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RESEARCH ARTICLE

The influence of voice quality and multi-talker babble noise on sentence
processing and recall performance in school children using cochlear implant
and/or hearing aids

K. Jonas Br€annstr€om, Heike von Lochow, Viveka Lyberg-Åhlander and Birgitta Sahl�en

Logopedics, Phoniatrics and Audiology, Department of Clinical Sciences in Lund, Lund University, Lund, Sweden

ABSTRACT
Purpose: This study examines the influence of voice quality and multi-talker babble noise on process-
ing and storage performance in a working memory task performed by children using cochlear
implants (CI) and/or hearing aids (HA). Methods: Twenty-three children with a hearing impairment
using CI and/or HA participated. Age range was between 6 and 13 years. The Competing Language
Processing Task (CLPT) was assessed in three listening conditions; a typical voice presented in quiet, a
dysphonic voice in quiet, and a typical voice in multi-talker babble noise (signal-to-noise ratio +10 dB).
Being a dual task, the CLPT consists of a sentence processing component and a recall component. The
recall component constitutes the measure of working memory capacity (WMC). Higher-level executive
function was assessed using Elithorn’s mazes. Results: The results showed that the dysphonic voice
did not affect performance in the processing component or performance in the recall component.
Multi-talker babble noise decreased performance in the recall component but not in the processing
component. Higher-level executive function was not significantly related to performance in any com-
ponent. Conclusions: The findings indicate that multi-talker babble noise, but not a dysphonic voice
quality, seems to put strain on WMC in children using CI and/or HA.

Abbreviations: CLPT: competing language processing task; ISTS: international speech test signal; SLP:
speech and language pathologists; WMC: working memory capacity

ARTICLE HISTORY
Received 9 December 2017
Revised 20 June 2018
Accepted 11 July 2018

KEYWORDS
Children; hearing
impairment; working
memory; voice quality;
dysphonic voice multi-talker
babble noise

Introduction

The processing of degraded speech signals seems to require
more use of cognitive resources compared to the processing
of speech under optimal listening conditions in adults [1–5].
A speech signal that is perceived under optimal listening
conditions provides an input, that is processed automatically
and fast [2]. This implicit processing means that the speech
segments are matched to their long-term representations
which allow for immediate access to lexical content which
provides building stones for understanding. However, in
suboptimal listening conditions where the speech signal is
degraded, this process becomes explicit. This explicit proc-
essing requires the use of cognitive resources to compensate
for the degraded speech signal input. Because more cogni-
tive resources such as working memory are used for audi-
tory processing, fewer resources remain available for the
task at hand and also for encoding of information into
long-term memory [2]. This suggests that the individual’s
intrinsic characteristics such as cognitive abilities and a
hearing impairment will influence performance when listen-
ing to a degraded speech signal. This degradation is gener-
ated by extrinsic factors such as the presence of noise and

inadequate reverberation (poor room-acoustics) as well as
the presence of a voice disorder [5]. In the present study,
we examine the influence of voice quality and multi-talker
babble noise on processing and storage performance in a
working memory task performed by children using cochlear
implants (CI) and/or hearing aids (HA).

Working memory refers to the mental capacity to simul-
taneously process and store information. Working memory
is considered to be one of three core executive functions
[6]. The other core executive functions are inhibitory con-
trol and cognitive flexibility. These core executive functions
are supported by each other and together they constitute the
basis for higher-level executive functions such as reasoning,
planning, and organisation [6]. According to Miyake et al.
[7] and Lehto et al. [8], core executive functions should be
considered separate entities, but these entities are interre-
lated to some extent. The contradictory relationship has
been termed the unity/diversity framework [7,8]. For
example, planning a response in goal pursuit requires the
use of working memory. Inhibitory control is required to
maintain focus on the goal by removing task-irrelevant
information which facilitates the process of keeping focus

CONTACT K. Jonas Br€annstr€om jonas.brannstrom@med.lu.se Logopedics, Phoniatrics, and Audiology, Department of Clinical Sciences Lund, Lund
University, SE-221 85 Lund, Sweden.
� 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in
any way.

LOGOPEDICS PHONIATRICS VOCOLOGY
2019, VOL. 44, NO. 2, 87–94
https://doi.org/10.1080/14015439.2018.1504984

http://crossmark.crossref.org/dialog/?doi=10.1080/14015439.2018.1504984&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org./10.1080/14015439.2018.1504984


on the goal for working memory [6]. When processing
speech signals for comprehension, working memory capacity
(WMC) can be considered to be a limited system that is
used for processing and storing information [9]. Working
memory can, therefore, be thought of as a trade-off system
because processing of information requires a high amount
of activation, fewer resources will be available for storing
information and vice versa. The components in a task that
requires both sentence processing and storage of words for
later recall are not independent from each other; therefore,
the WMC measure reflects the capacity to simultaneously
process and store information. One such task is the Competing
Language Processing Task (CLPT) [10], which is based on the
Reading Span Test [11], and can be used to assess verbal WMC
in children. The CLPT consists of true and false statements
which the listener should judge as such (i.e. sentence process-
ing). After judging a number of sentences, the listener is
required to recall the last words in all sentences (i.e. the com-
bination of processing and storing of information that is the
measure of WMC). In the present study, we used the CLPT to
measure working memory capacity and the non-verbal
Elithorn’s mazes to estimate higher-level executive functioning
in children using CI and/or HA.

Speech signals can be degraded in several ways. The sig-
nal can be degraded already at the source due to a voice dis-
order, during transmission due to the presence of
background noise or inappropriate reverberation, or due to
a hearing loss [5]. A hoarse (dysphonic) voice influences
language comprehension negatively in both adults and chil-
dren with normal hearing in comparison with a typical
voice [12–15]. Br€annstr€om et al. [16] used a task which
examined judgements of semantic acceptability of sentences
(sentence processing component) and storage of words for
later recall (recall component i.e. the measure of WMC) in
children with normal hearing. They found that a dysphonic
voice seems to have a negative influence on the sentence
processing component but not on the recall component
causing disturbed sentence processing [16]. Furthermore,
they found that children with lower higher-level executive
function were more negatively affected by the dysphonic
voice quality than children with stronger higher-level execu-
tive function. So far, the effect of a dysphonic voice on the
sentence processing component and the recall component is
unexplored in children with CI and/or HA. The potential
interaction with higher-level executive function also calls for
further examination in this population.

In listening conditions degraded by background noise, not
only intelligibility may be compromised but also word recall
[17,18]. Furthermore, a higher use of WMC seems to be
required by both adults and children when listening to speech
in noise [17–20] indicating that auditory processing needs to
be supported by the individual’s WMC. Osman and Sullivan
[20] reported for children with normal hearing that multi-
talker babble noise reduced working memory performance in
the auditory modality in poorer signal-to-noise ratios. The
authors used a similar WMC task as in the present study.

It is most likely that a hearing loss provides additional
signal degradation also with the use of HA and/or CI

[21–24]. This is supported by the findings that children
with a hearing impairment seem to require more favourable
signal-to-noise ratios to be able to perform at par with their
peers with normal hearing [25,26]. Stiles et al. [27] reported
that children with a hearing impairment using HA had
similar working memory performance in both quiet and in
noise (air conditioning noise presented at a better signal-to-
noise ratio than þ15 dB) as children with normal hearing.
In addition, performance did not deteriorate in noise. It is
possible that the signal-to-noise ratio was too favourable to
elicit an effect.

The aim of the present study was to examine the influ-
ence of voice quality and multi-talker babble noise on proc-
essing and storage performance in a working memory task
performed by children with CI and/or HA and its relation
to higher-level executive function. Based on previous stud-
ies, we hypothesise that both sentence processing and recall
should be poorer when listening to a dysphonic voice or in
background noise. Furthermore, we hypothesise that chil-
dren with poorer higher-level executive function should be
more affected by the dysphonic voice and the presence of
background noise.

Methods

Participants

Twenty-four hearing impaired (HI) children fitted with CI
and/or HA met the inclusion criteria that were set for par-
ticipation. The children attended different schools in
Sweden and were recruited from the summer camp (n¼ 10)
organised by The Swedish Organisation for Children with
Cochlear Implants or Hearing Aids (Barnplantorna) or
through contact with the children’s schools (n¼ 14). To be
included, the children had to be between 6 and 13 years old
(72–156months), use their CI or HA regularly and be func-
tional speakers of spoken Swedish (not necessarily native
speakers). Ten were tested at the summer camp, and 14 chil-
dren were tested in a quiet setting in their own schools by
the same examiner. All children were tested, but one child
did not complete a number of tests and was, there-
fore, excluded.

The final sample of 23 children consisted of 13 girls and
10 boys aged from 06:03 to 13:00 (years:months) with a
mean age of 09:03. Twelve children were CI users (11 bilat-
eral and one unilateral). Eight children were HA users (six
bilateral and two unilateral). Three children were bimodal
users, i.e. CI on one ear and HA on the other. Three chil-
dren were enrolled in schools for children with a hearing
impairment, whereas 20 children were integrated into typ-
ical schools with normal hearing peers. Nineteen were
native Swedish speakers, and the remaining four children
had other native languages and can be considered as multi-
lingual. Seventeen children had former and eight had
ongoing contact with a speech-language pathologist (SLP).
A note here is that SLP contact is mandatory in Sweden for
these children. Eleven children received special services at
school due to their hearing impairment. As seen, the sample
was heterogeneous. Written informed consent was obtained
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from the children’s legal guardians. The study was approved
by the Regional Ethics Committee in Lund, Sweden (appli-
cation 2014/408).

Overall procedures

This article presents the results of hearing-impaired child-
ren’s decision of semantic acceptability in sentences and
recall of words in a working memory task. The task was
performed while using their listening devices as they were
set at the clinic and are used during their school day. All
children were tested individually in a quiet room with two
tests in the same predetermined order: first executive func-
tion was assessed using Elithorn’s Mazes [28] and second
WMC was assessed with the CLPT [10]. The CLPT was
performed in three counterbalanced listening conditions:
(1) typical voice in quiet, (2) dysphonic voice in quiet, and
(3) typical voice in multi-talker babble noise. For the indi-
vidual child, the three listening conditions used different
sentences from the CLPT. In addition, the sentences were
counterbalanced among the children. This study is a part of
a larger project on listening comprehension, perceived lis-
tening effort and cognitive performance in children with a
hearing impairment and children with normal hearing.
Therefore, additional tests were made by the children that
are not reported on here, and the complete test session
lasted for approximately 70min.

Recording of the typical and dysphonic voices

Two recordings of the Swedish version of CLPT (7, Swedish
version, 27) were used. In the recordings, the same female
speaker (age 49 years old) once spoke with a typical voice
and once with a dysphonic voice. The recordings were
made at two different sessions in a sound-treated booth
[29]. To provoke the dysphonic voice, the speaker read
aloud while trying to make herself heard over a background
noise presented at 85 dB SPL (Leq) in quasi-free field [29].
The background noise consisted of the International Speech
Test Signal (ISTS; 30) that had been duplicated and time-
shifted eight times [31]. This procedure generated a non-
intelligible multi-talker babble noise that was presented
through a Fostex SPA 12 speaker (Fostex Corporation,
Tokyo, Japan). After reading aloud in this noise at approxi-
mately 90–95 dB SPL for 20min, the dysphonic voice was
recorded without rest or intake of fluid.

The typical and the dysphonic voices were recorded in
the following manner. The same multi-talker babble noise
(ISTS) was presented at 55 dB SPL (Leq). The speaker was
instructed to make herself heard over the noise during both
the typical and the dysphonic voice recordings. This resulted
in speech levels of approximately 60–65 dB SPL (measured
with a head-mounted microphone MKE 2, no 09_1,
Sennheiser, en-de.sennheiser.com/). The CLPT sentences
were recorded with a Lectret HE-747 microphone connected
to a Zoom H2 (Zoom Corporation, Tokyo, Japan).
A 44.1 kHz/16-bit sampling frequency was used. Sound pres-
entation levels were verified using a Br€uel and Kjaer

integrating-averaging sound level meter (type 2240) with an
integration time of 60 s. Using Adobe Audition (version 6;
Adobe Systems, San Jos�e, CA), the recordings of the CLPT
sentences were normalised to an equal average root-mean-
square dB after removing pauses and other silent sections.
After this normalisation procedure, the pauses and other
silent sections were re-added.

To assess the voice quality authenticity of the two
speaker recordings, three experienced SLPs were asked to
judge the recorded voice qualities. The analysis software
Visual sort and rate – Visor [32] was used, and the record-
ings were assessed for hyper-function, breathiness, rough-
ness, instability, and the grade of voice disorder. Together,
the SLPs listened to the speech signals through computer
loudspeakers at a comfortable listening level followed by a
consensus discussion. In their assessment, they rated each
parameter on an analogue scale ranging from 0 (no occur-
rence) to 10 (maximum occurrence), scores equal to or
higher than 4 were considered as pathological. The dys-
phonic voice was assessed 7/10 in hyper-function and the
typical 1/10. All the other parameters were assessed to 0/10
for both typical and dysphonic voice. In total, the dysphonic
voice was assessed 4/10 and the typical voice 0/10 in grade
of voice disorder after final judgements in consensus.

Recording of the multi-talker babble noise for the
Competing Language Processing Task

A multi-talker babble noise was recorded for the listening
condition with background noise present. The recording
and generation of this multi-talker babble noise are
described in detail by von Lochow et al. [33]. The multi-
talker babble noise consisted of recordings of four girls
(aged 9–11 years). The recordings were made individually in
a sound-treated booth [34]. Each girl was recorded while
reading aloud a separate chapter from an age-appropriate
book [35]. The recordings were made using a portable
microphone JTS (UT16HW) and a receiver JTS (US800ID)
connected to a Zoom H2 (Zoom Corporation, Tokyo,
Japan). A 44.1 kHz/16-bit sampling frequency was used.
The recordings were normalised to the same average root-
mean-square dB after removing all pauses and other silent
sections using Adobe Audition (version 6; Adobe Systems,
San Jos�e, CA). After this normalisation procedure, the
pauses and other silent sections were re-added.

Generation and presentation of the listening conditions

Three types of listening conditions were generated from
these recordings: the first listening condition consisted
of the recording of the typical voice presented in quiet.
The second listening condition consisted of the recording of
the dysphonic voice presented in quiet. The third listening
condition consisted of the recording of the typical voice
combined with the recorded multi-talker babble noise.
The level of the multi-talker babble noise was 10 dB lower
(i.e. þ10 dB signal-to-noise ratio) than the average root-
mean-square dB of the typical voice.
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The listening conditions were presented through a Bose
Companion 2 loudspeaker located at the level of the
listener’s head at 0-degree azimuth at a distance of approxi-
mately 1 meter. The speech signal presentation level was at
70 dB SPL at 1 meter. The presentation level was verified
using a Br€uel and Kjaer integrating-averaging sound level
meter (type 2240). The verification was made using a
1000Hz tone with an average root-mean-square (dB) equal
to the speech signals.

The Competing Language Processing Task (CLPT)

The CLPT is a dual task that assesses the ability to simul-
taneously process and store verbal information, i.e. a meas-
ure of the individual WMC [10]. A sentence-based task was
selected rather than a number-based task to achieve a more
real-life listening task. This choice was also based on the
previous extensive experience of testing children at our lab
with this task. In the CLPT, the primary task is to judge the
semantic acceptability of short sentences presented in
blocks. The CLPT consists of true and false statements such
as “Birds can fly” (true) or “Horses drive cars” (false). Thus,
the task is to decide whether a statement is true or false.
There are 63 statements in total, divided into 18 blocks.
Each block contains between one and six statements. After
the completion of a block, the secondary task is to recall the
last word for each sentence in any order (i.e. free recall).
Together, these two tasks constitute a measure of the indi-
vidual’s WMC [10,11]. The original CLPT consists of 12
blocks. In the present study, six additional blocks were cre-
ated and added to meet the requirements of the experimen-
tal design (each child had to complete the task in three
different listening conditions). Six blocks were presented
with the typical voice in quiet, six blocks with the dysphonic
voice in quiet, and six blocks with the typical voice in
multi-talker babble noise. In each listening condition, a list
consisted of six blocks. In each block, the number of state-
ments before the completion of the secondary task was
between 1 and 6. The three lists and the three listening con-
ditions were counterbalanced across the children using a
Latin squares design to remove any order and fatigue
effects. The new sentences were not tested to assess whether
they yielded similar true/false response rates. Because the
lists were counterbalanced across subjects, we expect that
this potential effect will be largely removed from the present
findings. Indeed, a repeated measures ANOVA showed no
main effect of list on children’s sentence processing per-
formance. A score of one [1] was awarded for correct judge-
ments of semantic acceptability. No direct control was made
regarding the difficulty level of the sentences used in the
three listening conditions. However, the counterbalancing of
the sentence presentation order among children should
account for any differences. A score of one [1] was awarded
each correctly recalled word. Hence, the maximum list score
for both semantic acceptability and recall was 21. Before the
actual testing, the children made two practice blocks with
the typical voice in quiet consisting of two statements each
to familiarise themselves with the task.

Elithorn’s mazes

The children’s higher-level executive function was assessed
with Elithorn’s mazes [28]. This test assesses the individual
ability to plan, organise, and process information in the vis-
ual modality. It was selected based on our previous experi-
ence testing higher-level executive function in children with
the present age range. It was also selected to have a complex
cognitive task that relies on all stipulated entities in the
unity/diversity framework and does not heavily rely on lan-
guage skills to relate performance on a sentence based task
(i.e. CLPT). The task is to find the way out of a printed
maze by connecting dots located within the maze using a
pen. The test is time-limited and the maximum allowed
time is 120 s. Seven mazes are presented one at a time. The
maze complexity increases every time a new maze is pre-
sented. If the child cannot complete the maze the first time,
a second trial is made. A score of four [4] is awarded for
each correctly completed maze. Shorter time to complete
each maze results in a time bonus awarded a score of 4 for
each maze. Hence, the maximum score for the complete test
is 56. Initially, two practice mazes were completed to allow
for familiarisation with the task.

Statistical analysis

All statistical analyses were performed using SPSS
(Statistical Package for the Social Sciences, IBM SPSS
Statistics 24, Armonk, NY). All p-values are evaluated at an
alpha-level of .05. Multiple tests were corrected using
Bonferroni correction. Parametric statistics were used
because the distribution in most variables did not differ sig-
nificantly from the normal distribution as assessed using
one-sample Kolgomorov-Smirnov tests. Pearson’s correlation
coefficients were used to assess relationships between varia-
bles. Two repeated measures analyses of variance
(RMANOVA) were used to assess the effect of listening
condition, one for semantic acceptability and one for recall
in the working memory task (CLPT).

Results

The results reported are semantic acceptability in the differ-
ent listening conditions, recall in the different listening con-
ditions, and executive function. First, Pearson’s correlation
coefficients were calculated between age and semantic
acceptability (judgements whether sentences are true or
false, i.e. sentence processing) in the different listening con-
ditions, recall (recall the last words in all sentences, i.e. the
combination of processing and storing of information—the
measure of WMC) in the different listening conditions, and
executive function. As no significant relationships were seen
between age and any other variable (r �± 0.363, p� .089),
age was excluded as a covariate in the following analy-
ses [36].

A first RMANOVA was conducted to test the effect of
listening condition (quiet/typical voice, quiet/dysphonic
voice, and multi-talker babble noise/typical voice) on
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judgements of semantic acceptability. Executive function
was added as a covariate. The mean and standard deviations
are shown in Figure 1. No significant effect was seen for lis-
tening condition (Wilk’s Lambda¼ 0.743, F[2,23]¼ 3.456,
p¼ .051, g2¼ 0.257). No interaction effect was seen. The
findings show that semantic acceptability was not signifi-
cantly affected by listening condition, and that performance
was not related to executive function.

A second RMANOVA was used to test the effect of lis-
tening condition (quiet/typical voice, quiet/dysphonic voice,
and multi-talker babble noise/typical voice) on recall, our
measure of WMC. Executive function was as before added
as a covariate. In addition, because the effect in the previous
RMANOVA was close to the selected alpha level (0.05),
semantic acceptability scores in the three listening condi-
tions were first summed and then added as a second covari-
ate to account for the potential influence of audibility on
recall. The mean and standard deviations are shown in
Figure 2. A significant effect was seen for listening condition
(Wilk’s Lambda¼ 0.629, F[2,23]¼ 5.594, p¼ .012,
g2¼ 0.371). No interaction effects were seen. The
Bonferroni corrected post-hoc analysis showed that recall
was significantly poorer for the listening condition with typ-
ical voice and multi-talker babble noise compared to both
the typical voice in quiet (p¼ .004) and the dysphonic voice
in quiet (p¼ .027). The listening conditions with the typical
voice in quiet and the dysphonic voice in quiet were not
significantly different (p¼ .908). This finding showed that
multi-talker babble noise reduced recall and that the recall
was most likely unaffected by audibility and execu-
tive function.

Discussion

The present study examined the influence of voice quality
and multi-talker babble noise on processing and storage per-
formance in a working memory task performed by children
with CI and/or HA. The findings show that the recall

component is affected by background noise but not by voice
quality. The findings also suggest that higher-level executive
functioning is not a mediating factor and that audibility
most likely have not influenced the results. We found no
relationship between age and any of the variables.

Initially, we hypothesised that both sentence processing
and recall (the measure of WMC) should be poorer when
listening to a dysphonic voice. The sentence processing
deterioration was mainly expected from the findings by
Br€annstr€om et al. [16], who used the same task and found
that performance on the sentence processing component
deteriorated slightly but significantly when listening to a
dysphonic voice in quiet compared to a typical voice in
quiet in children with normal hearing. The hypothesised
reduction of recall due to the dysphonic voice was based on
the assumption that higher activation of the processing
component would lessen capacity to store information for
later recall [9]. However, the present findings were in con-
trast to these hypotheses because the findings showed a
trend but no significant difference between performance lis-
tening to the typical voice in quiet and the dysphonic voice
in quiet in neither the sentence processing component nor
the recall component of the CLPT. Previous studies indicate
that the influence of a dysphonic voice quality on perform-
ance in different listening tasks is dependent on task level
difficulty [13–15]. Therefore, the present task may provide a
task level difficulty that makes it hard to discern any direct
effects of a dysphonic voice. It is also possible that the typ-
ical voice is already perceived as degraded in children with
CI and/or HA. The use of listening devices does not restore
hearing to normal. Listening devices may also induce their
own speech signal degradation due to signal processing and
frequency range. Therefore, the children may not have per-
ceived any differences among the two voice qualities.
Furthermore, it may be that the dysphonic voice did not
provide a sufficient signal degradation to be discerned by
children with CI and/or HA. The provoked dysphonic voice
may not have been sufficiently degraded and challenging

Figure 2. The mean and standard deviations in the three listening conditions
for the recall component, i.e. the measure of WMC (N¼ 23).

Figure 1. The mean and standard deviations in the three listening conditions
for the sentence processing component (N¼ 23).
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although it was assessed as a voice disorder grade 4 of 10 by
the SLPs. Future studies need to address these issues.

We also hypothesised that performance in both the sen-
tence processing component and the recall component, i.e.
the measure of individual WMC, should be poorer when
listening to a typical voice in multi-talker babble noise
compared to when listening to a typical voice in quiet. This
was based on previous findings showing that when listening
to speech in noise auditory processing needs to be sup-
ported by the individual’s WMC [17–20]. In particular,
Osman and Sullivan [20] showed that multi-talker babble
noise impaired working memory performance in the audi-
tory modality in poorer signal-to-noise ratios in children
with normal hearing. The present findings in children using
CI and/or HA lend support to these previous studies.
However, the present findings are in contrast to those of
Stiles et al. [27] who did not find that working memory
performance assessed as backward digit span decreased in
air conditioning noise. The differences in findings may
be due to the even more favourable signal-to-noise ratio in
that study (more than þ15 dB) than in the present
study (þ10 dB).

We found that multi-talker babble noise reduced working
memory performance directly and significantly in an online
task. This suggests that in a classroom situation with back-
ground noise generated by other children, these children
with CI and/or HA will have to allocate more WMC to
process the incoming signal leaving fewer resources to
understand and encode information into long-term repre-
sentations, which is the basis for learning. To listen, under-
stand and retain verbal information in the classroom is
central to learning. If this occurs in background noise, audi-
tory processing will affect working memory performance
[1–2]. This will, in turn, lead to fewer resources available to
understand and to retain this information. In addition, if
the listening becomes too effortful, it is possible that listener
motivation drops which in turn affects what is actually per-
ceived by the child [4]. Mainstreaming of children with a
hearing impairment into regular classes with peers with nor-
mal hearing is common. In Australia, about 83% of the chil-
dren with a hearing impairment are enrolled in mainstream
schools [37]. In Sweden today, the corresponding propor-
tion is about 85% of approximately 10,000 children with a
hearing impairment [Statens offentliga utredningar (SOU)]
[38]. Only between 10% and 15% of these enter higher edu-
cation. The corresponding number is about 45% for chil-
dren with normal hearing (http://www.hrf.se). The present
findings suggest that more cognitive resources seem to be
required for understanding and learning in children with a
hearing impairment. Hence, it is possible that the degraded
listening environment in schools today is contributing to
the low number of children with a hearing impairment seen
in higher education.

The present findings suggest that higher-level executive
function is not related to performance in the processing
component or the recall component. It is possible that the
sample size was too small to discern any relationship.
Br€annstr€om et al. [16] found a relationship between higher-

level executive function and the effect of the dysphonic
voice in the processing component for children with normal
hearing. It is probable that the lack of association has to do
with the fact that higher-level executive functioning is based
on the combined processing of three core executive func-
tions. The working memory component in the present
executive function task may have had less importance for
these children’s performance than inhibitory control and
cognitive flexibility. It is, therefore, possible that the sample
size was not sufficient to assess this potential relationship in
the present population. It could also be that online measures
cannot be compared with a measure of higher-level execu-
tive function assessed offline. Therefore, assessments of
WMC and high-level executive function when listening to a
dysphonic voice in quiet or a typical voice in noise may bet-
ter demonstrate this relationship. Future studies are, how-
ever, required.

Study limitations and future directions

In the present study, 23 children with a hearing impairment
were tested. The sample was relatively large in comparison
with previous Swedish studies [39] and shows similar het-
erogeneity in many aspects (e.g. age and listening devices).
Audibility is always an issue when testing children with a
hearing impairment with or without the use of listening
devices. We did not directly control for this in the present
study. However, because the sentence processing component
was not affected by listening condition, it suggests that audi-
bility was not driving the present findings. Furthermore, a
favourable signal-to-noise ratio of þ10 dB was used to min-
imise the risk of spectral overlap between the speech signal
and the multi-talker babble noise. It is still possible that
some amount of overlap occurred. We recognise that there
are several additional factors that we failed to control for in
this study. It is possible that the time of the hearing
impairment onset, identification, and fitting of listening
devices along with the type of listening devices, their fit-
ting accuracy, and noise reduction algorithms have influ-
enced the present findings. To reduce the potential
influences of these factors, a within-subject design was
used where each child is compared with him-/herself.
In addition, we argue that the present findings provide an
insight into how actual performance is for these children
irrespective of listening devices and signal processing.
Thus, this present data show how these children actually
perform with degraded signals on these types of tasks with
their different listening devices. However, future studies
need to directly collect and control for these factors’ influ-
ence on the studied parameters.

Conclusions

Multi-talker babble noise at a favourableþ10 dB signal-to-
noise ratio but not a dysphonic voice quality in quiet seems
to hamper performance on a working memory task in chil-
dren using CI and/or HA.
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