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A B S T R A C T

Objective: The objective of the study was to examine short-term memory and working memory through

both visual and auditory tasks in school-age children with cochlear implants. The relationship between

the performance on these cognitive skills and reading as well as language outcomes were examined in

these children.

Methods: Ten children between the ages of 7 and 11 years with early-onset bilateral severe-profound

hearing loss participated in the study. Auditory and visual short-term memory, auditory and visual

working memory subtests and verbal knowledge measures were assessed using the Woodcock Johnson

III Tests of Cognitive Abilities, the Wechsler Intelligence Scale for Children-IV Integrated and the

Kaufman Assessment Battery for Children II. Reading outcomes were assessed using the Woodcock

Reading Mastery Test III.

Results: Performance on visual short-term memory and visual working memory measures in children

with cochlear implants was within the average range when compared to the normative mean. However,

auditory short-term memory and auditory working memory measures were below average when

compared to the normative mean. Performance was also below average on all verbal knowledge

measures. Regarding reading outcomes, children with cochlear implants scored below average for

listening and passage comprehension tasks and these measures were positively correlated to visual

short-term memory, visual working memory and auditory short-term memory. Performance on

auditory working memory subtests was not related to reading or language outcomes.

Conclusions: The children with cochlear implants in this study demonstrated better performance in

visual (spatial) working memory and short-term memory skills than in auditory working memory and

auditory short-term memory skills. Significant positive relationships were found between visual

working memory and reading outcomes. The results of the study provide support for the idea that WM

capacity is modality specific in children with hearing loss. Based on these findings, reading instruction

that capitalizes on the strengths in visual short-term memory and working memory is suggested for

young children with early-onset hearing loss.

� 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Auditory deprivation as a result of early-onset severe-profound
hearing loss impacts development of speech production, language
growth, and academic achievement. While advancements in
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technology and intensive rehabilitation efforts have led to large
improvements in academic achievement in children with cochlear
implants (CI), they still continue to lag behind their peers in
reading-related measures such as vocabulary acquisition, phono-
logical awareness skills, and reading comprehension [1,2]. One
notable reason for this is that severe-profound hearing loss during
early years may lead to reorganization in the pre-frontal cortex and
possibly decreased maturation in the fronto-temporal regions
leading to limitations in the executive functions such as working
memory and planning [3]. In typically developing children,
executive functions are shown to be critical for the development
of reading skills, including basic reading skills, phonemic
mory, short-term memory and reading proficiency in school-age
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awareness, or reading comprehension [4]. In an effort to improve
long-term literacy outcomes for children with hearing loss,
researchers are exploring the relationship between short-term
memory (STM), working memory (WM) and reading measures.

Short-term memory (STM) capacity, also called immediate
memory capacity, is the amount of information that can be
retained at any given time in one’s mind. Working memory
capacity or span (WM) involves an active system where informa-
tion is held in mind, internalized, assembled, manipulated or
transformed somehow, and then recalled or used in its new format.
STM and WM are impacted by the type of task and modality (verbal
or visual) being used to measure it [5]. For example, on STM word
span tasks, more short words can be recalled than long words. In
addition, word span capacity is linearly related to the speed at
which words can be repeated and to phonological similarity [6].
While WM is a limited capacity system, there is substantial
variation in working memory across individuals, and one’s
capacity or span varies with the type of information to be recalled.
The capacity of WM increases across childhood with marked
increases between the ages 5 and 11 years and smaller increases
until age 15 at which time most children reach adult working
memory capacity. In general, children with poor WM tend to
perform poorly on all working memory tasks, regardless of
modality (verbal or visual) [6].

Baddeley and colleagues multicomponent model is currently
the modal model for working memory [7]. This model views
memory as a processing oriented construct and conceptualizes it
as the work space of the mind where active processing and the
temporary storage of information take place [5,7]. The model
consists of four largely independent components; a central
executive, an episodic buffer, the phonological loop, and the
visual spatial sketchpad. According to Baddeley, the central
executive is a pure processing system without any storage
function but with responsibility for higher level cognitive
processes [7]. The central executive presides over the two
subordinate systems of the phonological loop and the visual
spatial sketchpad. Baddeley’s description of the central executive
appears to be similar to what many researchers are currently
labeling as ‘‘executive functions’’ or ‘‘working memory’’ [5,7].
Baddeley uses both terms (executive function and WM) to explain
the same concepts within his model [7]. The phonological loop is
the mechanism for verbal WM, whereas the visual–spatial
sketchpad is the mechanism for visual and spatial WM. The
episodic buffer is a recent addition to the model and it is where
modality based representations are extracted and integrated [8]. It
is a limited capacity storage system capable of temporarily holding
and manipulating information, but its principle function is
integration [5].

Memory skills are important for all academic tasks, but are
particularly critical for the development of reading skills in
typically developing children. For example, WM has been shown to
correlate with reading comprehension at all ages and short-term
immediate memory has been related to reading comprehension at
the secondary level and the prediction of later reading achieve-
ment [4]. Research indicates that the correlation of WM and
reading increases with age.

Given the relationship between memory and literacy skills in
typically developing children, a few studies have examined the
relationship between cognitive skills and reading proficiency in
children with CI. For example, verbal STM and verbal WM skills
have been shown to be associated with growth in vocabulary and
language comprehension in young children with CI [9]. Addition-
ally, verbal memory capacity at 8–9 years of age in children with
CIs was shown to be a strong predictor of language outcomes in
those same children in adolescence [10]. Furthermore, Johnson and
Goswami demonstrated that verbal STM (as measured by forward
Please cite this article in press as: S.V. Bharadwaj, et al., Working me
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digit span) and visual STM (using memory screen from the Leiter-
R) were both correlated with reading comprehension scores for
children with CI [2]. In a longitudinal study, Harris and colleagues
also showed that verbal STM and verbal WM at baseline predicted
language outcomes in children with CIs between the ages of 6 and
16 years [11]. Overall, studies investigating the role of cognitive
functions in reading outcomes in children with CI are quite limited.
Thus it is not only important to continue examining the profile of
STM and WM skills in young children with CI but also to assess how
these skills impact reading ability.

1.1. Auditory (verbal) WM and STM

Studies have identified both strengths and weaknesses in
working memory (WM) and STM skills of children with hearing
loss [12,13] Specifically, studies have shown deficits in digit span
and non-word repetition measures and shorter verbal memory
spans in children with CI [14,15]. More recently, Harris and
colleagues compared cognitive functions in children with CI to
their normal-hearing peers [11]. They showed that 50.5% of
children with CI in their sample scored >1SD below the mean on a
digit span forward task while 44% of children with CI in their
sample scored greater than one standard deviation (>1SD) below
the mean on a digit span backward task. Harris and colleagues
concluded that verbal STM and verbal WM are lagging in children
with CI. Similarly, Nittrouer and colleagues examined both STM
and WM in children with CI and their hearing peers in a serial-
recall task of rhyming and non-rhyming nouns [16]. They found
that recall of list order was significantly poorer for children with
CIs, but serial position effects and response rates used to assess
processing were not significantly different from those of their
hearing peers. This supported the authors’ hypothesis that the WM
challenges for students with CIs are issues of storage (STM) not
processing (WM). They concluded that only storage capacity was
affected in children with CIs and that this was due to poor access to
the phonological structure of words.

Limited access to phonological structure is expected given the
impoverished input children receive through their CI [16]. Despite
this disadvantage some children with early CI are attaining
comparable level of performance on certain reading tasks when
compared to their hearing peers. For example, Johnson and
Goswami showed that children with CI had significantly poorer
phonological awareness and verbal STM skills compared to their
hearing controls [2]. Surprisingly, they attained similar absolute
levels of word recognition and reading comprehension compared
to the younger hearing controls. Johnson and Goswami suggested
that these results might indicate that factors in addition to
phonological awareness and auditory memory were supporting
reading development for children with CI [2]. These included
speechreading skills, speech intelligibility and visual memory.
Johnson and Goswami hypothesized visual memory may be a
strength in children with CI [2]. This view is consistent with the
findings of Charlier and Leybaert that children with hearing
impairments are able to develop phonological awareness skills
through visual information provided from speech reading and by
making gains in their speech intelligibility [17].

1.2. Visual WM and STM

In contrast to findings of limitations in auditory WM and STM
skills in children with CI, studies have shown strengths in the area
of visual WM and STM skills. For instance, Willis, Goldbart and
Stansfield compared the verbal STM (nonword and real word
recall) and visual WM abilities in 6 children ages 8–15 years with
hearing impairment and significant language learning difficulties
[18]. The data were gathered over a 2-year period and were
mory, short-term memory and reading proficiency in school-age
015), http://dx.doi.org/10.1016/j.ijporl.2015.07.006
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compared to normative data from typical hearing children. All six
participants in the study performed poorly on verbal STM tasks but
performed significantly better than normative sample of hearing
peers on the visual WM task. These results are consistent with the
findings of Lina-Granade and colleagues which showed that
children with CI perform similarly to their normal-hearing peers
on visual memory tasks [19]. More recently, Geers and colleagues
examined visual WM using a reading span measure and verbal STM
(using digit span) in 112 teenagers between the ages of 15–18.5
years who used CI for amplification [20]. Results indicated that the
visual WM skills of CI users were comparable to that of their
normal-hearing peers. However, the scores of verbal STM indicated
that most participants (103 out of 112) had shorter STM span than
their normal-hearing peers. Geers and colleagues suggested that
WM could be modality specific in children with early-onset
hearing loss [20].

Given the relationship between literacy success and cognitive
skills it is important to understand the unique strengths and
weaknesses in WM and STM in children with CI. Thus, the
purpose of the current study was to investigate whether STM
and WM was modality specific in children with CIs. Specifically,
the study aimed (a) to compare WM and STM skills in the visual
and auditory modalities in elementary school-age children with
cochlear implants and (b) to assess the relationship between
verbal and visual WM/STM measures versus reading. It was
hypothesized that as a group, children with CI would score
below average when compared to the normative mean for
hearing children on tasks related to auditory WM and STM, but
score within the average range on tasks related to visual STM
and WM. It was further hypothesized that performance on
cognitive tasks would be positively correlated with reading
outcomes.

2. Methods

2.1. Participants

Ten children (six girls and four boys) between the ages of 7
years and 11 years with prelingual, bilateral, severe-profound
hearing loss participated in this study. Eight children used bilateral
sequential CI and two children used a unilateral CI. Seven of the
children had their first implant activated prior to 3 years of age and
the remaining three children had their first implant activated
between 3.5 and 4.5 years of age. All participants used spoken
language as their primary mode of communication and were in
mainstreamed educational settings without sign language inter-
preters. Children with reported history of developmental delays,
vision problems, and those suspected of having or diagnosed with
autism spectrum disorders were not included in the study.
Although 12 children were initially screened for the study, 2 of
them were excluded from participation based on poor perfor-
mance on the non-verbal intelligence quotient (NVIQ) of the
Kaufmann Assessment Battery for Children-Second Edition [21].
Participants received a $20 gift card to a toy store for their
participation.

2.2. Procedures

Data collection complied with the Institutional Review Board at
the Office of Research and Sponsored programs at Texas Woman’s
University. Following the consent process, all parents completed a
case history form pertaining to the child’s developmental, speech,
language, hearing, medical and social history. Testing was carried
out in two sessions that were either on the same day or a different
day.
Please cite this article in press as: S.V. Bharadwaj, et al., Working me
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2.3. Cognitive assessments

During the first session the working memory and short term
working memory subtests were administered to all participants.
These included: the Auditory Working Memory and Numbers
Reversed subtests from the Woodcock Johnson III Tests of Cognitive
Abilities, Normative Update (WJ III COG NU) [22], visual working
memory (Spatial Span) subtests from the Wechsler Intelligence
Scale for Children-IV Integrated (WISC-IV) [23], and short-term
memory subtests (Number Recall, Word Order, and Hand Move-
ments) as well as verbal knowledge subtests (Verbal Knowledge,
Riddles, and Expressive Vocabulary) from the Kaufman Assessment
Battery for Children II (KABC-II) [21]. All of the above tests were
administered by a doctoral student in the school psychology
program within the department of psychology at Texas Woman’s
University under the supervision of a licensed psychologist.

WJ III COG NU: Numbers Reversed is a task assessing auditory
working memory in which the examinee listens to a group of
numbers and then repeats the sequence of numbers in reverse
order. Auditory Working Memory is a task measuring an individual’s
ability to hold a list of words and numbers in immediate
awareness, and then reorder the information so that the words
are recalled first, followed by the numbers. Numbers Reversed and
Auditory Working Memory are both measures of auditory working
memory span or capacity.

WISC-IV Integrated: Spatial Span is a task in which the
examinee watches the examiner touch a series of blocks and has to
hold the order of the touched blocks in memory. In Spatial Span
Forward, the examinee touches the blocks in the same order as the
examiner, while in Spatial Span Backward, the examinee touches
the blocks in reverse order. Spatial Span Forward is a short-term
memory capacity task, whereas Spatial Span Backward is a working
memory task. Spatial Span Forward and Spatial Span Backward are
both visual tasks.

KABC-II: Number Recall is a task measuring auditory short-term
memory span in which the examinee listens to a group of numbers
and then repeats the sequence of numbers in the same order. Word

Order is a task measuring auditory short-term memory span in
which the examinee hears names of objects and then touches the
silhouettes of those objects in the same order. Hand Movements is a
task measuring visual short-term memory span in which the
examinee copies a sequence of movements that the examiner taps
on the table including the fist, palm, or side of the hand. Verbal

Knowledge is a task measuring general knowledge that involves the
child hearing a word or question and then selecting the answer
from an array of six pictures. Riddles is a task where the child listens
to a description of a concept and then either points to or names the
object. Expressive Vocabulary is a task in which the child names
pictures of objects.

2.4. Reading assessment

In a second session, the complete Woodcock Reading Mastery
Test-III (WRMT-III) [24] was administered to all children. The test
was administered by a graduate student in the department of
Communication Disorders under the supervision of a licensed
Speech-Language Pathologist.

WRMT-III: The Word Identification subtest is a measurement of
sight word vocabulary. The Word Attack subtest assesses a child’s
ability to read nonsense or pseudo words. The pseudo words are
not real words but follow the common rules of the English
language. This task assesses a child’s knowledge of sound-to-
symbol correspondence. The Basic Skills Cluster represents the
individual’s overall performance on tasks measuring basic reading
skills. The Word Comprehension subtest measures a child’s
vocabulary. The three domains that are tested include: synonyms,
mory, short-term memory and reading proficiency in school-age
015), http://dx.doi.org/10.1016/j.ijporl.2015.07.006
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Fig. 2. Standard scores for short-term memory subtests from KABC II for children

with cochlear implants (n = 10). The error bars indicate standard error. The dash

lines represent the 1 standard deviation range for average performance.

Fig. 3. Standard scores for Verbal knowledge subtests on KABC II for children with

cochlear implants (n = 10). The error bars indicate standard error. The dash lines

represent the 1 standard deviation range for average performance.
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antonyms, and analogies. The Passage Comprehension subtest
requires a child to read a short passage and provide an appropriate
word that makes sense within the context of the passage. This
subtest assesses a variety of comprehension and vocabulary skills.
Word Comprehension and Passage Comprehension subtests are
combined to provide the Reading Comprehension Cluster score,
which is an indication of an individual’s ability to understand what
he or she has read. The Listening Comprehension subtest assesses a
child’s ability to comprehend spoken text. The child is presented
with passage read by the examiner and is asked to answer one
question about it. The Oral Reading Fluency subtest assesses the
speed and accuracy with which an examinee can read passages.
Lastly, the Total Reading Cluster is a broad measure of reading
abilities and is a useful score in comparing a child’s overall reading
ability with other individuals of the same age. The Total Reading

Cluster is a combination of the five reading achievement subtests:
Word Identification, Word Attack, Word Comprehension, Passage
Comprehension and Oral Reading Fluency.

All children were tested individually, standardized administra-
tion procedures for all instruments were adhered to by the
examiners, and the instructions were delivered verbally to all
children. Engaging participants in practice items helped ensure
that they understood the tasks. The total testing time per
participant was approximately 2.5 h.

Standard scores were calculated according to test guidelines
for each subtest and were subsequently used in the statistical
analyses. Norm referenced tests such as those used in this study,
typically yield standardized scores for each subtest. The
standard scores used in the statistical analysis have a mean of
100 and a standard deviation of 15. The average or typical range
of performance is a standard score that falls in the range of
85–100. Scores less than 85 are considered to be below average
compared to the normative mean.

3. Results

Mean standard scores for working memory, short-term
memory, verbal knowledge and the reading subtests for the 10
participants are shown in Figs. 1–4. As expected, children with CI
showed average performance (standard scores in the range of
85–115) for visual WM tasks and below average (standard scores
<85) performance on tests related to auditory WM (see Fig. 1).
Similarly, the mean standard scores on STM measures involving
hand movements (visual-motor) was well within the average
range; while the mean standard scores for STM measures (word
order and number recall) involving the auditory modality were
below average (see Fig. 2). Further, as shown in Fig. 3, participants
Fig. 1. Standard scores for auditory and visual working memory subtests from WJ III

COG NU and WISC IV for children with cochlear implants (n = 10). The error bars

indicate standard error. The dash lines represent the 1 standard deviation range for

average performance.
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showed below average performance on all the subtests related to
verbal knowledge on the KABC II. Lastly, as shown in Fig. 4, mean
performance on all but passage comprehension and listening
comprehension from the WRMT III subtests were well within the
average range.

Correlation analyses were performed to examine if the below
average performance on passage comprehension and listening
comprehension tasks were related to cognitive factors. Since the
scores on many subtests were not normally distributed, nonpara-
metric Spearman correlations were conducted to examine the
relationships between (a) reading measures versus cognitive
Fig. 4. Standard scores for reading mastery subtests for children with cochlear

implants (n = 10). The error bars indicate standard error. The dash lines represent

the 1 standard deviation range for average performance.

mory, short-term memory and reading proficiency in school-age
015), http://dx.doi.org/10.1016/j.ijporl.2015.07.006
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Table 1
Relationships between working memory measures and reading measures.

Word

ident.

Word

attack

Basic

reading

cluster

Word

comprehension

Passage

comprehension

Reading

comprehension

cluster

Listening

comprehension

Oral

reading

fluency

Total

reading

cluster

Numbers Reversed .599 .462 .576 .527 .055 .316 .588 .167 .494

Auditory Working Memory .257 .292 .248 .515 .360 .544 .588 .300 .485

Auditory Working Memory Cluster .110 �.008 .100 .533 .577 .648* .350 .405 .371

Spatial Span Forward �.081 �.238 �.068 .351 .864** .678* �.265 .345 .300

Spatial Span Backward .009 .110 .061 .508 .763* .678* .245 .288 .381

* Significant at a = .05 level.
** Significant at a = .01 level.
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measures (WM and STM) and (b) reading measures and language
measures.

First, as shown in Table 1, significant positive correlations were
found between spatial span forward (visual STM) and both passage
comprehension and the reading comprehension cluster, ps � .05.
Significant positive correlations were also found between spatial
span backward (visual WM) and passage comprehension and the
reading comprehension cluster, ps � .05. Positive correlations
suggest that children with high scores on visual STM and visual
WM measures also received high scores on the passage compre-
hension task and reading comprehension cluster scores. Lastly,
reading measures were not significantly correlated with auditory
WM measures.

Nonparametric Spearman correlations were also conducted to
examine the relationship between auditory STM measures
(number recall, word order) and reading measures for children
with CI. As shown in Table 2, the results revealed significant
positive correlations between the number recall task and all
reading measures except passage comprehension and oral reading
fluency, ps � .05. Significant positive correlations were also found
between the word order task and all reading measures except
passage comprehension, ps � .05. Positive correlations suggest
that children with high scores on these auditory STM measures
also had high scores on the word attack, word comprehension,
listening comprehension and oral reading fluency measures.
Auditory STM measures were not related to passage comprehen-
sion scores.

Lastly, nonparametric Spearman correlations were also con-
ducted to examine the relationship between verbal knowledge
Table 3
Relationships between verbal knowledge measures and reading measures.

Word

ident.

Word

attack

Basic

reading

cluster

Word

comprehension

Verbal Knowledge .822** .817** .827** .821**

Riddles .816** .805** .827** .871**

Expressive Vocabulary .701* .706* .697* .917**

Verbal Knowledge Cluster .840** .820** .850** .867**

* Significant at a = .05 level.
** Significant at a = .01 level.

Table 2
Relationships between short-term memory measures and reading measures.

Word

ident.

Word

attack

Basic

reading

cluster

Word

comprehension

Hand Movements �.552 �.647* �.593 �.416 

Number Recall .854** .673* .837** .899**

Word Order .817** .702* .803** .809**

Short Term Memory Cluster .864** .660 .845** .887**

* Significant at a = .05 level.
** Significant at a = .01 level.
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measures and reading measures in children with CI. As shown in
Table 3, the results revealed significant positive correlations
between verbal knowledge subtest score and all reading measures
except passage comprehension and oral reading fluency, ps � .05.
Similarly, significant positive correlations were found between
riddles subtest score and all reading measures except passage
comprehension, ps � .05. A significant positive correlation was
also found between expressive vocabulary subtest score and all
reading measures including passage comprehension, p � .05.
Overall, as expected, strong positive correlations were found
between verbal knowledge measures and reading measures.

4. Discussion

The objectives of this study were to evaluate short-term
memory (STM), verbal and visual WM, and language skills in
children with CI and to examine the relationship between these
cognitive skills and performance on reading and language
measures in elementary school-age children with CIs.

4.1. Is the performance on STM and WM measures modality specific in

children with CI?

Not surprisingly performance of CI users on the visual STM
measures was within normal limits, while performance on STM
tasks that involved the auditory modality were below average
relative to age-based norms. Performance on visual WM tasks was
also within normal limits, but performance on auditory WM
subtests was below average relative to age based norms. These
Passage

comprehension

Reading

comprehension

cluster

List

comprehension

Oral

reading

fluency

Total

reading

cluster

.435 .721* .778** .633 .915**

.407 .647* .914** .701* .901**

.662* .868** .722* .714* .932**

.487 .653 .833** .762* .952**

Passage

comprehension

Reading

comprehension

cluster

List

comprehension

Oral

reading

fluency

Total

reading

cluster

.031 �.141 �.294 .312 �.242

.468 .670* .634* .538 .928**

.495 .720* .696* .792* .949**

.668* .807** .628 .905** .994**

mory, short-term memory and reading proficiency in school-age
015), http://dx.doi.org/10.1016/j.ijporl.2015.07.006
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results support the work of Harris and colleagues, who suggested
that verbal STM and verbal WM measures are lagging in children
with CI compared to their normal-hearing peers, and the findings
of Geers and colleagues and Lyxell and colleagues who found that
WM in children with CI assessed through visual tasks was
comparable to that of their normal-hearing peers [11,20,25].

Given that performance on WM tasks by the children with CI
was below average for auditory tasks but not those relying on the
visual modality, the results of this study provide further support
for the idea that WM capacity is modality specific in young
children with early-onset hearing loss. The strengths on visual WM
tasks and the difficulty on auditory WM tasks may provide
evidence to support the presence of these distinct, modality-
specific subsystems [26]. Further, the difficulty noted on both the
auditory STM and WM tasks provides support to the auditory
scaffolding hypothesis, which suggests that sensory deprivation
due to early onset hearing loss affects cognitive abilities such as
recalling and producing sequential information [3].

4.2. Reading and verbal knowledge skills in children with CIs

The work attack, word reading and oral fluency skills of the
children with CIs were within normal limits when compared to
age-based norms. These results are consistent with those of
Johnson and Goswami who found that, in spite of significantly
poorer phonological awareness and auditory memory skills,
children with CIs attained similar levels of word recognition when
compared to younger hearing controls matched for hearing age [2].
They suggested that factors other than phonological awareness
and auditory memory, such as speechreading, speech intelligibility
and visual memory, might support reading development for
children with CIs. In contrast to Johnson and Goswami however,
the reading comprehension performance for the CI participants in
this study was slightly below average (greater than 1 standard
deviation below the mean or <85) when compared to age-based
norms [2]. Additionally, listening comprehension scores and scores
on all verbal knowledge measures (e.g., verbal knowledge, riddles,
expressive vocabulary) were also below average (standard score of
<85). Verbal knowledge measures that evaluate general factual
knowledge and lexical (word) knowledge are highly dependent on
language development and exposure to educational and general
environmental opportunities. The impact of hearing loss despite CI
use appears to influence the development of verbal knowledge
skills in these children, which then extends to the development or
lack thereof of listening comprehension and reading comprehen-
sion skills.

4.3. Relationship between STM, WM, and reading measures

Given the need for a better explanation of the language and
literacy difficulties that often persist in children with CIs, the
relationships of core cognitive processes such as STM and WM and
of verbal knowledge to literacy skills need to be better understood
[11]. While visual STM and WM skills have been found to be a
relative strength in children with CI [20,25] the relationship of
these abilities to literacy achievement has not been widely
discussed in the research literature [27]. This study offers new
insight into such relationships. Performance on auditory STM tasks
was significantly related to word reading and listening compre-
hension, but not to passage comprehension. Performance on both
auditory and visual STM tasks was correlated with word attack
skills but not with reading comprehension. Daneman and Merikle
also found that correlations between STM measures and reading
comprehension were weak [28]. They hypothesized that the
differences in memory capacity may not be related to passive
storage (assessed by STM tasks such as word span or digit span),
Please cite this article in press as: S.V. Bharadwaj, et al., Working me
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but rather to the combined processing and storage capacity of WM,
which they found to be a better predictor of comprehension.

With regard to the WM measures in this study, significant
relationships were noted between visual WM skills and passage
comprehension as well as between auditory WM scores and the
Reading Comprehension Cluster scores. However, auditory and
visual WM scores were not related to word identification and word
attack skills. These findings support those of Sesma and colleagues
who, in their study of 9 to 14-year-old typical readers and students
with reading difficulties, found that executive control skills
supported reading comprehension but were less necessary for
single word reading [13]. In summary, in this cohort of children
with CI, the skills related to their word reading abilities included
auditory STM and the skills related to passage comprehension
included visual WM and auditory WM.

4.4. Implications for literacy intervention

When examining the strengths and weaknesses in STM, WM,
and language along with their relationships to word reading and
reading comprehension in children with CI, the findings of this
study provide insight into potential intervention strategies. First,
visual STM and WM were found to be areas of relative strength and
auditory STM and WM were found to be areas of difficulty. When
the phonological loop component of WM is negatively impacted
by hearing loss, children may struggle with the temporary storage
of verbal phonological information and therefore may not develop
an accurate acoustic representation of spoken information (e.g.,
language) [26]. Thus, given their strengths in visual STM and WM,
children with CI should be provided with visual cues and
information as compensatory support for language and literacy
learning. For example, print can be used as an accompaniment to
the acoustic signal to provide a more salient representation when
teaching language and literacy skills such as phonological
awareness (e.g., rhyming, phoneme identification) and morpho-
logical awareness (e.g., comprehension and use of inflectional and
derivational affixes). Additionally, visual supports such as graphic
organizers (e.g., story maps that provide picture representations
and written descriptions of necessary story elements) can
facilitate understanding of text organization and highlight
important information to improve comprehension. Similarly,
semantic webs can be used to visually display connections
between words and concepts, developing deeper understanding
of word meanings and subsequently facilitating successful
comprehension.

A second finding from this study was that verbal knowledge
was an area of difficulty and was related to word reading, and
reading comprehension. The auditory WM challenges experienced
by children with CI may make it difficult for them to sequence
words reliably in a memory buffer, negatively impacting their
ability to discover syntactic rules and semantic relationships.
Given that these language skills are important to successful
reading comprehension, they should be explicitly taught to
children with CI. Once they are taught, those structures may
subsequently be applied to aid storage in working memory in a
top-down manner [16]. Additionally, children with CI would
benefit from direct instruction in language skills known to be
critical to reading comprehension in both typically developing
children as well as children with hearing impairments. These skills
include vocabulary knowledge, inferential thinking, and applica-
tion of background knowledge [29,30].

5. Conclusions

As a group, children with CI showed low average performance
on passage comprehension and listening comprehension subtests.
mory, short-term memory and reading proficiency in school-age
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They also showed below average performance on auditory WM,
auditory STM and verbal knowledge tasks. More importantly,
children with CI showed strengths in the areas of visual WM and
visual STM. The performance on visual WM was related to passage
comprehension and visual STM was related to word attack skills. It
is possible that children with CI capitalize on their strengths in
visual WM and visual STM to support reading comprehension.
These findings have important implications in instructional
practices for children with CI. The findings also have theoretical
implications in that it suggests that performance on WM and STM
could be modality specific in children with CI. Future research
could focus on delineating differences between the influence of
STM, WM and comprehension-knowledge on reading comprehen-
sion skills in a wider group of children with CI. Due to a small
sample size in this study, it was not possible to further examine
whether visual WM is more predictive of reading outcomes than
auditory WM. Research on whether or not interventions focusing
on auditory STM and WM versus visual STM and WM would
translate into improvements in reading and listening comprehen-
sion skills with such children might be helpful in a practical sense.
Finally, neuroimaging research that evaluates if neurological
structures or the neurological processing involved in visual/
auditory STM and WM in children with CI differs significantly from
typically developing children might clarify our understanding of
how early onset hearing loss impacts the development of
neurocognitive skills.
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