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ABSTRACT

Purpose: This study aimed to investigate how hearing loss affects (a) spoken
language processing and (b) processing of faster speech in school-age children
who are deaf and hard of hearing (DHH).

Method: Spoken language processing was compared in thirty-six 7- to 12-
year-olds who are DHH and 31 peers with normal hearing using a word detec-
tion task. Children listened for a target word in sentences presented at a normal
(4.5 syllables per second [syll./s]) versus fast (6.1 syll./s) speaking rate and
pressed a key when they heard the word in the sentence. Response time was
taken as an outcome measure. Relationships between working memory capac-
ity, vocabulary size, and processing speed were also assessed.

Results: Children who are DHH were slower than their peers with normal hearing
to detect words in sentences, but no evidence for a negative effect of speaking
rate was observed. Furthermore, contrary to expectation, a larger working mem-
ory capacity was associated with slower spoken language processing, with
effects stronger for younger children with smaller vocabulary sizes.

Conclusions: Regardless of speaking rate, children who are DHH may be at
risk for delays in spoken language processing relative to peers with normal
hearing. These delays may have consequences for their access to learning and
communication in spoken forms in everyday environments, which contain addi-
tional challenges such as background noise, competing talkers, and speaker
variability.

Supplemental Material: https://doi.org/10.23641/asha.28842611

In Australia, the Universal Newborn Hearing Screen-
ing program identifies children who have clinical hearing
loss (HL) within 3 months after birth. Those who receive a
diagnosis will typically receive hearing devices, hearing aids
(HAs) and/or cochlear implants (CIs; a retrospective analy-
sis of population level data in Australia indicates a median
age at fitting of HAs of 5.1 months [interquartile range
(IQR) = 2.6-12.2, N = 174] and a median age of CI
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activation of 13.0 months [IQR = 9.7-19.2, N = 84]; Ching
& Leigh, 2020). These children will be referred to as chil-
dren who are deaf and hard of hearing (DHH) in this
study. Many Australian children who are DHH, with both
bi- and unilateral HL, attend mainstream classrooms (85%;
van Der Straaten et al., 2021), requiring them to have a
functional level of spoken language. Recent research on
Australian children suggests that the early identification
and fitting of children who are DHH leads to improved
spoken language outcomes at school age, as measured by
standardized tests (Cupples et al., 2018). These outcomes
resemble those from other parts of the world (e.g., Niparko
et al., 2010; Tomblin et al., 2014).
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Despite the benefits of early identification and fitting,
studies report elevated listening effort, fatigue, and aca-
demic challenges for children who are DHH in spoken lan-
guage settings for both children with bi- and unilateral HL
(e.g., Bess et al., 2020; Brannstrom et al., 2020; Gustafson
et al., 2018; Kuppler et al., 2013). Such difficulties may
stem from a decreased ability to process spoken language,
which unfolds rapidly in real time. Delays in spoken lan-
guage processing can in turn limit access to learning and
communication for children who are DHH in mainstream
school settings. The main aim of the present study is thus
to shed more light on spoken language processing in chil-
dren who are DHH.

Spoken Language Processing in Children
Who Are DHH

Children who are DHH likely experience more
acoustic ambiguity in the speech signal than their peers
with NH when processing spoken language. Prior to, or in
the absence of device fitting, HL results in a degraded
speech signal. Hearing devices, such as Cls (usually fitted
for severe-to-profound loss in at least one ear) and HAs
(usually fitted for mild-to-moderate loss in at least one
ear), restore the signal, but they have limitations. For
example, they may limit the spectral precision that is
needed for speech recognition. In ClIs, this is due to a
restricted number of frequency channels for transmitting
the speech signal compared to the healthy ear (Henry
et al., 2005). In HAs, the amplification of residual hearing
involves a trade-off between transmitting frequencies
important for speech perception and achieving comfort-
able levels of loudness (Moore, 2008; Van Tasell, 1993).
These limitations can result in poor access to the acoustic
cues needed to distinguish between phonemes. For exam-
ple, place-of-articulation distinctions between consonants
are cued by spectrotemporal information such as formant
transitions (e.g., /p/ vs. /t/; Peng et al., 2019) and/or high-
frequency information (e.g., /s/ vs. /[/; Reidy et al., 2016;
Stelmachowicz et al., 2004).

In addition to acoustic ambiguity caused by signal
degradation, acoustic ambiguity may also stem from other
causes in children who are DHH. If HL is prelingual, the
lack of access to spoken language early in life may lead to
delays in the development of sensitivity to acoustic cues
important for speech (Eisenberg et al., 2000; Miyawaki
et al., 1975) and/or general delays in spoken language devel-
opment (Kuhl et al., 2005; Tsao et al., 2004). Furthermore,
children who are DHH acquire (spoken) lexical representa-
tions with a degraded signal, which may result in those repre-
sentations being less well specified (McMurray et al., 2017).

There are theoretical reasons to assume that acoustic
ambiguity might limit timely processing of spoken language.

For example, the Ease of Language Understanding
Model (Roénnberg et al., 2013) posits that a mismatch
between the incoming acoustic signal and stored repre-
sentations can disrupt automatic processing. The brain
instead turns to time-costly cognitive processes involving
working memory to make an explicit mapping, which
can result in increased listening effort or delayed under-
standing. Mattys et al. (2012) similarly posit that acous-
tic ambiguity can lead to a mismapping between the
heard and the intended word, resulting in lexical uncer-
tainty and/or erroneous lexical selection. Because the
speech signal is redundant, the listener can often use con-
text to recover lost information at the word level. How-
ever, unsuccessful recovery may cause delays in lexical
access, and an accumulation thereof may lead to process-
ing delays at the sentence and conversation levels
(Mattys et al., 2012).

However, empirical evidence on processing delays in
children who are DHH is still sparse and conflicting.
There is emerging evidence that children and adolescents
who are DHH process individual words slower than peers
with NH (e.g., 9- to 25-year-olds with CIs and HAs were
slower to fixate the target word in a visual world para-
digm than their peers with NH; Klein et al., 2023,
McMurray et al., 2017), but there has been minimal inves-
tigation of the processing delays that may occur when
words are embedded in longer meaningful segments of
speech, such as in sentences. One eye-tracking study that
investigated the processing of words embedded in sen-
tences showed no evidence for or against a difference
between 8- to 12-year olds with CIs and HAs and NH
peers in their time course of looking to the (final) target
word, providing no evidence that children who are DHH
are delayed in spoken language processing (R. Holt et al.,
2021). Possibly, the sentences in this study were too short
(e.g., “The squirrel climbs the tree”) to induce accumu-
lated delays before the target word. In comparison, 13- to
18-year-olds with CIs tested on somewhat longer sentences
(e.g., “The girl sewed some buttons onto her school
dress”) were slower to detect phonemes in these sentences
than their peers with NH (C. Holt et al., 2016). While
differences may be due to task effects (implicit responses
in the visual-world paradigm vs. explicit responses in
phoneme monitoring, potentially demanding more pho-
nemic awareness), children who are DHH might only
start to experience accumulated processing delays when
listening to longer sentences. In an attempt to better
understand the effects of HL on spoken language pro-
cessing, the current study will investigate the speed with
which children who are DHH detect target words embed-
ded in longer sentences (18-22 syllables compared to five
to six syllables [R. Holt et al., 2021] and 10-11 syllables
[C. Holt et al., 2016]).
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Effects of Fast(er) Speech on Spoken
Language Processing

Furthermore, the sentences in the aforementioned
studies lack many other characteristics that make real-
time spoken language processing potentially more chal-
lenging for children who are DHH. One example is speak-
ing rate. In conversations, speaking rates vary. Faster
speech contains spectral and temporal modifications in the
speech signal that may cause speech cues to be com-
pressed in time (Brouwer et al., 2012; Crystal & House,
1982; Gay, 1978; Maslowski et al., 2019). For example,
vowels can be shortened, and word forms can be reduced
or coarticulated within sentences (e.g., “They have gone”
/der hav gon/ — “They’ve gone” /derv gon/), with fewer
between-word pauses (Crystal & House, 1982; Grosjean &
Lane, 1976). As we will discuss in detail below, modifica-
tions in the speech signal due to faster speech may nega-
tively impact spoken language processing for all children,
but these negative effects may be stronger in children who
are DHH, as the modifications are compounded by the sig-
nal degradation due to HL and device limitations.

In young children with NH (18 months to 6 years
old), increased speaking rates can negatively affect speed
and accuracy of word recognition in sentences. For exam-
ple, infants are faster to recognize words spoken at a typi-
cal infant-directed speech rate (1.94 syllables per second
[syll./s]) than words spoken twice as fast (Song et al.,
2010). Furthermore, infants and toddlers show better word
learning when caregivers adjust their speaking rate accord-
ing to word familiarity (i.e., speaking with a slower rate
for unknown vs. a faster rate for known toys; Han et al.,
2021: 4.1 vs. 5.4 syll./s; Shi et al., 2020: 3.9 vs. 4.8 syll./s).
A slower speaking rate also benefits 5- to 6-year-olds’
accuracy of word recognition in sentences when tested on
picture matching and grammaticality judgement tasks
(Haake et al., 2014: 3.3 vs. 4.4. syll./s; Hayiou-Thomas
et al., 2004: 3.8 vs. 7.5 syll./s).

However, the speed of word recognition in sentences
by older children with NH (i.e., 8- to 13-year-olds) is not
negatively affected by fast speech (Guiraud et al., 2013;
Montgomery, 2005). In fact, older children were faster to
detect words embedded in sentences presented at a faster
(5.5 syll./s) compared to a slower (4.4 syll./s) speaking rate
(Montgomery, 2005). Furthermore, although 8- to 9-year-
olds were less accurate in judging the semantic plausibility
of sentences spoken at a fast (9.2 syll./s) compared to nor-
mal (6.8 syll./s) speaking rate, there was no difference in
response times (RTs) once children adapted to the speak-
ing rate (Guiraud et al., 2013). These results suggest that
faster speech negatively affects how well words are recog-
nized in sentences, but not processing speed, in older
school-age children with NH.

Processing faster speech may be challenging for
school-age children who are DHH, for whom reduced
acoustic cues may add to the spectral and temporal modi-
fications inherent to faster speech. For example, if a child
needs to recognize a target word like sheep, their hearing
device may not adequately transmit the information neces-
sary to recognize the high frequency sound /[/ or distin-
guish it from /s/ (Reidy et al., 2016; Stelmachowicz et al.,
2004). This might activate neighbors such as seep, increas-
ing the chance of a perceptual mismatch. In addition, if
faster speech renders vowel length ambiguous (Maslowski
et al., 2019), ship or sip might activate too. In this situa-
tion, the child likely needs sentence context to resolve this
ambiguity, requiring additional working memory resources
that cost more time and effort (Ronnberg et al., 2013).
The accumulation of reduced or altered cues from HL
and fast speech may thus result in slower spoken language
processing. Furthermore, even if there is no accumulative
effect of reduced cues, faster speech requires more infor-
mation to be processed in less time, giving children less
time to resolve any perceptual mismatches that arise due
to HL alone.

Evidence for negative effects of fast speech on the
processing of words, words embedded in sentences, and
recognition of syntactically complex sentences is well
established in (older) adults with postlingual HL (e.g.,
Gordon-Salant & Fitzgibbons, 2004; Janse, 2009; Janse &
Andringa, 2021; Koch & Janse, 2016; Wingfield et al.,
2006), but research on children with prelingual HL is
missing. Findings from adults with postlingual HL may
not generalize to children with prelingual HL, since adults
have already established a language model before the
onset of HL, whereas children with prelingual HL acquire
their linguistic representations through a degraded signal
(see, e.g., McMurray et al., 2017, for a discussion). The
matching of the incoming degraded signal to existing rep-
resentations as posed by language processing models (e.g.,
Mattys et al., 2012; Ronnberg et al., 2013) might thus fun-
damentally differ between these populations.

Furthermore, in studies with older adults who are
DHH, aging and cognitive decline seem to affect spoken
language processing (but see Koch & Janse, 2016). For
example, while HL contributes to slower processing of fas-
ter speech for older adults, reading speed does as well
(Janse, 2009). Furthermore, Janse and Andringa (2021)
showed that working memory, a cognitive factor, explains
unique variance in word identification accuracy at fast
speaking rates in this population. Lastly, when the accu-
racy of recognition for faster speech was compared
between younger and older adults with mild-to-moderate
HL, only the older adults performed significantly worse on
syntactically more complex sentences (Wingfield et al.,
2006), hypothesized to occupy more cognitive resources.
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The processing of faster speech by children who are DHH
may thus differ from that of older adults with cognitive
decline and requires further investigation.

Although the exact contributions of cognitive and
linguistic abilities may differ between children and adults,
we explore whether and how working memory capacity
(WMC) and vocabulary knowledge influence spoken lan-
guage processing in children. A larger WMC might help
resolve the perceptual mismatches that occur between the
speech signal and stored representations, speeding up lan-
guage processing (Ronnberg et al., 2013). Although a larger
vocabulary was not enough to help preschoolers with CIs
overcome the impact of degraded input in lexical identifica-
tion (Cychosz et al., 2023), more contextual information in
sentences might help school-age children (with much larger
vocabularies and linguistic knowledge and experience)
overcome mismatches between the input signal and stored
representations (Mattys et al., 2012). Studies with school-
age children have shown that a larger vocabulary size con-
tributes to more reliance on semantic cues to predict the
upcoming word in a sentence, and better word recognition,
in children who are DHH and NH peers (Blomquist et al.,
2021; Walker, Kessler, et al., 2019; but see R. Holt et al.,
2021). No evidence for correlations between word/sentence
processing and WMC has yet been found (R. Holt et al.,
2021; Walker, Kessler, et al., 2019). However, this lack of
evidence may be due to the shorter sentences used in these
studies (i.e., seven to nine syllables in Walker, Kessler,
et al., 2019), requiring less information to be kept in work-
ing memory and providing fewer opportunities for mis-
matches. Therefore, the current study will include measures
of vocabulary size and WMC to further investigate their
effects on the processing of (faster) spoken language in chil-
dren who are DHH compared to their NH peers.

Aims and Predictions

The current study examined whether (a) HL results
in slower spoken language processing and (b) a fast com-
pared to a normal (conversational) speaking rate leads to
slower spoken language processing in school-age children
who are DHH versus peers with NH. Based on the evi-
dence presented, we predicted that compared to children
with NH, children who are DHH would be slower to
detect words in sentences, and their processing would be
more negatively affected by an increase in speaking rate.
We also explored (c) the role of WMC and/or vocabulary
size and predicted that children with a larger WMC and/
or vocabulary size would be faster to detect words in sen-
tences and that this effect would be stronger in fast com-
pared to normal speech and in children who are DHH
compared to their peers with NH (Mattys et al., 2012;
Ronnberg et al., 2013). These issues are addressed in a

sample of children who are DHH having either unilateral
or bilateral HL and who are fitted with either HA(s) or
CI(s), have received bimodal fitting (HA in one ear, CI in
the other), or were unaided. In addition, we explored the
effects of these hearing characteristics on spoken language
processing speed and their interactions with speaking rate.

To address these research questions, we tested 7- to
12-year-olds’ performance on an auditory word detection
task. In the task, children monitored spoken sentences for a
target word and responded with a key press. RTs were
taken as a measure of processing speed. This task serves as
a proxy for measuring spoken language processing, that is,
processing a stream of words that is meaningfully related in
prosodically, semantically, and syntactically coherent sen-
tences. The task contained two speaking rate conditions: a
normal (conversational) speaking rate (4.5 syll./s) and a fas-
ter speaking rate (6.1 syll./s; Montgomery, 2005; Sturm &
Seery, 2007). The faster speaking rate was created using
natural fast speech, rather than artificially time-compressed
speech, as this is closer to what children encounter in real
life. Prior versions of this task revealed differences in the
processing of faster versus slower speech for school-age
children with NH and developmental language disorder, as
well as different rates of faster speech for older adults who
are DHH (Janse, 2009; Montgomery, 2005).

Method
Participants

Thirty-six children who are DHH (M, [SD] = 10.4
[1.6]; range: 7.0-12.9; 15 girls, 21 boys) and 31 children
with parent-reported NH (M4 [SD] = 10.0 [1.7]; range:
7.2-12.9; 15 girls, 21 boys) participated in the study. All
had received all schooling in Australia, used spoken Aus-
tralian English at home as their primary language, and
had less than 10 hr per week exposure to spoken lan-
guages other than English (average: 1 hr a week, range:
0-10 hr). In addition, six DHH participants received on
average 5 hr of Auslan (Australian Sign Language) per
week, mostly through learning it as an additional lan-
guage at school. One DHH participant was diagnosed
with dyscalculia. None of the other participants were diag-
nosed with any developmental or neurological disorder.
Table 1 shows the hearing characteristics of the partici-
pants in the DHH group. All participants with hearing
devices used these during testing, except one child with a
unilateral HL who had stopped wearing their device sev-
eral months prior to testing. An additional 10 participants
were tested but excluded due to a technical error (DHH =
3), more than 10 hr/week exposure to another language at
home (NH = 2, DHH = 2), extreme data loss (DHH = 1) or
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Table 1. Characteristics of participants who are deaf and hard of hearing (DHH) in the sample.

4-freq PTA | 4-freq PTA | Age at first Cl | Age at HA | Duration of

Age (y) Sex Laterality | Device type Type of HL (L) (dB HL) | (R) (dB HL) | switch-on (y) | fitting (y) | device use (y) Etiology
10.8 F Bilateral Bimodal Sensorineural 115 55 3.0 0.1 7.8 Connexin 26
12.8 F Bilateral Bimodal Sensorineural 13 120 6.0 4.6 6.8 Unknown
12.9 M Bilateral Bimodal Progressive Cl 57.5 12.4 9.0 0.5 Unknown

sensorineural
7.9 F Bilateral Cl Sensorineural Cl Cl 0.2 N/A 7.8 Unknown
8.1 M Bilateral Cl ANSD 113 115 0.8 0.2 7.3 Unavailable
9.3 M Bilateral Cl Sensorineural 75 78 1.3 0.2 7.9 Unavailable
9.6 F Bilateral Cl Sensorineural 118 114 2.8 0.2 6.8 Connexin 26
10.3 M Bilateral Cl Mixed 61 100 2.8 0.3 7.5 Unavailable
11.2 F Bilateral Cl Sensorineural > 120 > 120 0.9 0.2 10.3 Connexin 26
11.6 M Bilateral Cl Sensorineural 80 100 2.3 1.8 9.3 Unavailable
12.4 M Bilateral Cl Sensorineural 102 102 1.2 1.2 11.3 Unavailable
12.5 F Bilateral Cl Sensorineural > 120 > 120 0.7 0.2 11.8 Unknown
12.7 M Bilateral Cl Mixed 105 105 1.6 0.3 11.1 Unavailable
9.3 M Bilateral HA Mixed 43 32 N/A 4.0 53 Unavailable
9.6 M Bilateral HA Conductive 61 63 N/A 2.2 7.4 Unavailable
9.9 F Bilateral HA Mixed 37 35 N/A 3.8 6.1 Unknown
10.5 M Bilateral HA Mixed Unavailable | Unavailable N/A 5.2 5.3 Chronic middle ear issues
10.8 M Bilateral HA Sensorineural 50 52.5 N/A 0.8 10.0 Unknown
111 M Bilateral HA Sensorineural 46.25 45 N/A 0.5 10.6 Unavailable
11.2 F Bilateral HA Sensorineural 42 36 N/A 1.3 9.8 Unavailable

(table continues)
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Table 1. (Continued).

4-freq PTA | 4-freq PTA | Age at first Cl | Age at HA | Duration of

Age (y) Sex Laterality | Device type Type of HL (L) (dB HL) | (R) (dB HL) | switch-on (y) | fitting (y) | device use (y) Etiology

1.3 M Bilateral HA Sensorineural 43 43 N/A 0.2 111 Connexin 26

114 F Bilateral HA Sensorineural 15 25 N/A 4.2 7.3 Unavailable

11.5 M Bilateral HA Mixed 34 35 N/A 9.7 1.8 Genetic

9.0 F Unilateral (L) | ClI Sensorineural 116 0 3.8 0.3 5.3 Congenital CMV

7.2 F Unilateral (L) | HA Conductive 23.75 10 N/A 0.2 7.0 Canal stenosis and microtia

8.1 M Unilateral (R) | HA? Mixed 6.25 63.75 N/A 6.1 2.0 LVAS

9.3 F Unilateral (L) | No device® Sensorineural 53.75 8.75 N/A 5.0 4.3 Unknown

11.3 F Unilateral (L) | HA Sensorineural 43.75 11.25 N/A 8.0 3.3 Unavailable

12.6 F Unilateral (R) | HA Sensorineural 7.5 40 N/A 7.0 5.6 Unknown

8.4 F Unilateral (R) | HA Conductive 10 66 N/A 3.5 4.9 External auditory canal
stenosis

11.0 M Unilateral (L) | HA® Sensorineural > 120 6 N/A 0.3 10.7 No cochlear nerve

9.3 M Unilateral (R) | HA (BCD) Conductive 17 82 N/A 5.6 (1) 3.8 Microtia/atresia

11.0 M Unilateral (L) | HA (BCD) Conductive 58 10 N/A 4.4 (0.3 6.6 Microtia/atresia

7.6 M Unilateral (L) | HA/no Sensorineural Severe Fluctuating N/A 0.2 7.4 Hypoplastic or absent

device auditory nerve
12.1 M Unilateral (L) | HA® Sensorineural > 105 5 N/A 3.8 8.3 Absent cochlear nerve
9.5 M Unilateral (R) | No device Conductive 5 66.25 N/A 0.2 9.3 Microtia/atresia
Note. Clinical participant characteristics were obtained from partnering clinical institutions. All participants with bilateral HL under device type “Cl” were fitted bilaterally. Duration of

device use corresponds to the device most recently fitted (i.e., Cl for Cl users, HA for HA users, and BCD for BCD users). For BCD users, “age at HA fitting” shows age at BCD fitting
plus of HA fitting in brackets. Cl under 4-freq PTA means that PTAs were not obtained due to Cl use. y = years; HL = hearing loss; 4-freq PTA = pure-tone average over four frequencies
(500, 1000, 2000, 4000 Hz) in dB HL; L = left; R = right; dB HL = decibels hearing level; Cl = cochlear implant; HA = hearing aid; F = female; M = male; ANSD = auditory neuropathy
spectrum disorder; CMV = cytomegalovirus; LVAS = large vestibular aqueduct syndrome; BCD = bone-conduction device; N/A = not applicable.

®Reported use of a wireless communication device (Roger Focus) at school.
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extreme outlying mean data (DHH = 2;' see Analysis). Fam-
ilies received a $30 gift card for their participation. Partici-
pants gave informed consent before taking part in this study.
This study was approved by the Macquarie University
Human Ethics panel [Approval No. 52021575628599).

Materials

Stimuli for Auditory Word Detection Task

Materials for the task consisted of 48 target words
and their carrier sentences. These were divided into two
lists of 24 target words and corresponding sentences.
Assignment of the two lists to the two speaking rate con-
ditions was counterbalanced across participants and
groups (NH, DHH) and followed a Latin-square design,
such that participants in each group received List 1 in the
normal and List 2 in the fast speaking rate, or vice versa.
A child thus never heard the same sentence twice. See sen-
tences in Supplemental Material S1 (the recordings can be
accessed at Open Science Framework: https://osf.io/dtqfn/).

Target words. Target words were 48 monosyllabic
consonant-vowel-consonant words with obstruent onsets.
All are expected to be familiar to the participants based
on having a lexical frequency greater than 4.5 Zipf (CBBC
Subtlex-UK database; van Heuven et al., 2014; values 4-7
Zipf represent high-frequency words) and an estimated
age of acquisition (AoA; Kuperman et al., 2012) below
7 years, the youngest age of our participants. The two lists
of target words were comparable in both lexical frequency
and AoA (see Table 2) and type of onset consonant (List
1: six fricatives, 18 stops; List 2: two affricates, two frica-
tives, and 20 stops). The selected onset consonants were
all typically acquired by children who are DHH by the
age of 7 years (Wiggin et al., 2013). Both lists included a
similar number of animate target words (List 1: five
words; List 2: six words).”

"Two participants with bilateral CIs had extreme outlying average
RTs (Participant A, normal rate: M [SD] = 2,075 [813], fast rate: M
[SD] = 1,951 [430]; Participant B, normal rate: M [SD] = 1,635
[1,181], fast rate: M [SD] = 1,587 [822]), raising concerns about
whether the target words were sufficiently intelligible for these partici-
pants to be detected in a sentence. One participant with bilateral HAs
had 60% of trials removed during data cleaning, a high number com-
pared to the rest of the participants (M = 17.01%; SD = 9.29%;
range: 2%-44%; see Analysis: Preprocessing for the trial removal
procedure).

>To minimize differences between target words in each list, the target
words were assigned to either of the lists with the create_groups func-
tion in the R package minDiff (https:/github.com/m-Py/minDiff),
which can randomly assign a set of items to N groups, and minimize
the differences with regard to specific criteria (set criteria: frequency,
AO0A, type of onset consonant [stop, nonstop], and animacy [animate,
inanimate]).

Table 2. M (SD) lexical frequency (CBBC database) in Zipf and
AoA in years for the target words.

List Lexical frequency (CBBC) AoA

List 1 4.76 (0.36) 4.33 (0.82)

List 2 4.74 (0.41) 4.04 (0.82)

t test t(46) = 0.16, p = .869 t46) = 1.16, p = .253

Note. AoA = age of acquisition.

Sentences. Each of the 48 sentence stimuli was 18—
22 syllables long, consisting of a short (six to eight sylla-
bles) lead-in phrase to set the scene (e.g., “Claire is excited
today”), followed by a longer (11-14 syllables) target
phrase containing the target word (e.g., “Her mum
brought balloons and cake for her birthday party,” where
bold indicates the target word; inspired by Montgomery,
2002, 2006).> Both phrases were declarative. The first
word of the target phrase was never the target, and the
words that preceded the target word in both the lead-in
and target phrase never began with the same phoneme as
the target word. All target words appeared only once in
the experiment.

Within the target phrases, the target word was the
subject in half of the sentences and the object in the other
half. To make the position of the target word less predict-
able, target words appeared either early (second to fourth
syllable), in the middle of (fifth to ninth syllable), or late
(10th—14th syllable) in the target phrase. These target posi-
tions were equally frequent per list (and thus condition;
i.e., 8 times), with the early positions occupied by subject
targets, the late positions occupied by object targets, and
the middle positions occupied by 50% subject and 50%
object targets. To further avoid predictability regarding
which word would be the target, all target words were
positioned in one of four sentence-structure slots. They
either appeared as the first (e.g., fish and rice) or second
part (e.g., balloons and cake) of a conjoined construction
or they appeared as the only noun in a syntactic slot,
either with no conjunction anywhere in the sentence (e.g.,
the gate was open) or with a conjunction elsewhere in the
sentence (e.g., the hamster and rabbit escaped from the
cage). All four structures appeared the same number of
times per list (and thus rate), 3 times with object targets
and 3 times with subject targets, balanced for sentence
position (early [subject only], middle, or late [object only]).

Audio stimuli. A 28-year-old female native speaker
of Australian English recorded the stimuli in a sound-
attenuated room. Each sentence list was recorded aiming

3The lead-in phrase was included to provide some context to the chil-
dren, in order to make the task more similar to real-life listening.
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for two target speaking rates: normal (4.4 syll./s) and fast
(5.7 syll./s). The normal speaking rate was based on
research in American English investigating the effects of
speaking rate on language processing (Montgomery, 2005)
and on reported conversational articulation rates for 7- to
11-year-olds (5 syll./s; Sturm & Seery, 2007). To confirm
that 4.4 syll./s was an appropriate “normal” rate, our
speaker was instructed in a pilot test to speak 15 sentences
as she would normally speak to a conversational partner,
which measured on average 4.4 syll./s. The intended
increase from normal to fast speech was 30%, which fell
within the range of increases (25%-50%) tested by earlier
studies (Adank & Janse, 2009; Janse, 2009; Montgomery,
2005). After recording, final speaking rates measured on
average 4.5 syll./s (across all normal sentences) and 6.1
syll./s (across all fast sentences).

To elicit the target speaking rates, a written sentence
prompt was shown on a computer screen, using the program
SpeechRecorder (Draxler & Jansch, 2020). Each sentence
stayed on the screen for a fixed reading time (250 ms), a rate-
dependent time for the pause between the lead-in and target
phrase (250 ms for fast; 500 ms for normal), and a speaking
time calculated by dividing the number of syllables in the
sentence by the target speaking rate in syll./s (e.g., 19/4.4 or
19/5.7 = 4,318 or 3,333 ms). The speaker was instructed to
finish her sentence before the prompt disappeared from the
screen. The recordings of the normal rate were completed
before those of the fast rate. Elicitation was repeated sev-
eral times to choose the best approximation of the target
speaking rates. Subsequently, the speaker recorded the tar-
get words in isolation at a rate that was natural for her.

The achieved speaking rate (syll./s), pause duration
(in ms) for the pause between the lead-in phrase and the
target phrase, and intensity (in dB) were measured for
both speaking rates (normal and fast) within each list (see
Table 3). Syll./s were calculated over spoken portions, as
articulation rate by definition excludes pauses (Crystal &
House, 1990; Grosjean & Lane, 1976). Intensity was also
calculated over spoken portions, as pause lengths were not
equal between speaking rates, and larger silences could
bias the average intensity measured. The recordings were
analyzed to confirm that the speaking rate in syll./s was
higher in the fast than in the normal rate and did not dif-
fer significantly across lists. Pause length was measured to

check that the mean pause length in the fast rate was
shorter than in the normal rate (Crystal & House, 1982;
Grosjean & Lane, 1976) and manipulated such that the
mean pause length between lists was highly comparable.
The intensity of the sentences (in dB) was manipulated to
be similar across rates and lists. The intensity of the target
words spoken in citation form (used in the word detection
task) was retained as recorded to preserve any variation in
loudness inherent to the segments. See Supplemental
Material S2 for detail on stimuli analyses/manipulations.
All stimuli were converted to mp3 format for presentation
during the experiment.

Additional Materials

Simple visual RT (Simple Visual Reaction Time
Task). To be able to account for any variance in RT due
to either general computer delays or baseline differences
in children’s motoric abilities, baseline visual RT was
obtained for each participant using the Simple Visual
Reaction Time Task, a subtest of the Deary-Liewald
Reaction Time Task (Deary et al., 2011).

WMC (backward digit span). WMC was measured
for each participant using an online (computerized) ver-
sion of the backward digit span task (based on a subtest
of the Clinical Evaluation of Language Fundamentals—
Fourth Edition; Kort et al., 2008).

Receptive vocabulary size (Peabody Picture Vocabu-
lary Test). Participants completed a remote online version
of the Peabody Picture Vocabulary Test-Fourth Edition
(PPVT, form B; Dunn & Dunn, 2007) as a measure of
receptive vocabulary size.

Procedure

General Procedure

Participants completed the study remotely (i.e.,
online) under the supervision of a researcher in a video call. The
visual response task was completed first (5 min), followed by
the auditory word detection task (20 min), and then the WMC
task (10 min). A native speaker of English then administered
the PPVT (25 min). If the participant had received a PPVT
within 6 months of the testing date in a parallel study (N = 45),
scores obtained at that time were used (M gaysinbetween = 25.04,
SDdaysinbeLween = 2750; rangeyaysinbetween: 1_96)

Table 3. M (SD) for speaking rate (measured in syllables/s), pause duration (ms), and intensity (dB) of the sentence stimuli.

Speaking rate (syllables/s) Pause duration (ms) Intensity (dB)
List 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)
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We used the Gorilla Experiment Builder (http://
www.gorilla.sc) to create and host our visual response,
word detection, and WMC tasks (Anwyl-Irvine et al., 2020).
All participants (except three who used Microsoft Edge) used
a Google Chrome internet browser, to reduce potential tim-
ing differences between browsers (see also Bridges et al.,
2020), and all used either a laptop or desktop computer.
The researcher observed the participant using the video-
conference platform Zoom (Zoom Video Communications
Inc., 2016) with the participants’ webcam turned on. The
experimenter provided clarifications or technical assistance
if needed. The participant was instructed to share their
screen throughout all tasks, except during the test phase of
the word detection task to minimize the effects of screen
sharing on recorded RTs. The PPVT was administered via
a Zoom video call using Q-global (Pearson, 2014).

Participants listened to the audio with free-field
built-in or external computer speakers in a quiet room in
their homes. They were instructed to adjust the volume of
a calibration sentence, which they could repeat if needed,
to a clear and comfortable level. Multiple authors ensured
that the intensity of the spoken instructions (including the
calibration sentence) was subjectively equal to the average
intensity of the experimental stimuli set and enabled chil-
dren to adjust the volume to a level of stimulus presenta-
tion that was well audible and not too loud. This was
achieved by scaling the intensity of the spoken instruction
segments (including the calibration sentence) to the 25th
percentile of the intensity of all sentences in the experi-
mental stimuli set in dB (25% = 66.05). Note that scaling
intensity to the 50th percentile resulted in the instructions
sounding substantially louder than more than half of the
target sentences, to the extent that the target sentences
with the lowest intensities would not be well audible if
children selected the volume based on that calibration
sentence.

Test Procedure

Figure 1 shows a timeline for the auditory events in
a trial of the word detection task. Prior to sentence onset,
target words were presented auditorily in isolation with a
referent picture, a colored line drawing adapted from
images retrieved from Lessonpix.com (Binko & Binko,
2020) or publicly available images.* On each trial, partici-
pants first saw a picture and then played the target word
by pressing the spacebar. The sentence started automati-
cally at 2,000 ms after the target word offset. Participants
were instructed to press the spacebar again as quickly as
they could upon hearing the target word in the sentence.
They were provided with 2,000 ms extra time to respond

4As Lessonpix.com has a limited distribution policy, pictures are not
shared in the repository.

Figure 1. A trial in the auditory word detection task.

Trial
offset

Trial
onset

2,000 ms : 2,000 ms

Word Sentence

after sentence offset and before next trial onset, regardless
of whether they had responded or not. To discourage mul-
tiple spacebar presses, the picture disappeared from the
screen once a key press was made. All spoken instructions
in the word detection task were prerecorded by the same
speaker as the sentence stimuli.

The task was framed within a narrative about a
shrimp who needs help rescuing his friends. This introduc-
tion was followed by a training block of two three-step tri-
als illustrating how to (a) press the spacebar at the begin-
ning of each trial to play the target word in isolation, (b)
press the spacebar again upon hearing the target word in
the sentence, and (c¢) combine both. Then, four practice
trials were provided to ensure that participants understood
when to press the spacebar. The training was presented at
the normal speaking rate. The test block followed in
which the normal speaking rate condition was given first,
followed by the fast condition, which began with another
six practice trials to ensure participants were adapted to
the speaking rate (Guiraud et al., 2013). The order of pre-
sentation of experimental trials was randomized for each
participant. A reward trial was presented after every six
trials, inviting participants to rescue a friend for the
shrimp by pressing the spacebar.

Additional Assessments

In the simple visual RT task, which measured base-
line RT, an image of a starfish was presented centered on
the screen (350 x 350 px on a gray 400 x 400 px back-
ground in a 600 x 600 px dark-gray box). Participants
were instructed to respond by pressing the spacebar as
soon as the starfish appeared. The starfish appeared with
a randomized interstimulus interval (ISI) that ranged
between 1,000 and 3,000 ms. There were eight practice tri-
als and 20 test trials. We analyzed spacebar presses that
were registered > 200 ms and < 2,000 ms relative to stim-
ulus onset (Georgiou et al., 2012) and subsequently
removed RTs that were more than +2 SD or -2 SD from
the participant mean, resulting in 92.76% analyzable data,
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with an M of 1.73 trials (SD = 1.67; range: 0-10) removed
per participant. For every child, the median and IQR of
RTs were calculated. A Wilcoxon rank-sum test did not
detect a difference between the median RTs of NH chil-
dren (Mdn = 384, IQR = 106) and children who are
DHH (Mdn = 420, IQR = 123; W = 549, p = 915).

In the backward digit span task, measuring WMC,
a series of digits appeared sequentially on the computer
screen for 1,000 ms, with an ISI of 1,000 ms. The digits
were white against a black background with an Arial font,
size 100. Participants were instructed to type the digits in
backward order and then press “enter” to go to the next
trial. Two three-digit trials served as practice, after which
participants received 14 trials of two to eight digits. The
score on this task was calculated as the number of cor-
rectly recalled sequences out of the 14 trials. There were
no indications that WMC scores were different between
children who are DHH (M = 5.58, SD = 2.41) and chil-
dren with NH (M = 6.03, SD = 2.52; #(62.52) = —0.74,
p = .461). Children in each group could remember on
average six sequences (3 X 2 sequences of two, three, and
four digits) in the backward digit span task.

The PPVT, measuring vocabulary size, was adminis-
tered according to the standard administration procedure.
PPVT standard scores differed significantly between
groups, with children with NH having, as expected, higher
PPVT standard scores (M = 115, SD = 13.05) than chil-
dren who are DHH (M = 107, SD = 12.14; #(61.91) =
-2.57, p = .012).

Results

Preprocessing

The onset of the target word in the sentence (used
to calculate RTs) was annotated in Praat (Boersma &
Weenink, 2020). Fricative [s] onsets were annotated at the
start of high-frequency noise and fricative [f] onsets at the
start of frication noise. Stop and affricate onsets were
annotated at the first peak of the release burst.

All test trials with at least one registered key
response were included for preprocessing (99.98% of tri-
als). RTs were then considered valid and selected for fur-
ther preprocessing if they were registered from the onset
of the target phrase (i.e., after the lead-in phrase) until
2,000 ms after sentence offset. Trials where a participant
provided more than two key presses within this window
were excluded (54 trials from 24 participants; 1.7%). Of
the remaining trials with exactly two presses (209 trials
from 27 participants, 6.5%), the first press was retained.

RTs registered before target word onset were
removed, as there were several indications in the data that

these were anticipatory, rather than detection RTs® (254
trials from 64 participants, 7.9% of total trials). The
number of RTs excluded due to this criterion was simi-
lar across groups and rates (NH normal = 6.90%;
DHH normal = 8.58%; NH fast = 8.34%; DHH fast =
9.23%). Finally, any RTs that were higher than the
third quartile plus 3 times the IQR (q0.75 + 3 x IQR)®
for each participant—condition combination were con-
sidered extreme outliers and were removed (3.9% of
total trials; Tukey, 1977).

Statistical Analysis

Data were analyzed wusing confirmatory linear
mixed-effects models, built using the /me4 package (Ver-
sion 1.1.21; Bates, Méchler, et al., 2015) in R. Age weakly
correlated with the mean (subject-averaged) raw RT, #(65) =
—-.20, p = .09, and was thus included as a potential predictor
in the models (transformed into z scores). To avoid overfit-
ting, scores on the simple visual response task were not
included, as they did not correlate significantly with mean
raw RT, r(65) = .15, p = .22; see Supplemental Material S4.
Random effects were included in each model starting with
the maximal random effects structure warranted by the
design and then reduced to a parsimonious random effects
structure if needed, following Bates, Kliegl, et al. (2015).
For all models, the “bobyga” optimizer was used. Beta-
estimates are reported with 95% confidence intervals to indi-
cate their precision (Heckman et al., 2022). Furthermore, to
interpret the size of the estimates in a standardized manner,
the model includes Cohen’s d standardized effect sizes
(Cohen, 1988).”

RT transformations. RTs were transformed using a
rank-order transformation (see also Lammertink et al.,
2020), where the N pieces of data across all participants
(i.e., one observation per participant per trial) are ranked
from 1 to N, with each observation then divided by the
total N of the data. The decision for this transformation

SFirst, RTs showed a bimodal distribution of RTs, where a small per-
centage of RTs appeared before target word onset, while the rest
appeared after. Second, child participants seemed more prone to
anticipatory presses than adult participants (pilot data from eight NH
adult students contained only 1.8% anticipatory presses), potentially
due to less inhibitory control. Third, some arguably more predictive
structures received more anticipatory presses than others: 89.3% of
the anticipatory RTs were registered in object sentences, with 48.0%
of those responses appearing in the conjunction where the target word
came second (see Supplemental Material S3 for the responses per sen-
tence structure).

®This IQR-based approach was chosen to better deal with nonnorm-
ality of RT data (see, e.g., Miller, 1991). Model outcomes obtained
using a +3 IQR versus a relative +2 SD (5.4% excluded) and an
absolute +2 SD method (8.3% excluded; see Berger & Kiefer, 2021)
rendered largely the same result, so we report the latter in the online
materials (see the Data Availability Statement section).

"With packages SjPlot (tab_model) and EMATools (Ime.dscore).
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was made because the initial model fitted with raw RTs
(RT ~ Age + Rate x Group) + (1 + Rate | Participant) +
(1 + Rate x Group | TargetWord) showed non-normally
distributed residuals and heterogeneity of variance in the
tail of the residuals. Other more commonly used trans-
formations (e.g., log, sqrt, inverse, or boxcox) did not
result in better distributed residuals, whereas the distribu-
tion of residuals of the model fitted to the ranked RTs
was normal (see Supplemental Material S5 for more
detail). Differences in ranked RTs cannot be interpreted
as absolute differences in milliseconds, but only in (rela-
tive) percentile points (ranging from 0 to 1). If one
group’s mean percentile rank score was higher than
another group’s, this means that, on average, children in
one group were slower to respond than children in the
other group.

A single model was constructed to test confirmatory
Research Questions 1, 2, and 3. It addressed Questions 1
and 2, namely, whether processing was influenced by
group (DHH vs. NH), rate (fast vs. normal), or any inter-
action between those two factors. It also addressed explor-
atory Question 3: whether there were any effects of WMC
and/or vocabulary size (PPVT) on processing, whether this
association differed between fast and normal speech
(WMC/PPVT x Rate) or between children who are DHH
versus NH (WMC/PPVT x Group), and whether the asso-
ciations were modified by a combination of these effects
(WMC/PPVT x Group x Rate). We first constructed a
maximal model including fixed binary factors group
(NH =1 vs. DHH = —1) and rate (fast = 1 vs. normal =
—1), and WMC (correct/total recalled sequences), PPVT
(standard score), and age as continuous predictors (all
three variables transformed to z scores, to increase conver-
gence and interpretability of effects in the model). Age
was included as an interacting predictor as preliminary
analyses showed that it interacted with group, one of our
variables of interest (see Supplemental Material S6A). The
maximal model included random intercepts for participant
and item and random slopes for Rate x Participant and
Rate + Rate:Group x Item.

Subsequently, the maximal model was reduced to a
parsimonious model, by removing higher order interac-
tions that were not of theoretical interest but retaining
effects that were (near-)significant (»p < .10) in the maxi-
mal model, to explain maximal variance. The parsimoni-
ous model included the main effects of rate and group
and their interaction (Ql and 2), the main effects of
WMC and PPVT and their interactions with group, rate,
and group and rate (Q3), and (near)-significant effects
from the maximal model: age, Age x PPVT, PPVT x
WMC, Age x Group, Age X PPVT x WMC, and Age X
PPVT x Rate (see Supplemental Material S7 for model
syntax). The random-effects structure was identical between

the parsimonious and the maximal model. The results of
the parsimonious model are presented in text as there was
no evidence of a difference between the maximal and parsi-
monious model fits (x> = 10.67, df = 14, p = .712). See
Supplemental Materials S6A and S6B for the results of the
maximal model as well as a simpler model explored in the
analysis process.

Exploratory analyses were conducted to better
understand possible differences as a result of participants’
hearing characteristics. Participants were split into sub-
groups: unilateral HL, bilateral CI, bilateral HA, and
bimodal fitting. To understand any different effects of
group and rate across the subgroups, the first analysis
compared each DHH subgroup to the NH group. The
model included the factors of hearing characteristics
(coded with simple contrasts: e.g., NH vs. unilateral: NH,
bilateral CI, bilateral HA, bimodal = 0; unilateral HL =
1), rate, age and the interaction between hearing charac-
teristics and rate. Interactions with age were not included
as preliminary analyses showed no significant interactions
with hearing characteristics or rate (see Supplemental
Material S8). This model included random intercepts for
participant and item and random slopes for Rate x Partic-
ipant and Rate x Item.

The second analysis compared processing speed
between subgroups and excluded children with NH. Con-
trasts with Helmert coding compared, first, children with
unilateral HL (+2) to children with bilateral HAs (—1)
and CIs (—1) together and, second, children with bilateral
HAs (+1) to children with CIs (—1). The analysis did not
include children with bimodal fitting (N = 3) as they were
a small group and did not straightforwardly fit into the
other groups as they wore mixed devices.

Questions 1 and 2: Effects of Group and Rate

Table 4 presents descriptive statistics of the percen-
tile rank scores for RTs for each group and speaking
rate. To answer confirmatory Research Questions 1 and
2, we interpreted the effects of group, rate, and Group X
Rate in the model (see Table 5). A significant effect of
group on RT indicated that children who are DHH have
a higher percentile rank score and thus slower RTs com-
pared to children with NH. The model did not detect a
significant effect of rate or a significant interaction
between rate and group. The confidence intervals around
the estimates for these predictors (rate and Rate X
Group) are narrower than and do not overlap with the
confidence intervals around the estimate for group
(group: [-0.08, —0.03]; rate: [-0.01, —-0.02], Rate x
Group: [-0.01, —0.01], all in percentile points), strongly
suggesting that the (potential) impact of speaking rate on
processing speed is substantially smaller than the impact
of HL (see Table 5).
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Table 4. Means, standard deviations, and 95% confidence intervals for transformed response times (RTs) presented as percentile-rank
scores (ranging from 0 to 1 percentile points) and raw RTs in milliseconds (Group x Rate condition) calculated over trial-level data.

Normal Fast
RT type Group M (SD) Cl M (SD) Cl
Percentile-rank score | NH 0.446 (0.284) [0.424, 0.468] 0.448 (0.283) [0.426, 0.470]
DHH 0.539 (0.297) [0.517, 0.561] 0.558 (0.273) [0.538, 0.579]
Raw RT (ms) NH 409 (213) [392, 425] 407 (215) [390, 424]
DHH 507 (349) [481, 533] 509 (339) [483, 534]

Note. CI = confidence interval; NH = normal-hearing; DHH = deaf and hard of hearing.

Question 3: Effects of WMC and Vocabulary Size
To answer exploratory Question 3, we interpreted the
main effects of WMC/PPVT and interactions with group,
rate, and group and rate (see Table 5). As hypothesized, the
significant negative effect of PPVT on RTs suggests that chil-
dren with higher PPVT scores have lower percentile rank
scores and thus faster RTs. However, contrary to expecta-
tion, the significant positive effect of WMC on RTs suggests
that children with higher WMC scores have higher percentile
rank scores and thus slower RTs. WMC and PPVT did not
show the expected significant two-way or three-way interac-
tions with group and/or rate, indicating that we did not detect
any relationships between WMC/PPVT and spoken language
processing differences across groups, speaking rates, or both.

However, the model did include a significant higher
order interaction between age, PPVT, and WMC. The sig-
nificant two-way interaction between WMC and PPVT
suggests that the effect of WMC scores on RTs is stronger

for children with lower PPVT scores, and the three-way
interaction Age X PPVT x WMC suggests that the relation-
ship between PPVT, WMC, and RTs is stronger for younger
children. The three-way interaction thus suggests that the
negative effect of WMC scores on RTs is strongest for the
youngest children with the lowest PPVT scores (see Supple-
mental Material S9 for a visualization). However, the confi-
dence interval around the estimate for the Age x PPVT x
WMC effect ranges from [0.0, —0.08] (percentile points), sug-
gesting substantial uncertainty about this effect, as it might
be small (near 0.00) or larger (near 0.08; see Table 5).

Effects of Hearing Characteristics

Table 6 presents descriptive statistics of the percen-
tile rank RT scores for each hearing subgroup by speaking
rate, and Table 7 shows the outcomes of Exploratory
Model 1. This model showed a significant effect for each
of the different subgroups versus NH, with higher percentile
rank scores and thus slower RTs compared to the NH

Table 5. Results of the confirmatory model, showing model estimates, standard error (SE), confidence interval (Cl), t values, p values, and

effect sizes (Cohen’s d).

Variable B estimates SE Cl (B) t p Cohen’s d
Age -.06 0.01 [-.08, -.03] -4.48 < .001* -1.19
PPVT -.03 0.01 [-.06, -.00] -2.30 .022* -0.61
WMC .05 0.02 [.01, .08] 2.72 .007* 0.72
Rate: Fast (+1) vs. Normal (-1) .00 0.01 [-.01, .02] 0.46 .644 0.13
Group: NH (+1) vs. DHH (-1) -.06 0.01 [-.08, -.03] -4.55 < .001* -1.21
Age x PPVT .04 0.02 [.01, .08] 2.34 .019* 0.62
PPVT x WMC -.04 0.01 [-.06, -.01] -2.63 .009* -0.70
PPVT x Group .00 0.01 [-.08, .03] 0.17 .866 0.05
WMC x Group .01 0.01 [-.02, .04] 0.57 .568 0.15
PPVT x Rate -.01 0.01 [-.02, .00] -1.77 .078 -0.45
WMC x Rate .00 0.01 [-.01, .01] 0.10 .920 0.03
Rate x Group -.00 0.01 [-.01, .01] -0.41 .685 -0.12
Age x Group -.03 0.02 [-.086, .00] -1.90 .058 -0.51
Age x PPVT x WMC .04 0.02 [.00, .08] 2.05 .041* 0.54
Age x PPVT x Rate .01 0.01 [-.00, .02] 1.69 .091 0.42
PPVT x Rate x Group -.00 0.01 [-.01, .01] -0.04 .967 -0.01
WMC x Rate x Group -.01 0.01 [-.02, .00] -1.25 210 -0.33

Note. PPVT = Peabody Picture Vocabulary Task; WMC = working memory capacity; NH = normal hearing; DHH = deaf and hard of hearing.

*p values < « (.05) are represented in bold font.
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Table 6. Means, standard deviations, and 95% confidence intervals for transformed response times (RTs) presented as percentile-rank
scores (ranging from 0—1 percentile points) and raw RTs in milliseconds (Hearing Characteristics x Rate condition) calculated over trial-level

data.
Normal Fast
Hearing
Score characteristics M (SD) Cl M Cl
Percentile-rank score | NH (n = 31) 0.446 (0.284) [0.424, 0.468] 0.448 (0.283) [0.426, 0.470]
Bimodal fitting (n = 3) 0.551 (0.278) [0.483, 0.619] 0.635 (0.260) [0.570, 0.700]
Bilateral Cl (n = 10) 0.593 (0.285) [0.552, 0.634] 0.574 (0.277) [0.535, 0.614]
Bilateral HA (n = 10) 0.501 (0.302) [0.457, 0.544] 0.540 (0.265) [0.503, 0.578]
Unilateral HL (n = 13) 0.524 (0.302) [0.486, 0.562] 0.541 (0.278) [0.506, 0.575]
Raw RT (ms) NH (n = 31) 409 (213) [392, 425] 407 (215) [390, 424]
Bimodal fitting (n = 3) 518 (289) [447, 588] 559 (273) [491, 627]
Bilateral Cl (n = 10) 529 (290) [487, 570] 545 (444) [481, 609]
Bilateral HA (n = 10) 518 (474) [450, 586] 484 (289) [443, 524]
Unilateral HL (n = 13) 480 (289) [444, 516] 488 (297) [451, 525]

Note. Calculations were made on trial-level data, not subject-aggregated data. Cl = cochlear implant; NH = normal hearing; HA = hearing

aid; HL = hearing loss.

reference group. These results suggest that all subgroups
were slower than the NH group in sentence processing.
There were no significant interactions with rate. The model
showed a significant effect of age, with older children having
overall lower percentile rank scores and thus faster RTs.

Table 8 shows the outcomes of Exploratory Model
2. The model again detected a significant effect of age on
overall RTs, with older children having lower percentile
rank scores and thus faster RTs. This model did not show
evidence for a difference in RTs between children with
unilateral HL and children with bilateral HL or between
children with bilateral CIs and bilateral HAs. There were
no significant interactions with rate.

Effects of Trial Number
As the speaking rate blocks were not counterba-
lanced (fast speech came second for all participants), a

final analysis assessed whether effects of speech rate might
have been obscured by general changes in RT due to
adaptation (speeding up over trials) or fatigue (slowing
down over trials). The analysis included the factors group
and rate (identical coding to previous models), the contin-
uous predictor trial number (z-transformed), and all their
interactions. The model included random intercepts for
participant and item and random slopes for rate by partic-
ipant and Rate + Rate:Group X Item. The model out-
comes (see Table 9) show a significant positive effect of
trial number on ranked RTs, indicating that children’s
percentile rank scores become higher, and RTs become
slower, over trials—possibly indicating fatigue effects. The
interaction between trial number and rate indicates that
this slowdown over trials is larger in the first normal-rate
block than in the second fast-rate block. Group and rate
effects are qualitatively unchanged compared to the previ-
ous models.

Table 7. Results of the first exploratory model, showing model estimates, standard error (SE), t values, and p values.

Predictors B estimates SE t P

Age -.05 0.01 -3.53 < .001*
Bimodal (+1) vs. NH (0) .21 0.06 3.36 .001*
BICI (+1) vs. NH (0) 14 0.04 3.74 < .001*
BIHA (+1) vs. NH (0) .08 0.04 2.15 .031*
Unilateral (+1) vs. NH (0) .08 0.03 2.28 .023*
Rate: Fast (+1) vs. Normal (-1) -.00 0.01 —-0.06 .953
Bimodal vs. NH x Rate .04 0.02 1.66 .097
BICI vs. NH x Rate -.01 0.01 -0.46 .649
BIHA vs. NH x Rate .02 0.01 1.41 .160
Unilateral vs. NH x Rate .01 0.01 0.41 .684

Note. NH = normal hearing; BICI = bilateral cochlear implant; BIHA = bilateral hearing aid.

*p values < « (.05) are represented in bold font with an asterisk.
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Table 8. Results of the second exploratory model, showing model
estimates, standard error (SE), t values, and p values.

Predictors B estimates| SE t p
Age in years -.04 0.02 -2.02 .043*
BICI -1 vs. BIHA +1 -.03 0.02 -1.19 .235
BIHL -2 vs. UNIHL +2 -.01 0.01 -0.76 445
Rate .01 0.01 1.01 312
BICI vs. BIHA x Rate .01 0.01 1.75 .081
BIHL vs. UNIHL x Rate -.00 0.00 -0.09 .932
Note. BICI = bilateral cochlear implant; BIHA = bilateral hearing

aid; BIHL = bilateral hearing loss; UNIHL = unilateral hearing loss.
*p values < o (.05) are represented in bold font.

As we find that children do not speed up over trials,
it is unlikely that adaptation to the test procedure
obscured an impeding effect of fast speech on processing
times. However, children’s slowing down over trials possi-
bly counteracts our ability to observe a facilitative effect
of fast speech on processing times.

Discussion

The main aim of this study was to (a) compare spo-
ken language processing in 7- to 12-year-olds who are
DHH to that of their peers with NH and (b) examine the
effect of fast speech on spoken language processing for
both. We also explored any effect of WMC or vocabulary
size on the processing speed of sentences spoken at a fast
versus normal speaking rate in children who are DHH
versus peers with NH.

Spoken Language Processing Results and
Effects of Speaking Rate

Our findings provide support for some but not all
previous studies. First, we find that 7- to 12-year-olds who
are DHH were slower to process spoken language than
their peers with NH, consistent with the predictions by

language processing models and previous results on word
and sentence processing in children and adolescents with
HAs and CIs (C. Holt et al., 2016; Klein et al., 2023;
Mattys et al.,, 2012; McMurray et al., 2017; Ronnberg
et al., 2013). However, the present result pattern appears
to contrast with the findings in R. Holt et al. (2021), who
did not find evidence for differences between school-age
children who are DHH and NH using short sentences.
One possible explanation is that short carrier sentences
facilitate language processing, both compared to single
words (where the brain has no opportunity to “warm up”
before the target; Fernald & Hurtado, 2006) and com-
pared to longer sentences (which increase both the mem-
ory load and the potential number of mismatches that
need to be reconciled). However, it is also possible that
children who are DHH are slower than NH peers on any
type of stimulus, but that R. Holt et al. simply did not
detect this difference.

Second, we found no evidence that faster speech slo-
wed down spoken language processing, which in part sup-
ports past research on children with NH (Guiraud et al.,
2013; Montgomery, 2005). However, we also did not find
evidence for a facilitating effect of fast speech on process-
ing in either group of children (cf. Montgomery, 2005).
Our findings furthermore counter the predictions of lan-
guage processing models that children who are DHH
would be more negatively affected by an increase in
speaking rate than their peers with NH.

There may exist several reasons for not finding a
significant negative effect of speaking rate in this study.
First, 7- to 12-year-olds (both DHH and NH) may simply
be better at dealing with faster speech during spoken lan-
guage processing than (older) adults with postlingual HL,
whose hearing loss challenges may be amplified by cogni-
tive decline (Gordon-Salant & Fitzgibbons, 2004; Janse,
2009; Koch & Janse, 2016; Wingfield et al., 2006). More
efficient access to cognitive resources to solve perceptual
degradations compared to (older) adults with postlingual

Table 9. Model assessing the effects of trial number on response time (ranked) in interaction with Group and Rate showing model estimates,

standard error (SE), confidence interval (Cl), t values, and p values.

Predictors B estimates SE Cl (B) t P
Trial z score .01 0.00 [.00, .02] 2.04 .041*
Rate: Fast vs. Normal .00 0.01 [-.01, .02] 0.59 .553
Group: NH vs. HL -.05 0.01 [-.07, -.02] -3.56 < .001*
Trial z score x Rate -.01 0.00 [-.02, -.00] -1.97 .049*
Trial z score x Group .00 0.00 [-.01, .01] 0.63 527
Rate x Group -.01 0.01 [-.02, .01] -0.91 .363
Trial z score x Rate x Group .01 0.00 [-.00, .01] 1.41 159
Note. NH = normal hearing; HL = hearing loss.

*p values < « (.05) are represented in bold font with an asterisk.

2972 Journal of Speech, Language, and Hearing Research e Vol. 68 e 2959-2977 e June 2025

Downloaded from: https://pubs.asha.org UVA Universiteitshibliotheek SZ on 08/05/2025, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions



HL might make children better equipped to deal with the
acoustic modifications and/or time pressure arising from
faster speech.

Second, it is possible that our “fast” rate was not
fast enough to elicit slower processing than the normal
rate. Past adult studies that find effects of speaking rate
on spoken language processing have often used artificial
time compression, rather than natural fast speech (Gordon-
Salant & Fitzgibbons, 2004; Janse, 2009; Wingfield et al.,
2006). With artificial time compression, speaking rates can
be sped up to be faster than in the present study (e.g., 11.4
syll./s in Janse, 2009; 400 wpm [approx. 8 syll/s.; Griffiths,
1990] in Wingfield et al., 2006), making their “fast” rates
potentially more challenging to process (see Koch and
Janse, 2016, for a similar argument). In contrast, the fas-
t(er) speaking rate used in the present study (6.1 syll./s) was
constrained by natural articulation (more representative of
what listeners encounter in real life) and may thus have
evoked less delay. Future studies could increase the differ-
ence between (natural) normal and fast speaking rates to
observe any differences in processing.

Third, the blocking of stimuli by rate may have led
to not finding negative effects of speaking rate. In our
study, children first listened to sentences spoken at the
normal speaking rate and then to sentences spoken at the
faster speaking rate (following Janse, 2009). They were
thus only required to adapt to the new, faster speaking
rate once and may have thus quickly adapted to the new
rate (see, e.g., Newman & Sawusch, 1996). In real life,
speaking rate may vary more. Speaking rate effects on
processing may only be found when there is a trial-to-trial
rate (and potentially speaker) variation. For example,
Koch and Janse (2016) used conversational speech sam-
ples from various speakers to show that NH young adults
are slower to detect words in sentences as a function of
increased speaking rate (which varied from trial to trial).
Kirk et al. (1997) furthermore found that adults with
mild-moderate HL recognize words more poorly at faster
compared to slow speaking rates, but specifically when
rate varied from trial to trial. Additional research is
needed to better understand the combined roles that rate
and speaker variation play in the processing abilities of
children who are DHH, starting with designs in which the
rate and/or speaker vary from trial to trial.

Effects of WMC and Vocabulary Size on
Spoken Language Processing

While we found no evidence for or against a facili-
tating relationship between larger WMC or vocabulary
size and spoken language processing, our model detected
an unexpected relationship between age, vocabulary size,
and WMC in predicting children’s processing speed, where

higher WMC scores related to slower RTs, and this inhi-
biting effect was stronger in younger children with lower
PPVT scores. This effect contrasts with theoretical models
that predict that higher WMC scores will result in faster
spoken language processing (Ronnberg et al., 2013) and
with earlier studies finding no evidence for positive or neg-
ative associations in children who are DHH and NH
(R. Holt et al., 2021; Walker, Kessler, et al., 2019). The
range of the confidence interval around this effect size was
large, indicating an imprecise estimate of the effect size.
More research is thus needed to verify that this is a true
effect. However, if true, one possible explanation is that
the presumably less developed language skills of younger
children with lower PPVT scores lead to them needing to
revise sentence interpretations more often. These revisions
would require more use of their WMC (i.e., keeping more
lexical and grammatical information in memory) but would
result in slower processing.

An interaction between rate and WMC or vocabu-
lary size was not observed. We thus provide no evidence
for the hypothesis that a higher WMC or larger vocabu-
lary would reduce effects of speaking rate on spoken lan-
guage processing. Koch and Janse (2016), investigating
NH adults, also did not observe such interactions. Poten-
tially, fast versus normal speech did not sufficiently alter
the speech signal to stimulate increased reliance on WMC
or vocabulary size, as opposed to, for example, listening
in noise (where WMC and vocabulary size have been
found to relate to spoken language processing, though not
consistently; McCreery et al., 2017, 2019; Nittrouer et al.,
2017; Torkildsen et al., 2019; Walker, Sapp, et al., 2019).

Effects of Hearing Characteristics

Explorations of differences between subgroups of
children with different device configurations and laterality
of HL showed two main trends. First, both analyses pro-
vided no evidence for (or against) the DHH subgroups pro-
cessing the sentences differently from each other or from
peers with NH. Second, no evidence was found for (or
against) the effect of rate differing among the subgroups.
These results are consistent with the interpretation that chil-
dren with a range of hearing characteristics experience chal-
lenges with spoken language processing. However, each
subgroup was small in number, so future studies are needed
to confirm similarities and explore nuanced differences
between the processing abilities of these subgroups.

Implications for Evaluations of Spoken
Language in Children Who Are DHH

The findings of this study have important implica-
tions for evaluations of spoken language development in
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children who are DHH. While outcomes based on stan-
dardized assessments show spoken language abilities that
approach those of peers with NH at school age (e.g.,
Cupples et al., 2018; Niparko et al., 2010; Tomblin et al,,
2014), challenges may lie in the real-time application of
these language abilities to the processing of words, sen-
tences, or larger chunks of speech. Furthermore, evaluations
of language processing with short and slowly spoken sen-
tences (e.g., R. Holt et al., 2021) may not capture the delays
that children who are DHH could experience when process-
ing spoken language in conversation, where the speech sig-
nal is more variable and more information needs to be proc-
essed in less time. The current study only integrates two
characteristics of a realistic conversational setting (longer
sentences, conversational speaking rates), but the listening
environments that school-age children who are DHH find
themselves in (e.g., noisy classrooms, playing with friends
outside) may impose even larger constraints on their access
to spoken language processing. Further research into more
realistic evaluations of spoken language abilities is therefore
important as it may induce policy change to provide better
listening environments for children who are DHH.

Limitations

The present study had some limitations that could be
addressed in future research. First, this study was con-
ducted online, to continue research during the COVID-19
pandemic. While online testing had the additional benefit
of enabling an increase in sample size, by reaching partici-
pants in more remote areas of Australia, the limited ability
to control sound presentation may have resulted in more
noise in the data than there would be in a controlled lab
environment. Second, our study focused on processing spo-
ken language without visual cues available (e.g., as when a
teacher speaks with their back to the child). In other real-
life scenarios, the availability of visual cues might help chil-
dren overcome processing delays, and effects of visual cues
on sentence processing in children who are DHH should
thus be further investigated in future (see also R. Holt
et al., 2023). Third, despite the majority of children com-
pleting the task without issue, two children with CIs who
were excluded from data analysis had extremely slow RTs.
We thus need to be aware that some children who are
DHH might be at risk of processing spoken language much
slower than their peers. Fourth, while we aimed for chil-
dren to attentively process the sentences and their meaning,
the experiment did not include formal assessments of atten-
tive or semantic processing. While it is encouraging that
more predictive structures received more anticipatory
presses (suggesting strongly that children were processing
the sentences as a whole), future research might include
more formal assessments thereof (e.g., comparing detection
times in this task to detection times in a task where words

are not meaningfully related). Lastly, due to not counterba-
lancing the speaking rate blocks (fast rate always came sec-
ond) combined with a general slowdown in children’s RT
over trials, we cannot rule out an undetected facilitative
effect of fast speech on processing times. Further research
should thus investigate the possibility that children, includ-
ing those who are DHH, process fast speech faster than
normal speech (cf. Montgomery, 2005).

Conclusions

This study is the first to investigate the effect of fast
speech on the processing of spoken language in children
who are DHH. Although children who are DHH overall
detected the words in the sentences more slowly than their
peers with NH, there was no evidence that fast speech led
to additional processing delays. The consequences of pro-
cessing delays for academic development and communica-
tive participation in everyday life need to be investigated
in future to help children who are DHH reach their full
potential in spoken language contexts.
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