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Abstract

Purpose: Speech perception in noise is an everyday occurrence for adults and children alike.
The factors that influence how well individuals cope with noise during spoken communication
are not well understood, particularly in the case of children. This article aims to review the
available evidence on how working memory and attention play a role in children’s speech
perception in noise, how characteristics of measures affect results, and how this relationship
differs in non-typical populations.

Method: This article is a scoping review of the literature available on PubMed. Forty articles
were included for meeting the inclusion criteria of including children as participants, some
measure of speech perception in noise, some measure of attention and/or working memory, and
some attempt to establish relationships between the measures. Findings were charted and
presented keeping in mind how they relate to the research questions.

Results: The majority of studies report that attention and especially working memory are
involved in speech perception in noise by children. We provide an overview of the impact of
certain task characteristics on findings across the literature, as well as how these affect non-
typical populations.

Conclusion: While most of the work reviewed here provides evidence suggesting that working
memory and attention are important abilities employed by children in overcoming the
difficulties imposed by noise during spoken communication, methodological variability still
prevents a clearer picture from emerging.

Keywords: speech in noise, speech perception, working memory, attention, children, scoping

review
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Introduction

Understanding speech in the presence of background noise or other speakers is a common
occurrence in daily life. Commonly dubbed the “cocktail-party effect” (Cherry, 1953; Meister
et al., 2013), the difficulties posed by having to focus on one speaker while filtering out other
sound sources is ubiquitous, and the ability to overcome it is paramount to effective everyday
communication. Similarly, children occupy — and acquire spoken language in — noisy or
otherwise acoustically suboptimal environments such as classrooms and playgrounds. Thus, the
ability to segregate sound streams is exercised from a young age.

A substantial amount of research has been done on the ability of children with typical hearing
to understand speech in noise, but there is surprisingly little consensus on what factors influence
speech perception measures. Many authors have pointed specifically to working memory (WM)
and attention as key abilities involved in this process (Dillon & Cameron, 2021; Lewis et al.,
2014; Magimairaj & Nagaraj, 2018; Soderlund & Jobs, 2016; Thompson et al., 2019), but
evidence supporting these claims is mixed.

Understanding the way cognition is involved in this everyday ability as performed by children
is fundamental to understanding how it develops in typical populations. Additionally, it allows
us an insight into the difficulties faced by children in schools, especially children who are deaf
or hard of hearing. It is a well-documented fact that noisy environments pose a particular
challenge to individuals with hearing loss, including children, even when assistive hearing
technology is employed (Busch et al., 2017; Crandell & Smaldino, 2000). Similarly, the way
cognition and hearing interact in these situations is likely to be of interest to understanding the
learning trajectories and difficulties facing children with attention and learning disorders, such
as attention deficit/hyperactivity disorder and specific language impairment, among others. Due
to the complex nature of the relationships between working memory, attention, and speech

understanding in noise, studies shedding light on these interactions have come from a variety
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of different perspectives. Thus, a wide range of tasks, speech materials, maskers, and WM and
attention measures are found throughout the literature, as well as different signal-to-noise ratios
and modes of presentation, making direct comparisons and specific predictions challenging.
Therefore, the need has arisen for a broad review of the published literature on the relationship
between working memory, attention, and speech perception in noise abilities in children. In the
following paragraphs, we present a brief overview of speech perception in noise, working
memory, and attention, as well as their potential interactions. Afterward, we present our
methodology for conducting this review.

Speech Perception in Noise (SPIN)

Within the context of this article, the term SPIN refers to any instance where an individual is
required to perceive speech that is suffering environmental or transmission degradation (Mattys
et al., 2012). Following Mattys et al. (2012)’s classification, environmental (or transmission)
degradation occurs when the target signal is degraded either by the presence of concurrent
signals or by changes to the target signal itself. One example of the former includes steady-state
noise such as air conditioning or computer noise, as well as variable noise, such as traffic or
construction noise, which cause energetic masking; another is non-target speech, which
additionally might cause informational masking, where semantic content of the distractor
interferes in the decoding of the target speech signal. On the other hand, the amplitude
fluctuations present in non-steady noises and speech distractors can aid speech perception by
allowing listeners to occasionally “glimpse” the target signal through the noise (Cooke, 2006).
Nevertheless, and relevant to the purposes of the present investigation, degradation with
energetic masking requires the listener to form separate representations of target and non-target
signals and to selective attend to one over the other (Darwin, 2008; Shinn-Cunningham & Best,

2008), highlighting the importance of attention to overcome this type of degradation.
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The other type of environmental degradation occurs without energetic masking by a separate
stream, but rather when degradation is imposed on the target signal itself. An example is
telephone and modern digital communication, which frequently filter, compress, and/or
introduce temporal discontinuities to the signal for efficiency of transmission, often in ways
that are detrimental to the listener’s ability to perceive it. Researchers have used noise-vocoded
speech and sine-wave speech as forms of degraded speech signals which, unlike degradation
with energetic masking, do not require stream segregation or selective attention (Grieco-Calub
et al., 2017; Mattys et al., 2012; Nittrouer et al., 2015). Signal degradation caused by hearing
impairment and/or assistive hearing technologies such as hearing aids or cochlear implants can
also be thought of in terms of this type of degradation. Though degradation with and without
energetic masking differ in attentional demands required to overcome them, the demands the
two types of degradation impose on working memory can be argued to be similar (Mattys et
al., 2012; Ronnberg et al., 2013). In the context of this review, we will be discussing the role of
WM in SPIN as it was proposed by the Ease of Language Understanding (ELU) model
(Ro6nnberg et al., 2008, 2013), which posits that, in adverse conditions, working memory is key
to resolving ambiguities and mismatches that arise as a result of signal degradation.

Working Memory (WM)

Different models of working memory have been proposed in the literature, but relevant to our
purposes, working memory is conceptualized as a limited capacity system which allows
individuals to store and manipulate information for a short period of time. The manipulation
component is key to differentiating WM from short-term memory (Baddeley & Hitch, 1974;
Baddeley, 2012). Most models incorporate attention as one of its central components (Baddeley
& Hitch, 1974; Cowan, 1999; Engle, 2002), underscoring how these two constructs are
interconnected. According to the ELU model mentioned above, working memory would be

involved in speech understanding in noise or otherwise adverse conditions when rapid,
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automatic matches to lexical or phonological representations stored in long-term memory fail.
In these circumstances, individuals would need to store mismatched phonological and semantic
material and integrate it further input until such mismatches are resolved, a process which taxes
working memory capacity. Thus, individuals with higher working memory capacity are
predicted to have higher performance in this process, ultimately attaining better understanding
of speech in adverse conditions. This model has strong empirical support from studies with
adults, but little work has been done with children (Holmer et al., 2016; McCreery et al., 2019).
Attention

In the context of this review, attention is defined as the ability to select one perceptual item
among others for further processing. Many of the theoretical models proposed agree that
attention is as an integral part of working memory, as attention allows the individual to select
which stimuli are allowed entry into working memory, to prevent it from becoming overloaded
(Broadbent, 1958; Klemen et al., 2009; Lavie & Tsal, 1994; Pashler, 1998; Sorqvist et al.,
2012). The ELU model above also predicts that WM capacity modulates early attentional
mechanisms, with higher WM capacity leading to faster access to long-term memory
representations.

Selectively attending to one source while inhibiting others requires that the individual form a
“perceptual object,” distinguishing it from others in the same scene based on some characteristic
(Shinn-Cunningham & Best, 2008). In the context of auditory attention, features such as
frequency, amplitude, timbre, and direction of the source can aid in object formation. For speech
stimuli, factors such as phonology, vocabulary, and grammar can further improve this process,
thus involving language abilities in the process, which might also be impaired or still in
development in the case of children with and without different impairments. The presence of
noise thus interferes with the ability to perceive the characteristics that might be helpful in

segregating one object from the others. Additionally, when target and distractors share similar
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characteristics, such as being produced by speakers of similar voices, finding unique features
to form and distinguish each object might be more difficult. As before, this problem is
exacerbated by the inherent degradation of signals as perceived by individuals with hearing
impairment.

In sum, working memory and attention — as well as connections between the two — have long
and reasonably been argued to play rather central roles in the process of speech understanding
in noise (Caplan & Waters, 1999; Klemen et al., 2009), alongside audiological factors such as
noise and hearing, and linguistic knowledge (Nittrouer & Boothroyd, 1990). How these effects
develop and manifest in children has been the subject of much research, an overview of which
we aim to present below, in an effort to summarize the main findings and trends of this body of
work, as well as identify limitations and future directions.

Methods

The goal of the present article is to review the existing literature on the relationship between
working memory, attention, and performance in speech in noise tasks by children. Specifically,
we approached this literature with the following questions in mind: (1) How do working
memory and/or attention abilities affect speech-in-noise understanding by children? (2) How
are the findings in the literature related to the types of measures and characteristics of each
study? (3) How do these relationships differ between typically and non-typically developing
populations?

To provide an overview of this heterogenous body of work, a scoping review was chosen as a
method for this investigation, as it allows us to summarize the main findings of the research on
the topic at hand without the need for standardization of methods of the studies reviewed
(Tricco et al., 2018). To that end, we followed the protocol outlined in the PRISMA extension

for Scoping Reviews (Tricco et al., 2018), whose checklist guides the reporting below.
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First, a search was conducted on the PubMed, APA PsycNet, ERIC and JSTOR databases using
the string “(child*) AND speech AND (understanding OR comprehension OR recognition OR
perception) AND noise AND (attention OR working memory OR executive function OR
cognitive control)” and results were limited to studies published before February 2022. The
search strategy was a result of discussion between all authors.

The inclusion criteria used to determine whether a study would be included in the review were
as follows: (1) the study had to be performed on participants that included children (i.e., under
18 years of age); (2) the study had to report on at least one measure of speech perception in
noise (as defined in the previous section); (3) the study had to report on at least one measure of
either working memory or attention; (4) the study had to report some attempt to establish a
relationship between WM and/or attention and SPIN measures, e.g., correlations between
measures or differences between single- and dual-task conditions. Of the 340 results obtained
from the search described above, 232 were excluded after title and abstract screening for failing
to meet these criteria (8 being duplicates, 15 being conference proceedings, theoretical papers,
or reviews; 32 not being about hearing; 24 failing criterion 1, that is, not including children; 13
not including SPIN measures; 132 not including cognitive measures of interest; and 8 not
attempting to relate cognition and SPIN). Full-text analyses of the remaining 108 articles
excluded another 71 articles (18 for not including a relevant SPIN measure; 38 for not including
a relevant cognitive measure; and 15 for not attempting to relate cognition and SPIN). An
additional three articles were found within references of the original group of studies, leading
to a total of 40 studies being included in this review. This screening process was conducted by
the first author only. This process is illustrated in Figure 1 below.

Then, the selected studies were categorized according to variables pertaining to each research
question. For question number 1, the category was which cognitive construct was being

investigated (working memory, attention, or both); for question number 2, the measures used
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for working memory and/or attention, as well as important details in the SPIN procedure, such
as type of procedure, materials, type of noise, signal-to-noise ratios (SNRs), and modes of
presentation; and for question number 3, the classification of its population (i.e., typically
developing, hearing loss, auditory processing disorder, etc.) This summary, along with extra
information, is presented in Table 1. In the final selection, studies between 2000 and 2021 were
included.

Figure 1. Search strategy.
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Of the 40 papers included in this review, 12 reported on working memory alone, 14 reported
on attention alone, and 14 studies reported on both, highlighting the interrelationship between
the two. Nineteen reported only studies conducted on typically developing populations, seven
reported only on non-typical populations, and 13 on a mix of the two. Below are summaries of

the main findings of this literature, grouped into sections guided by our research questions.
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Results

This section is organized as follows: first, we will present findings from studies that investigated
the relationship between WM and SPIN in children, and then those that investigated attention
and SPIN. Within each section, we examine the patterns of results from common measures for
the respective cognitive ability on both typically developing and then on non-typically
developing participants, followed by the same examination for different characteristics of SPIN
tasks. A summary of standardized measures cited is presented in Table 2, while non-
standardized tasks are described when necessary.

Working Memory

WM Measures

Backwards Digit Span

Though a number of different tasks were used to assess WM capacity in children across the 26
studies reviewed in this section, the backward digit span (BDS), appeared as the most
commonly used WM measure, being present in 16 (61.5%) studies. Despite its many
implementations, the basic form of this task requires participants to repeat verbally or enter on
a keypad the numbers presented in reverse order of presentation. The length of the list of
numbers to be repeated increases until the participant fails to correctly repeat the numbers in
reverse order, with the last successful length being taken as the span. As mentioned previously,
this requires participants to hold the numbers in memory and manipulate them to present them
in reverse order, thus being a measure of working memory. In many cases, it is combined into
a single measure with forward digit span (FDS) or other WM measures, while in others, separate
correlations are reported. One study, by MacCutcheon et al. (2019), used only the BDS (from
the CELF-4; Semel et al., 2003) to assess WM in 39 typically hearing children aged 4-11 and
found that it correlated with performance on an adapted version of the Children’s Coordinate

Response Measure (CCRM; Vickers et al., 2016). Participants with higher WM scores were
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found to have lower (better) speech reception thresholds (SRTs) than those with lower WM.
Additionally, those with lower WM benefitted less from spatial separation between target and
masker. Similarly, Sullivan et al. (2015) used the backwards digit recall subtest from the
Working Memory Test Battery for Children (Pickering & Gathercole, 2001), in addition to the
listening recall subtest to assess WM. SPIN performance was measured using a speech
comprehension task where participants were asked questions about the content of the sentences
heard (adapted from the Listening Comprehension Test 2; Bowers et al., 2006). Sullivan and
colleagues found a strong positive correlation between an averaged total WM score, taking both
measures into account, and SPIN when speech was presented in noise.

Hsu et al. (2020) used both forward and backward digit span measures and found that the
backwards, but not forward scores (from the CELF-4 Dutch version; Kort et al., 2010)
correlated with response times on a noun categorization task in speech-weighted noise, as
performed by children and teenagers aged 6-18 with typical hearing, consistent with the
distinction between STM and WM cited previously, as well as with the prediction by the ELU
model that WM is involved in SPIN.

Some studies using this measure present less clear patterns. Mealings et al. (2020) found that a
similar task, Number Memory Reversed, and not Number Memory Forward from the Test of
Auditory Processing Skills — Third Edition (TAPS-3; Martin & Brownell, 2005), correlated
with performance on some conditions of the Listening in Spatialized Noise — Sentences (LiSN-
S; Cameron & Dillon, 2008) SPIN test. However, these correlations disappeared after
correction for multiple correlations. Nevertheless, the authors argue that it is unlikely that the
initial correlation found was due to chance, and so maintain that such a relationship exists
between SPIN and WM scores. In the same vein, Lewis et al. (2014) used the Wechsler
Intelligence Scale for Children (WISC; Wechsler, 1991) implementation of the forward and

backward digit span tasks, and found that an aggregate score did not correlate with performance
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on a complex SPIN test wherein children had to follow instructions presented by video in the
presence of noise or noise and reverberation. The authors argue, however, that it is unlikely that
WM was not required to complete the task, due to its complexity, and suggested that the
measure of WM used may have not been sensitive to differences in the sample studied.

Other WM measures

A number of other WM measures were common throughout the literature. The Odd One Out
(O00) subtest from the Automated Working Memory Assessment (AWMA; Alloway, 2007),
considered an index of visual working memory capacity (McCreery et al., 2017; Nadler &
Archibald, 2014), also appeared in a few studies included in this review. In a series of studies,
McCreery and colleagues (McCreery et al. 2017; 2019; 2020) found that the OOO correlated
positively with scores on different SPIN tests.

Other common measures present a more mixed pattern of findings. One such test, Listening
Recall, appears in four studies in slightly different implementations, three of which find
correlations with SPIN measures (McCreery et al., 2020; Sullivan et al., 2015; von Lochow et
al, 2018) while one does not (Walker et al., 2019). Another one is the Auditory Working
Memory subtest from the Woodcock-Johnson 111 Test of Cognitive Abilities (WJIII; Woodcock
et al., 2007), which appears in five studies, three of which (Nagaraj et al., 2020; Strait et al.,
2012; Thompson et al., 2019) find a positive correlation with SPIN scores. Strait et al. (2012)
also employed a visual working memory measure from the Colorado Assessment Test (Davis
& Keller, 2002). In this task, participants monitored a number of squares presented visually on
screen while they changed color and were then requested to click the squares in the same or
reverse order in which they changed color. Both forwards and backwards spans were measured,
but only the backwards span was taken as a measure of visual working memory due to the
manipulation requirement. This measure also failed to reveal any correlation with either of the

two SPIN measures used in this study.
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WM Measures and Non-typically developing groups

Of the six WM studies with children diagnosed with or suspected of having auditory processing
disorder (APD), four used some form of the BDS as a measure, with a consistent pattern of
findings. For example, Tomlin et al. (2015) used an aggregate score of both FDS and BDS
(from the CELF-4), and found a moderate correlation with performance on the low-cue (i.e.,
more difficult) conditions of the LiSN-S SPIN task. Interestingly, when reported separately,
FDS revealed a slightly stronger correlation with these scores than BDS.

These results support earlier findings by Moore et al. (2010), who similarly used an aggregate
score of both forward and backward digit span tasks (from the WISC) in a large-scale study of
1469 children from the general population aged 6-12. The authors used a large sample of
children without screening for APD based on the high likelihood that such a large sample would
include some children who might qualify for a diagnosis. Taken as a whole, this population
revealed a weak but significant correlation between WM scores and performance on a series of
auditory processing tests, including a task where participants were required to repeat a vowel-
consonant-vowel (VCV) nonword in speech-weighted noise. Since the authors’ goal was to find
evidence for a sensory processing deficit account of APD, we include these results in this
section. Similarly, Kumar et al. (2021) tested 20 children with APD (i.e., scoring 2 standard
deviations (SD) below the age mean in two tests or 3 SD in any one test in a battery of APD
tests) aged 9-10 on a SPIN test as well as on forward, backward, ascending, and descending
digit spans. Though uncommon, the latter two measures are also likely to reflect WM capacity,
since they, like the BDS, require processing of information stored in memory. Half the
participants then underwent SPIN training for 2-3 weeks. This training consisted of performing
a closed-set one- or three-syllable word identification task presented in speech-shaped or 4-
talker babble noise in varying SNRs ranging from 20 to -4 dB SNR. Training sessions lasted

30 minutes and were given 3-4 times a week. Though WM and SPIN did not correlate before



291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

training, post-training tests revealed significant SPIN improvements only for the group that
underwent training, as well as significant improvements in all three working memory tasks
(backward, ascending, and descending digit spans, but not forward digit spans). A correlation
between WM and SPIN after training was not reported for either group.

Studies with children who are deaf or hard of hearing have also used the BDS as an index of
WM capacity, but findings have not been as consistent as in studies with children with APD.
Of the four such studies included in the review, two found a positive correlation, while two did
not. For example, Javanbakht et al. (2021) tested children who wore bilateral hearing aids using
the FDS, BDS as well as a nonword repetition task as measures of working memory, and found
that all three individually correlated positively with scores on a Persian version of the BKB-
SIN test (Bench et al., 1979; Etymotic Research, 2005; Moossavi et al., 2017). Likewise, Percy-
Smith et al. (2020) also investigated children who wore hearing aids and children with cochlear
implants (Cis) aged 4 to 10 years old. Both groups of children showed a significant and
moderately strong correlation between scores on a novel SPIN test and a WM aggregate score
based on forward digit span, backward digit span, and one Familiar Sequences test of the CELF-
4,

On the other hand, Walker et al. (2019) used the BDS combined with two tasks from the
AWMA (Odd One Out and Listening Recall) in a longitudinal study of 199 children with mild
to severe hearing loss and 99 children with typical hearing. They found no correlation between
an aggregate WM measure and the SPIN task used, the BKB-SIN for the children who were
hard of hearing. Correlations for the children with typical hearing were not reported. Tao et al.
(2014) also found no correlation between either forward or backward digit spans and
performance by CI users on a SPIN test.

Two other studies included in this review deal with children suspected of belonging to a clinical

group. In astudy on children with ADHD and typically developing controls aged 9 and 10 years
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old, Soderlund & Jobs (2016) used both FDS and BDS as measures of WM, but did not report
direct correlations between these scores and scores on their SPIN task. The authors do note that
the ADHD group differed significantly from the control group in WM scores but not SPIN ones.
Lastly, Mealings and Cameron (2019) reported that children with reading difficulties, as
reported by their teachers but having no formal diagnosis, showed no significant correlations
between the TAPS implementation of the BDS (Numbers Memory Reversed) and their SPIN
measure — the high-cue condition of the LiSN-S.

All in all, the BDS, even when combined with other measures, emerged as a common measure
for examining WM capacity as it relates to SPIN performance in both children with typical
development as well as those belonging to various non-typical groups. However, it must be
noted that studies differ in a number of other ways which might explain differences in results,
some of which will be discussed below.

SPIN measures

In contrast to WM measures, a greater variety of SPIN measures are found in the literature, with
many authors designing their own SPIN tasks instead of using standardized solutions. Thus, we
are grouping studies by types of task and materials presented as speech and distractors in SPIN
measures, as we found these factors greatly impact the WM demands these tasks place on
children.

The most common task is asking the participant to repeat a speech stimulus presented,
appearing in 20 studies. In most cases, the stimuli used in these tasks are meaningful sentences,
but in some cases, isolated words or numbers are used, as well as meaningless strings of words
and even nonwords, to mostly positive results. For instance, McCreery et al. (2017) used three
types of stimuli in a SPIN task: monosyllabic words, syntactically correct sentences with no
semantic meaning, and sequences of words with no syntax or semantics. They found that

children’s (aged 5-12) performance on all three types of stimuli correlated positively with WM
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measures. Conversely, Magimairaj et al. (2018) did not find such a correlation when SPIN
performance was assessed using the meaningful BKB sentences. The authors hypothesized that
the lack of semantics or syntax in McCreery et al. (2017)’s stimuli caused the engagement of
working memory, whereas the relatively more predictable BKB sentences did not. In a
subsequent study, McCreery et al. (2020) used the same BKB materials (with a different
procedure) with 30 children aged 5-6 and 30 aged 9-10, and again found a correlation with WM
scores, but only in the more difficult noise conditions, leading the authors to argue that the
relationship between SPIN and WM only becomes apparent in more challenging circumstances.
Consistent with this hypothesis, Thompson et al. (2019) found that one of their WM measures
(auditory working memory from the WJIII) correlated with SPIN performance on the Hearing
in Noise Test (HINT, Bio-logic Systems Corp.; Nilsson et al., 1994; Soli & Wong, 2008) only
in the condition in which noise was collocated with the target speech stimulus, a presumably
more difficult condition. Similarly, only the HINT and not the Words in Noise (WIN) test were
correlated with auditory working memory in Strait et al.’s (2012) study, consistent with the
authors’ prediction that the WIN reflected a more purely perceptual process and thus relied less
on WM than the sentences of HINT.

A few studies used speech comprehension measures to assess SPIN, such as following
instructions presented verbally (Lewis et al., 2014; MacCutcheon et al., 2019), answering
questions about a passage (Sullivan et al., 2015; von Lochow et al., 2018) or categorizing nouns
(Hsu et al., 2020). One might argue that this ability requires more higher level processing than
simple “perception.” Consistent with the hypothesis that more challenging tasks require more
engagement of working memory, all but one such studies found positive correlations with
different WM measures.

Noise types
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Another significant factor which emerged from the analysis of the literature is the type of noise
used. As discussed in the Introduction, different types of noise or degradation cause different
effects in speech understanding (Francart et al., 2011; Mattys et al., 2012). The studies cited
here can be grouped broadly into two categories: those using speech-weighted noise or
otherwise steady-state noise (13 studies, 50%), and those using irrelevant speech as noise (18,
69%). Naturally, some compare the two in different conditions and some still use reverb in
combination with another form of noise.

Despite being arguably easier than speech distractors, the vast majority of studies using steady-
state noises reported positive correlations between their SPIN and WM measures (but see
Soderlund & Jobs, 2016; Tao et al., 2014). Results from studies using speech distractors show
more mixed results. While the aforementioned study by Sullivan et al. (2015) found that WM
capacity is related to SPIN performance using a “multiclassroom” noise, Lewis et al. (2014)’s
study, which used a multi-talker babble noise consisting of recordings of 20 people speaking
simultaneously, did not. Another previously discussed study, by Magimairaj et al. (2018), found
no correlation between SPIN and WM using the BKB-SIN test which uses a 4-talker babble
noise. On the other hand, Nagaraj et al. (2020) found a positive correlation using a dichotic
digit test in noise as a SPIN measure, in which noise was a conversation between two adults
and three children. It can be argued that such a distractor requires a lot more cognitive effort
since is almost certainly caused informational as well as energetic masking, which is highly
effective in children (Wightman et al., 2006). Combined with the fact that the target stimuli
were isolated digits and therefore not particularly meaningful, this might explain the positive
results found here.

McCreery et al. (2020) compared speech-weighted noise and a two-talker babble noise and
found that only the babble noise yielded a significant correlation with WM, a finding partially

supported by MacCutcheon et al. (2019), who found that children in general had worse (higher)
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SRTs when the masker was a single talker than when it was speech-shaped noise. The effect of
WM on SRTs in each noise type was not reported.

SPIN and WM in Non-typically developing groups

All studies with participants belonging or suspected of belonging to non-typically developing
groups in our review used repetition tasks as a measure of SPIN. For example, Petley et al.
(2021) typically developing children and children with listening difficulties using the LiSN-S
as a SPIN measure, whose Low and High Cue scores the authors reported correlated strongly
with their WM measure (the List Sorting Working Memory Test of the NIH Toolbox Cognition
Battery; Weintraub et al., 2013). While children with listening difficulties performed more
poorly overall in many, but not all, measures of SPIN and WM, separate correlations between
SPIN and WM scores for each group were not reported. The LiSN-S, also used by Tomlin et
al. (2015) to measure SPIN performance in children with APD, and by Mealings and Cameron
(2019) in children with reading difficulties, uses a two-talker noise in a variety of conditions.
Two other publications used repetition of nonwords in speech-weighted noise as a measure of
SPIN in studies into the factors related to APD (Ahmmed et al., 2014; Moore et al. 2010) and
both found that this measure is positively correlated with same WM measure (an aggregate
score of FDS and BDS from the WISC).

In addition to the aforementioned findings by McCreery et al. (2019) on children with hearing
loss, a study by Klein et al. (2017) presented participants with hearing loss as well as controls
with typical hearing with a series of single words in speech-weighted noise. Words varied in
age of acquisition, frequency, and, in the case of nonwords, high or low phonotactic probability.
WM measures correlated significantly with some of the more challenging SPIN measures (late
acquired, low frequency words, nonwords with high phonotactic probability).

In general, it is clear that many factors affect findings presented in papers, and, presumably,

children’s engagement of WM when perceiving (or comprehending) speech in noise. One
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consistent finding is that more challenging circumstances are more likely to recruit WM. Other
factors could also be argued to play a role, such as SNRs or age of participants, but which for
the sake of brevity could not be included in the summary above. None of the measures used
were shown to be wholly ineffective at revealing the relationships we are examining, though
some appear to be more sensitive than others, particularly when taking the non-typically
developing groups into account. We now turn our attention to the literature investigating the
impact of attention on SPIN in children.

[Table 2]

Attention

Attention measures

In total, twenty-eight papers were included which reported on the relationship between attention
and SPIN performance in children. Most studies in this section (18 of 28; just over 64%), like
those cited in the WM literature, use different standardized tests and attempt to find correlations
between their scores and scores on SPIN tasks. Others, however, assess attention by comparing
different conditions with presumably different attentional demands.

Correlation studies

Many different tests are used to look for correlations between attention measures and SPIN
scores, with no clear pattern emerging. For example, McCreery et al. (2020) used both the
Flanker test as well as the Dimensional Change Card Sort, two visual attention tasks from the
NIH Toolbox and found that only the Flanker correlated with SPIN scores in three different
noise types. In contrast, Grieco-Calub et al. (2017) found no correlation using the same
implementation of Flanker test on their task and scores on a SPIN task which used the same
materials (BKB sentences) as McCreery et al. (2020)’s study. One key difference is that Grieco-
Calub and colleagues used noise-vocoded speech instead of noise as speech degradation.

However, two other studies used noise-vocoded speech in combination with other attention
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tests found positive correlations (Huyck, 2018; Roman et al., 2017). One such study, Huyck
(2018), wused the Rapid Visual Information Processing test from the Cambridge
Neuropsychological Test Automated Battery (CANTAB) eclipse-6 (CANTAB eclipse, 2013)
to assess attention capabilities and found it emerged as a major factor explaining individual
variability in SPIN performance.

Similarly, a study by Thompson et al. (2017) tested children aged 3-5 on a SPIN task where
children were required to choose the picture corresponding to the target stimuli and assessed
attention using the Leiter-R (Roid & Miller, 1997) subtest of sustained attention. Though direct
correlations were not reported, the improvement with age in both SPIN and attention scores
correlated with one another. In contrast, another study by Thompson and colleagues did not
find a correlation between scores obtained by children aged 4-7 on a SPIN task which used the
BKB sentences and attention, assessed using the same Leiter-R subtest (Thompson et al., 2019).
Strait et al. (2012) also reported no correlation between performance by children aged 7-13 with
or without musical training on either SPIN measure (HINT and WIN) and either visual or
auditory attention as measured by the IVA-CPT, a task in which participants are asked to click
a mouse when they see or hear one digit but not the other.

This finding is similar to that reported by Newton & Ridgway (2015) who found that the
performance of children aged 6-7 on a SPIN task using the BKB sentences in familiar and novel
accents did not correlate with attention scores measured by two subtests of the Test of Everyday
Attention for Children (TEA-Ch, Manly et al., 2001), leading the authors to suggest that the
relationship between attention and overcoming the difficulties imposed by noise and/or novel
accents is not yet fully developed at this age.

Differences in performance across conditions

Studies that have assessed attention abilities by comparing performance on two conditions have

more consistently found effects of attention on SPIN in children. Lewis et al. (2014), for
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example, compared performance on their single-talker condition with performance on their
multi-talker condition, where additional speakers distracted participants from paying attention
to the target speaker whose instructions they were required to follow. The authors found that
the presence of additional distractors worsened performance on the main task. These findings
support earlier findings by Howard et al. (2010), who found that adding a secondary task
(holding series of digits in memory for later recall) worsened performance on a word repetition
task relative to baseline, especially in the less favorable SNRs. Similarly, Kane et al. (2021)
reported worse performance by children in a SPIN task in a condition when stimulus direction
was uncertain compared to when a pretrial cue indicated from which of the 18 speakers the
target stimulus would come from. In the absence of such a cue, participants had to monitor all
locations to identify the target voice and then switch their attention accordingly.

One surprising finding is reported by Choi et al. (2008), who tested children aged 7-14 on a
SPIN task in two conditions. In a single-task condition, participants performed this task with
two lists of 25 words. In a dual-task condition, participants performed a digit recall task where
they saw digits appear on screen for a few seconds and were asked to remember them to be
recalled later. Then, they performed 5 trials of the SPIN task and subsequently recalled the 5
digits in order. Half the children were instructed to give priority to one task while the other half
was told to prioritize the other. Interestingly, both groups showed improved performance on the
SPIN task in the dual-task condition relative to single-task. Performance on the secondary task,
however, decreased relative to baseline. This led the authors to argue that attentional control is
still not developed in this age range, who always prioritized SPIN over the secondary task,
irrespective of instructions. Also surprisingly, Nagaraj et al. (2020) found that children aged 7-
12 with higher WM capacity were more likely to make intrusion errors in a dichotic digits test

which required children to repeat digits present on one ear while ignoring those in the other.
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Though overall performance in this measure improved as WM improved, the proportion of
intrusion errors (reported as a measure of attention) also increased.

Attention Measures and Non-typically developing groups

Studies on non-typical populations have also attempted both ways of relating attention and
SPIN, test score correlations and comparing conditions. As previously mentioned, studies
investigating factors related to APD have grouped working memory and attention as a major
contributor to the difficulties faced by children with APD (Ahmmed et al., 2014; Moore et al.,
2010). More indirect evidence of this relationship is provided by Petley et al. (2021) who
investigated children with APD (here termed listening difficulties; Dillon & Cameron, 2021)
and typically developing children aged 6-13. The Flanker and DCCS tests from the NIH
Toolbox were used and SPIN was measured with the LiSN-S sentences and select subtests of
the SCAN-3:C battery (Keith, 1994a). The two groups of children were compared on these
measures, and the APD group performed consistently worse on all of these measures.
However, the hallmark symptom of APD, difficulty processing sound or speech, frequently
appears in children with other diagnoses as well, such as developmental dyslexia, specific
language impairment, and attention deficit-hyperactivity disorder (ADHD), making differential
diagnosis difficult (Dillon & Cameron, 2021; Ferguson et al., 2011; Ziegler et al., 2009, 2011).
Thus, Magimairaj and colleagues included children with a range of diagnostic labels, but whose
parents all reported some form of listening difficulty (Magimairaj et al., 2020). Twenty-six
children aged 7-11 and age-matched controls on a dichotic digits test and an attention switching
task, wherein children had to judge if a square presented on screen was big or small and press
the corresponding button on screen. They were also required to keep track by counting aloud
how many squares of each size they had seen and report the totals at the end. The groups differed
in SPIN scores as measured by the BKB-SIN but not attention scores as measured by these two

attention tasks. Similarly, both Riccio et al. (2005) and Tillery et al. (2000) investigated this
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relationship by testing groups of children with diagnoses of APD and with ADHD. Riccio et al.
(2005) used the Auditory Figure Ground and Filtered Words subtests from the SCAN as a
measure of SPIN, and the Test of Variables of Attention (TOVA; Greenberg & Crosbhy, 1992)
as a measure of attention. The TOVA provides a number of measures that represent different
aspect of attention: commission errors, omission errors, response time, and variability across
the experiment. Thirty-six children aged 4-11, some of which had APD only, some had ADHD
only, and some had both, completed the tasks. None of these measures correlated significantly
with either SCAN subtest score. Tillery et al. (2000) tested children 32 diagnosed with both
APD and ADHD. Scores on two SPIN measures and one measure of attention — the Auditory
Continuous Performance Test (ACPT,; Keith, 1994b) — were compared before and after
treatment with methylphenidate (Ritalin), a commonly prescribed medication for ADHD, and
a placebo. Half the participants received the medication first and the placebo second, with the
other half receiving them in the opposite order. Both interventions increased performance on
the attention task, but neither improved performance on either SPIN task, suggesting attention
and SPIN performance are unrelated processes in this group.

More consistent results were found by studies using differences in performance across
conditions as a measure of attention in children with hearing loss. McFadden and Pittman
(2008) presented children aged 8-12 with typical hearing and with minimal hearing loss with
single words and asked them to respond by saying to which of three categories — person, food,
or animal — the word they had heard belonged. In the dual-task condition, a complex visual task
was added, which consisted of a dot-to-dot game, where children had to connect dots numbered
in increments of 3 on paper to reveal an image formed by the connecting lines. Eleven children
with typical hearing performed the task and performance in the primary task (word
categorization) remained unchanged by the addition of the secondary task. Data from 19 age-

matched children with hearing loss, however, revealed a significant decrease in their word
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categorization score in the two noisy conditions of the dual-task paradigm. These findings were
later corroborated by Pittman (2011), who presented children with hearing loss wearing hearing
aids and age-matched controls aged 8-12 with the same tasks and conditions. Again, the
addition of the secondary visual task made performance on the word categorization task
significantly worse relative to baseline for children with hearing loss, even when fitted with
hearing aids that increased SNRs by means of digital noise reduction.

This asymmetry between children with typical hearing and children who are deaf or hard of
hearing in the way they are negatively impacted by added attentional demands on SPIN
performance is not found in a study by Hicks and Tharpe (2002). Performance on a dual-task
condition, when children had to activate a button when a light was turned on while performing
a word repetition SPIN task was worse than performance in the single-task condition, for both
groups of children equally.

Finally, one study included tested children fitted with cochlear implants (Cls). Misurelli et al.
(2020) tested a group of 10 bilateral CI users aged 10 to 17. The SPIN measure presented
sentences produced by a female talker through CI stimulation. Distractor sentences were
produced by a male talker played on the opposite ear (contralateral), on the same ear (ipsilateral)
or in both ears simultaneously (bilateral). Performance was lower in the ipsilateral and bilateral
conditions than in the contralateral condition, suggesting that selectively attending to a target
which is collocated with a distractor negatively affects performance.

SPIN measures

Noise types

As with the WM studies reviewed, different types of noise were used in the SPIN tasks in the
attention literature as well. In addition to steady-state noises such as speech-weighted noises
and white noise, and speech maskers such as multi-talker babble noises of various

configurations, three studies in this section also used noise-vocoded speech. Grieco-Calub et
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al. (2017) tested 27 children aged 8-12 using the BKB sentences in their original form as well
as in four-, six-, and eight-band noise-vocoded versions. Attention was loaded in a dual-task
condition, where participants watched a series of grayscale images appearing on screen one at
a time, and participants were asked to press a button when the same image appeared twice in a
row. The authors also had participants perform a Flanker test and correlated those scores to
performance in the other tasks. Though the authors argue that this task is a measure of executive
function, it is acknowledged that it specifically targets attention and inhibition abilities. The
Flanker test scores did not explain any of the variability in the dual-task condition, and
performance on the SPIN task was seemingly unaffected by the introduction of the secondary
task in any of the sound conditions (unprocessed, 4-, 6-, 8-band noise-vocoding). Performance
on the secondary task, however, worsened in the dual-task relative to baseline, suggesting that
participants had reallocated resources to the SPIN task to the detriment of the secondary task.

On the other hand, Roman et al. (2017) found some correlation between attention measures and
a SPIN test in which participants were required to repeat noise-vocoded words in isolation and
sentences. Attention was assessed with two subtests from the Developmental
Neuropsychological Assessment — Second Edition (NEPSY-II; Korkman et al., 2001), Auditory
Attention, and Response Set, as well as a Talker Discrimination task using noise-vocoded
speech to assess selective auditory attention, originally developed by Cleary and Pisoni (2002).
In this task, participants heard a pair of sentences and had to judge whether the talker in each
sentence was the same or different. Sentences produced by the two speakers were either the
same sentence or different sentences, which forced the participant to ignore the meaning of the
sentence and judge solely the quality of the voice. The authors report that only the Auditory
Attention task from the NEPSY-II (and not the Response Set task) correlated with performance
only on one condition of their noise-vocoded SPIN task (repeating words in isolation, not

sentences). Additionally, both fixed-sentence and varied-sentence measures in the Talker
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Discrimination task correlated with all both SPIN measures (words in isolation and words in
sentences), highlighting how different measures reveal different relationships.

Two studies included both speech-weighted noise and some form of speech distractors.
McCreery et al. (2020) compared speech-weighted noise, amplitude-modulated speech-
weighted noise, and a two-talker babble noise and a positive correlation between scores on all
three with one of the attention measures used. Kane et al. (2021), on the other hand, found that
a pretrial cue indicating where the target stimulus would come from only benefitted participants
aged 5-13 when the masker was a three-talker babble, and not when it was speech-weighted
noise or a single talker.

Speech distractors were used in studies such as the one by Howard et al. (2010), though the
exact composition of the multi-talker babble used is not reported. The authors reported a small
but significant decrease in performance on the listening task when a secondary task was added.
Magimairaj et al. (2018), on the other hand, reported that the multi-talker babble noise was
composed of 4 speakers, and also that attention, as measured by scores on a dichotic digits test,
did not explain SPIN performance. Similarly, Nagaraj et al. (2020) who, as reported earlier,
used a recording of a conversation between two adults and three children as a distractor, found
no relationship between their SPIN scores and their measure of attention (proportion of
intrusion errors in a dichotic digits test).

SPIN and Attention in Non-typically developing groups

The literature on children who are deaf or hard of hearing has revealed a clear effect of attention
on SPIN performance using both steady-state noises as well as speech distractors. Using white
noise and speech-weighted noise respectively, McFadden and Pittman (2008) and Pittman
(2011) found a negative effect of adding a secondary task on their primary task of noun

categorization.
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On the other hand, McCreery et al. (2019) found that attention scores correlated significantly
only for children with hearing loss and only when reverb was also used. Hicks and Tharpe
(2002) also found children with hearing loss were affected negatively by a second task when
trying to repeat words presented in 20-talker babble noise.

In the case of children with or suspected of having APD, studies like Moore et al. (2010) and
Ahmmed et al. (2014) used speech-weighted noise to claim a strong effect of attention, which
was expanded by Petley et al. (2021)’s use of a two-talker masker in the LiSN-S. However,
other studies using speech distractors did not find such relationships. Magimairaj et al. (2020)
found that children APD and controls differed in SPIN scores using a four-talker distractor but
not in two attention scores, while Tomlin et al. (2015) found no correlation between a two-
talker masker and their attention measure (IVA-CPT). These findings support Tillery et al.
(2000) and Riccio et al. (2005) results on children with APD and/or ADHD who also found no
such relationship using SWN.

The results from the attention literature shows a less clear pattern of results than that of WM.
Though the two constructs have long been connected (Baddeley, 2003; Dillon & Cameron,
2021), different attempts to index attention has led to contradicting findings.

Discussion

Working Memory

One of the goals of this article was to review the current knowledge on the relationship between
WM and speech perception in noise. Models of speech understanding posit that working
memory is crucial to resolving difficulties imposed by noise or degradation, a finding largely
supported by empirical evidence from adults (Dillon & Cameron, 2021; Rénnberg et al., 2008;
2013). Thus, we expected studies to find a relationship between WM and SPIN performance
also in children. The absence of such a finding might indicate that the use of WM for speech

perception in noise is not yet mature in children. However, the majority of papers including
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WM measures did indeed find that higher working memory leads to better speech perception
in noise in children. Only seven out of 26 studies found no relationship between the two. That
said, studies with the largest sample sizes often but weak to moderate or no correlation between
WM and SPIN (Moore et al., 2010; Tomlin et al., 2015; Walker et al., 2019), but task difficulty
constitutes a major factor in outcomes. In fact, several studies reported such correlations were
stronger or only present in the more challenging conditions (e.g., less favorable SNRs, more
challenging noise, less predictable language), supporting predictions that WM serves to
overcome difficulties imposed by degradation (Klein et al., 2017; McCreery et al., 2020; Strait
et al., 2012). Difficulties posed by “easier” conditions might be overcome with minimal
engagement of WM, such that correlation between SPIN and WM measures might not reach
significance (Magimairaj et al., 2018). The ELU model in particular suggests that WM would
be involved when the signal perceived is degraded to the point where it cannot quickly be
matched to a stored representation in long-term memory, thus impeding comprehension.
Though outside the scope of this review, it is then likely that language skills also play a role in
“closing the gap” between the perceived speech and stored representations when degradation is
minimal, which might explain why easier conditions often do not appear to involve WM
recruitment.

Thus, to uncover relationships, it is important that SPIN measures chosen are challenging
enough. One factor highlighted here is the type of noise used. We expected comprehensible
speech distractors to be “harder,” and studies directly comparing different noise types did find
that speech distractors made up of fewer speakers were more challenging than speech-weighted
noise (MacCutcheon et al., 2019; McCreery et al., 2020). However, there was no overall pattern,
perhaps partly due to the fact that many studies do not report important factors about how their
multi-talker noises are constructed, such as how many talkers were overlaid, the gender

proportion of these talkers, and whether there were temporal gaps in the noise, among others
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(Francart et al., 2011). That said, it is difficult to make assertive inferences about the impact of
noise on outcomes reported, since many factors interact to ultimately determine the difficulty
of a SPIN task.

Attention

The literature on attention was varied both in terms of methods used as well as in terms of
outcomes. While still a minority, a much greater proportion of studies reviewed, 11 out of the
28, found no evidence of a relationship between attention and SPIN performance. Perhaps
significantly, four of these 11 also included WM measures and found no evidence of WM
involvement, suggesting that the SPIN measures used might not have been challenging enough
to elicit signs of a relationship. Furthermore, six of these included non-typically developing
participants, which might indicate differences in how these factors are weighed across
populations.

As explored in the Results section, studies into attention and SPIN use more varied measures
of attention including differences in performance between single- and dual-task conditions,
different spatial configurations for target and masker, and proportion of intrusion errors or
performance variability in the SPIN task. These more “direct” measures have largely been
successful in finding an effect of attentional capacity on SPIN performance (but see Nagaraj et
al., 2020), which perhaps can be argued to more ecologically represent attentional demands in
everyday situations where SPIN skills are required. However, due to the interconnectedness of
WM and attention, it may be argued that adding a secondary task to a primary SPIN task also
represents a load on WM, making it hard to tease apart the effects of loads on each construct.
Nevertheless, standardized and commercially available attention measures have also been used
in the literature, not always revealing the same effects. The NEPSY, for example, revealed
significant relationships between attention and SPIN in McCreery et al. (2019) and Roman et

al. (2017)’s reports, while it did not in Mealings and Cameron (2019)’s. Once again, the reason
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might lie in differences in SPIN tasks, or their relationship to attention tasks used. Though again
outside the scope of our review, different types of attention have been suggested in the
literature, which may be assessed by different tests and relevant for different SPIN tasks. For
example, sustained attention scores might be related to participants’ ability to engage in a longer
SPIN task but not reveal anything about performance in short ones, which might explain
negative results reported by studies using longer attention tasks such as the ACPT or the IVA-
CPT. Likewise, it has been suggested that visual and auditory attention might differ in key ways
(Murphy et al., 2017), and since some attention tests are based on visual stimuli, it is possible
that these do not capture the processes used to complete SPIN tasks. An underutilized solution
to that problem was present in a single study (Moore et al., 2010), which reported a measure of
variability in auditory processing tasks as an “intrinsic” measure of attention, arguably
revealing precise attention mechanisms in real-time without the need for dedicated tasks for
measuring attention.

Working Memory x Attention

Though the goal of this review was to look at how working memory and attention individually
affected speech perception in noise in children, both the theoretical literature as well as the
studies reviewed here suggest the two are closely related. Fourteen of the 40 studies reviewed
looked at measures of both WM and attention, five of which found evidence for both. Some
studies reported that WM and attention scores correlated to one another (McCreery et al., 2020;
Thompson et al., 2019; Tomlin et al., 2015), even when neither score correlated with SPIN
(Magimairaj et al., 2018; Nagaraj et al., 2020; but sece Ahmmed et al., 2014; Mealings &
Cameron, 2019). Furthermore, as mentioned previously, some tasks ostensibly measuring
attention inevitably cause added load on working memory as well, such as additional
distractors, unpredictable directions, or remembering sets of instructions across trials, making

it difficult, if not outright impossible, to separate working memory effects from attention
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effects. This lays bare the need for clear theoretical frameworks that incorporate the two so that
experiments can be designed to test and validate their assumptions.

Non-typically developing groups

One of the questions this article aims to investigate is how the effects of WM and attention
relate to SPIN also in non-typically developing populations. This question appeared relevant
also for the authors whose work we reviewed, as half (20 of 40) of studies included participants
belonging to non-typical groups, with children who are deaf or hard of hearing and children
with (suspected) auditory processing disorder being the most common. Many studies include
only children in non-typical populations, making direct comparisons to typical populations
difficult, as they often differ in other meaningful ways, too, as described previously. That said,
studies investigating children who are deaf or hard of hearing generally find positive
correlations in their SPIN scores to WM and attention scores (Hicks & Tharpe, 2002;
Javanbakht et al., 2021; Kumar et al., 2021; McCreery et al., 2019; McFadden & Pittman, 2008;
but see Tao et al., 2014; Walker et al., 2019). Some, however, do include both typically as well
as non-typically developing children to allow direct comparisons, but unfortunately many do
not report individual correlations for each group. Still, the general trend is that, indeed, children
who are deaf or hard of hearing are affected differently, especially by attentional demands.
McCreery et al. (2019) reported that a correlation between SPIN and attention was only found
for their hearing loss group, while McFadden and Pittman (2008) and Pittman (2011) both
report that children with hearing loss were more affected by the introduction of a secondary
task. In contrast, Hicks and Tharpe (2002) found that the addition of the second task affected
both groups equally.

In the case of children with APD, the matter of how to differentiate children with this diagnosis
from others remains cause for debate. Thus, Moore et al. (2010)’s claim that attention was

largely the driver behind clinical presentations of APD has met resistance from studies failing
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to find such a connection when using different measures or more general definitions of listening
difficulties (Magimairaj et al., 2020; Tomlin et al., 2015). Further research is needed to resolve
these conflicting results. Finally, Tillery et al. (2000)’s finding that methylphenidate did not
improve children’s SPIN performance is contrasted by previous findings that stimulant
medication for ADHD, including methylphenidate, causes a sharp improvement in performance
on auditory processing tasks by children with ADHD under the effect of methylphenidate,
suggesting SPIN involves additional processes not captured by auditory processing tasks alone
(Sutcliffe et al., 2006).

Clinical implications

The evidence reviewed in this article reveals general trends as well as directions for further
research which both have important clinical and research implications. First, it suggests that
WM recruitment is linked to task difficulty, and present task objectives and noise type as major
contributors to task difficult. The effect of attention, on the other hand, appears to be best
measured by tasks that directly load the attentional system, or by careful examination of which
requirements are likely to be placed on it and selection of standardized tests that involve similar
requirements. At the same time that we make these distinctions, we also report on evidence that
suggests attention and working memory are intricately linked, and the need it presents for
models and measurements that take this fact into account.

With regards to non-typical groups, the evidence reviewed provides some support for models
that would predict strong recruitment of WM in children who are deaf or hard of hearing.
Conversely, it exposes a still unresolved question in the APD literature with regards to whether
attention is a major contributor to clinical presentations of APD. If anything, it makes clear that
different populations are likely to have different requirements for WM and attention in their
SPIN performance, which should be taken into account when designing studies with these

populations.
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Limitations

This review naturally is limited in a few key ways. Since this is a scoping review and our body
of literature is very heterogenous, it was not possible to normalize studies across all variables
and find the most relevant ones. Thus, we relied on our own observation of the literature,
experience and interests to discuss certain aspects of tasks and participant groups, which
inevitably meant others would not receive as much attention. For example, other aspects of
SPIN tasks are certainly relevant for determining difficulty of a task, such as signal-to-noise
ratios, modes of presentation or procedures for calculating speech perception measures.
Likewise, age is a crucial factor in determining performance in all tasks discussed here,
especially considering how the age ranges in this review (mostly 7-12) are important periods of
neural maturation in typically developing children (Cowan, 2022). Finally, in the context of the
understanding of meaningful speech in noise, language abilities are without a doubt required,
and are also undergoing intense development in school-age children. Overviews of literature
that take these factors into account are important for the consolidation of this body of work.
Conclusion

Though the evidence is far from unanimous, this review has found that most of the research
done on the relationships between working memory, attention, and speech-perception in noise
indicates that these three abilities are intricately linked. These findings were reported for a wide
range of ages and clinical groups, highlighting the interconnectedness of these three skills. A
particularly important contribution of this review is the recommendation that task difficulty and
sensitivity of measures are accounted for when designing experiments. Nevertheless, the large
variability in methods and results reported here remains a substantial factor preventing solid
conclusions from being drawn.
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Table 1. Summary of studies included in this review.

Populatio Age Number of . WM Attention
Study n(s) range(s) participants SPIN Measure(s) Noise Measure(s) Measure(s) Results
Auditory Figure g\ 3¢ g-talker
Ground, Filtered babble noise, +8 dB Institute of
Words, Competing SNR’ Hearin Attention and WM
Ahmmed et APD 6-11 110 Words, Competing FDS + BDS Researcr?— grouped as a major factor
al., 2014 Sentences (SCAN-3:C) . (WISC) explaining differences in
IMAP: speech- Cued
weighted noise Attention Test SPIN.
VCV SPIN test adaptive rocedu’re
(IMAP) ptive p
. Adding a second task
Dt:fference improved SPIN
Choi et al., d Speech-weighted . EtIW cen d performance relative to
2008 L 7-14 64 Repeat PBK words noise, +8 dB SNR sihgle- an single-task, regardless of
dual-task - .
conditions mstrqctlon tq allocate
attention to either task.
Difference Adding a second task did
between not worsen SPIN
o single- and performance but did
Grieco-Calub TD 8-12 27 Repeat_ BKB sentences dual-task worsen performance on
etal., 2017 (noise-vocoded) - .
conditions, secondary (visual) task.
Flanker Flanker scores not
(NIHTB-CB) correlated with either.
. Adding a second task
Difference
worsened SPIN
Hicks & 20-talker babble between erformance in both
Tharoe. 2002 TD, HL 5-11 20 Repeat PBK words noise, +10, +15, single- and ro% s equally. NH arou
pe, and +25 dB SNR dual-task ~ 9roups equally. 'VH group
i had better scores in all
conditions "
conditions.
Difference :
Howard et al Multi-talker babble between Ads\;gg:nzzcgg(m%k
N TD 9-12 31 Repeat AB words noise, -4, 0, and +4 single- and -
2010 performance relative to
dB SNR dual-task

conditions

baseline.




Speech-weighted

BDS and aggregate score,

Hsu et al., . X FDS + BDS but not FDS alone,
2020 TD 6-18 73 Categorize nouns noise, SN% +3 dB (CELF-4) correlated with response
times on the SPIN task.
Rapid Visual
Huyck, 2018 ™ 11-22 48 Repeat noise-vocoded Informat'lon Attention correlated with
sentences Processing SPIN scores.
(CANTAB)
4-talker babble
. . noise, SNRs start at
Javanbakftet 8-12 31 Persian Version of 1 and lower with BDS WM correlated with SPIN.
al., 2021 BKB-SIN . .
each list until -6 dB
SNR
Speech-weighted
Kane et al Repeat words from noise, single-talker, Benefit from Location cue improved
N TD 5-13 Not reported spatially separated 3-talker babble . SPIN performance in
2021 : . spatial cues -
speakers noise, adaptive three-voice masker only.
procedure
WM correlated with some
. Speech-weighted conditions of SPIN task in
Klein et al, TD, HL 5-12 25,24 Repeat isolated words noise, adaptive ©Odd One Out the HL group. HL had
2017 (AWMA) .
procedure worse scores in SPIN but
not WM.
BDS, No correlation between
. Ascending SPIN and WM at initial
Kumar et al., APD 9-10 20 SPIN—IE_(Indlan 8—_ta|ker babble Digit Span, assessment. Digit spans
2021 English) noise, 0 dB SNR ; . !
Descending improved following SPIN
Digit Span training.
. Follow instructions 22:?;: e\:vﬁ?]bgrle Dg:;s&g:ge WM not_ correlated .With
Lewis et al., N FDS + BDS . SPIN. Higher attentional
TD 8-12 50 from one or more without single- and
2014 . (WISC) : demands led to worse
targets reverberation, +5 multiple-talker SPIN performance
dB SNR conditions P '
stizzhérv;'ﬁ]k}f_d WM correlated with SPIN.
MacCutcheon ™ 4-11 39 Children’s Coordinated talker co-Ioca%ed or BDS (CELF- Children with better WM
etal., 2019 Response Measure ' 4) benefitted more from

not, adaptive
procedure

spatial cues.




4-talker babble Auditory

Magimairai et noise, SNRs start at V&/grrrlg:g Dichotic WM and attention not
gimairay ™ 7-11 83 BKB-SIN +21 and lower with Y - correlated with SPIN
al., 2018 : : (WJal), Digits Test
each list until -6 dB . ' measures.
SNR Visual Digit
WM Task
Auditory Dichotic
4-talker babble Working Digits Test, h iff
Magimairaj et _ noise, SNRs start_ at Memory Visual The two groups differ on
TD, LiD 7-11 85, 26 BKB-SIN +21 and lower with . SPIN but not WM or
al., 2020 ) . (WJat, Attention -
each list until -6 dB : o L attention.
SNR Visual Digit Switching
WM Task Task
McCreerv et Repeat meaningless Speech-weighted Odgo(arr:; nOUt'
al 201y7 TD 5-12 96 sentences or noise, adaptive Recallg WM correlated with SPIN.
disconnected words procedure (AWMA)
. WM correlated with SPIN
Speech-weighted . - o
Repeat meaningless noise with or Auditory in both noise COI’IdItIOI:IS
McCreery et : Odd One Out X for both groups. Attention
TD, HL 7-10 50, 56 sentences or sequences without Attention A -
al., 2019 : - (AWMA) correlated only with noise
of disconnected words reverberation, (NEPSY-II)
. plus reverb and only for
adaptive procedure
HL group.
Speech-weighted
noise, amplitude- Odd One Out, _Flank_er, WM correlated with SPIN.
McCreery et mo_dulated speech— Listening Dimensional Flanker correlated with
TD 5-6, 9-10 60 Repeat BKB sentences  weighted noise, or Change Card ) ..
al., 2020 >-talker babble Recall Sort (NIHTB- SPIN in some conditions,
! - (AWMA) DCCS did not.
noise, adaptive CB)
procedure
Difference Adding a second task did
. . between not worsen performance
gfé;i?ld%gé TD, HL 8-12 11-19 Categorize nouns thg gcl)slsse',\&and single- and on the SPIN task for the
' dual-task NH group, but did for the
conditions HL group.
Continuous
: . Number A .
Mealings & Hiah-cue condition of irrelevant speech Memor Inhibition No significant correlation
Cameron, RD 8-11 16 g . produced by a y between WM, attention,
the LiSN-S . Reversed (NEPSY-II)
2019 speaker of different (TAPS-3) and SPIN.

gender than target,



spatially separated,
adaptive procedure

Continuous
irrelevant speech

- roduced by a Number Correlation_disappears
Mealings et . P °d by Memory after correction; authors
TD 6-7 16 LiSN-S talker of different or . o
al., 2020 same gender, co- Reversed argue that a relationship is
| ! (TAPS-3) nonetheless likely.
ocated or not,
adaptive procedure
Non-target
sentences produced
by a talker of Difference .
Misurelli et HL 10-17 10 Repeat Matrix different gender, between quiet ggr?g:fsaﬁvggsigsgc?;:y
al., 2020 sentences ipsilateral, and non-quiet ipsilateral an,d bilateral
contralateral, or conditions '
bilateral, adaptive
procedure
Institute of Correlation of WM and
Speech-weighted Hearing especially attention with
Moc;rgl%t al., TD, APD 6-11 1469 VC\GRAOR'F\,';OMS noise, adaptive F[()\?VTSES)S Research — clinical presentations of
procedure Cued APD. APD thus likely an
Attention Test attentional problem.
NS oy WMoorlastum SN
Nagaraj et al conversation Working Proportion of  and with attention. Higher
N TD 7-12 125 Dichotic Digits Test intrusion WM led to more intrusion
2020 between adults and Memory errors errors, but fewer errors
children, +8 dB (Wl ' overall
SNR '
Novel accents
Creature yield higher
Newton & BKB sentences with Speech-weighted Counting, (worse) SRTs;
Ridgway, TD 6-7 26 familiar and novel noise, adaptive Map no correlation
2015 accents procedure Mission between SPIN
(TEA-Ch) and attention
measures.
Percy-Smith et Speech-weighted g, gpg e HL group.
ercy-Smith e . - + or the HL group.
al, 2020 D, HL 4-10 70 Dantale 11 noise, adaptive (CELF-4) Correlations not reported

procedure

for the NH group.




SCAN-3:C: 8-talker
babble noise, +8 dB

Auditory Figure SNR;
yrig LiSN-S: . . Flanker,
Ground, Filtered Continuous List Sorting Dimensional
Petley et al., D, LiD 6-13 79, 67 Words, Compet!ng irrelevant speech Working Change Card WM and attent!on strongly
2021 Words, Competing Memory Test correlated with SPIN.
produced by a Sort (NIHTB-
Sentences (SCAN- Iker of diff (NIHTB-CIB)
3:C), LISN-S talker of different or CB)
h same gender, co-
located or not,
adaptive procedure
Difference Adding a second task
. . Speech-weighted _between worsened SPIN
Pittman, 2011 TD, HL 8-12 50, 34 Repeat single words ; single- and .
noise, 0 dB SNR performance in both
dual-task FOUDS
conditions groups.
Riccio et al., APD, Audlt%ry Ellgurg 8-talker babble T_esbtlof £ Attention did not correlate
2005 ADHD 4-11 36 Ground, Filtere noise, +8 dB SNR Variables o with SPIN
Words (SCAN-3:C) ’ Attention '
Repeat words in Auditory
Roman et al., ™ 513 31 isolation and in Attention, Attention correlated with
2017 sentences (noise- Response Set SPIN.
vocoded) (NEPSY-II)
Auditory
. i Working . ..
™ HI_NT. spee(_:h Memory Integrated HINT Ieft/rlght_condltlpns
. weighted noise, 4 . correlate positively with
(musically L . ; (WJal; Visual And : :
. . Hearing-in-Noise Test  adaptive procedure, - - auditory but not visual
Strait et al., trained, . . Visual Auditory . )
7-13 15,16 (HINT), Words in co-located or not; . . working memory; no
2012 non- . . Working Continuous . . .
- Noise (WIN) WIN: 4-talker correlations with attention
musically Memory Performance
. babble, 24 to 0 dB measures or WIN
trained) . (Colorado Test
SNR in 4 dB steps measures.
Assessment
Tests 1.2)
Backwards
. . Digit Recall,
Sullivan et al., Answer questions Spatlally-sepgrated Listening WM strongly correlated
TD 8-10 20 about content of short  classroom noise, -5 .
2015 . Recall (WM with SPIN.
stories dB SNR

Test Battery
for Children)




Speech-weighted

ADHD children have

Soderlund & TD, 9-10 39. 10 Repeat Hagerman noise. adative FDS + BDS Score, Score- worse WM and attention
Jobs, 2016 ADHD ' sentences » adap (WISC) DT (TEA-Ch) than controls, but not
procedure SPIN
performance.
. . WM not correlated with
Taoetal., 8-14, Mandarin Speech Speech-weighted
2014 TOHL 66 21,32 Perception Test  noise, +5 dB SNR BDS SPIN. CI users had worse
WM scores.
Non-target Improvements in attention
Repeat single words meaningful Attention P .
Thompson et - correlated with
TD 3-5 59 produced by a male sentences produced Sustained . .
al., 2017 . improvements in SPIN
talker by a female talker, (Leiter-R)
. scores between 3-5.
adaptive procedure
Numbers
Speech-weighted Reversed, Attention WM correlated with SPIN,
Thompson et L . noise, adaptive Auditory . but attention did not. WM
TD 4-7 99 Hearing-in-Noise Test - Sustained -
al., 2019 procedure, co- Working (Leiter-R) and attention correlated
located or not Memory with each other.
(WJI1)
Auditory . .
Tillery et al., APD, Not 32 Speech-in-Noise Test Speech-weighted Continuous thzlclgr::r:g[ft)\;ec?t gﬁﬁ'on
2000 ADHD reported P noise, +10 dB SNR Performance
Scores.
Test
o
produced by a Visual and WM correlated with some
Tomlin et al., i — : FDS + BDS Auditory conditions of the LiSN-S.
2015 TD, APD 7-12 150 LiSN-S talker of different or (CELF-4) Continuous Attention did not
same gender, co-
Performance correlate.
located or not,
X Test
adaptive procedure
Competin Better WM associated
Answer questions . peting with smaller difference in
von Lochow et Multi-talker babble Language
TD 7-12 49 about content of short . : SPIN performance
al., 2018 . noise, +5 dB SNR Processing . .
stories between quiet and noise
Test L
conditions.
4-talker babble Odd One Out WM did not correlate with
Walker et al noise, SNRs start at + Listening SPIN for children with
"’ TD, HL 7-10 290 BKB-SIN +21 and lower with .
2019 each list until -6 dB Recall + BDR HL. Correlations not
(AWMA) reported for the NH group.

SNR




Abbreviations: TD = typical development; APD = auditory processing disorder; HL = hearing loss; RD = reading difficulties; LiD = listening difficulties; ADHD =
attention deficit/hyperactivity disorder; SPIN = Speech perception in noise; SCAN-3:C = Tests for Auditory Processing Disorders for Children — 3 Edition; VCV = vowel-
consonant-vowel; IMAP = Medical Research Council Institute of Hearing Research Multi-center Auditory Processing Test; BKB-SIN = Bamford-Kowal-Bench Speech-in-
Noise Test; LiSN-S = Listening in Spatialized Noise — Sentences Test; SNR = Signal-to-noise ratio; PBK = Phonetically Balanced Kindergarten; AB = Arthur Boothroyd;
WM = Working Memory; FDS = Forward Digit Span; BDS = Backwards Digit Span; WISC = Wechsler Scale of Intelligence for Children; WJIll = Woodcock-Johnson 111
Test of Cognitive Abilities; AWMA = Automated Working Memory Assessment; BDR = Backwards Digit Recall; TAPS-3 = Test of Auditory Processing Skills — Third
Edition; NEPSY-II = Developmental Neuropsychological Assessment — Second Edition; TEA-Ch = Test of Everyday Attention for Children; CANTAB = Cambridge
Neuropsychological Test Automated Battery; NIHTB-CB = National Institute of Health Toolbox Cognition Battery.



Table 2. Summary of standardized tests used in studies included in this review.

Test

Subtest

Measure
of

Modality

Description

Bamford-Kowal-
Bench Speech-in-
Noise (BKB-SIN)

SPIN

Auditory

Repeat short, meaningful sentences in the
presence of 4-talker babble noise. Scoring
is based on keywords. SNRs start at +21
and with each list decrease by 3 dB until -6
dB SNR.

Dantale 11

SPIN

Auditory

Repeat sentences that all contain the same
structure: name, verb, numeral, adjective,
and object, but no semantic cues. Target
level is 70 dB SPL. Noise is speech-
weighted noise whose level varies
adaptively. Target and noise are presented
in free field from the same speaker at 0°
azimuth.

Hearing in Noise
Test (HINT)

SPIN

Auditory

Repeat BKB sentences presented from a
loudspeaker at a fixed 65 dB SPL in
speech-weighted noise using an adaptive
SNR. In one condition, sound and masker
come from the front speaker. In others,
target comes from the front and masker
comes from the side (= 90° speakers).

Medical Research
Council Institute of
Hearing Research
Multi-center
Auditory
Processing (IMAP)

SPIN

Auditory

Repeat VCV nonwords presented in
speech-weighted noise over headphones
with adaptive SNR.

Listening in
Spatialized Noise —
Sentences (LiSN-S)

SPIN

Auditory

Repeat meaningful sentences presented at
variable SNR in continuous irrelevant
speech at constant 55 dB SPL in free field.
Distractor speech can be co-located with
target speech or from both + and —90°
azimuth from it. The voice in target and
distractor stimuli may be the same or
different. In the low-cue condition, the
same voice is used for both target and
distractor, and both are co-located at 0°
azimuth. In the talker-advantage condition,
both are co-located, but different voices
are used. In the spatial advantage
condition, the same voice is used but target
and distractor are spatially separated. In
the high-cue condition, both different
voices and spatial separation are used.

Tests for Auditory
Processing
Disorders for
Children — 3
Edition (SCAN-
3:0)

Auditory
Figure Ground

SPIN

Auditory

Repeat single words presented either to
left or right ear against a background of
multi-talker babble noise. Different
versions use different fixed SNRs.

Filtered Words

SPIN

Auditory

Repeat low-pass filtered, monosyllabic
words in quiet.

Competing
Words:
Directed Ear

SPIN

Auditory

Repeat words from a given ear when
different words are presented
simultaneously to both ears.




Competing Repeat words in any order when different
Words: Free SPIN Auditory | words are presented simultaneously to
Recall both ears.
: Repeat sentences from a given ear when
Competing SPIN Auditory | different sentences are presented
Sentences .
simultaneously to both ears.
Repeat isolated words presented at 70 dB
Words in Noise SPIN Auditor SPL in 4-talker babble noise. SNR starts at
(WIN) Y | 24 dB SNR and every five words
decreases in 4 dB steps until 0 dB SNR.
Identify which of three shapes is different
Odd One Out WM Visual from the others and recall its position on
an empty screen.
Listenin Judge if each sentence is true or false, then
g WM Auditory | recall the last word in each sentence in
Automated Recall order
Working Memory '
Assessment Count aloud a number of red circles
(AWMA) Counting : presented in an array with triangles. After
WM Visual . .
Recall a series of arrays, recall how many circles
were counted per array in order.
Backwards . . L
Digit Recall WM Auditory | Repeat a series of digits in reverse order.
Watch a group of blocks change color on a
Colorado Visual screen and then click them in the same or
Assessment Tests Working WM Visual reverse order they changed color. The
1.2 Memory number of boxes changing color increases
with each successful trial.
(Ii_tzr:pjgmeg Judge if each sentence is true or false, then
guag WM Auditory | recall the last word in each sentence in any
Processing Test order
(CLPT) '
Clinical Evaluation
of Language Backwards . . L
Fundamentals Digit Span WM Auditory | Repeat a series of digits in reverse order.
(CELF)
List Sorting Visual and Remember a series of stimuli presented
Working WM Auditor both visually and auditorily and order
Memory Test Y| them from smallest to biggest.
National Institute of Report the direction of an arrow (or fish if
Health Toolbox . . participant is under 8) when the arrow is
Cognition Battery Flanker Attention Visual flanked by other arrows in the same or
(NIHTB-CB) opposite direction.
Dimensional .
Change Card | Attention Visual Match a target stlmulus_based on color or
shape, varying across trials.
Sort
Test of Auditory Number
Processing Skills Memory WM Auditory | Repeat a series of digits in reverse order.
(TAPS) Reversed




Listen to a series of nouns and numbers

Auditory -
Working WM Auditory presented alternatingly and repef_ﬂ the
Woodcock-Joh Memor nouns followed by the numbers in the
00 CSC ~Jonnson y order presented.
— 3" Edition
(WAt Numbers
Reversed WM Auditory | Repeat a series of digits in reverse order.
g?;:?gg: WM Auditory | Repeat a series of digits in reverse order.
Working Memory
Test Battery for
Children Listenin Judge if each sentence is true or false, then
g WM Auditory | recall the last word in each sentence in
Recall
order.
Auditory Raise a thumb whenever the target word is
Continuous Attention | Auditor heard among other familiar words. Stimuli
Performance Test Y | are presented at 50 dB SL above the
(ACPT) participant’s pure-tone-average.
Cambridge . Rapid Visual Watch a series of digits on screen and
Neuropsychological . . . .
Information Attention Visual press a button when a target sequence is
Test Automated Processin formed
Battery (CANTAB) g '
Press a button as quickly as possible in
. . response to a target stimulus presented
Institute of Hearing . visually or auditorily. Target stimuli are
Research - Cued . Visual/Au .
. Attention ; sometimes preceded by a cue, thus
Attention Test ditory . ) :
allowing for four measures: auditory cued,
(IHR-CAT) . - ;
auditory non-cued, visual cued, and visual
non-cued.
Integrated Visual
and Auditory . Watch a series of single digits presented
: . Visual/Au - oo
Continuous Attention ditor visually or auditorily and press a button
Performance Task y when a “1” is presented but not a “2.”
(IVA-CPT)
Attention Mark instances of a target presented on a
Leiter-R . Attention Visual page filled with target and distractor
Sustained '
images.
Auditory . . Listen to a series of words and touch a
Attention Attention | - Auditory button when a target word is heard.
Watch a series of shapes and arrows
Developmental q he <h inth
Neuropsychological o _ _ presented. Name the shape or, in the case
Inhibition Attention Visual of arrows, indicate the direction, or still
Assessment . .
provide an alternate response, depending
(NEPSY) g
on the object’s color.
Listen to a series of words and respond
Response Set | Attention | Auditory | according to changing instructions
depending on the block.
Test of Everyday
Attention for Score Attention | Auditory | Count the number of tones played.

Children (TEA-Ch)




Count the number of tones played while

Score-DT Attention | Auditory | monitoring a second stream for a target
word.
Creature Count the number of aliens in their
- Attention Visual burrow. When prompted, switch from
Counting . .
counting upwards to counting downwards.
Map Mission | Attention Visual Find as many as pos_sﬂ?le ofa target
symbol on a map within one minute.
Test of Variables of . . Press a button when an “X,” but not other
Attention Visual

Attention (TOVA)

letters, is presented on screen.




