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Evaluating Pediatric Cochlear Implant
Users’ Encoding, Storage, and Retrieval
Strategies in Verbal Working Memory

Angela M. AuBuchon,a David B. Pisoni,b and William G. Kronenbergerc
Purpose: The current study adopts a systematic approach
to the examination of working memory components in
pediatric cochlear implant (CI) users by separately assessing
contributions of encoding, storage, and retrieval.
Method: Forty-nine long-term CI users and 56 typically
hearing controls completed forward and backward span
tasks with 3 stimulus sets: visually presented digits,
pictures of concrete nouns, and novel symbols. In addition,
measures associated with each memory stage were
collected: Rapid digit naming provided an estimate of
phonological recoding speed, nonword repetition assessed
the robustness of representations within phonological
storage, and vocabulary knowledge (as measured by the
Peabody Picture Vocabulary Test; Dunn & Dunn, 1997)
estimated redintegration abilities during retrieval.
Results: Linear mixed modeling revealed that digit naming
speed and vocabulary knowledge were consistently
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related to short-term and working memory span in
both CI users and typically hearing controls. However,
nonword repetition only contributed to the model for
short-term memory.
Conclusions: Nonword repetition, an index of phonological
storage, explained little of the individual variability
inworking memory differences between CI users and
typically hearing peers. On the other hand, individual
differences in encoding and retrieval explained a significant
amount of outcome variability in both short-term and
working memory tasks. Differences between CI users
and typically hearing peers in working memory therefore
appear to reflect process components of encoding
and retrieval and not simply differences in memory
storage.
Supplemental Material: https://doi.org/10.23641/
asha.7849394
Many pediatric cochlear implant (CI) users strug-
gle on short-term and working memory tasks
even years after implantation (AuBuchon,

Pisoni, & Kronenberger, 2015a; Dawson, Busby, McKay,
& Clark, 2002). Short-term and working memory abilities
are related to higher level cognitive skills, such as intelligence,
reading, and math (e.g., Archibald & Harder Griebeling,
2016; Unsworth, Redick, Heitz, Broadway, & Engle, 2009).
Identifying the precise nature of pediatric CI users’ short-
term and working memory deficits could lead to a better
understanding of factors related to long-term speech, lan-
guage, and literacy outcomes, which show considerable
variability and individual differences in the CI population
(Geers, Strube, Tobey, Pisoni, & Moog, 2011; Niparko et al.,
2010). One line of research examining CI users’ short-term
and working memory deficits has focused on phonological
storage (e.g., Nittrouer, Caldwell-Tarr, Low, & Lowenstein,
2017). Storage represents only the second of three stages of
memory: encoding, storage, and retrieval. Other research has
shown that, when assessed independently, processing mea-
sures associated with all three stages—specifically encoding
speed, verbal rehearsal speed during storage, and scanning
of retrievable items in short-term memory—each predict
individual variance in pediatric CI users’ short-term and
working memory performance (AuBuchon, Pisoni, &
Kronenberger, 2015b; Burkholder & Pisoni, 2003; Pisoni
& Cleary, 2003). However, each stage does not occur in iso-
lation; therefore, it is important to obtain estimates of the
relative contribution of phonological storage simultaneously
with processes associated with each memory stage.

We will provide a brief explanation of each memory
stage, as well as the possible ramifications of hearing with
a CI on the ability to encode, store, and retrieve information
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from short-term and working memory. Then, we will pres-
ent data examining the variance of short-term and working
memory related to each stage. The multicomponent model
of working memory—the standard reference within speech
and hearing sciences—does not conceptualize the flow of
information as it progresses from encoding to storage to
retrieval but, instead, emphasizes a fundamental modular-
ity between processing and domain-specific storage. There-
fore, the present results will be discussed in terms of
current models of working memory, specifically Cowan’s
(2001) embedded processes model and the time-based re-
source sharing (TBRS) model (Barrouillet & Camos, 2012).
Both of these models emphasize shifts of controlled atten-
tional processes as information is transformed within the
working memory system.

Short-Term and Working Memory
Human memory is routinely divided into three sub-

systems: sensory memory, short-term/working memory,
and long-term memory (Atkinson & Shiffrin, 1968). Within
each memory system, information progresses through three
stages: encoding, storage, and retrieval. The three memory
systems are differentiated, in part, by the duration of the
storage stage. Short-term memory tasks measure the tempo-
rary maintenance of information (e.g., recalling a sequence
of words in the order it was presented). Working memory
tasks additionally require processing or manipulation of the
information maintained in short-term memory (e.g., revers-
ing the order of the words before recalling them; Unsworth
& Engle, 2007). Thus, short-term memory (i.e., temporary
storage) can operate on its own or as part of the larger work-
ing memory system (i.e., temporary storage plus processing).
A general rule of thumb states that the duration of short-term
memory is under 30 s (Atkinson & Shiffrin, 1968). In con-
trast, storage in sensory memory is very brief, lasting on the
order of milliseconds (Sperling, 1960), whereas storage in
long-term memory is presumed to be indefinite (Atkinson
& Shiffrin, 1968).

CI users’ short-term and working memory deficits are
particularly pronounced when the to-be-remembered in-
formation is verbal or phonological in nature; however, their
performance is comparable to typically hearing peers when in-
formation is visual–spatial (Dawson et al., 2002; Kronenberger,
Colson, Henning, & Pisoni, 2014; Lyxell et al., 2008). Nota-
bly, peripheral contributions of audibility and speech motor
output do not drive these differences as CI users’ deficits
persist even when stimuli are presented visually and no vo-
cal output is required (AuBuchon et al., 2015a). Therefore,
basic information-processing mechanisms within the work-
ing memory system must be explored as possible sources to
pediatric CI users’ short-term and working memory distur-
bances beyond sensory or speech motor explanations.

The Multicomponent Model of Working Memory
Within speech and hearing sciences, the most com-

monly referenced working memory model is Baddeley’s
multicomponent model of working memory (e.g., Bielski &
A

Lansing, 2012). According to this model, storage and pro-
cessing represent distinct, separable components of working
memory; storage is further subdivided into “phonological
loop” and “visuospatial sketchpad,” which store domain-
specific material (Baddeley & Hitch, 1974). The phonological
loop is a specialized short-term memory store for informa-
tion in the verbal–phonological domain and is responsible
for a domain-specific verbal maintenance strategy known
as verbal rehearsal. Verbal rehearsal is the silent repetition
and recycling of a to-be-remembered item’s phonological
code. The visuospatial sketchpad is a specialized short-term
memory store for information in the visual–spatial domain
(Baddeley, 1996). These two memory stores are controlled
by the “central executive,” which directs processing resources
within the working memory system and is independent of
the short-term stores (Baddeley, 1996).

The strongest support for short-term and working
memory delays in pediatric CI users has been found for
the verbal domain. Nittrouer, Caldwell-Tarr, and Lowenstein
(2013) proposed that CI users’ short-term and working
memory problems lie in storing phonological representa-
tions within the phonological loop. According to Nittrouer
et al., the degraded nature of auditory input through a CI
leads to increased phonological overlap within the phonolog-
ical loop. As phonological overlap increases, items become
confusable or overwritten (Conrad & Hull, 1964). The pho-
nological loop is regularly implicated as an explanatory
mechanism for short-term and working memory deficits
in other populations with atypical language development—
although the source of impairment varies across populations.
For example, children with developmental language disorder
appear to have smaller phonological loops than their typi-
cally developing peers (Archibald & Harder Griebeling,
2016), and children with Down syndrome have difficulty in
maintaining item order within the phonological loop (Jarrold,
Cowan, Hewes, & Riby, 2004).

Three Stages of Memory
Although sensory, short-term, and long-term memory

systems are often differentiated based on the duration of stor-
age, storage alone is not sufficient for remembering to occur.
Within each system, information must first be encoded into
the relevant store and eventually retrieved in order to respond.

Encoding. Encoding occurs when information enters
the memory system and forms a memory trace. A newly
created short-term memory trace comprises a signal regis-
tered via a sensory process. However, short-term memory
is the intermediary between the physical world and long-
term memory (Cowan, 2001). Therefore, it is worth noting
that a memory trace can also enter short-term memory by
being activated from long-term memory (Cantor & Engle,
1993). If an incoming sensory signal is associated with a
long-term memory trace in a different sensory modality, the
short-term trace may be recoded into its associated form.
As they are being encoded, visual representations often
activate associated verbal/phonological forms from long-
term lexical memory (Conrad & Hull, 1964). If this occurs,
the original sensory signal is replaced or recoded into the
uBuchon et al.: CI Users’ Encoding, Storage, and Retrieval 1017



associated form. For example, you might “hear” your “in-
ner voice” as you read and remember this text—recoding
the visual orthographic representation into associated pho-
nological and lexical forms.

As children display faster, more efficient recoding
abilities, they also display a corresponding increase in
memory span (Case, Midian Kurland, & Goldberg, 1982).
Recoding speed is determined by the time it takes to register
the encoded visual signal, access an associated long-term
lexical representation, and apply a verbal label—such as
naming digits, letters, or colors (Wolf, Bowers, & Biddle,
2000). Although verbal recoding of visual stimuli supports
short-term memory performance, it also alters the memory
trace, such that fine-grained episodic detail of the visual
representation is lost (Carmichael, Hogan, & Walter, 1932).

Pediatric CI users have slower recoding speeds than
their typically hearing peers, even when measured with
highly familiar stimuli such as the digits 1, 2, and 3; moreover,
for both groups, recoding speeds are strongly correlated
with performance on executive function tasks (AuBuchon
et al., 2015b). This finding suggests that, like their typically
hearing peers, pediatric CI users transform visually pre-
sented information into a verbal–phonological form for
processing. Furthermore, pediatric CI users’ slower recod-
ing speeds are related to poorer executive function skills,
at least before taking into account other working memory
mechanisms (AuBuchon et al., 2015b).

Storage. During storage, information is maintained
within a memory system over time. Distinctiveness of the
representation is important within the short-term store. In
particular, the ability to maintain order information about
the items is impaired when the to-be-stored items share
phonological features (e.g., mat, man, bat, pat, pan). This
phenomenon is known as the phonological similarity effect
(Conrad & Hull, 1964). The importance of robust, distinc-
tive phonological codes underlies the proposal that less
efficient encoding of fine acoustic–phonetic detail leads to
problems in phonological storage and drives CI users’
memory deficits (Nittrouer et al., 2013; Nittrouer, Caldwell-
Tarr, Sansom, Twersky, & Lowenstein, 2014).

This interpretation of pediatric CI users’ disruption in
short-term memory is broadly consistent with interference
models of short-term memory (e.g., Cowan, 2001; Oberauer
& Kliegl, 2006). According to these models, features that are
shared among items—such as similar phonemes—overwrite
one another, making individual items less distinctive and,
therefore, more difficult to retrieve. Unlike Nittrouer and
colleagues’ proposal, these feature overwriting models do
not specify a separate phonological store. Instead, overwriting
models note that items are more likely to share features—
thus, cause interference—when the items are from the same
domain. Because a CI combines acoustic information across
frequency bands, otherwise distinctive features converge
during encoding and the number of shared features
among memory traces increases. Thus, even items that
can be discriminated will nonetheless interfere with one
another once they are simultaneously held in the short-
term store.
1018 Journal of Speech, Language, and Hearing Research • Vol. 62 •
Phonological storage is often assessed with a nonword
repetition test during which the participant hears and repeats
a novel sequence of phonemes. This sequence follows
English phonotactic rules but does not represent a known
word (Gathercole & Baddeley, 1996). Nonword repetition
depends on both phonological encoding skills and phono-
logical storage; sequences can be as long as five syllables,
requiring the initial phonemes to be maintained in short-term
memory for the entire duration of the nonword’s presenta-
tion. Consequently, nonword repetition reflects the quality
of the memory trace as it enters and is maintained in short-
term storage. Because nonwords do not have preexisting
lexical representations in long-term memory, storage of non-
words occurs with minimal downstream support from long-
term memory (Hulme, Maughan, & Brown, 1991; though
see also Gathercole, 1995). Despite retaining the prosodic
properties (i.e., number of syllables and syllable stress) of
these novel nonwords, pediatric CI users struggle to retain
the fine-grained acoustic–phonetic content—suggesting
impairments in phonological storage (Dillon, Cleary, Pisoni,
& Carter, 2004; Nittrouer et al., 2014).

Retrieval. Retrieval is the stage of remembering in
which memory is scanned and a memory trace is selected
for recall. Memory scanning appears to be an amodal pro-
cess because scan speed is not affected by stimulus qualities
such as word length or even lexical status (Cowan et al.,
1994). However, memory scanning does become faster with
development, and this increase in scan speed is related to im-
provements in short-term memory span (Cowan et al., 1994).

Once an item is selected for retrieval, the decaying
(i.e., fading) memory trace must be restored. This retrieval-
based restoration process is known as redentigration, and it
occurs for both visual and phonological information (Bower
& Glass, 1976; Schweikert, 1993). If the decaying short-
term memory trace has a representation in long-term mem-
ory, then the long-term memory representation can be used
as a template to restore and repair any missing segments
lost to decay. Computational models of short-term memory
demonstrate that larger vocabularies support redintegration
processes by providing fast access to many possible lexical
templates (Gupta & Tisdale, 2009). Indeed, pediatric CI
users’ vocabulary knowledge has been found to predict their
performance on a word span task (Nittrouer et al., 2017).
Redintegration processes also depend on stimulus character-
istics. For example, redintegration is most effective for high-
frequency items and lists with high interitem associations;
nonwords, which have no long-term lexical entries (thus are
of low frequency and have no interitem associations) do not
benefit from redintegration (Hulme, 2003).

Previous Investigations Into Pediatric CI Users’
Short-Term and Working Memory

The primary goal of early investigations into pediatric
CI users’ working memory was to describe their performance
relative to typically hearing controls. These studies identi-
fied the presence of working memory disruptions and de-
termined the magnitude of individual variation within this
1016–1032 • April 2019



Figure 1. Stimuli (as seen in their respective response grid layouts).
patient population (e.g., Pisoni & Geers, 2000). The au-
thors of these studies acknowledged the potential role of
central information-processing mechanisms during encoding,
storage, and retrieval in CI users’ short-term and working
memory. For example, Pisoni and colleagues (Pisoni &
Cleary, 2003; Pisoni, Kronenberger, Roman, & Geers, 2011)
observed that articulation rate predicted both forward and
backward digit span, implicating slow, inefficient verbal
rehearsal during storage—a conclusion based on decades
of literature in working memory (e.g., Baddeley, Thomson,
& Buchanan, 1975; Hulme, Thomson, Muir, & Lawrence,
1984). During recall, young CI users also displayed a slower
response rate than typically hearing peers (Burkholder &
Pisoni, 2003). Slow response rates, when driven by long
pause durations between items during recall—as was the case
for CI users—had been associated with slow scanning speeds
during retrieval (Cowan et al., 1994). Unfortunately, many
of these early studies utilized auditory stimuli and spoken
responses, making it impossible to rule out effects of audi-
tory sensory encoding and speech motor planning.

The emphasis on phonological storage followed a
study reported by Nittrouer et al. (2013) in which they
modified a standard test of phonological similarity. In
Nittrouer et al.’s version of the task, children were presented
with pictures and auditory labels of either phonologically
similar nouns or phonologically distinct nouns. At recall,
they were given an array of all of the pictures in the set and
were required to point to the to-be-remembered pictures in
their order of presentation. Notably, the locations of pictures
within the array were randomized on each trial. The pre-
mise of the study was that any decrements in CI users’ recall
accuracy should reflect storage problems within the phono-
logical loop whereas any slowing of CI users’ recall response
speed should reflect processing problems of the central
executive. Nittrouer et al. (2013) observed lower recall ac-
curacy in the pediatric CI users relative to their typically
hearing peers. However, speed of responding was similar
for both groups, suggesting that earlier reports regarding
scanning speed may have been influenced by the need for
speech motor planning.

One limitation of Nittrouer et al.’s approach is that
the modified test of phonological similarity has not been
validated against more well-known and conventional tests
of short-term and working memory. Moreover, the study’s
conclusion that processing played no role in CI users’
short-term memory deficits appears to generalize beyond
scanning speed to other components and stages of process-
ing. However, the processing measured by the task occurs
only once the participant is ready to respond—after encod-
ing, maintenance in storage, and redintegration. Searching
for and selecting items for recall therefore reflect only a
subset of all possible processing operations, some of which
may differ between pediatric CI users and their typically
hearing peers. Hence, questions persist about the relative
contributions of storage and processing in short-term verbal
memory in CI users, which raises the need for additional
research on the role of specific domains of processing such
as encoding and retrieval.
A

Instead of broadly dividing the working memory sys-
tem into storage and processing, it may be more useful to
consider pediatric CI users’ short-term and working mem-
ory disruptions in reference to the three stages of memory
formation: encoding, storage, and retrieval. Conceptually,
this framework allows a differentiation among the multiple
processing operations that might occur during a given task.
From a clinical point of view, this framework should stimu-
late the development of interventions to address specific
weaknesses at each stage of memory. Such targeted inter-
ventions will likely improve the efficacy of language and
memory interventions for children with CIs.
Current Study
We previously demonstrated that pediatric CI users’

short-term memory impairments persist even when demands
on audibility and verbal output are completely eliminated
by comparing CI users and typically hearing peers on two
versions of forward and backward digit span (AuBuchon
et al., 2015a): (a) Auditory Digit Span Tasks from the
Wechsler Intelligence Scale for Children–Third Edition
(Wechsler, 1991), which use auditory presentation and re-
quire spoken responses, and (b) computerized digit span
tasks in which the digits were presented visually and re-
sponses were made by pointing to items on a touchscreen
response grid. Not only did CI users continue to perform
poorly when the demands of audibility and speech motor
planning were eliminated, but their performance on the
two versions was highly correlated (AuBuchon et al., 2015a).
These findings support the general claim that pediatric
CI users’ short-term memory deficits are due to cognitive
mechanisms within the working memory system rather
than (a) solely a failure to encode the stimulus via the audi-
tory system or (b) a by-product of listening or speaking
demands during the task.

The current study extends the computerized digit
span paradigm used in our earlier study to simultaneously
assess contributions of encoding, storage, and retrieval.
We combined the computerized digit span data with mem-
ory span for two additional stimulus sets: pictures of con-
crete nouns and visual displays of novel symbols that have
no prelearned verbal labels (see Figure 1). We expected that
all participants—regardless of hearing status—would dis-
play a similar pattern of remembering across the three types
uBuchon et al.: CI Users’ Encoding, Storage, and Retrieval 1019



of stimuli. Both pediatric CI users and their typically hear-
ing peers should display the highest accuracy with digits.
These stimuli have well-known, highly familiar verbal labels,
which should encourage rapid phonological recoding during
the encoding stage; in addition, the set of digits has high-
frequency and high-interitem associations to support the
redintegration or recovery of fading memory traces during
the retrieval stage. In contrast, the novel visual symbols
have no prelearned lexical entries; thus, they have neither
verbal labels nor interitem associations. In effect, they are
visual analogues to written nonwords, except that they
impose no demands on reading or phonological awareness.
Both groups of participants should recall the fewest lists
when remembering these novel visual symbols. Accuracy
for pictures of concrete objects should fall between digits
and symbols. The visually presented objects have obvious
verbal labels; however, their lower interitem associations
would be less supportive of redintegration than for digits.

If encoding and retrieval processes contribute to pedi-
atric CI users’ short-term/working memory, then memory
performance would be predicted by individual differences
in phonological recoding and redintegration, respectively.
We obtained measures of rapid digit naming as a proxy for
phonological recoding. In rapid digit naming, the partici-
pant must rapidly recognize the printed image of a number,
recode the number into its verbal label, and produce the
verbal label. Although speech production is a component of
rapid digit naming, the task is a well-validated measure of
phonological recoding; moreover, rapid digit naming corre-
sponds to reading ability (Wolf et al., 2000) as well as
executive function skills, including verbal working mem-
ory, inhibition concentration, and controlled fluency speed
(AuBuchon et al., 2015b).

In addition, we obtained scores on the Peabody Pic-
ture Vocabulary Test (PPVT; Dunn & Dunn, 1997) as a
proxy for redintegration abilities. Computational models
of verbal short-term memory demonstrate that increas-
ing vocabulary knowledge leads to faster and more suc-
cessful redintegration (Gupta & Tisdale, 2009). In an
earlier study, we observed that rapid naming skills were un-
correlated with a broader language composite, which in-
cluded scores from the PPVT, indicating that rapid digit
naming and PPVT should allow us to observe the inde-
pendent effects of each variable even when both are en-
tered into the model (AuBuchon et al., 2015b).

Nonword repetition was assessed as an estimate of
robustness of phonological representations within the pho-
nological store. If phonological storage is sufficient to explain
the overall deficits and variability observed in CI users’
short-term and working memory, then we would expect
only nonword repetition to predict variation in short-term
and working memory performance. However, if phonologi-
cal recoding speed and/or vocabulary knowledge contrib-
utes predictive power to the model, explanations focusing
solely on storage would be inadequate to fully explain
the wide variability in pediatric CI users’ short-term and
working memory abilities. In this case, phonological
recoding, redintegration, and other processes involved in
1020 Journal of Speech, Language, and Hearing Research • Vol. 62 •
encoding and retrieval should undergo experimental manipu-
lations to better understand the causal role of informational
processing operations during development—especially in
children with atypical hearing and language development.

Hypotheses
The following hypotheses were tested in this study:

1. Both pediatric CI users and their typically hearing
peers will show a decline in the number of lists recalled
as the stimuli change from digits to objects to abstract
symbols, suggesting that CI users, like their typically
hearing peers, use long-term linguistic knowledge of
the stimulus during encoding and retrieval.

2. Individual variability in performance will be predicted
by speeded digit repetition (encoding) and vocabulary
(redentigration during retrieval) above and beyond
contributions of nonword repetition (storage).

Method
Participants

Forty-nine pediatric CI users (23 female and 26 male
users; 20 bilateral) were recruited through a CI clinic and
research center, as well as local advertisements, with the
following inclusion criteria: (a) onset of severe-to-profound
hearing loss (> 70 dB hearing loss in the better hearing ear)
before the age of 3 years, (b) cochlear implantation before
the age of 7 years, (c) minimum of 7 years of CI use, and
(d) consistent use of a multichannel CI system with updates
to maps and processors as necessary. One CI user (aged
10 years) was excluded for not completing all of the span
tasks. The remaining 48 CI users’ hearing history is reported
in Table 1.

In addition, 56 typically hearing participants (36 female
and 20 male participants) were recruited from advertisements
in the same clinics and local sites as the CI sample. All typi-
cally hearing controls passed a hearing screening (0.5–4 kHz
at 20 dB bilaterally). CI users and typically hearing partici-
pants had no other comorbid developmental or neuro-
cognitive delays or disabilities, and all participants lived in
a home where spoken English was the primary language.

Procedure
All procedures were approved by the local institu-

tional review board. All testing was completed during two
visits that occurred 1 month to 4 years apart. On the first
visit, participants’ vocabulary knowledge (PPVT) and rapid
digit naming speeds were measured as part of a larger bat-
tery of neurocognitive, speech, and language tests. On the
second visit, participants completed the nonverbal intelli-
gence (Comprehensive Test of Nonverbal Intelligence–
Second Edition [CTONI-2]; Hammill, Pearson, & Wiederholt,
2009), nonword repetition, and computerized memory span
tests. Prerecorded audio stimuli for the nonword repetition
test were presented to subjects in a quiet room at 65 dB using
a high-quality loudspeaker located approximately 3 ft from
1016–1032 • April 2019



Table 1. Summary of pediatric cochlear implant (CI) recipients’
hearing history.

Variable Count

Etiology
Genetic 7
Meningitis 6
Other/unknown 35

Age at identification of deafness
Birth 39
Under 12 months 4
13–24 months 3
25–36 months 2

Age of fit of CI (months)
8–12 1
13–24 16
25–36 11
37–76 20

M (SD) Range
Duration of CI use (years) 14 (4.3) 7–24.5
Preimplant residual hearing (PTA) 106 (11.9) 85–118

Note. Preimplant residual hearing is expressed as mean unaided
pure-tone average (PTA) for the frequencies 500, 1000, and 2000 Hz
in dB HL. Other/unknown etiology for hearing loss includes auditory
neuropathy (n = 3), large vestibular aqueduct (n = 1), Mondini
malformation (n = 2), ototoxicity (n = 1), and unknown (n = 28).
the subject. All other tests were administered using standard-
ized directions that were identical for the CI users and typi-
cally hearing peers. The CI users listened with their CI
processor set to everyday settings, and they were all tested
by one of two certified speech-language pathologists who
were experienced in testing CI users.
Measures
Computerized Memory Span Tasks

All participants completed six computerized memory
span tasks: symbol span (forward and backward), object
span (forward and backward), and digit span (forward and
backward). The span tasks differed only by the nature of
the stimulus set (see Figure 1) or the direction of recall (for-
ward or backward); otherwise, the procedure for each span
task was identical. Before each of the two tasks with a given
stimulus set, participants were familiarized with the items
from that set. An item from the stimulus set was presented
in the center of the computer screen for 1 s, after which a
3 × 3 response grid (450 × 450 pixels) containing all nine
items from that stimulus set appeared. The participant was
instructed to select the just-seen item by touching that item
on the display screen. This process was repeated until the
participant correctly identified all nine items. To minimize
visual search demands, items remained in the same grid
location throughout the study.

The stimulus familiarization phase was followed by
the corresponding forward and backward span tasks, each
of which was preceded by two practice trials: one at List
Length 2 and one at List Length 3. For the actual memory
span task, two lists were presented at each list length,
A

beginning with List Length 2. Regardless of list length,
each item appeared for 1 s, one at a time, in the center of
the screen. The corresponding response grid appeared 250
ms after the offset of the final list item. Participants
were instructed to reproduce the list of items by using
the touchscreen monitor (12.1 in., 800 × 600 pixels,
Model Keytec L1201S) to select items in either forward or
backward order. If the participant correctly reproduced at
least one list at a given list length, then list length increased
by one item; if the participant failed to reproduce at least
one list at a given length, testing was terminated. Scores
were calculated as the total number of lists correctly
reproduced.

Digit Naming
Digit naming was calculated using the numeral nam-

ing baseline control condition of the counting interference
task (Hummer et al., 2011). Participants rapidly named a
series of randomly presented digits (1, 2, or 3) from a stim-
ulus page for 45 s; digit naming scores were the number
of digits read prior to the time limit; thus, higher scores
correspond to faster naming.

Nonword Repetition
Nonword repetition was adopted from the Chil-

dren’s Test of Nonword Repetition (Gathercole & Baddeley
1996), which requires the participant to repeat two- to five-
syllable nonwords. Recordings of the nonwords were made
by a native speaker of American English. Repetitions were
transcribed and scored by a certified speech-language pathol-
ogist. Scores represent the percentage of nonwords correctly
recalled.

PPVT
PPVT (Dunn & Dunn, 1997) is a one-word receptive

vocabulary test in which the examiner says a word aloud
and the participant must point to one of four pictures that
correctly depict that word. Scores on the PPVT were used
to index lexical retrieval from long-term memory during
redentigration.

The Geometric Scale of the CTONI-2
The CTONI-2 is a measure of nonverbal reasoning

and concept formation. The Geometric Scale is calculated
as the norm-based standard score from the subtests using
abstract visual design stimuli. This standard score is reflec-
tive of nonverbal (fluid) IQ. The CTONI-2 provides an
estimate of nonverbal intelligence with reduced language
input; it has excellent reliability and validity and has been
used with populations with hearing loss and/or language
delays (Hammill et al., 2009).

Statistical Analyses
Statistical analyses were performed using R Ver-

sion 3.4.2 (R Core Team, 2017), the packages ggplot2
(Wickham, 2009) and lmerTest (Kuznetsova, Brockhoff,
& Christensen, 2015), and the lmer function in the lme4
uBuchon et al.: CI Users’ Encoding, Storage, and Retrieval 1021



package (Bates, Maechler, Bolker, &Walker, 2014). We
utilized linear mixed modeling to test our hypothesis that
changing the stimuli would affect span and determine which
predictors contribute to individual differences in span.
Unlike standard regression, which assumes independence,
linear mixed modeling takes into account that participants’
three computerized memory span scores are correlated.1

By including random intercepts for each participant, linear
mixed models account for participants’ baseline differences
in span performance. Furthermore, linear mixed models
are robust to sample size differences between groups and
violations of normality in the data—although visual inspec-
tion did not suggest any violations of normality.

Because forward span tasks are thought to rely only
on short-term memory in typically hearing populations
whereas backward span tasks are thought to tap the entire
working memory system, all analyses were conducted sepa-
rately for forward and backward span scores. In order to
examine our first prediction that spans for both CI users
and typically hearing peers would be influenced by stimulus
characteristics, we created a model that included random
intercepts for subjects, the control variables of age and non-
verbal intelligence (CTONI-2), and fixed effects of stimulus
type (digits, objects, symbols), as well as all four predictor
variables of interest: hearing status (CI, typically hearing),
phonological recoding speed (digit naming), phonological
storage (nonword repetition), and vocabulary knowledge
(PPVT raw score).

In order to test our second prediction that measures
associated with encoding and retrieval skills—above and
beyond phonological storage—would predict individual vari-
ation in performance, we compared models using a χ2 likeli-
hood ratio test (Winter, 2013). The objective was to achieve
the best fit with the simplest model (i.e., fewest parameters)
with the exception that the control variables of age and non-
verbal intelligence would remain in the model regardless of
their individual contributions. One limitation in this study
was the collection of data over two testing visits. On average,
the lag between Visit 1 and Visit 2 was longer for CI users
(M = 2.2 years, SD = 1.1) than for typically hearing peers
(M = 1.5 years, SD = .8), t(103) = 19.5, p < .001. However,
because of our targeted recruitment efforts,2 the two groups
had similar age distributions at each visit (see Table 2). Be-
cause performance on the span task is our primary outcome
1Pairwise correlations among all tasks can be found in Supplemental
Material S1.
2To account for the large age range in our pediatric CI user group,
focused recruitment efforts were made to match CI users with normal
hearing peers of the same age (at both Visits 1 and 2) and nonverbal
intelligence. This resulted in overrecruitment of normal hearing peers
and some CI users for whom matches could not be found. In previous
articles, we have utilized only those participants with a 1:1 match
on age and nonverbal intelligence (AuBuchon et al., 2015a, 2015b;
Kronenberger et al., 2013). However, in this article, we have chosen to
report data from all participants in order to maximize variability and
power in the linear mixed-effects modeling. For a group comparison
of the computerized digit span data using only matched participants,
see AuBuchon et al. (2015a).
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variable, we opted to use age at Visit 2 (when span was
measured) as a fixed effect in models. We also included
CTONI-2 standard score as a fixed effect to account for
individual differences in nonverbal intelligence. Therefore,
we can examine the contributions of hearing status (CI
or typically hearing), phonological recoding speed (digit
naming), vocabulary knowledge (PPVT raw score), and
phonological storage (nonword repetition) after taking into
account two known correlates of working memory—age
and IQ.
Results
Forward Span

Prediction 1: More lists will be recalled for digits, then
objects, and then symbols. As predicted, more lists were
recalled when the stimuli were digits rather than objects,
B = −2.63, t(208) = −12.88, p < .00l, or symbols, B = −5.13,
t(208) = −25.10, p < .00l, and more lists of objects were
recalled than lists of symbols, B = −2.50, t(208) = −12.22,
p < .001. Separate analyses for the two groups confirmed
that both groups showed the overall decline from digits to
objects to symbols (all ts > 8.0, all ps < .001; see means in
Table 3).

Prediction 2: Individual differences related to encoding
and retrieval will predict memory performance above and
beyond phonological storage. The model of main effects de-
scribed above led to an unexpected finding regarding our
four predictors of interest. In this model, neither hearing
status, t(104) = 1.0, p = .33, nor nonword repetition (as an
estimate of phonological storage), t(104) = 0.86, p = .39,
uniquely contributed to performance on the forward span
tasks. Successively eliminating each of these variables dem-
onstrated that the model with these variables accounted
for no more variance than either reduced model. Notably,
when hearing status was removed, a main effect of non-
word repetition emerged, B = 0.01, t(104) = 3.12, p = .002.
Likewise, when nonword repetition was removed, a main
effect of hearing status emerged, B = 0.92, t(104) = 3.16,
p = .002. As shown in Figure 2, the redundancy of non-
word repetition and hearing status cannot be due to a lack
of variability on the nonword repetition task within each
group. Because hearing status and nonword repetition
accounted for the same variance, only one was necessary
for further analysis. Because the purpose of the study is
to simultaneously examine the contributions of encoding,
storage, and retrieval, we opted to retain nonword repeti-
tion as an indicator of phonological storage. However,
the results were identical when hearing status, rather than
nonword repetition, was retained, suggesting that the vari-
ability in nonword repetition performance afforded no
more predictive value than the categorical nature of hear-
ing status (see Supplemental Material S2).

The best model of forward span included random in-
tercepts for subject, control variables of age and nonverbal
intelligence, as well as significant effects of digit naming,
nonword repetition, vocabulary knowledge, and a two-way
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Table 2. Means, standard deviation, and range of demographic variables for the cochlear implant (CI) users and typically
hearing controls.

Variable

CI sample (n = 49) Control sample (n = 56)

tM (SD) Range M (SD) Range

Age at Visit 1 (years) 14.9 (4.8) 7.8−26.7 15.8 (5.3) 7.1−29.0 0.9
Age at Visit 2 (years) 17.1 (5.2) 9.3−30.0 17.4 (5.1) 9.9−29.3 0.2
Time between testing (years) 2.2 (1.1) 0.1−4.0 1.5 (0.8) 0.1−3.3 3.7*
CTONI-2 standard score 103.0 (14.2) 70−130 106.1 (11.7) 78−127 −1.2

Note. CTONI-2 = Comprehensive Test of Nonverbal Intelligence–Second Edition.

*p < .05.
interaction of vocabulary knowledge and stimulus type
(see Table 4). Vocabulary knowledge was a better predictor
of digit span than of object or symbol span, which did not
differ (see Figure 3). Fitted model data were strongly corre-
lated with our observed data (r = .91, p < .001), and visual
inspection of the model residuals suggested a reasonable fit.
Backward Span
All analyses were repeated, but with backward span

as the outcome variable. This analysis was designed to
assess whether the mechanisms uncovered for forward span
would also underlie group differences and individual vari-
ability when an additional processing operation is required
to complete the task.

Prediction 1: More lists will be recalled for digits, then
objects, and then symbols. As was the case for forward span,
a model with all variables confirmed that accuracy for digits
was higher than accuracy for both objects, t(208) = −10.00,
p < .001, and symbols, t(208) = −15.13, p < .001, and accu-
racy for objects was higher than that for symbols, t(208) =
−5.13, p < .001. Separate analyses for the two groups con-
firmed that both groups showed the overall decline from
digits to objects to symbols (all ts > 2.0, all ps < .05; see
means in Table 5).

Prediction 2: Individual differences related to encoding
and retrieval will predict span above and beyond phonological
storage. The best model of backward span included ran-
dom intercepts for subject, control variables of age and
nonverbal intelligence, as well as significant effects of stim-
ulus type, rapid digit naming, vocabulary knowledge, and
a two-way interaction of vocabulary knowledge and stimulus
Table 3. Mean accuracy and standard deviation on forward span
tasks.

Stimulus type CI sample Control sample

Digit 7.6 (2.4) 10.1 (2.2)
Object 5.2 (1.8) 7.2 (1.6)
Symbol 3.1 (1.8) 4.4 (2.0)

Note. Accuracy refers to the total number of correctly recalled lists.
CI = cochlear implant.

A

type (see Table 4). Vocabulary knowledge was a better pre-
dictor of digit span than of object span and symbol span, as
well as a better predictor of object span than symbol span
(see Figure 4). The best fitting model for backward span
included neither hearing status nor nonword repetition. Fitted
model data were strongly correlated with our observed data
(r = .91, p < .001), and visual inspection of the model re-
siduals suggested a reasonable fit.

Role of Hearing History
The associations of hearing history and demographics

with span memory were further explored within the group
of pediatric CI users only, as opposed to the prior analyses
that included both CI users and typically hearing peers. This
analysis allowed for testing the hearing history variables
that were present only in the CI sample. Additional models
were built for the forward and backward spans, which in-
cluded fixed effects of nonverbal IQ3 and stimulus type, as
well as age at identification of deafness, preimplant better
ear pure-tone average, age of first CI, duration of use, and
bilateral/unilateral implantation. None of these hearing his-
tory or demographic variables explained accuracy on for-
ward span, and only duration of CI use—likely as a proxy
for age at testing or language ability—was related to back-
ward span (see Supplemental Material S3). Given our inclu-
sion criteria, many of these variables could be considered to
have restricted ranges. Therefore, no further interpretation
will be made from these results.
Discussion
The results obtained in this study provide converging

evidence that phonological storage alone does not provide
a full explanation for the high variability observed in pedi-
atric CI users’ short-term and working memory for digits,
objects, and symbols. Specifically, we proposed that
individual differences in the efficiency of long-term lexical
access during encoding and retrieval processes, as indexed by
rapid digit naming and vocabulary knowledge, respectively,
3Age was left out of the model including hearing history variables,
because age at fit and duration of use, together, perfectly correlate
with age at testing.
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Figure 2. Scatter plots of nonword repetition and accuracy (number of lists recalled). Groups separated for display
only, as hearing status did not interact with any other variable.
should also be considered. Our first prediction—that the
stimulus type would influence memory span—was based on
prior research demonstrating that an item’s lexical status
and familiarity impact both encoding and redintegration
processes, which support short-term and working memory
performance. This prediction was supported. List recall on
both forward and backward spans was highest for visually
presented digits, which have highly familiar verbal labels to
support encoding and high interitem associations to support
redintegration. Performance was lowest for novel visual
symbols, which both are difficult to verbally label and have
no long-term lexical representations to support redintegra-
tion. Performance for visual images of concrete nouns fell
between these extremes. Importantly, the overall pattern
of stimulus type held for both groups, suggesting that
pediatric CI users’ sensitivity to verbal labels and interi-
tem associations mirrors that of their typically hearing
peers.

Our primary interest in this study was the underlying
information-processing operations that contribute to indi-
vidual variation in short-term and working memory per-
formance. Some findings have suggested that pediatric CI
users’ disruptions are due to degraded phonological storage
1024 Journal of Speech, Language, and Hearing Research • Vol. 62 •
(Nittrouer et al., 2013), whereas other results have shown
that rapid naming speed is correlated with executive func-
tions in both pediatric CI users and their typically hearing
peers (AuBuchon et al., 2015b). The latter findings suggested
that encoding may contribute to pediatric CI users’ individ-
ual differences in short-term and working memory, supple-
menting an earlier discovery that processing operations
during storage were related to span (Pisoni & Cleary, 2003).
Additional findings implicating CI users’ vocabulary knowl-
edge as the primary predictor for word span also suggested
a role for retrieval mechanisms (Nittrouer et al., 2017).
These previous results led us to test whether individual var-
iation in memory span performance was better accounted
for by measures related to processing operations during
encoding and retrieval—such as recoding speed and vocab-
ulary knowledge—or measures related to storage, such as
nonword repetition.

Individual Differences in Short-Term
Memory Performance

Phonological storage, as measured by nonword repeti-
tion, was predictive of forward span performance. Specifically,
1016–1032 • April 2019



Table 4. Linear mixed models.

Span direction Random intercept variance Predictors t p

Forward 0.77, SD = 0.88 Age 1.2 .25
CTONI-2 2.7 .01
Stimulus (digits−objects) 1.1 .25
Stimulus (digits−symbols) −0.7 .52
Stimulus (objects−symbols) −1.7 .07
Rapid digit naming 2.2 .03
Nonword repetition 3.1 < .01
PPVT 4.9 < .01
PPVT:stimulus (digits−objects) −3.6 < .01
PPVT:stimulus (digits−symbols) −4.2 < .01
PPVT:stimulus (objects−symbols) −0.53 .59

Backward 1.08, SD = 1.04 Age 1.0 .33
CTONI-2 3.4 .01
Stimulus (digits−objects) 1.9 .06
Stimulus (digits−symbols) 3.0 < .01
Stimulus (objects−symbols) 1.1 .27
Rapid digit naming 4.3 < .01
PPVT 5.7 < .01
PPVT:stimulus (digits−objects) −4.0 < .01
PPVT:stimulus (digits−symbols) −6.1 < .01
PPVT:stimulus (objects−symbols) −2.1 .03

Note. Significant contributors to the model are denoted in bold. A minus sign (−) denotes the effect of changing levels of the
variable stimulus—for example, the variance due to shifting stimuli from digits to objects. A colon (:) denotes an interaction
term. CTONI-2 = Comprehensive Test of Nonverbal Intelligence–Second Edition; PPVT = Peabody Picture Vocabulary Test.
impairments in phonological storage contributed to pediatric
CI users’ overall impaired performance on verbal short-term
memory tasks. However, individual differences in phonologi-
cal storage provided no more predictive power than simply
knowledge of hearing status alone. This redundancy was not
due to a lack of sensitivity in the nonword repetition task.
Rather, this finding suggests that the role of phonological
storage appears to be broad and pervasive in nature. In other
words, the phonological degradation due to a CI may have
an overall negative impact on short-term storage—driving
group differences between CI users and typically hearing
peers (though the finding that nonword repetition predicted
no variance for backward span indicates an alternative ex-
planation presented below). Nonetheless, it is clear that
subtle variation in CI users’ quality of phonological detail
cannot fully account for individual differences in outcomes.

The finding that variability in nonword repetition
did not predict span does not lead us to discount the roles
of audibility and/or degraded memory traces. For pre-
lingually implanted CI users, lexical representations in long-
term memory would have been learned under acoustic con-
straints of the CI. Thus, retrieval from long-term memory
is likely to be impacted by phonological overlap in the same
ways as described earlier; that is, shared features among
items lead to slower, more effortful activation of memory
traces from lexical long-term memory into short-term mem-
ory. Slowed activation from lexical long-term memory
would impact both phonological recoding and redintegration.

Indeed, individual variation in short-term memory
span is better explained by the number of lexical represen-
tations available in long-term memory and the speed with
which those representations can be accessed during recoding.
A

Specifically, phonological recoding speed (as measured by
rapid digit naming) and vocabulary knowledge (as mea-
sured by PPVT) accounted for additional variance in for-
ward span performance above and beyond age, nonverbal
intelligence, and phonological storage (as measured by
nonword repetition). Contributions of language ability to
complex memory span performance are well documented
in typical development (Daneman & Carpenter, 1980). Fur-
thermore, other factors in addition to language may con-
tribute to the decay of items in memory, such as mental
efficiency, processing speed, organizational strategies, and
effort (Kronenberger et al., 2014; Kronenberger & Pisoni,
2016; Pisoni, Kronenberger, Chandramouli, & Conway,
2016; Rönnberg et al., 2013).

We also observed an interaction between stimulus type
and vocabulary knowledge. For both groups, vocabulary
knowledge was predictive of performance on all three span
tasks, and this relationship was strongest for digits. The
strong relation between PPVT and the forward (r = .69)
and backward (r = .62) digit span tasks may seem counter-
intuitive if we consider PPVT merely as a reflection of
vocabulary achievement. The youngest participant was
over 9 years of age when the span tasks were administered,
so one might expect digit span to impose few linguistic de-
mands on any of our participants. Yet, digit span was sensi-
tive enough to capture individual differences in linguistic
ability. Such a relation is consistent with an interpretation in
which PPVT represents a long-term semantic network that
can fortify individual representations against decay and
promote redintegration (see also Jones & Macken, 2015).

We were more surprised that vocabulary knowledge
was predictive of short-term memory for novel visual
uBuchon et al.: CI Users’ Encoding, Storage, and Retrieval 1025



Figure 3. Scatter plots depicting the two-way interaction of stimulus type and Peabody Picture Vocabulary Test (PPVT; raw
score) on forward span accuracy. Groups separated for display only, as hearing status did not interact with any other variable.
symbols. Not only were these symbols novel to the partici-
pants, but they were also not designed to have a specific ref-
erent. Therefore, we anticipated that these symbols would
not have universally agreed-upon verbal labels. Anecdotally,
however, many participants were observed to be overtly
labeling these items (e.g., “tornado,” “basket,” “seashell”).
This observation is consistent with our hypothesis that indi-
vidual differences in the efficiency of long-term lexical
access are related to short-term memory performance. In
other words, the relation between vocabulary knowledge
Table 5. Mean accuracy and standard deviation on backward span
tasks.

Stimulus type CI sample Control sample

Digit 5.4 (2.4) 8.0 (3.2)
Object 3.8 (1.9) 5.1 (2.0)
Symbol 3.0 (1.6) 3.6 (1.9)

Note. Accuracy refers to the total number of correctly recalled lists.
CI = cochlear implant.
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and performance on novel visual symbols may reflect the use-
fulness of verbal labeling even for ambiguous, never-before-
encountered images. For example, it is possible that those
participants with a larger vocabulary were better able to ac-
cess and assign consistent verbal labels for items that differ-
entiated the target item from the remaining items in the set.
Unfortunately, it may be difficult to find truly nonverbal
stimuli to address this limitation while maintaining a para-
digm that requires binding of item and temporal order—a
task inherent within spoken language processing. An alterna-
tive explanation is that all tests—including symbol span and
PPVT—are influenced by nonspecific test-taking factors
(e.g., factors influencing performance on all types of tests),
such as comfort with test taking, decision-making ability,
and reasoning skills, which could be an additional variable
driving the observed correlation rather than verbal labeling.

Individual Differences in Working
Memory Performance

A crucial finding was that neither hearing status nor
nonword repetition was predictive of performance on the
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Figure 4. Depiction of the two-way interaction between Peabody Picture Vocabulary Test (PPVT; raw score) and stimulus type
for backward span accuracy. Groups separated for display only, as hearing status did not interact with any other variable.
backward span (i.e., working memory) tasks when rapid
digit naming and vocabulary knowledge were included in
the model. Watson, Titterington, Henry, and Toner (2007)
observed poorer performance on backward digit span in
7- to 13-year-old pediatric CI users than in age-matched
controls. In a longitudinal study of early-implanted, long-
term CI users, Pisoni et al. (2011) found that, in elementary
school, 23% of pediatric CI users scored less than 1 SD lower
than norm; by the time they reached high school, 38% of
the group had fallen below the 1-SD cutoff. In a prior study
with an overlapping sample of the present cohort, pediatric
CI users had smaller average Wechsler Intelligence Scale
for Children Backward Digit Spans than typically hearing
controls (AuBuchon et al., 2015a). More importantly, how-
ever, the use of linear mixed model analyses has moved
beyond confirming that group differences exist. The current
analyses allow us to make more detailed inferences regard-
ing the underlying information-processing mechanisms,
which may contribute to these group differences. Specifi-
cally, variability in the availability and retrieval of long-term
lexical representations appears to drive both group and
individual differences on working memory span.
A

Unfortunately, the correlational nature of the present
design restrains this interpretation; experimental research
is needed to establish a causal relationship and specify the
mechanisms of action proposed here. Such experimenta-
tion will likely require moving beyond simple forward and
backward span tasks—or even the standardized complex
working memory span tasks often found in commercial
cognitive testing batteries. Instead, we might look to exper-
imental research in cognitive science for paradigms that
can better isolate specific process components within the
working memory system (e.g., Camos, Lagner, & Barrouillet,
2009; Ecker, Lewandowsky, Oberauer, & Chee, 2010; for
a review, see Unsworth & Engle, 2007).

Most earlier work on prelingually implanted CI users
has conceptualized language as a long-term outcome pre-
dicted by short-term and working memory abilities (e.g.,
Geers et al., 2011), but the current study emphasizes the
role of language skill as a support for short-term and work-
ing memory performance. The relationship between working
memory and language is likely bidirectional, with an intact
working memory system being a necessary prerequisite for
language learning (Baddeley et al., 1998) and previously
uBuchon et al.: CI Users’ Encoding, Storage, and Retrieval 1027



learned language knowledge feeding back to support
current working memory functions (Gathercole, 1995).
Although Baddeley and his colleagues reference the impact
of long-term lexical knowledge in supporting short-term
and working memory, the potential role of controlled at-
tentional processes as a mediator between short- and long-
term activation is more thoroughly elaborated in the
contemporary models of working memory currently being
developed within cognitive science.

Active Attention-Based Models
of Working Memory

Contemporary models of working memory place less
emphasis on modular, domain-specific storage and pro-
cessing components in order to account for differences in
performance across verbal and spatial tasks.4 Instead, the
embedded processes model of working memory, developed
by Cowan (2001), and the TBRS model of working mem-
ory, developed by Barrouillet and Camos (2012), both em-
phasize a single, modality-general attentional mechanism
that can be used either as a store, which protects informa-
tion from decay, or to process information. Items protected
by attention represent a limited subset of short-term mem-
ory. The remainder of short-term memory can hold an
unlimited number of traces, but these traces are suscepti-
ble to decay. If resources are directed toward a secondary
processing task—as is the case in traditional working mem-
ory tasks, such as backward digit span, reading span, and
listening span—then to-be-remembered information is sus-
ceptible to decay, meaning the representation fades over
time.

According to the embedded processes and TBRS
models, attention’s capacity limit can be overcome by
using coding and processing strategies. Activated memory
traces in the short-term store are quickly and easily accessi-
ble to attention. Therefore, items can be temporarily
reactivated via attentional refreshing—an active control
strategy in which attention rapidly shifts between its stor-
age and processing roles (Camos et al., 2009). Unlike verbal
rehearsal, attentional refreshing can be applied to any type
of information, regardless of its domain. Attentional refresh-
ing is considered an “active” strategy because it requires
conscious attentional resources and effort. In addition,
information that is part of a robust long-term memory net-
work appears to be fortified against decay—even when it
is being held outside attention (Cowan, Rouder, Blume, &
Saults, 2012). Thus, it is common to see performance as
high as seven—or even nine—items on a short-term mem-
ory task that uses highly familiar stimuli and does not im-
pose a secondary processing task to limit strategy use.

Typical development leads to an asymmetry in which
short-term memory for verbal materials tends to be prioritized
4For a recent review distinguishing current models of working
memory on the continuums of modularity and attentional control—
and their implications for language processing—see Adams, Nguyen,
and Cowan (2018).

1028 Journal of Speech, Language, and Hearing Research • Vol. 62 •
over memory for visual–spatial materials (Atkinson &
Shiffrin, 1968). Morey, Morey, van der Reijden, and
Holweg (2013) have demonstrated that at least part of this
visual–verbal asymmetry stems from attention-demanding
maintenance strategies—such as attentional refreshing—
for visual materials, but attention-free use of rehearsal pro-
cesses for verbal materials. Crucially, the independence of
refreshing and verbal rehearsal processes may develop over
time. Young children appear to recruit attentional resources
to engage verbal rehearsal (Oftinger & Camos, 2016). Thus,
although young children may be able to optionally select
to either refresh or rehearse stored items, their ability to
simultaneously use both strategies is limited. We suspect
that verbally mediated strategies that occur during other
stages of memory may also require attentional resources
early in development but become automatic with linguistic
experience and actively using spoken language.

Even short delays in exposure to language can alter
pediatric CI users’ developmental trajectory (Levine, Strother-
Garcia, Golinkoff, & Hirsh-Pasek, 2016). Consequently,
even if these CI users “catch up” to their peers on standard-
ized language tests, they may still need more attentional
resources to reach similar levels of performance (Nicholas
& Geers, 2007). Therefore, we suggest that many pediatric
CI users may not have developed the robust lexical long-
term memory structure that supports automatic engagement
of linguistic strategies across these three stages of memory.
Similar assumptions are shared by the ease of language
understanding model (Rönnberg et al., 2013). Generally,
the ease of language understanding model specifies that,
in order for language processing to proceed from poorly
detailed acoustic information (as is the case for CI users),
the working memory system must include modality-general
mechanisms such as attention and retrieval from long-term
memory.

Although our findings indicate that attention, encod-
ing, and retrieval are crucially important processes explain-
ing individual and group differences in working memory
for both pediatric CI users and typically hearing samples,
memory storage (in general, and phonological storage, in
particular) is also clearly important in working memory
(and especially the short-term storage component of work-
ing memory) outcomes. Cowan (2001) posits that long-term
memory functions to fortify short-term memory traces
from decay. Without a robust lexical long-term memory
network and distinctive lexical long-term memory represen-
tations, CI users’ phonological and lexical traces are fragile
and easily compromised.

We suggest that the distinctiveness and quality of
the lexical long-term representations do not merely create
a problem of passive short-term storage but also constrain
attentional resources, limiting strategic processing opera-
tions. Indeed, Cantor and Engle (1993) observed direct
relationships between the efficiency of lexical long-term
memory activation and working memory capacity. As ob-
served here and in many prior studies, pediatric CI users
have smaller vocabularies and slower phonological recod-
ing speeds than typically hearing peers, suggesting that
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they also have more effortful, limited access to lexical
long-term memory. Moreover, pediatric CI users also have
slower verbal rehearsal speeds, and as for their typically
hearing peers, rehearsal speed predicts short-term memory
performance when the task is auditory (Pisoni et al., 2011).
Interestingly, however, pediatric CI users do not show
consistent use of verbal rehearsal in visual tasks, which
require phonological recoding before rehearsal can occur
(AuBuchon et al., 2015b). Our interpretation of these find-
ings is that pediatric CI users deplete their limited atten-
tional processing resources during phonological recoding,
leaving fewer resources for rehearsal processes, which may
also require active, controlled attention in this group
(Hunter & Pisoni, 2018). A similar explanation has been
proposed to explain working memory deficits in children
with Down syndrome (Jarrold et al., 2004). Despite hear-
ing loss being a common co-occurrence in Down syn-
drome, verbal rehearsal and language ability—not hearing
levels—explained working memory performance in these
children.

Examining pediatric CI users’ memory delays through
the lens of attention also provides a plausible explanation
of our finding that hearing status/nonword repetition con-
tributed to the model predicting accuracy on forward, but
not backward, span tasks. Differences between the CI users
and typically hearing samples in forward span performance
might be explained more parsimoniously by differences in
controlled attentional processing than by differences in pho-
nological storage. Forward span tasks require few con-
trolled attention resources because of their rote nature and
no explicit task demands to simultaneously process infor-
mation (Engle, Tuholski, Laughlin, & Conway 1999).
Perhaps even on the forward span task, pediatric CI users
actively deployed attention to complete components of encod-
ing, storage, and retrieval that were rote and automatic for
the typically hearing participants. In contrast, backward
span requires greater allocation of executive, controlled at-
tention resources and is a more classically “working mem-
ory” task (Engle et al., 1999). As a result, active processing
in encoding and retrieval processes is required for both
groups, and differences in measures of these processes (digit
naming speed and vocabulary in this study) sufficiently
accounted for differences between CI users and typically
hearing samples, such that hearing status was not a pre-
dictor in the backward span analyses after digit naming
speed and vocabulary were accounted for.

In other words, for the typically hearing participants,
forward span and backward span likely represent the tradi-
tional division between short-term and working memory
(Engle et al., 1999). However, for pediatric CI users, both
forward and backward span may act as working memory
tasks because CI users must tap attentional resources to
recode, store, and retrieve phonological information to
carry out the span task successfully; furthermore, the require-
ment to simultaneously code order (e.g., forward or back-
ward) and content (stimuli) information is more attention
demanding for CI users, even for forward order span tasks
(Kronenberger & Pisoni, 2018). Therefore, it is likely
A

that forward span taps a qualitatively different engagement
of attentional resources in CI versus typically hearing
groups, resulting in significant contributions not only of
encoding (digit naming speed) and retrieval (vocabulary)
processes but also of hearing status (or some proxy such as
nonword repetition). In backward span, on the other hand,
the additional instructions to reverse the list for recall re-
quired both groups to similarly engage attention, resulting
in greater influence of encoding and retrieval processes on
performance relative to hearing status (or phonological
storage). In fact, nonword repetition has been shown to de-
pend on both perceptual discrimination and the structural
organization of lexical long-term memory (Coady & Evans,
2008; Montgomery & Evans, 2006). These studies provide
converging evidence that phonological storage should not be
considered in isolation but, instead, should be examined
as part of a larger working memory system that acts as an
interface between incoming sensory experiences and exist-
ing phonological and lexical representations in long-term
memory.
Summary
One recently proposed explanation for pediatric CI

users’ short-term and working memory deficits, phonologi-
cal storage (as measured by nonword repetition), did not
fully account for individual variability in these CI users’
short-term memory performance or for group differences
between CI users and typically hearing samples in work-
ing memory (e.g., backward span) performance. In fact, it
provided no more information to the model of forward
span than knowledge of hearing status. Moreover, neither
hearing status nor phonological storage predicted working
memory (backward span) performance when estimates
of long-term lexical access were included. These estimates,
based on digit naming speed and vocabulary knowledge,
are related to phonological recoding and redintegration
within the working memory system. Phonological recoding
occurs during the encoding stage, and redintegration oc-
curs during retrieval. These new findings on short-term
and working memory span provide additional converging
evidence that information processing mechanisms con-
tribute to pediatric CI users’ short-term and working mem-
ory delays.

One implication of separately considering each stage
of working memory—encoding, storage, and retrieval—is
a new direction for interventions. A “storage-only” frame-
work leads to two conclusions regarding pediatric CI users’
short-term and working memory, especially when storage
is strictly defined by the robustness of phonological repre-
sentations. First, it limits the scope of short-term/working
memory challenges (and potential interventions) only to
a “broken” phonological loop. Second, it places the burden
of intervention on either designing new devices that pre-
serve more acoustic–phonological detail in the auditory sig-
nal or improving phonological representations in memory
using some other approach.
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Empirical results from this study broaden the expla-
nation of deficits in CI users’ short-term and working
memory from storage alone to additionally including other
processes of short-term and working memory. Specifically,
we propose that the impact of hearing loss on short-term
and working memory occurs not solely from storing the
compromised acoustic–phonetic signal. Reframing the locus
of the deficit from storage—a fixed characteristic of the
working memory system—to information processing opera-
tions at each stage of memory moves the focus of inter-
vention into developing more precise strategies, which are
under the patient’s control. An approach that emphasizes
the roles of long-term lexical knowledge and attention will
encourage exploration of potential interventions, which can
be implemented in the clinic. For example, cognitive science
has a large body of literature on recoding and rehearsal
processes in adults. A clear first step would be to elucidate
how attention is related to these processes in both children
with typical hearing and children who use CIs. Then, we
may better understand how to modify and improve autom-
atization of these processes for children with CIs who
currently struggle on tasks of short-term and working
memory.
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