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Spoken language processing in noise by deaf and hard
of hearing children: Effects of speaking rate®
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Joerg M. Buchholz," @ and Katherine Demuth’
'Department of Linguistics, Macquarie University, Syndney, New South Wales, Australia

2Amsterdam Center for Language and Communication, University of Amsterdam, Amsterdam, the Netherlands

ABSTRACT:

While school-aged children who are deaf or hard of hearing (DHH) spend much of the day in classrooms or play-
grounds, little is known about how aspects of these environments, such as fast speech and background noise, affect
their ability to process sentences in real time. The current study compared processing of sentences in 16-talker babble
noise spoken at a fast (6.1 syll./s) vs normal (4.5 syll./s) speaking rates in twenty-seven 8—13-year-old children with
hearing in the normal range (NH) and 31 DHH children. Children were instructed to detect a target word in a sen-
tence, and response time (RT) was taken as an outcome measure. Relationships between working memory capacity,
vocabulary knowledge, and RT were also assessed, but not observed. Both groups of children were slower to process
fast speech than normal-rate speech, with no evidence that DHH children were differentially affected by speaking
rate compared to peers with NH. DHH children processed sentences in noise slower than their peers with NH across
speaking rates. These results suggest that children’s sentence processing can be disrupted when they encounter fast
speech in a noisy environment, and that DHH children may be most at risk for spoken sentence processing delays in
real-world listening environments.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.orgl/licenses/by/4.0/). https://doi.org/10.1121/10.0039879

(Received 6 June 2025; revised 29 September 2025; accepted 27 October 2025; published online 5 December 2025)

[Editor: Sven Mattys]

I. INTRODUCTION

Approximately 85% of Australian school-aged deaf and
hard of hearing (DHH) children who wear hearing aids
(HAs) or cochlear implants (CIs) attend mainstream educa-
tion (Van Der Straaten et al., 2021), spending large parts of
their day in classrooms and playgrounds. Such real-world
environments are noisy, with speech spoken at fast rates.
However, spoken language development is often evaluated
with standardized tests (e.g., Ching et al., 2019; Tomblin
et al., 2014), typically administered in ideal listening envi-
ronments, yielding poor estimates of spoken language proc-
essing abilities in noisy, fast-paced, real-life listening
situations. Although a recent study found no evidence that
DHH children were affected by fast speaking rates when
processing sentences in quiet (Abrahamse et al., 2025), little
is known about the effects of speaking rate on DHH child-
ren’s sentence processing speed in noise.

The current study compared the effects of fast vs normal
speaking rates in background noise on sentence processing
speed between DHH children and their peers with hearing in

YPortions of this work were presented at the Beyond Speech Workshop,
Sydney, Australia, 2022, the MARCS Conference Series: Speech
Processing, Sydney, Australia, 2022, and the 37th Annual Conference on
Human Sentence Processing, Ann Arbor, MI, 2024.
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the normal range (normal hearing, NH). Additionally, it exam-
ined whether individual cognitive and linguistic abilities such
as vocabulary size and working memory capacity (WMC),
facilitated the processing of fast speech in noise. The results
shed further light on the challenges that real-world listening
environments pose for DHH children.

A. Real-time language processing

Efficient language processing skills are critical for suc-
cessful communicative interaction. In conversation, listeners
need to process incoming linguistic information, keep it in
short-term memory, and integrate new information, all
under time-pressure (Mattys et al., 2012; Ronnberg et al.,
2013). Language processing might be more challenging for
DHH children, receiving a poor acoustic signal through their
hearing devices (e.g., Rosen, 1992; van Tasell, 1993).
Language processing models, such as the Ease of Language
Understanding (ELU) model (Ronnberg et al., 2013), pre-
dict that if incoming speech signals do not immediately
match the stored representation in the lexicon, a mismatch
can occur, disrupting fast and implicit processing. The lis-
tener then resorts to processing via an explicit (time-
consuming) route to resolve the mismatch. Hearing devices
and/or hearing loss mask acoustic cues in the signal, leading
to poorer stored representations in DHH children (see
McMurray et al., 2017).

©Author(s) 2025.
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To date, investigations into the effects of hearing loss
on children’s word-in-sentence processing speed in ideal lis-
tening conditions, yielded mixed results: Studies using
word/phoneme monitoring tasks found that 7—12-year-olds
with HAs and Cls (Abrahamse et al., 2025; Holt et al.,
2023) and 13-18-year-olds with CIs (Holt et al., 2016)
detected target words/phonemes in sentences more slowly
than peers with NH. However, other studies using eye-
tracking methods showed that DHH children can make use
of semantic cues to predict upcoming words in a sentence,
although the 5-10-year-olds (compared to older 8§—13-year-
olds) looked less to the target than peers with NH
(Blomquist et al., 2021; Holt et al., 2021). Importantly, even
when sentences were not semantically predictable, the DHH
8—13-year-olds showed no evidence for delayed recognition
of the target word compared to NH peers, suggesting that
they may be able to process words in sentences with similar
timing.

While various task effects may explain the discrepan-
cies between these results (e.g., shorter sentence length in
the eye-tracking studies, more phonological awareness skills
required for the phoneme-monitoring studies), all tested
children’s listening abilities in quiet, and/or at a normal
speaking rate. Testing real-time sentence processing in ideal
listening conditions may underestimate the challenges DHH
children experience in real-life (oral) environments, where
background noise and faster speaking rates may slow sen-
tence processing.

B. Realistic acoustic environments: Background
noise

Background noise in school classrooms often exceeds
recommended levels (Picard and Bradley, 2001; Shield and
Dockrell, 2003). Noisy classrooms have been shown to neg-
atively affect speech intelligibility, attention, memory, lan-
guage comprehension, and academic outcomes in school-
aged children with NH (e.g., Mealings, 2022; Rudner et al.,
2018; Shield and Dockrell, 2003). Furthermore, studies
show that noise can increase listening effort, physical stress,
and fatigue in children with NH (McGarrigle et al., 2017,
Wilinder et al., 2007).

Emerging evidence suggests that DHH children may be
at even greater risk of experiencing negative effects of class-
room noise on spoken language and academic development.
Recent interviews with children, parents, and professionals
highlight the presence of listening-related fatigue in this
population (Davis et al., 2021; see also Bess et al., 2014).
The presence of background noise leads to increased listen-
ing effort in DHH children (Brannstrom et al., 2020), with
effects found not only in children with bilateral, but also
unilateral losses (Bess et al., 2020; Oosthuizen et al., 2021).

The detrimental effects of classroom noise for DHH
children are not surprising, as numerous studies show that
DHH children score below their peers with NH on speech
perception in noise tasks (Ching et al., 2018; Klein et al.,
2017; Leibold, 2017; Leibold et al., 2013; Caldwell and
Nittrouer, 2013). When listening to sentences, DHH
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children consistently show poorer speech recognition in
noise compared to peers with NH. For example, school-aged
children with HAs and CIs, when asked to listen to a sen-
tence in noise and repeat it, require higher signal-to-noise
ratios (SNRs) than their peers with NH to reach 50% correct
recognition (McCreery et al., 2019; Torkildsen et al., 2019;
Walker et al., 2019).

However, studies of sentence recognition accuracy can-
not directly address how noise affects sentence processing
speed in real time. For children with NH, there is some evi-
dence that noise decreases word processing speed (Hsu
et al., 2017), but another study shows no evidence for slower
sentence processing in 7—12-year-olds on a phoneme moni-
toring task in noise compared to in quiet (Holt er al., 2020).
For DHH children, results are scarce. Two recent studies
assessed speed of repetition (verbal response time) of target
words and/or standardized Bamford Kowal Bench (BKB)
(Bench et al., 1979) sentences in noise, finding that school-
aged DHH children were slower than peers with NH (Lewis
et al., 2016; McGarrigle et al., 2019). However, processing
short BKB sentences (~6 syllables) might differ from longer
sentences (e.g., 18-22 syllables), and may be less represen-
tative of what children encounter in real-life conversations
(see also Miles et al., 2020). Assessing sentence processing
in noise with longer sentences can assist in extending find-
ings to more realistic communicative environments.

C. Realistic quality of speech input: Fast speech

In fast speech, information is compressed in time, lead-
ing to alterations of temporal cues (e.g., shorter vowel length)
(Crystal and House, 1982; Gay, 1978) and spectral cues (e.g.,
reduced word forms) in the speech signal (Brouwer et al.,
2012; Emestus et al., 2002), as well as fewer or shorter
pauses (Crystal and House, 1982; Grosjean and Lane, 1976;
Zellner, 1994). Nonetheless, listeners with NH handle faster
speaking rates quite well by automatically adjusting their per-
ception of acoustic cues to the rate at which the target speech
is spoken (e.g., Maslowski et al., 2019) and/or using linguistic
context to interpret missing or altered information. Children
with NH show no evidence of slower sentence processing at
fast compared to normal speaking rates (Montgomery, 2005;
Guiraud et al., 2013). However, negative effects of fast
speech on sentence and word processing have been found for
(older) adults with postlingual hearing loss (e.g., Gordon-
Salant and Fitzgibbons, 2004; Janse, 2009; Koch and Janse,
2016; Wingfield et al., 2006). Yet, in a recent study, 7—12-
year old children who are DHH were asked to detect words in
sentences spoken at a fast vs a normal speaking rate. Contrary
to expectation, they showed no evidence for slower sentence
processing due to fast speech (Abrahamse et al., 2025).

D. Possible effects of increased speaking rates in
noise

It remains unknown how fast speech may interact with
background noise to influence processing speed for DHH
children. Following the predictions of the ELU model, fast
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speech in background noise might be processed more slowly
than speech at normal rates in noise, given that the reduction
of acoustic cues increases the mismatch between the input
signal and stored representations. This poses risks for DHH
children’s communicative abilities in realistic environments
such as the classroom, where fast speech and background
noise may co-occur.

There is some literature on speaking style suggesting
that speaking rate could play a role in disrupting sentence
recognition in noise. For example, clear speech (spoken at
slower rates) rather than conversational speech (spoken at
normal rates) benefits sentence- and word recognition and
memory in noise for NH adults (van Engen et al., 2012; van
der Feest et al., 2019), for adults with CIs or listening to CI
simulations (Liu et al., 2004), and for 6-13-year-olds with
NH and with CIs (Smiljanic and Sladen, 2013).

While a slower speaking rate is one of the characteris-
tics of clear speech, clear speech also contains other acoustic
modifications that might benefit perception when listening
in noise (Smiljani¢ and Bradlow, 2009). Furthermore, clear
speech studies have mostly assessed whether clear speech
can improve speech recognition in noise, thus comparing
speech at a “normal” rate to a slow rate. For example, from
the acoustic measurements in Smiljanic and Sladen (2013),
it can be inferred that for five-syllable sentences, the articu-
lation rate of the low predictability sentences would
decrease from 4.6 to 3.3 syllables per second (syll./s) from
conversational to clear speech (female speaker), and in Liu
et al. (2004), this would be even lower: 3.4 to 1.5 syll./s
(female speaker). Such studies have not considered the
extent to which fast speech may disrupt sentence processing
in noise. The current study, therefore, compares a “normal”/
conversational speaking rate to a faster speaking rate (i.e.,
4.5 vs 6.1 syll./s in Abrahamse et al., 2025).

E. Effects of linguistic and cognitive abilities on
sentence processing

In challenging listening conditions such as fast speech
in noise, a larger vocabulary size and WMC might mitigate
slower sentence processing. Larger vocabularies can support
faster interpretation of the context surrounding the mismatch
(Mattys et al., 2012), and have been linked to more refined
lexical representations (e.g., Law and Edwards, 2014).
When a word is represented more precisely in the lexicon, it
is more likely to be correctly matched to the incoming audi-
tory signal. Larger WMC allows for more resources (e.g.,
inhibition, attention focusing, and retrieval of contextual
information) to repair mismatches (Ronnberg et al., 2013).
However, in quiet, studies have not yet found evidence sup-
porting this prediction. The children (NH/DHH) in Holt
et al. (2021) with larger WMC/vocabularies were no faster
to process speech spoken at normal rates than those with
smaller WMC/vocabularies. In Abrahamse er al. (2025),
DHH children with larger WMC (but only those with
smaller vocabularies) were slower to detect words in the
sentences (regardless of speaking rate). In noise, there is evi-
dence supporting this prediction for sentence recognition

4468  J. Acoust. Soc. Am. 158 (6), December 2025

accuracy (rather than processing speed), especially for
vocabulary size (NH/DHH, McCreery et al., 2019; DHH,
Walker et al., 2019), but also in part for WMC (NH/DHH,
McCreery et al., 2017; McCreery et al., 2019; but see NH/
DHH, Nittrouer et al., 2017; Torkildsen et al., 2019; Walker
et al., 2019). If fast speech is added to noise, relationships
between vocabulary size and/or WMC and sentence process-
ing speed may become stronger.

F. Aims and predictions for the current study

The main aim of this study was to assess whether listen-
ing to fast vs normal-rate speech in background noise results
in slower sentence processing for DHH children, and how
this compares to peers with NH. Based on earlier findings
and consistent with the ELU model, DHH children were pre-
dicted to be slower than peers with NH to process sentences
in noise overall, and disproportionately slower to process
sentences in noise when spoken at a fast compared to a nor-
mal speaking rate.

These research questions were addressed with an
Auditory Word Detection task, where children listened for a
target word in sentences presented in noise at a fast and nor-
mal speaking rate. Response time was used to index the
speed of target word detection in each sentence (Abrahamse
et al., 2025; Janse, 2009; Montgomery, 2005).

The second aim was to investigate whether a larger
vocabulary size and/or a larger WMC facilitated faster proc-
essing of sentences in noise. Based on the ELU model, we
expected these relationships might be stronger for DHH
than NH children, stronger in fast compared to normal
speech, and strongest for DHH children in fast speech, as
HL and fast speech might generate more mismatches
between the input and stored representations.

Il. METHODS
A. Participants

The participants were 31 DHH children [Mge in years
(standard deviation, SD) = 11.01 (1.50); range: 8.2—13.4; 19
males, 12 females] (see Table I), and 27 children with
parent-reported NH [Mgc in years (SD) = 10.58 (1.59); range:
7.8-13.3; 15 males, 12 females]. All children had completed
the same word detection task in quiet on average 4.2 months
earlier (SD =0.8 months, range=2.7-7.2months) (see
Abrahamse et al., 2025). All children used spoken
Australian English as their primary language at home, and
had received all schooling in Australia. They were exposed
to spoken languages other than English for approximately
0.5—1 h per week (NH = 0.6, DHH = 0.8), and six DHH chil-
dren were exposed to Auslan (Australian Sign Language)
for 4.8 h per week on average (SD =7.6), mostly through
second-language learning at school. One child was diag-
nosed with dyscalculia, no children in the sample were diag-
nosed with a developmental or neurological disorder, and
two additional children were tested but excluded because of
this diagnosis (autism spectrum disorder, ASD, attention
deficit hyperactivity disorder, ADHD; NH=2). DHH

Abrahamse et al.
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TABLE I. Characteristics of deaf and hard-of-hearing participants. Nd, no data; Y, years; L, left ear; R, right ear; 4-freq PTA, 4-frequency pure tone aver-
age; BAHA, Bone anchored hearing aid, ANSD, auditory neuropathy spectrum disorder; CMV, cytomegalovirus; LVAS, large vestibular aqueduct syn-

drome; CROS, contralateral routing of signals.

Age Type 4-freqPTA  4-freqPTA  Ageat  Ageat
(years) Laterality Device type of HL (dBHL) (L) (dBHL)(R) CI(y) HA (y)* Aetiology Device L, R®
11.1 Bilateral Bimodal Sensorineural 115 55 3.0 0.1 Connexin 26 MED-el Sonnet 2,
Phonak Sky V50P
13.1 Bilateral Bimodal Sensorineural 13 120 6.0 4.6 Unknown Resound LiNX 3D5,
Cochlear Nucleus 7
13.4 Bilateral Bimodal Progressive Cr 57.5 12.4 9.0 Unknown Cochlear Nucleus 7, nd
Sensorineural
8.4 Bilateral CI ANSD 113 115 0.8 0.2 nd Cochlear Nucleus 7
9.5 Bilateral CI Sensorineural 75 78 1.3 0.2 nd Cochlear Nucleus 7
10.5 Bilateral CI Mixed 61 100 2.8 0.3 nd Cochlear Nucleus 7
11.9 Bilateral CI Sensorineural 80 100 2.3 1.8 nd Cochlear Nucleus 7
12.8 Bilateral CI Sensorineural 102 102 1.2 1.2 nd Cochlear Nucleus 7
12.9 Bilateral CI Sensorineural >120 >120 0.7 0.2 Unknown MED-¢l CI, nd
13.0 Bilateral CI Mixed 105 105 1.6 0.3 nd Cochlear Nucleus 7
9.8 Bilateral HA Mixed 43 32 n/a 4.0 nd Phonak (no recent data)
10.3 Bilateral HA Mixed 37 35 n/a 3.8 Unknown Phonak Phi Alpha Marvel, nd
10.9 Bilateral HA Mixed nd nd n/a 5.2 Unknown Phonak Sky B50-P
11.0 Bilateral HA Sensorineural 51 56 2.5 Unknown Phonak Sky M50-SP
11.3 Bilateral HA Sensorineural 50 52.5 n/a 0.8 Unknown Phonak Sky B50-P
11.4 Bilateral HA Sensorineural 46.25 45 n/a 0.5 nd Phonak Sky B50-P
114 Bilateral HA Sensorineural 42 36 n/a 1.3 nd Phonak (no recent data)
11.6 Bilateral HA Sensorineural 43 43 n/a 0.2 Connexin 26 Phonak Marvel, nd
11.8 Bilateral HA Sensorineural 15 25 n/a 4.2 nd Signia Pure 312 5Ax
11.8 Bilateral HA Mixed 34 35 n/a 9.7 Genetic Phonak Sky B50-P
9.3 Unilateral CI Sensorineural 116 0 3.8 0.3 Congenital CMV Cochlear Nucleus 7, n/a
8.4 Unilateral HAY Mixed 6.25 63.75 n/a 6.1 LVAS n/a, Phonak Sky B50-P
8.8 Unilateral HA Conductive 10 66 n/a 3.5 Ext.auditory n/a, Phonak Sky B50-P
canal stenosis
9.5 Unilateral Unaided! Sensorineural 53.75 8.75 n/a 5.0 Unknown Unaided, unaided
11.3 Unilateral HAY Sensorineural > 120 6 n/a 0.3 Absent nerve CROS-aid, Phonak Sky B50-P
11.7 Unilateral HA Sensorineural 43.75 11.25 n/a 8.0 nd n/a, Sky B50-P
12.9 Unilateral HA Sensorineural 7.5 40 n/a 7.0 Unknown Unknown, Sky B50-P
9.7 Unilateral HA (BAHA) Conductive 17 82 n/a 5.6 (1) Microtia/atresia Cochlear BAHA 5
11.3 Unilateral HA (BAHA)  Conductive 58 10 n/a 4.4 (0.3) Microtia/atresia Cochlear BAHA 5
8.2 Unilateral  No Device®  Sensorineural Severe Fluctuating n/a 0.2 Hypoplastic or Phonak Sky B50-P
absent nerve
12.5 Unilateral HAY Sensorineural >105 5 n/a 3.8 Absent nerve Phonak CROS B-13,

Phonak Sky B50-P

“Age at HA for BAHA users shows the age of BAHA fitting with age of HA fitting in brackets.

®When only one device is listed this device is used for both ears.

“For this particular child the 4-freq PTA were not obtained by the clinical centre.

dreported use of wireless communication device (Roger Focus) at school.
“fitted with device but had not worn it for several months prior to testing.

children wore their hearing device(s) during testing.
Although no direct checks were conducted, no issues with
device functioning were reported by parents or observed by
the experimenter during the sessions. Families received a
$20 gift card for their participation.

B. Materials

1. Stimuli

Stimuli for the word detection task were created by add-
ing 16-talker babble noise to the Abrahamse et al. (2025)
sentence-in-quiet stimuli. Those stimuli consisted of two

J. Acoust. Soc. Am. 158 (6), December 2025

lists of 24 monosyllabic consonant-vowel-consonant (CVC)
target words embedded in sentences appropriate for 7—12-
year-olds. Each sentence consisted of a short lead-in phrase
to set the scene (e.g., “Claire is excited today”), followed by
a target phrase containing the target word (e.g., “Her mum
brought balloons and cake for her birthday party”; bold
indicates the target word) (inspired by Montgomery, 2002,
2006). The two stimulus lists were each recorded at a nor-
mal (4.5 syll./s) and fast (6.1 syll./s) speaking rate by a
female native speaker of Australian English. The assignment
of stimulus lists to the speaking rate conditions was counter-
balanced across children. In the original stimuli, speaking

Abrahamse etal. 4469
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TABLE II. Means (SD) for speaking rate (measured in syll./s), pause duration (ms) and intensity (dB) of the original sentence stimuli in quiet.

Speaking Rate (syll./s) Pause Duration (ms) Intensity (dB)
Normal Fast Normal Fast Normal Fast
List 1 4.52 (0.28) 6.14 (0.36) 412 (59) 271 (40) 66.92 (1.07) 66.87 (1.07)
List 2 4.44 (0.25) 6.11 (0.37) 416 (60) 255 (44) 66.91 (1.07) 66.93 (1.06)

rate (in syll./s), pause duration (in ms), and intensity (in dB)
were measured for each list and speaking rate condition (see
Table II). The recordings were statistically analysed and,
where necessary, intensity and pause duration were manipu-
lated to ensure that speaking rate and pause duration did not
differ significantly between lists within speaking rate condi-
tions, and that they differed significantly between speaking
rate conditions. For intensity, a similar procedure was fol-
lowed to ensure no differences between and within speaking
rate conditions (see Abrahamse et al., 2025, for more
details).

A 16-talker babble was selected as an approximation of
children’s listening at school, e.g., during group work. It
was created in MATLAB by overlaying two 8-talker (four
male, four female) babble samples (as used in Best et al.,
2015), shifting one of them in time. The average spectrum
of the 16-talker babble noise was equalised (using a
minimum-phase equalisation filter) to the spectrum of the
speech stimuli averaged across the four recorded sentence
lists (two lists x two speaking rates).

Stimuli were presented at a fixed +4 dB! SNR, the
upper end of the reported range of classroom SNRs (—7 to
+4dB, McGarrigle et al., 2017; Mealings et al., 2015;
Picard and Bradley, 2001). A positive SNR was selected to
ensure sentence intelligibility for DHH children, especially
those with CIs (see, e.g., Torkildsen et al., 2019, +3 dB;
Smiljanic and Sladen, 2013, +4 dB), in line with our objec-
tive to capture differences in processing speed rather than
accuracy between DHH children and those with NH.

All stimuli were converted to mp3 format at 128 kb/s
for presentation during the experiment, as this audio format
was supported by the testing platform.

2. Additional materials

a. Simple visual reaction time (SVRT). Baseline visual
response time was measured for each child with the SVRT,
a subtest of the Deary Lieward Reaction Time task (Deary
et al.,2011), to account for variance in response time due to
either general computer delays or children’s motoric abili-
ties. Children’s task was to press the spacebar as soon as
they saw an image of a starfish (350 x 350 px on a grey 400
x 400 px background in a 600 x 600 px dark grey box).
Children completed eight practice trials and 20 test trials,
with randomised inter-stimulus intervals (10003000 ms)
between trials. We analysed spacebar presses to the test tri-
als that were registered between 200 and 2000 ms relative to
stimulus onset (Georgiou et al., 2012), and subsequently
removed RTs more extreme than the child’s mean =2 SD.
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A mean of 2.16 trials (SD=2.94; range, 0—182) were
removed per child, with 92.84% of trials remaining for
analysis. No difference was detected between the median
visual RTs of children with NH (median =402, interquartile
range (IQR)=117) and DHH children (median= 398,
IQR = 144) [#55.99) = —-0.23, p =0.82].

b. Receptive Voocabulary Size and Working Memory
Capacity. As part of earlier data collection for Abrahamse
et al. (2025), on average 4.2 months prior, children had com-
pleted an online version of the Peabody Picture Vocabulary
Test (PPVT, 4th ed.) (Dunn and Dunn, 2007) as a measure
of receptive vocabulary size and an online version of the
backwards digit span task (based on a subtest of the Clinical
Evaluation of Language Fundamentals (CELF-4-NL),
Kort et al., 2008) as a measure of WMC.

Children with NH had signficiantly higher PPVT standard
scores (M =115, SD=13) than DHH children (M =108,
SD = 14) [#(53.89) = —2.10, p = 0.04]. WMC scores were cal-
culated as the number of correctly recalled sequences out of
14 trials (sequences of 2-8 digits, with two sequences per
digit). There was no evidence that WMC scores differed
between DHH children (M = 5.67, SD = 2.45) and those with
NH (M =6.37, SD=2.51) [t(54.52) = —1.05, p=0.29].

C. Procedure
1. General procedure

Children completed the study on a computer or laptop
in their homes, whilst supervised by a researcher on a video
call.’ Children first completed the visual response task
(5 min) and then the word detection task (20 min).

Gorilla Experiment Builder (www.gorilla.sc) was used
to create and host the tasks (Anwyl-Irvine et al., 2020). To
reduce potential timing differences between browsers
(Bridges et al., 2020), all but three children (who used
Microsoft Edge) performed the task in Google Chrome. The
researcher supervised the child through the video-
conference platform Zoom (Zoom Video Communications
Inc., 2016). Children shared their screen, except during the
test phase of the word detection task, to minimise potential
effects of screen sharing on computer performance.

Children performed the task with free-field built-in or
external computer speakers in a quiet room. To calibrate the
output level, children listened to an example sentence in a
quiet environment, which they could repeat if needed, and
adjusted the speaker volume until the sentence was audible
at a level they considered clear and comfortable. This
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calibration sentence had been scaled to 66 dB SPL, which
corresponded to the 25th percentile of the measured inten-
sity distribution of the sentences in the experimental stimu-
lus set (see Abrahamse et al., 2025). This ensured that the
majority of test stimuli were presented at an intensity
exceeding the calibration level selected by the participant.
Piloting had indicated that this resulted in well-audible stim-
uli overall.

2. Procedure word detection task

Figure 1 illustrates a trial in the word detection task.
Prior to sentence onset, target words were presented audito-
rily in isolation and in quiet, with a referent picture (adapted
from Lessonpix.com; Binko and Binko, 2020). During each
trial, children first saw a picture and then played the target
word by pressing the spacebar. The word was followed by
2000 ms of noise, after which the sentence started. Children
were instructed to press the spacebar as quickly as they
could upon hearing the target word in the sentence, and not
to press the spacebar if they did not hear the word in the sen-
tence. Another 2000 ms noise was presented at sentence off-
set to provide extra time to respond before the onset of the
next trial (regardless of whether children had pressed the
spacebar). The picture disappeared from the screen after a
response.

The task was narrated by a shrimp who invited children
to rescue his friends. The task began with a training block,
consisting of two sentences in quiet at the normal speaking
rate, in which children practiced (1) pressing the spacebar to
hear the target word in isolation, (2) pressing the spacebar
when hearing the word in the sentence, and (3) combining
both within a trial. Two more practice trials with a +15dB
SNR, then introduced the children to listening in noise. This
was followed by two blocks of test trials with 24 test senten-
ces at the normal and fast speaking rates. Each block started
with a 10 s sample of speech in noise to allow for automatic
noise-cancelling programs in children’s hearing devices to
activate (Mauger et al., 2014) and two practice sentences at
+4 dB. The order of presentation of the normal and fast
blocks was counterbalanced across DHH subgroups (i.e.,
NH, Bilateral CIs, Bilateral HAs, Unilateral HL, and

Bimodal fitting). The order of presentation of the test trials
was randomized for each child. A reward appeared every six
test trials, where children pressed the spacebar to rescue one
of the shrimp’s friends.

D. Analysis

All statistical analyses were performed in R (version
1.1.29) (R Core Team, 2021) (see https://osf.io/k4q56/ for
markdown scripts with analysis code).

1. Pre-processing word detection task

Response times were calculated from the onset of the
target word in the sentence. Onsets were annotated in Praat
(Boersma and Weenink, 2020), using as landmarks the start
of high frication noise for [s], the start of frication for [f],
and the first peak of the release burst for stops and
affricates.

Test trials were excluded if they had no registered key
response (excluding 119 trials, of those: DHH normal = 23%;
DHH fast=40%; NH normal = 12%; NH fast=25%) or
more than two registered key presses between the onset of the
target phrase until 2000 ms after sentence offset (excluding 53
trials from 20 children; 1.9% of total trials). Of the trials with
two presses (54 trials from 12 children, 1.9% of total trials),
only the first was retained for analysis, as the second press
likely reflected uncertainty about the first registering or impa-
tience to proceed. RTs registered before target word onset
were excluded (224 trials from 53 children, 8.0% of total trials.
Of the 224 excluded: DHH normal = 7.13%; DH fast = 7.41%;
NH normal = 11.03%; NH fast=9.74%). Finally, any RTs
longer than the third quantile plus three times the IQR
(q0.75 + 3 x IQR) for each participant-condition combination
were considered extreme outliers and removed (2.6% of total
trials) (Tukey, 1977).

2. Main analysis word detection task

Response time was modelled with linear mixed effects
models, using the /me4 package and the bobyqa optimiser in
R (Bates et al., 2015b). All continuous predictors (Age,
PPVT, and WMC) were transformed to z-scores. Potential
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co-variates Age and median SVRT each significantly corre-
lated with mean raw RT [Age: r(56), —0.28, p=0.03;
SVRT: r(56), 0.28, p=0.03] and with each other [r(56)
=0.43, p<0.001]. Although variance inflation factors
(VIF) suggested a low risk of multicollinearity (<1.5%), the
correlation between SVRT and Age suggests that these mea-
sures may capture some shared variance in children’s
(developing) response speed. Age, as the more direct mea-
sure of development, was thus included as the only covariate
in all models, to avoid model overfitting (especially in the
WMC and PPVT models). See supplementary material 1 for
a model suggesting that between-participant differences in
SVRT (if any) explained little unique variance over and
above Age, Group, and Rate). Age was included as a non-
interacting predictor in all models, as initial checks showed
no interactions with the variables of interest (see supplemen-
tary material 2). Each model included random effects fol-
lowing the “Parsimonious Mixed models approach” (Bates
etal.,2015a).

a. RT transformations. As an initially fitted model® on
untransformed RTs had non-normally distributed residuals,
RTs were transformed using a rank-order transformation. In
this transformation, all N data points are ranked from 1 to N
(fastest to slowest RT), and the assigned rank is then divided
by N (Lammertink er al., 2019). The rank approach was
selected for consistency with Abrahamse et al. (2025), where it
was selected to address non-normally distributed residuals as
well as heterogeneity in the tail of the residuals. While hetero-
geneity was not an issue for the present dataset, other com-
monly used transformations did not sufficiently improve the
distribution of residuals. Ranked RTs were interpreted as
percentile-rank scores. Lower average percentile rank scores
for a group or condition indicate, on average, slower RTs.

b. RQ1: Effects of group and speaking rate in
noise. Model 1 addressed the primary aim, namely, whether
sentence processing speed in noise is affected by fast speech
for DHH children vs children with NH, and included fixed
binary factors Group (NH=1 vs DHH=-1), Rate
(Fast=1 vs Normal = —1), their interaction, and Age (con-
tinuous). The model included random intercepts for
Participant and Item and random slopes for Rate by
Participant and Rate by Item. See supplementary material 3
for an additional model showing no significant main effects
for order of presentation (fast first vs fast second).

c. RQ2: Effects of vocabulary size and working mem-
ory capacity. The secondary aim was to assess the effects of
vocabulary size and WMC on sentence processing speed,
and whether these differed as a function of group (NH,
DHH) or speaking rate (Normal, Fast). To mitigate risks of
overfitting, two separate models were fitted for PPVT
(Model 2A) and WMC scores (Model 2B). To minimise
potential collinearity with Age, standard scores were used
for the PPVT (Age did not significantly correlate with stan-
dard PPVT scores [1(56) =0.07, p=.57]. Only raw WMC
scores were available. While Age correlated with WMC
scores [r(56)=0.32, p=0.01], multicollinearity for Age
and WMC was not detected in the WMC model (per individ-
ual VIFs of <1.5)° and these predictors were thus retained
in the same model. Each model included PPVT or WMC
score and Age as continuous predictors and fixed factors
Group (NH=1 vs DHH=—-1) and Rate (Fast=1 vs
Normal = —1). Interactions between PPVT or WMC and
Group and Rate were also assessed. Each model included
random intercepts for Participant and Item and random
slopes for Rate by Participant and Rate by Item.

lll. RESULTS

Recall that differences reported here are not absolute
differences in milliseconds, but represent the size of the dif-
ference in (relative) percentile points (ranging from 0-1).

A. Model 1: Effects of group and speaking rate

Table IIT shows descriptive statistics of the percentile-
rank scores and raw response times per group and speaking
rate. In model 1 (Table 1V), a significant effect of Group
showed that DHH children had higher percentile-rank scores
and thus responded slower than children with NH. A signifi-
cant effect of Rate indicated that both groups of children
had higher percentile-rank scores and thus responded more
slowly when listening to the fast compared to the normal
speaking rate. No significant interaction was detected
between Rate and Group. The model did not detect a signifi-
cant effect of Age on percentile-rank scores.

B. Models 2 A and B: Effects of vocabulary knowledge
and working memory capacity

The Vocabulary model (2A) and WMC model (2B)
were constructed to assess the effects of PPVT scores and
WMC on overall RTs and/or in interaction with Group or

TABLE III. Descriptives for the raw RT and transformed RT presented as percentile-rank scores (ranging from 0-1 percentile points) for NH and DHH

groups by Rate.
Normal Fast
Group Mean (SD) 95% Confidence interval Mean (SD) 95% Confidence interval
Percentile-rank score NH 0.414 (0.283) 0.390-0.438 0.456 (0.280) 0.432-0.480
DHH 0.527 (0.292) 0.503-0.550 0.589 (0.268) 0.567-0.610
Raw RT (ms) NH 462 (284) 438-486 486 (284) 461-511
DHH 531 (270) 510-553 606 (375) 576-636
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TABLE IV. Results of model 1 assessing the effects of Group and Rate.

Predictors P estimates SE t-value P
Age in Years —0.03 0.02 —1.63 0.103
Rate: Fast 1 vs Normal -1 0.03 0.01 3.72 <0.001*
Group: NH 1 vs DHH -1 —0.07 0.02 —4.23 <0.001*
Rate * Group —0.00 0.01 —0.61 0.544
ip < 0.05.

Rate (Tables V and VI). Both models returned effects of
Group and Rate consistent with model 1. Neither the
Vocabulary model nor the WMC model returned significant
effects of PPVT and WMC on RT, or any interactions.
There was thus no evidence that children with larger vocab-
ulary sizes or larger working memory capacities responded
faster, or any interactions with group and speaking rate. The
models did not detect effects of Age on percentile-rank
scores.

C. Exploratory analyses

Exploratory analyses were conducted to explore possi-
ble differences in sentence processing speed related to child-
ren’s device types and/or laterality of hearing loss. A first
model SubA’ compared DHH subgroups to the NH group
(coded with simple contrasts: e.g., NH vs unilateral: NH,
Bilateral CI, Bilateral HA, Bimodal =0, Unilateral = 1),
including also Rate, Age and the interaction between DHH
subgroup and Rate. The second model SubB® compared
processing speed between the DHH subgroups with Helmert
coding. The first contrast compared children with Unilateral
HL (42) to children with Bilateral HAs (—1) and CIs (—1).
The second contrast compared children with Bilateral HAs
(41) to children with CIs (—1). Children with bimodal fit-
ting were excluded from both SubA and SubB as they
formed a small subgroup (N =3) that did not straightfor-
wardly fit into any of the other subgroups.® Random effects
were identical to models 1 and 2A and B.

Model SubA (Table VII) detected significantly higher
percentile rank-scores and thus slower responses for each
group of DHH children vs the NH group (see also Fig. 2).
The significant effect of Rate on RTs, with higher
percentile-rank scores and thus slower responses for the fast
compared to the normal speaking rate, did not interact

TABLE VI. Results of model 2B assessing the impact of working memory
capacity.

Predictors P estimates SE t-value 4
Age in Years —0.02 0.02 —1.27 0.204
WMC —0.01 0.02 —0.57 0.570
Rate: Fast 1 vs Normal —1 0.03 0.01 3.59 <0.001*
Group: NH 1 vs DHH —1 —0.07 0.02 —4.02 <0.001*
WMC * Rate —0.00 0.01 —0.37 0.711
WMC * Group —0.01 0.02 —0.84 0.404
Rate * Group —0.00 0.01 —0.54 0.588
WMC x Rate * Group 0.00 0.01 0.68 0.498
p < 0.05.

significantly with DHH subgroup. The absence of this sig-
nificant interaction indicates no evidence for or against a
difference between the size of the rate effect for each sub-
group and that of the NH group. Age had a significant effect
on overall RTs, with older children having lower percentile-
rank scores and thus faster responses. Model SubB (Table
VIII) did not show significant differences between children
with Unilateral and Bilateral hearing loss or children with
Bilateral CIs and HAs. The model showed a significant
effect of rate, and no interactions between Rate and DHH
subgroup. Model SubB thus provides no evidence for or
against differences between the DHH subgroups in overall
response time or impact by Rate. Detailed descriptives
(mean, SD, conf int) are in supplementary material 5.

IV. DISCUSSION

This study investigated how spoken sentence processing
in background noise is affected by an increased speaking
rate for school-aged DHH children and their NH peers.
Children’s speed of sentence processing was assessed by
measuring how quickly they could detect a target word in
sentences presented at normal vs fast speaking rates in
16-talker babble noise. Additionally, compensatory mecha-
nisms were investigated by assessing whether larger vocabu-
lary sizes and increased WMC were associated with faster

TABLE VII. Results of model SubA: comparison of each DHH subgroup
against the NH group. NH (N =27), Bimodal (N =3), bilateral cochlear
implants (BICI) (N =7), bilateral hearing aids (BIHA) (N=9), Unilateral
(N=11).

TABLE V. Results of model 2A assessing the impact of vocabulary size. Predictors B estimates SE t-value p
Predictors [ estimates SE t-value p A.ge in Years —0.04 0.02 —211 0.035°

Bimodal vs NH 0.23 0.08 2.86 0.004"
Age in Years —0.02 0.02 —1.53 0.126 BICI vs NH 0.19 0.05 3.54 <0.001*
PPVT score —0.02 0.02 —1.33 0.185 BIHA vs NH 0.14 0.05 2.85 0.004"
Rate: Fast 1 vs Normal —1 0.03 0.01 3.39 0.001* Unilateral vs NH 0.09 0.04 2.04 0.041*
Group: NH 1 vs DHH —1 —0.06 0.02 —3.71 <0.001*  Rate: Fast vs Normal 0.03 0.01 2.87 0.004"
PPVT x Rate —0.00 0.01 —0.44 0.658 Bimodal vs NH = Rate 0.02 0.03 0.95 0.342
PPVT # Group 0.02 0.02 1.23 0.217 BICI vs NH * Rate —0.01 0.02 —0.50 0.616
Rate * Group —0.00 0.01 —0.46 0.644 BIHA vs NH * Rate —0.01 0.02 —0.49 0.626
PPVT x Rate % Group 0.01 0.01 0.95 0.344 Unilateral vs NH * Rate 0.01 0.02 0.42 0.671
“p < 0.05. p < 0.05.
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FIG. 2. Mean rank-transformed response times for NH and DHH subgroups. Error bars show 95% confidence intervals of the mean.

sentence processing in fast vs normal speaking rates for
DHH children vs children with NH.

A. Effects of noise and fast speech

As a primary goal, this study addressed whether the
spoken sentence processing of DHH children in noise would
be affected by fast speech, with implications for the class-
room. First, as predicted, DHH children processed sentences
in noise more slowly than NH peers overall. These findings
echo those reported for sentence recognition accuracy in
noise (McCreery et al., 2019; Torkildsen et al., 2019;
Walker et al., 2019), and extend them to real time sentence
processing speed. Second, as predicted based on the ELU
model (Ronnberg et al., 2013), both groups of children proc-
essed the sentences in noise slower in the fast vs normal
speaking rate, but contrary to prediction, DHH children
were not more affected by increased speaking rate than their
peers with NH. Notably, because DHH children processed
normal rate speech in noise more slowly than their peers
with NH and their processing (like that of their peers with
NH) was slowed down by fast speech, DHH children had
overall the slowest processing speed for fast speech in noise.

All DHH subgroups (bimodal fitting, bilateral CIs, bilat-
eral HAs, unilateral HL) processed sentences in noise more
slowly than their peers with NH. Evidence for (or against)
differences between subgroups, or for subgroup-specific
effects of rate, was lacking. Conclusions about differential

TABLE VIII. Results of model SubB: comparison of each DHH to each
other. N in each group: BICI (N =7), BIHA (N =9), BIHL (N = 16), unilat-
eral HL (N=11).

Predictors [ estimates SE t-value 4
Age in Years —0.04 0.02 —1.80 0.073
BICI —1 vs BIHA +1 —0.03 0.03 —0.92 0.356
BIHL —2 vs UNIHL +2 —0.03 0.02 —1.68 0.093
Rate 0.02 0.01 2.44 0.015*
BICI vs BIHA * Rate —0.00 0.01 —0.02 0.987
BIHL vs UNIHL * Rate 0.01 0.01 1.63 0.103
“p < 0.05.
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effects thus remain inconclusive, underscoring the need for
studies with larger (subgroup-) samples.

B. Effects of WMC and vocabulary size

This study found no evidence that larger vocabulary
size or WMC facilitated sentence processing in noise for
DHH children or those with NH, at either fast or normal
speaking rates. Relationships were expected for vocabulary
size, based on earlier evidence that both DHH and NH
school-aged children relied on vocabulary size for sentence
recognition in noise (NH/DHH, McCreery et al., 2019;
DHH, Walker et al., 2019). Reduced power (sample size in
McCreery et al., 2019, 56 DHH children; in Walker et al.,
2019, 199 DHH children) or task differences may have con-
tributed to this discrepancy. Furthermore, the BKB-SIN test
(Walker et al., 2019) measures sentence recognition as the
SNR at which the child can accurately repeat 50% of the
key words in the sentence. This test focuses on the intelligi-
bility of each keyword as noise increases, potentially requir-
ing a strong top-down vocabulary knowledge to guess words
when the SNR becomes less optimal. Reliance on vocabu-
lary in the present study may thus have been reduced
because a more favourable SNR was used to test processing
speed rather than intelligibility.

WMC associations with sentence repetition in noise have
been established for DHH and NH school-aged children
(McCreery et al., 2017; McCreery et al., 2019), and are
expected based on the ELU model. However, many studies
have not found evidence for relations between WMC and sen-
tence repetition (DHH/NH) (Nittrouer et al., 2017; Torkildsen
et al., 2019; Walker et al., 2019), suggesting that the role of
WMC in sentence processing and/or recognition in noise in
school-aged children is not fully understood. The mixed results
might be due to the variation in tasks used to measure WMC,
with associations more often found for reading span, odd-one-
out, or non-word recall tasks than for backwards digit spans
(Adults, Daneman and Merikle, 1996; Ronnberg et al., 2013;
Unsworth and Engle, 2007; Children, Torkildsen et al., 2019;
Walker et al., 2019). Specifically, reading span tasks have
been used with adults, but not children, and may better predict
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sentence processing because such tasks rely more heavily on
linguistic knowledge.

Investigating effects of vocabulary size and WMC was
the secondary aim of this study: By examining processing
speed rather than accuracy, the contributions of these factors
may have been minimised. Future studies with greater
power or alternative metrics may better assess the role these
play in understanding sentence processing in children (who
are DHH).

C. Sentence processing in noise is affected by fast
speech

The findings of this study contribute to a theoretical
understanding of how fast speech affects children’s sentence
processing in noise. First, increased speaking rate seems to
delay sentence processing in noise, aligning with predictions
of the ELU model (Ronnberg et al., 2013). This contrasts
with earlier findings in quiet, where no evidence was found
for negative effects of fast speech on sentence processing
speed (Abrahamse et al., 2025). Both bottom-up and top-
down accounts could explain why fast speech would specifi-
cally affect processing in noise. On one hand, noise may
mask or alter acoustic cues affected by fast speech even fur-
ther, resulting in more (bottom-up) mismatches between the
incoming speech signal and stored representations, increas-
ing reliance on an explicit time-consuming processing route
(Ronnberg et al., 2013). On the other hand, the presence of
noise may increase cognitive/attentional load on sentence
processing (see also Mattys et al., 2012, for a review),
reducing the availability of cognitive resources (e.g.,
focused attention, inhibition) to resolve any mismatches that
occur due to fast speech.

Second, the effects of speaking rate on sentence proc-
essing in noise might be gradient. The fast speech effect
indicates that, in children, the adaptation from fast to con-
versational/normal speech can benefit sentence processing
in the same way as adaptation from conversational to clear
speech benefits sentence recognition (van Engen et al.,
2012; van der Feest et al., 2019; Liu et al., 2004; Smiljanic
and Sladen, 2013). This suggests that the less clear the
speech signal (due to speaking style/rate modifications), the
more noise affects speech processing. However, because
this study used natural fast speech and does not tease apart
speaking style from rate, it cannot provide evidence on
whether these effects would be more driven by global or
segmental-level acoustic modifications.

D. Implications for real-life listening and suggestions
for further research

The findings of this study have implications for listen-
ing in the classroom. First, the found delays for sentence
processing in noise suggest, together with delays found for
sentence processing in quiet (Holt ez al., 2016; Abrahamse
et al., 2025; Holt et al., 2023), that children who are DHH
process sentences more slowly than peers with NH in real-
world listening environments such as the classroom.
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However, to assess whether and how much more the proc-
essing of DHH vs NH children is affected by noise over
quiet, these conditions need to be directly compared in the
future. Second, these findings suggest that sentence process-
ing in children with and without hearing loss can be delayed
if fast speech is encountered in a noisy environment such as
the classroom. Third, while we did not find evidence that
fast speech affects DHH children more than children with
NH, DHH children are overall most disadvantaged because
of the additive delays, which may contribute to increased
listening effort and/or poor academic outcomes for school-
aged DHH (Brannstrom et al., 2020; Davis et al., 2021;
McGarrigle et al., 2017; Rudner et al., 2018; Shield and
Dockrell, 2003).

Due to the impacts of COVID-19, this study used remote
rather than laboratory testing. As a result, there was limited
control over sound presentation. Specifically, children adjusted
the sound level to what they perceived as audible and comfort-
able, and these levels may have varied due to differences in
personal preference, hearing devices, or hearing loss. In real
life listening, no such adaptation is possible, limiting the com-
parability of our results to everyday situations. Future studies
with more control over sound levels, for example, in a labora-
tory setting, may help to differentiate the influence of sound-
level variability from the effects of hearing ability or listening
conditions. Furthermore, future studies could include other
ecological aspects of the listening environment to provide a
better approximation of challenges with sentence processing in
the classroom. First, in real life, sound can come from different
angles, while the stimuli in this study only came from the lap-
top or computer speaker positioned in front of the child.
Speech and noise presented from spatially-separated sources
may improve intelligibility (e.g., spatial release from masking,
Cameron et al., 2006). Thus, future research could compare
children’s processing of fast speech in noise in acoustic envi-
ronments where speech and noise come from different vs sin-
gle sources. Second, while this auditory-only experiment
shows how processing in noise is affected by fast speech when
a child cannot see the speaker, access to visual cues might ben-
efit sentence processing in real life. Faster sentence processing
when visual cues are available has been found for DHH chil-
dren in quiet, and children with NH in quiet and noise (Holt
et al., 2020; Holt et al., 2023). Future research could address
whether visual cues provide the same benefits for the process-
ing of fast speech in noise. Finally, in real-life noisy class-
rooms, classmates might raise their voice to make themselves
heard (i.e., the Lombard effect). As the sentences were
recorded in quiet with noise added later, it was not possible to
address interactions between the facilitative effects of speaker
adaptation and children’s processing of fast speech in noise.
Future tasks could be developed for children that integrate
such speaker adaptation (see Miles et al., 2020, for adults).

V. CONCLUSION

The current study shows how aspects of real-life envi-
ronments—background noise and fast speech—together

Abrahamse etal. 4475

8z:€2:€l 920z Aienigad G0


https://doi.org/10.1121/10.0039879

influence sentence processing speed in DHH children and
those with NH. In noise, DHH children process sentences
slower than peers with NH. The addition of fast speech to
noise further slowed sentence processing, but it had the
same effect on all children. No relationships between vocab-
ulary size or WMC and sentence processing speed were
detected. The results show how the acoustic environment
interacts with the speech signal to disrupt sentence process-
ing in children and highlights the importance of using real-
world stimuli and real-time tasks to address the broader
realm of challenges that DHH children might face with spo-
ken language and communication.

SUPPLEMENTARY MATERIAL

See supplementary material for additional analysis
outcomes.
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