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ABSTRACT

Noisy classrooms and the poor voice quality of the teacher
decrease children’s speech understanding and comprehen-
sion. Emerging evidence demonstrates that cognitive fac-
tors such as working memory (WM), attention, and in-
hibitory control (IC) also mediate children’s ability to rec-
ognize speech in noise and dysphonic voices. Speech
recognition and comprehension tests were performed in
a sound-proof booth with 15 normal-hearing elementary
students. The speech material was recorded with a nor-
mal and mimicked dysphonic voice. Babble noise was
added to obtain 2 signal-to-noise (SNR) ratios at 12 and
0 dB. Recognition, comprehension and subjective listen-
ing effort scores were collected and children’s WM and
IC were evaluated to explain individual differences. Re-
sults showed a statistically significant decrease in recog-
nition performance when SNR was decreasing and in
comprehension performance in the presence of the dys-
phonic voice. Subjective listening effort increased for
both lower SNR and in the presence of dysphonic voice.
Finally, greater selective attention was associated with
better recognition and comprehension performance while
greater working memory capacity was associated with de-
creased listening effort.
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1. INTRODUCTION

Noisy classrooms with poor acoustics are common across
the U.S. and these unfavorable acoustic conditions result
in difficulty in understanding speech. [1–4] Additionally,
up to 58% of teachers experience voice disorders dur-
ing their careers. [5] Children have greater difficulty than
adults when understanding speech in the presence of com-
peting sounds, [6,7] and this can have negative impacts on
learning and academic achievement. [8–10] Emerging ev-
idence demonstrates that cognitive factors such as work-
ing memory, attention, and inhibitory control also mediate
children’s ability to recognize speech in noise [11,12] and
understand dysphonic voices. [13] Current evaluations of
speech recognition ability are limited to clinic or labora-
tory settings and do not take into account the classroom
environment. The validity of traditional speech recogni-
tion tests for detecting hearing loss and predicting class-
room performance has not been established, and speech-
in-noise assessments are not widely used in pediatric clin-
ical settings. Additionally, the impact of classroom noise
on higher-level cognitive processes such as listening com-
prehension, which is critical for academic success and lit-
eracy development, needs to be examined. Listening com-
prehension requires the listener to understand and respond
to the content of a sentence or passage. This represents
higher-level linguistic processing and interpretation of the
syntactic and semantic properties and lexical content of
the sentence. This requires the parsing of words using syn-
tax, integrating new information with lexical knowledge,
and drawing inferences based on semantic information in
long-term memory. [14] Listening comprehension more
closely approximates the functional listening abilities that
are required to achieve academic success and develop age-
appropriate literacy skills. [15,16] Evidence is limited but
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suggests that noise can have a negative impact on chil-
dren’s listening comprehension, at least in a laboratory
setting. [15–17] Given that the acoustic environment not
only impacts the signal quality but also increases cognitive
processing demands related to attention, inhibitory con-
trol, and working memory, the impact of classroom noise
has consequences beyond decreased recognition scores,
such as increased listening effort and decreased memory
capacity. [10, 13, 17, 18] It is, therefore, critical to exam-
ine how these factors interact and build the foundation to
predict performance in different classroom conditions and
how they relate to higher-level cognitive processes.
The following research questions will be addressed:

1. Do background noise and a dysphonic voice have
the same effect on speech recognition and speech
comprehension?

2. Do background noise and a dysphonic voice have
a more detrimental effect on listening effort com-
pared to accuracy for word recognition and listen-
ing comprehension?

3. Do cognitive abilities play a role in speech recog-
nition, speech comprehension, and listening effort
in noise when the speech has a normal quality?

4. Do cognitive abilities play a role in speech recog-
nition, speech comprehension, and listening effort
in noise when the speech is dysphonic?

2. METHODS

2.1 Participants

The participants consisted of 14 students between 8 and
12 years old (mean=10.4 SD= 1.7). The students were
equally distributed between males (7) and females (7). All
children received a hearing screening from an audiologist,
and all showed a normal hearing status, with thresholds of
≤ 20 dB HL for octave frequencies between 250 and 8000
Hz. [19] All participants and their parents signed informed
consent for their participation in the study, which was ap-
proved by the Institutional Review Board of the University
of Illinois Urbana-Champaign under Protocol No. 19120.

2.2 Procedure

The experiment took place in a soundproof booth. The
children performed the test using a computer and listening
to the speech material through headphones. Speech recog-
nition and comprehension were measured using a closed-
set, picture-pointing procedure. For speech recognition,

the target stimuli were selected from the Word Intelligi-
bility by Picture Identification (WIPI) [20] word list. This
test is composed of monosyllabic words which are ap-
propriate for school-age children. The target stimuli for
speech comprehension consisted of the Test for Recep-
tion of Grammar Version 2 (TROG-2). [21] The TROG-2
is suitable for children aged 4 to 18+ and assesses verbal
language comprehension through 20 blocks each with a
different grammatical contrast with increasing linguistic
complexity. After each trial children rated the subjective
effort experienced on a 5 points visual scale from 0 (very
easy) to 4 (very difficult).

2.3 Speech material and conditions

The speech material was recorded by a female profes-
sional voice user and native speaker of American En-
glish. She pronounced the sentences with normal voice
quality and with a simulated dysphonic voice after being
instructed by a speech-language pathologist to mimic a
breathy voice. Classroom noise was added to simulate the
noise generated in a real classroom due to the kids talking
and moving around. Two SNRs were selected (12 dB(A)
and 0 dB(A)) to simulate a typical classroom environment.
4 listening conditions were generated consisting of 2 voice
qualities (normal vs. dysphonic) and 2 SNRs.

2.4 Cognitive assessment

Cognitive abilities were assessed with two tests from the
NIH Toolbox Cognition Battery performed on an iPad:
(1) NIH Toolbox List Sorting Working Memory Test, and
(2) NIH Toolbox Flanker Inhibitory Control and Attention
Test. The list Sorting Working Memory Test assesses chil-
dren’s working memory (WM). Stimuli were presented vi-
sually and auditory. The children were asked to repeat the
words in size order from the smallest to the largest. The
Flanker Inhibitory Control and Attention Test was used
to assess children’s attention and inhibitory control. The
participants were asked to focus on a target stimulus in-
hibiting attention to the other distracting stimuli. The chil-
dren were presented with a row of arrows and they were
asked to select the direction in which the middle arrow
was pointing.

2.5 Statistical analysis

Generalized linear models (GLM) were applied for the
statistical analysis of recognition score, comprehension
score, and subjective listening effort (LE) using the soft-
ware R3.6.0 and the lme4 (version 1.1–10) package. [22]
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The LE response variable (5-point scale from 0 to 4) was
recoded dividing each value by 4 to restrain the range be-
tween 0 and 1. The independent variables included in each
model were (1) voice quality, (2) SNR, (3) WM, and (4)
IC. To analyze WM ad IC the uncorrected standard scores
have been used. The GLM outputs include the estimates
of the fixed effects of the coefficients, the standard error
associated with the estimate, the test statistic, z, and the
p-value.

3. RESULTS AND DISCUSSION

3.1 Speech recognition and comprehension accuracy

The statistical analysis of speech recognition indicated a
main effect of the noise (Estimate=-1.97, p<0.001) where
decreasing SNR resulted in a significant decrease in ac-
curacy regardless of voice quality. The relationship be-
tween speech recognition and SNR, grouped by voice
quality, is shown in Fig. 1. Additionally, the model re-
vealed an effect of inhibitory control and attention capac-
ity of children (Estimate=0.08, p=0.02). Children who
had a reduced ability to selectively focus on the target
speech and filter out noise distractions performed worse
in speech recognition tasks. The statistical analysis of

Figure 1. Mean speech recognition scores in %
across subjects. The error bars indicate ±standard er-
ror.

speech comprehension indicated an effect of the dyspho-
nic voice (Estimate=-0.71, p<0.001). Children’s compre-
hension accuracy decreased when the sentences were pre-
sented with a dysphonic voice. The relationship between

Speech comprehension and SNR, grouped by voice qual-
ity, is shown in Fig. 2. As found for the speech recognition
task, inhibitory control and attention capacity of children
showed a significant relationship with the speech compre-
hension scores (Estimate=0.06, p=0.007). Children who
exhibit higher levels of selective attention were capable
of better concentration which resulted in higher compre-
hension of sentences as opposed to their peers with lower
scores. The results of the interaction between the accu-
racy scores and the cognitive abilities of the children high-
lighted the critical role of selective attention in both recog-
nition and comprehension tasks where high levels of back-
ground noise are present.

Figure 2. Mean speech comprehension scores in %
across subjects. The error bars indicate ±standard er-
ror.

3.2 Subjective listening effort

The statistical analysis of the subjective listening effort
for the speech recognition task demonstrated a main effect
of both SNR (Estimate=0.58, p<0.001) and voice quality
(Estimate=0.80, p<0.001). In the presence of the high-
est level of noise and dysphonic speech, the children per-
ceived a greater effort in listening to the words. The rela-
tionship between LE and SNR, grouped by voice quality,
is shown in Fig. 3. The subjective rating of listening ef-
fort has been shown to be more sensitive than the test ac-
curacy as even when children understood the same num-
ber of words in the presence of dysphonic speech com-
pared to normal speech, they rated the disphonic voice
quality as more difficult to listen to. The model also
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revealed a main effect of working memory on listening
effort (Estimate=-1.12, p<0.001). Children exhibiting
higher working memory capacity were observed to expe-
rience less effort in listening to speech in the presence of a
higher noise level and the dysphonic voice as compared to
their counterparts with lower working memory capacity.

Figure 3. Mean scores of subjective listening effort
in % for the speech recognition task. The error bars
indicate ±standard error.

The statistical analysis of the subjective listening ef-
fort for the speech comprehension task showed a main
effect of both SNR (Estimate=0.52, p<0.001) and voice
quality (Estimate=0.74, p<0.001). Increased levels of
noise and the presence of dysphonic speech led to a sig-
nificant increase in perceived listening effort in the speech
comprehension task. The relationship between LE for the
speech comprehension task and SNR, grouped by voice
quality, is shown in Fig. 4. Listening effort was found
again to be a more sensitive metric, as the accuracy of
the speech comprehension task was only impacted by
the presence of a dysphonic voice. However, the chil-
dren perceived a greater listening effort even when the
noise levels were higher. Regarding cognitive abilities,
the model showed a main effect of both working memory
(Estimate=-0.06, p<0.001) and inhibitory control (Esti-
mate=0.07, p<0.001). With an increase in their working
memory capacity, the children needed to expend less ef-
fort while listening since they were able to retain the infor-
mation more easily and manipulate it so as to understand
the sentence described. On the other hand, the increase
in selective attention capacity resulted in greater listening

effort. This could be attributed to the children’s greater
awareness of the difficulty of the task and their stronger
willingness to concentrate under challenging conditions,
which ultimately led to a greater sense of perceived effort.
A noteworthy limitation of the study is that despite the
presence of poorer SNR and the dysphonic voice, the
speech recognition and comprehension scores remained
quite high. The high levels of performance achieved in
this context may have impacted the sensitivity of accuracy
measurements compared to the listening effort. Another
limitation to consider is the small sample size utilized in
the study. Consequently, it was not feasible to examine the
impact of age, which will be addressed in future analyses
with a larger sample size.

Figure 4. Mean scores of subjective listening effort
in % for the speech comprehension task. The error
bars indicate ±standard error.

4. CONCLUSION

In conclusion, speech recognition was affected by the
SNR while speech comprehension was impacted by the
dysphonic voice. In both tasks, increased accuracy was
associated with better children’s selective attention. The
subjective listening effort was shown to be a more sensi-
tive measure compared to the accuracy score since it was
impacted by SNR and the voice quality for both recogni-
tion and comprehension tasks. Additionally, children with
higher working memory scores reported lower listening
effort. However, for the speech comprehension task, chil-
dren with higher selective attention reported greater lis-
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tening effort compared to children with poorer selective
attention.
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