that the effects of language abilities and masker type
vary between these two age groups (Klein et al., 2017;
Miller et al., 2019). Likewise, we predicted that performance
in an AMSSN masker would be predicted by the child’s lan-
guage and working memory abilities because recognizing
speech based on sparse glimpses relies on the ability to
hold and process speech cues in short-term memory. For a
TTS masker, which results in greater informational mask-
ing, we predicted that children with better language, work-
ing memory, and selective attention would have better
recognition than peers with poorer skills in these domains.
3528 Journal of Speech, Language, and Hearing Research • Vol. 63 •
This pattern of results would suggest that different maskers
may rely on different combinations of cognitive and linguis-
tic skills to support speech recognition.

Method
Participants

A total of 60 school-age children participated in this
study. Two age groups of 30 children were recruited: 5- to
6-year-olds (Mage = 6.1 years) and 9- to 10-year-olds (Mage =
9.9 years). Criteria for participation for all children were
(a) hearing sensitivity ≤ 20 dB HL between 250 and 8000 Hz
(American National Standards Institute, 2004); (b) no inci-
dence of otitis media within 1 month prior to completing
the study, as per parent report; (c) no speech or language
impairments, as per parent report; and (d) native English
speaking. Institutional review board approval was obtained
from Boys Town National Research Hospital. All children
provided assent (< 7 years) or consent (≥ 7 years) to par-
ticipate, and all parents provided consent for their chil-
dren to participate.

Speech Recognition
Stimuli and Conditions

Target stimuli were sentences from the Revised BKB
Standard Sentence Test (Bench et al., 1979). This corpus
is composed of 21 lists of 16 sentences, developed using
a lexicon derived from the speech of young children. Each
sentence contains three or four key words, resulting in a
total of 50 key words per list. The target sentences were
recorded by a female talker who is a native speaker of Amer-
ican English. A sampling rate of 44100 Hz was used for
the recording. Each sentence was saved as a .wav file at a
reduced sampling rate of 24414 Hz, and recordings were
root-mean-squared normalized using MATLAB.

Target sentences were presented in each of three
maskers: (a) unmodulated SSN, (b) 10-Hz AMSSN, and
(c) TTS. The SSN masker was created taking a Fast-Fourier
Transform of the TTS masker, randomizing component
phases, and using an Inverse Fast-Fourier Transform to
create a noise masker with the same long-term spectrum as
the two-talker masker. The AMSSN masker was created
by multiplying the SSN by a 10-Hz raised sinusoid. The
TTS masker was developed by Calandruccio et al. (2014)
and was composed of two separate passages from the story
Jack and the Beanstalk, each produced by a different female
talker. Silent periods longer than 300 ms were reduced to
approximately 100 ms using SoundStudio audio software.
The recordings were root-mean-squared equalized using
Praat, and the long-term average speech spectra were nor-
malized using MATLAB. The two individual streams of
speech were then summed to create the TTS masker.

Procedure
Participants were tested while sitting on a chair inside

a single-walled sound isolating booth. They were instructed
to ignore the background noise or speech and repeat aloud
3525–3538 • October 2020



as many words in the sentence that they heard spoken by
the target talker. If participants were unsure of what they
heard, they were prompted to guess. The tester sat out-
side the booth and wore headphones connected to a sound
card (Avid Fast Track Solo). Participants wore a head-worn
microphone (Beta 54, Shure) connected to the same sound
card inside the test booth. The tester was able to adjust the
volume of the sound card to optimize intelligibility for each
participant. Each key word was scored as correct only if it
was repeated exactly as presented; substitutions, additions,
and deletions were scored as incorrect.

A custom MATLAB script controlled the experi-
ment. All stimuli, including target sentences and the masker,
were loaded into a real-time processor (RZ6, TDT) and
presented diotically over circumaural headphones (HD25,
Sennheiser). The overall level of the combined target and
masker was fixed at 60 dB SPL throughout testing, and
the signal-to-noise (SNR) was adjusted by adaptively vary-
ing both the target and masker level. Each run included
two interleaved, one-down, one-up adaptive tracks. For
one adaptive track, a correct response was coded when-
ever the participant repeated one or more key words in
the sentence correctly. For the other adaptive track, a cor-
rect response was coded whenever the participant repeated
all or all but one of the key words in the sentence cor-
rectly. The starting SNR for each track was 15 dB in the
TTS masker, 5 dB in the SSN masker, and 0 dB in the
amplitude-modulated noise masker. The step size for both
adaptive tracks was 2 dB. Participants completed a block
of 60 trials (2 adaptive tracks × 30 sentences per track) in
each masker condition. Condition order was randomized
for each participant. The sentence lists used in each con-
dition was also randomized, and participants never heard
the same sentence twice. Scoring for each key word on each
trial was saved to a computer file, along with the SNR.
Two-parameter logit functions were fitted to the data ob-
tained for each listener in each condition, and the speech
recognition threshold (SRT) was defined as the SNR cor-
responding to 50% correct.

Language and Executive Function Measures
In addition to measures of speech perception in noise,

each participant completed measures of language and execu-
tive function. The order in which tests were administered
varied between subjects. Approximately half of the partici-
pants started with measures of speech recognition, and the
other half started with language and executive function
measures. Most children completed all testing in one ses-
sion, though some of the younger children needed two
sessions to complete testing. In cases when testing was com-
pleted over two sessions, Sessions 1 and 2 occurred within
4 weeks of each other.

Language
Receptive vocabulary was measured with the Peabody

Picture Vocabulary Test–Fourth Edition (PPVT-4, Form A;
Dunn & Dunn, 2007). The PPVT-4 test includes four pictures
on each test page, and the child was instructed to point to
the picture that best illustrated the word given by the ex-
aminer. Receptive vocabulary was measured because chil-
dren with larger vocabularies often have better masked
speech recognition in our previous research and other studies
(e.g., Klein et al., 2017; McCreery et al., 2017). Grammar
was measured using the Test for Reception of Grammar
Version 2 (TROG-2; Bishop, 2003). The TROG-2 is a
test for reception of grammar that consists of 80 items,
each of which is a four-alternative forced choice. The tester
read a sentence aloud for each set of four pictures, and
the child was instructed to point to the picture that best
illustrated the sentence. A measure of grammar knowledge
was included because the ability to parse sentence-level
syntax was positively associated with masked speech recog-
nition in our previous research (McCreery et al., 2017).

Working Memory
Two subtests of the Automated Working Memory

Assessment (AWMA; Alloway, 2007), Listening Recall
and Odd-One-Out, were used to evaluate memory. Both
tests assessed either verbal or visuospatial components of
short-term memory and working memory. The test was
administered on a laptop computer. During Listening Re-
call, a series of one to six sentences was played from the
testing software via the laptop speaker, and the child was
asked to repeat the final word of each sentence in the order
they were played. At the end of a block of sentences, the
child was asked to recall if each sentence in the block was
true or false. During Odd-One-Out, the computer dis-
played three shapes in a row, and the child was instructed
to point out the shape that did not match the other two.
The shapes then disappeared from the screen, at which time
the child was asked to point to the box that previously
contained the odd-one-out shape. If the child correctly iden-
tified the position of the odd-one-out, the number of sets
of shapes increased with each trial.

Selective Attention and Cognitive Flexibility
Two subtests from the National Institutes of Health

(NIH) Toolbox (Gershon et al., 2013) were used to mea-
sure additional components of executive function: The
Flanker Inhibitory Control and Attention test, and the
Dimensional Change Card Sort (DCCS) test. The Flanker
subtest is a test of attention and inhibitory control. The
child was instructed to focus on a single stimulus and to
inhibit attention to flanking stimuli. The DCCS subtest is
a test of attention and cognitive flexibility. The child was
instructed to point to pictures on a screen that varied across
shape and color. A recorded word indicated whether the
child should select the target based on the shape or the color.
The child then selected one of two pictures on the touch-
screen based on the instructed cue.

Statistical Analyses
All statistical analyses and data visualization were

completed using R Statistical Software (R Core Team,
McCreery et al.: Speech on Speech Masking in Children 3529



2018). Data visualization was completed using the ggplot2
(Wickham & Chang, 2016) and sjPlot (Lüdecke & Schwemmer,
2018) packages for R. Descriptive statistics were calculated
for each predictor and outcome measure. A repeated-measures
analysis of variance was used to examine differences in speech
recognition across age group and masker type. Two-tailed
tests were used for all t tests and correlations. For language
and cognitive measures, standard scores were used to com-
pare children in the experiment to the normative sample
for each test, whereas raw scores were used to represent each
construct in statistical models, with age in months as a co-
variate. Pearson correlations were calculated to examine the
pattern of relationship between predictors and outcomes.
Linear regression models were used to test the effects of
linguistic and cognitive predictors on masked speech recog-
nition in the three masker conditions. Variables and pre-
dictors were mean centered prior to regression analyses to
simplify the interpretation of raw regression coefficients.
The normality of each linear regression model’s residuals
was assessed to identify potential violations of statistical as-
sumptions. All possible interaction terms were assessed for
each model. To adjust for inflation of Type I error rate in
analyses with multiple comparisons, the False Discovery
Rate–adjusted (Benjamini & Hochberg, 1995) p values
are reported.

Results
Figure 1 shows the SRT for each subject for the three

masker conditions by age group. A repeated-measures
analysis of variance with age group and masker type was
conducted to determine the pattern of speech recognition
performance across age and condition. The main effects of
masker, F(2, 174) = 1026.6, p < .001, ƞp

2 = .92, and age
group, F(1, 174) = 96.15, p < .001, ƞp

2 = .35, were signif-
icant. Children performed best in the AMSSN masker
(M = −12.1 dB, SD = 2.9 dB), poorer in the SSN masker
(M = −6.1 dB, SD = 1.2 dB), and poorest in the TTS
masker (M = 1.82 dB, SD = 1.9 dB). The two-way inter-
action between age group and masker type, F(2, 174) =
7.14, p = .001, ƞp

2 = .08, was significant. Post hoc testing
using Tukey’s honestly significant difference indicated that
the mean differences between masker, age group, and the
Masker × Age Group interactions were all significant. Older
children had lower SRTs relative to younger children for
all three maskers. The significant Masker × Age interac-
tion reflects larger differences between the two age groups
for the AMSSN masker than the SSN and TTS condi-
tions. The average difference in SRT between older and
younger children was 1.4 dB in the SSN masker (p <.001),
3.7 dB in the AMSSN (p < .001), and 2.1 dB in the TTS
masker (p < .001).

Table 1 shows individual standard scores for mea-
sures of language and executive function. Differences
between groups on each predictor variable were assessed
using independent-samples t tests. The older children had
higher scores on the Odd-One-Out subtest of the AWMA
and on the DCCS task of the NIH Toolbox, but there
3530 Journal of Speech, Language, and Hearing Research • Vol. 63 •
were no differences in standard scores between age groups
on other predictors. Table 2 shows the Pearson correlations
between SRT in each masker condition and each of the
predictor variables. There was a pattern of medium to large
correlations between each of the predictor variables and
SRT for each masking condition with the exception of the
DCCS task, which was not significantly correlated with
SRT or any other predictor variable.

To examine the factors that predicted individual
differences in speech recognition across the three masker
conditions, one linear regression model was tested for
each of the three masker conditions. All measures were
included in the models, except those that (a) did not corre-
late with speech recognition in any masking condition
or (b) had high correlations with another predictor vari-
able that represented the same cognitive or linguistic
construct, to avoid collinearity between predictors. On
this basis, the DCCS task was excluded from further anal-
ysis because of a lack of correlation with speech recog-
nition in any masking condition. The Odd-One-Out subtest
of the AWMA was excluded to avoid collinearity between
predictors due to the high correlation with the Listening
Recall subtest, which also represents working memory. The
Test of Reception of Grammar was omitted to avoid
collinearity because of high correlations with both PPVT
and measures of working memory. The remaining cogni-
tive and linguistic measures were included in the regression
models to assess individual differences in SRT for each
masker.

Table 3 shows the linear regression model results for
each masker type. For the SSN and AMSSN, age and PPVT
were negatively associated with SRT. Each model also
had a significant Age × PPVT interaction. Increasing age
and PPVT scores were associated with lower SRT for SSN
and AMSSN, but the significant interaction indicated that
the relationship between PPVT and SRT decreased with
age. For the TTS masker, significant effects of age, PPVT,
and the Age × PPVT interaction were observed, but higher
NIH Flanker Test and AWMA Listening Recall were also
associated with lower SRT. Figure 2 shows the relation-
ship between SRT and PPVT by age group. Pearson cor-
relations between PPVT and SRT for each age group and
masker were calculated and are shown in Table 4. Strong
correlations (r = −.66 to −.74) between vocabulary size
and SRT were observed for younger children, whereas the
correlations between vocabulary size and SRT for the older
children were weak (−.19 to .14) and not statistically sig-
nificant. This pattern of results demonstrates that the effect
of vocabulary on SRT was large for younger children
and not significant for older children. Table 5 shows the
linear regression model for modulation masking release,
which was calculated as the difference between the SRT
for the SSN and the AMSSN. For modulation masking
release, PPVT was the only significant predictor, indicat-
ing that children with higher vocabulary scores had greater
mod>ulation masking release than children with lower
vocabulary scores. Although vocabulary was a signifi-
cant predictor of performance in both the SSN and AMSSN
3525–3538 • October 2020



Figure 1. The speech recognition threshold (SRT) in dB as a function of age group (5- to 6-year-
olds = gold; 9- to 10-year-olds = blue) and masker type, indicated at the top of the figure. The
filled circles represent individual data points for each age group and condition. The box plots
represent the 25th–75th percentiles and vertical lines extend to the 5th and 95th percentiles. The
horizontal line bisecting each boxplot represents the median for each condition and age group.
masker conditions, that association was larger in the SSN
masker condition.

Discussion
The primary goal of this study was to examine the

effects of masker type on the relationship between masked
speech recognition, language, and executive function for
two age groups of typically developing children. For SSN
and AMSSN maskers, we predicted that children with bet-
ter language and working memory skills would have better
masked speech recognition based on previous research in
children (e.g., McCreery et al., 2017) and adults (Rönnberg
et al., 2013). We expected that the effects of language on
masked speech recognition might be largest for the youngest
age group, as in previous studies (Klein et al., 2017; Miller
Table 1. Standard scores for measures of language

Variable Mean, 5- to 6-year-olds Mean,

Age 6.1 years
PPVT 119.1
TROG 108.4
LR 115.6
OOO 111
Flanker 110.8
DCCS 105.6

Note. Difference with p < .05 are bolded. PPVT =
Test of Reception of Grammar; LR = Listening Reca
Assessment; OOO = Odd-One-Out subtest of the A
Flanker = NIH Toolbox Flanker task; DCCS = NIH T
et al. 2019). Finally, we predicted that speech recognition in
a TTS masker would require better language, working
memory, and selective attention skills, consistent with the
previous literature on cognitive demands that occur when
the listener must perceptually isolate the target talker from
a small number of competing talkers (Corbin et al., 2016;
Sobon et al., 2019). The findings of this study supported
some of these predictions, but not others. The prediction
that stronger language, working memory, and selective
attention skills would be associated with better speech
recognition was confirmed, but only for the TTS masker.
Vocabulary ability was associated with masked speech
recognition for all three masking conditions, but only for
the 5- to 6-year-old age group. Younger children with
better receptive vocabulary skills, measured by the PPVT,
had better masked speech recognition across all conditions
, working memory, and executive function.

9- to 10-year-olds Difference

9.9 years t = 23.94, p < .0001
115.8 t = 0.439, p = .66
103.3 t = 1.08, p = .29
115.2 t = 0.09, p = .92
122.5 t = 3.44, p = .001
113.4 t = 0.65. p = .515
127.7 t = 4.19, p < .0001

Peabody Picture Vocabulary Test; TROG =
ll subtest of the Automated Working Memory
utomated Working Memory Assessment;
oolbox Dimensional Change Card Sort Task.
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Table 2. Pearson correlations between predictor variables.

Variable SSNR50 AM50 TTN50 Age PPVT TROG LR OOO Flanker DCCS

SSN50 1
AM50 .74* 1
TTN50 .75* .75* 1
Age −.65* −.74* −.65* 1
PPVT −.65* −.74* −.66* .88* 1
TROG −.59* −.57* −.54* .69* .79* 1
LR −.56* −.60* −.61* .77* .83* .74* 1
OOO −.57* −.60* −.61* .87* .78* .69* .79* 1
Flanker .51* .52* −.44* −.88* −.72* −.59* −.65* −.76* 1
DCCS .12 .08 .22 −.13 −.13 .04 −.04 −.06 .09 1

Note. SSN50 = Target-to-masker ratio for 50% correct (TMR50) for speech-shaped noise; AM50 = TMR50 for amplitude-
modulated noise; TTN50 = TMR50 for two-talker masker; PPVT = Peabody Picture Vocabulary Test; TROG = Test of
Reception of Grammar; LR = Listening Recall subtest of the Automated Working Memory Assessment; OOO = Odd-
One-Out subtest of the Automated Working Memory Assessment; Flanker = NIH Toolbox Flanker task; DCCS = NIH
Toolbox Dimensional Change Card Sort Task.

*p < .05 after adjustment using False Discovery Rate (Benjamini & Hochberg, 1995).
relative to peers with poorer receptive vocabulary skills, but
the relationship between receptive vocabulary and masked
speech recognition was not significant for the older chil-
dren. These results suggest that the relationship between
language, executive function, and masked speech recogni-
tion depends on the type of masker and on age.
Table 3. Linear regression models for speech recognition thres

Speech-shaped noise

Factor Raw

Intercept
Age
PPVT
Flanker
Listening Recall
Age × PPVT

Amplitude-modulated speech-shaped noise

Factor Raw

Intercept
Age
PPVT
Flanker
Listening Recall
Age × PPVT

Two-talker

Factor Raw

Intercept
Age
PPVT
Flanker
Listening Recall
Age × PPVT

Note. Coefficient for the intercept for each model is zero b
factors (p < .05) in each model are bolded. PPVT = Peabody P
task.

3532 Journal of Speech, Language, and Hearing Research • Vol. 63 •
Linguistic and Cognitive Predictors Across
Masking Conditions

The main novel finding of this study was that differ-
ent masking conditions may require children to use dif-
ferent combinations of cognitive and linguistic skills to
recognize speech. The different cognitive mechanisms that
hold by masker type.

R2 =.37, F(5, 54) = 7.87, p < .0001

coefficient t value p value

0 1.36 .18
−1.21 −2.88 < .01
−0.58 −2.27 .03
−0.02 −0.64 .53
−0.01 −0.29 .77
0.006 2.17 .04

R2 = .59, F(5, 54) = 18.08, p < .0001

coefficient t value p value

0 1.96 .05
−2.32 −3.05 < .01
−0.14 −2.95 < .01
−0.01 −0.20 .84
0.01 0.26 .79
0.01 2.31 .02

R2 = .65, F(5, 54) = 22.59, p < .0001

coefficient t value p value

0 7.69 < .01
−2.85 −6.04 < .01
−0.13 −4.81 < .01
−0.07 −2.04 .04
−0.09 −2.05 .04
0.02 4.95 < .01

ecause all variables were mean centered. Significant
icture Vocabulary Test; Flanker = NIH Toolbox Flanker
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Figure 2. The speech recognition threshold (SRT) in dB as a function of receptive vocabulary (Peabody Picture Vocabulary
Test raw score) for younger (gold circles) and older (blue triangles) children for each masking condition. The solid lines
represent the linear relationship between SRT and receptive vocabulary for younger (gold) and older (blue) children in
each masking condition.
are apparent across different masking conditions could ex-
plain different maturational trajectories for different maskers
that have been observed in previous studies of masked
speech recognition in children. We examined the effects
of individual differences in language and specific domains
of executive function related to working memory and selec-
tive attention on masked speech recognition for different
masking conditions. The finding that children’s speech rec-
ognition in a TTS masker depends on language, working
memory, and selective attention supports previous research
indicating a protracted developmental trajectory for speech
recognition in TTS (Buss et al., 2017, 2019; Corbin et al.,
2016). In contrast, speech recognition in the SSN and
AMSSN was only associated with receptive vocabulary
abilities, and the relationship between vocabulary and
masked speech recognition was only observed for the 5- to
6-year-old children. The additional influence of working
memory and selective attention for the TTS condition is
consistent with the suggestion that maturation of selec-
tive attention is critical for children’s ability to recognize
speech when the competing signal is speech (e.g., Allen &
Wightman, 1995). These results are also broadly consistent
Table 4. Pearson correlations between Peabody Picture Voca
age group and masking condition.

Masking condition 5- to

Speech-shaped noise masker
Amplitude-modulated speech-shaped noise masker
Two-talker masker

Note. Significant correlations (p < .05) in each model are bold
with the results of Sobon et al. (2019). That study showed
that school-age children required more audible target cues
than adults to recognize speech in noise, but the child/adult
difference was even larger in a TTS masker. Relatively
modest effects of age in the SSN masker could reflect mat-
uration of language. More pronounced effects of age in the
TTS masker could reflect additional contributions of the
maturation of selective attention and working memory. Col-
lectively, these results are all consistent with the idea that
children with better selective attention skills may be more
able to segregate the target talker from the competing talkers
or inhibit the competing talkers as irrelevant information.

Working memory abilities were associated with masked
speech recognition in the TTS masker, but not for the SSN
or AMSSN. Research with children (McCreery et al., 2017;
Sullivan et al., 2015) and adults (Akeroyd, 2008; Souza &
Sirow, 2014) supports the main idea of the ELU model, that
working memory skills help the listener to store and inter-
pret degraded acoustic input (see Rönnberg et al., 2013,
for a review). Working memory is predicted to help listeners
in conditions that are particularly cognitively demanding,
which may explain the differences in the influence of working
bulary Test score and speech recognition threshold by

6-year-old children 9- to 10-year-old children

−.69 −.19
−.66 .08
−.74 .14

ed.
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Table 5. Linear regression model for the difference in speech
recognition thresholds for speech-shaped noise and amplitude-
modulated speech-shaped noise.

R2 = .39, F(3, 56) = 13.29, p < .0001

Factor Raw coefficient t value p value

Intercept 0 0.03 .98
Age −0.67 −0.91 .36
PPVT −0.42 −2.78 < .01
Flanker −0.03 −0.42 .62
Listening Recall 0.04 0.66 .51
Age × PPVT 0.02 1.2 .23

Note. Significant correlations (p < .05) are bolded. PPVT = Peabody
Picture Vocabulary Test; Flanker = NIH Toolbox Flanker task.
memory observed for different masker conditions in the
current data. For example, previous studies that have
demonstrated a relationship between children’s speech recog-
nition in SSN and working memory included conditions
that were difficult in terms of the target level of performance
(McCreery et al., 2017) or the use of a comprehension task
(Sullivan et al., 2015). In the Magimairaj et al. (2018) study
that did not find an association between working memory
and speech recognition in four-talker babble, the stimuli
were simple sentences based on the lexicon of the youngest
children in the study. Children had higher levels of rec-
ognition than were targeted in previous studies (~67% on
average compared to 50% in McCreery et al., 2017). The
current results, which suggest that working memory was
only associated with performance in TTS, are consistent
with the idea that the task demands, including the stimuli
and masker characteristics, could moderate the degree to
which children rely on working memory to recognize masked
speech. Both TTS and AMSSN offer the listener oppor-
tunities to glimpse the target during fluctuations in the
masker. Reconstructing the audible components of the target
during masked speech recognition was expected to rely on
working memory. A key difference between the TTS and
AMSSN maskers is that the TTS is perceptually similar
to the target speech, which makes perceptually isolating the
target and the masker more challenging. The lack of an
association between working memory and masking release
suggests that individual differences in working memory
may not be related to glimpsing in an AMSSN. Rather, chil-
dren with better working memory skills may have advantages
when the glimpses are less predictable and the similarity of
the target and masker require them to perceptually isolate
the target talker from the TTS masker.

The prediction that children with better working
memory skills have larger release from masking (i.e., dif-
ference in SRTs for SSN and AMSSN masker conditions)
was not supported by the data. Some data have indicated
child/adult differences in the ability to benefit from masker
modulation (Buss et al., 2016; Hall et al., 2012), although
this is not always observed (Stuart, 2008). Working memory
was expected to be associated with the listeners’ ability to
store and process glimpses of speech that were audible during
3534 Journal of Speech, Language, and Hearing Research • Vol. 63 •
fluctuations in the AMSSN. However, language was the
only significant predictor of the SRT difference between the
two maskers. Children with larger vocabularies had larger
release from masking than children with smaller vocabu-
laries. It is possible that the speech recognition task or the
use of periodic modulation in the absence of informational
masking placed minimal cognitive demands on the listener,
such that working memory was not a limiting factor in this
protocol.

Another key finding was that, across all maskers,
younger children with higher language abilities had better
masked speech recognition than peers with poorer lan-
guage skills, but language did not predict masked speech
recognition in older children. This finding is consistent with
several previous studies (Blamey et al., 2001; Klein et al.,
2017; McCreery et al., 2017; Miller et al., 2019). Klein
et al. (2017) found that the association between language
and speech recognition in SSN was only observed for older
children when the stimuli included later acquired vocabu-
lary words. The stimuli in that study were BKB sentences,
which were constructed using words within the lexicon of
children as young as 5 years of age. Stimuli with lexical
and semantic content that reflects the language skills of the
youngest age group may not require older children to ap-
ply their advanced linguistic knowledge in these areas as
much as younger children. Speech recognition tasks are
often selected to be developmentally appropriate for the
youngest children in a study, but stimuli developed for
younger children may not place the same language process-
ing demands on older children. This may explain why some
previous studies that included mixed groups of younger and
older children did not find an effect of language on speech
recognition in degraded conditions (Eisenberg et al., 2000;
Magimairaj et al., 2018; Stelmachowicz et al., 2004). A re-
lated explanation could account for the failure to observe
a correlation between masked sentence recognition and
sentence-level grammatical knowledge as measured by the
TROG. The BKB sentences have relatively simple syntac-
tic structure, such that grammatical knowledge may not
have been a limiting factor in even the youngest subjects.
In contrast to our previous research (McCreery et al., 2017),
sentence-level grammatical knowledge was not associated
with masked speech recognition in the present data set.

Clinical Implications
In addition to extending our scientific knowledge of

the underlying mechanisms responsible for the develop-
ment of masked speech recognition in school-age children,
results of this study have important implications for clini-
cal and educational practices. Masked speech recognition
is often used by audiologists as a functional assessment of
listening in children. The SSN maskers that are typically
used to assess speech recognition clinically may not impose
the same cognitive demands that children encounter when
listening in real-world environments, which often include
competing speech. The development of clinical speech recog-
nition protocols for children has been almost solely focused
3525–3538 • October 2020



on developing stimuli that represent the continuum of lin-
guistic complexity from nonwords to words to sentences
(Uhler et al., 2017). Different masker types may also be an
important parameter for audiologists to consider when de-
veloping and selecting clinical speech recognition materials.
A multitalker babble composed of four or more individual
talkers often produces similar masking effects to SSN maskers
(Carhart et al. 1975), so the use of a TTS may be more in-
dicative of the challenges experienced in everyday listening
than maskers comprising a larger number of talkers (Hillock-
Dunn et al., 2015). Efforts are underway to develop clinical
assessment tools for audiologists to reliably assess masked
speech recognition with TTS maskers (Calandruccio et al.,
2014; Miller et al., 2019).

Limitations and Future Research Directions
In interpreting the results of this study, there are sev-

eral limitations that should be considered. The population
for the study was limited to typically developing children
with no history of listening problems, hearing loss, and/or
other developmental concerns. For the most part, the chil-
dren who participated in this study do not experience the
same significant communication problems as children with
additional developmental concerns. Children with hearing
loss, developmental language disorders, or other develop-
mental conditions that affect language or cognition may
be at additional risk for difficulty understanding speech in
complex, multisource listening environments. Data from
children with hearing loss support the hypothesis that cog-
nitive and linguistic skills are important for supporting
masked speech recognition (Blamey et al., 2001; McCreery
et al., 2015). Future research should examine the cognitive
and linguistic mechanisms of energetic and informational
masking in children with hearing loss or with developmen-
tal conditions that affect language and cognitive abilities,
as these children may be at even greater risk for difficulty
in complex listening environments than typically develop-
ing peers with normal hearing.
Conclusions
In summary, we examined speech recognition for a

large group of typically developing children across three
masker conditions to examine the influence of language,
working memory, and selective attention on masked speech
recognition. In a TTS masker, children with better lan-
guage, working memory, and selective attention had better
masked speech recognition, whereas language was the only
significant predictor of masked speech recognition in the
SSN and AMSSN. The effect of receptive vocabulary for
speech recognition across all three masker conditions de-
creased as children increased in age, suggesting that the
effects of language on speech recognition in degraded con-
ditions may depend on the stimuli and the age of the chil-
dren. The difference between the SSN and the AMSSN was
used to estimate modulation masking release. Children
with better language abilities had larger modulation masking
release than peers with poorer language abilities. These
results suggest that different linguistic and cognitive mecha-
nisms influence masked speech recognition, depending
on the cognitive demands of the task, characteristics of the
masker, and age of the child.
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