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Abstract

Background: In recent years, the effect of cognitive abilities on the achievements of cochlear implant

(CI) users has been evaluated. Some studies have suggested that gaps between CI users and normal-
hearing (NH) peers in cognitive tasks are modality specific, and occur only in auditory tasks.

Purpose: The present study focused on the effect of learning modality (auditory, visual) and auditory
feedback on word memory in young adults who were prelingually deafened and received CIs before

the age of 5 yr, and their NH peers.

Research Design: A production effect (PE) paradigm was used, in which participants learned familiar

study words by vocal production (saying aloud) or by no-production (silent reading or listening). Words
were presented (1) in the visual modality (written) and (2) in the auditory modality (heard). CI users per-

formed the visual condition twice—once with the implant ON and once with it OFF. All conditions were
followed by free recall tests.

Study Sample: Twelve young adults, long-term CI users, implanted between ages 1.7 and 4.5 yr, and
who showed $50% in monosyllabic consonant-vowel-consonant open-set test with their implants were

enrolled. A group of 14 age-matched NH young adults served as the comparison group.

Data Collection and Analysis: For each condition, we calculated the proportion of study words recalled.

Mixed-measures analysis of variances were carried out with group (NH, CI) as a between-subjects vari-
able, and learning condition (aloud or silent reading) as a within-subject variable. Following this, paired

sample t tests were used to evaluate the PE size (differences between aloud and silent words) and overall
recall ratios (aloud and silent words combined) in each of the learning conditions.

Results:With visual word presentation, young adults with CIs (regardless of implant status CI-ON or CI-
OFF), showed comparable memory performance (and a similar PE) to NH peers. However, with auditory

presentation, young adults with CIs showed poorer memory for nonproduced words (hence a larger PE)
relative to their NH peers.

Conclusions: The results support the construct that young adults with CIs will benefit more from learning
via the visual modality (reading), rather than the auditory modality (listening). Importantly, vocal produc-

tion can largely improve auditory word memory, especially for the CI group.
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INTRODUCTION

C
ochlear implants (CIs) are now standard of care

for the severe-to-profound hearing-impaired in-
dividuals who do not gain enough benefit from

high-power digital hearing aids (Wilson, 2015). The

great bulk of outcome studies have documented the suc-

cess of CIs in both children and adults (De Raeve et al,

2015; Moberly et al, 2016). Yet, the perceptual learning

abilities of people with CIs are not fully understood.

Specifically, it is not clear how young adults, who were

prelingually deafened and implanted on early child-
hood, perform on long-term word memory tasks com-

pared to normal-hearing (NH) individuals. Does this

group rely mainly on visual routes to learning and

language access, or on auditory pathways? Obviously,

implanted children and adults, characterized with dif-

ferent levels of auditory abilities and different cognitive

skills, may use diverse encoding, storage, and process-

ing strategies (Pisoni, 2000). These strategies may
or may not be similar to those of hearing individuals.

Following this line of reasoning, the present study eval-

uated visual and auditory long-term word memory,

comparing the performance of young adult CI users

and their NH peers. Understanding long-term memory

abilities and the impact of study modality can improve

intervention and (re)habilitation programs for CI users.

CI individuals show a wide range of speech percep-
tion, speech production, and language abilities (Svirsky

et al, 2000; Taitelbaum-Swead et al, 2005; Tait et al,

2010). Such high variability is also prevalent in prelin-

gually implanted young adults. This subgroup was of

particular interest in the present study. The large var-

iability observed in speech-language outcomes can be

partially explained by background variables, such as

physical-anatomic, demographic, social, and environmen-
tal factors (Fryauf-Bertschy et al, 1997; Kirk et al, 2000;

Niparko et al, 2010;Geers andSedey, 2011). Yet, there is a

considerable amount of individual variability that cannot

be explained by the aforementioned variables. This has led

researchers to focus on neurocognitive and information-

processing factors that may contribute to the variability

in benefits one can achieve from the CI (Pisoni and Geers,

2000; Cleary et al, 2001; Pisoni et al, 2011).

COGNITIVE SKILLS IN PEDIATRIC CI USERS

From the pediatric perspective, atypical auditory ex-

perience (e.g., underspecified cognitive representa-

tions of degraded acoustic–phonetic input signals) as
well as limitations in auditory input from a CI may af-

fect neurocognitive development (Kronenberger et al,

2011). They may have adverse effects in the develop-

ment of basic cognitive and executive functions: atten-

tion, memory, and learning (Figueras et al, 2008; Pisoni

et al, 2008; 2010).

Large individual differences in spoken word recogni-

tion skills and language development are observed in

pediatric CI users. At least some of this variance

may be attributed to cognitive factors related to the ef-
ficiency with which representations of spoken words

are stored and retrieved from memory (Pisoni, 2000).

On average, CI children score below age norms on

many cognitive measures, such as speech perception

performance (Dawson et al, 2002), verbal rehearsal

speed (Pisoni and Cleary, 2003), and visual sequence

memory and learning (Cleary et al, 2001; Pisoni et al,

2008).
Studies of memory abilities of children with CI have

mainly been concerned with the role of working mem-

ory, a short-term memory buffer with a limited capac-

ity, which allows for the processing andmanipulation of

stored information (Baddeley and Hitch, 1998). Those

studies demonstrated that children with CI have

shorter ‘‘auditory’’ working memory spans than their

NH age-matched peers (Pisoni and Geers, 2000; Pisoni
and Cleary, 2003). In addition, children with CIs fall

below average compared with NH controls in their

‘‘visual’’ memory spans and some visual sequencing

skills (Cleary et al, 2001; Pisoni and Cleary, 2004;

Conway et al, 2009; Engel-Yeger et al, 2011).

Very few studies have investigated long-term mem-

ory (which stores information thatwas transferred from

theworkingmemory buffer, for long periods) of children
with CIs (Engel-Yeger et al, 2011). Since children with

CIs are at risk for compromised development of working

memory skills (Kronenberger et al, 2011), long-term

memory abilities may be negatively affected as well.

This, in turn, may adversely affect other cognitive abil-

ities (e.g., learning), andmay have delayed effects in ad-

olescence and adulthood as well.

COGNITIVE ABILITIES OF PRELINGUALLY

DEAFENED ADULT CI USERS

Evaluating the cognitive skills of prelingually deaf-

ened adults who were implanted as young children

raises some interesting questions. These CI users have

years of auditory experience with the CI, along with

long rehabilitation (mainly, participation in speech
and language intervention programs). Through the in-

tensive intervention program that usually follows an

implant surgery, many CI users eventually develop

open-set speech perception skills and are able to pro-

duce intelligible speech (Geers et al, 2000; Cleary

et al, 2001). However, do they achieve similar perfor-

mance to NH individuals in high-order cognitive tasks,

or do the deficits typically observed in childhood per-
sist? Can years of auditory practice close the gaps typ-

ically observed for children with CI?

Data regarding the cognitive abilities of adult prelin-

gually deafened CI users who were implanted on
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childhood is scarce. Pisoni et al (2011) found signifi-

cant impairment on auditory digit span measures

for such CI users tested in high school (see also, Geers

et al, 2013). Interestingly, teenage CI user perfor-
mance in a reading span task (therefore a visual mo-

dality) was comparable to that obtained in a control

group of NH teenagers (Geers et al, 2013). In fact,

many of the abovementioned studies stressed

modality-based differences in cognitive performance

of hearing-impaired individuals and CI users

(Daneman and Carpenter, 1980). Not surprisingly, au-

ditory deprivationmay lead to enhanced reliance on the
visual modality, possibly as a compensatorymechanism

(Bavelier et al, 2006). So, are memory deficits observed

for CI users modality specific? To answer this question,

a direct comparison of auditory and visual conditions is

needed; such comparison could confirm whether mem-

ory performance differs across modalities in adult CI

users.

With the aim of gaining a better understanding of
‘‘how’’ people acquire new information through a CI,

and ‘‘what’’ are they learning, dedicated experimental

methods are needed. In the field of memory research,

one of these techniques is the production effect (PE) par-

adigm, which holds an advantage by allowing the pit-

ting of visual and auditory modalities against each

other. Importantly, this paradigm involves a long-term

memory task, whereas most of the literature regarding
CI listeners’ memory abilities has been focused onwork-

ing (short-term) memory.

THE PE IN MEMORY

Afamiliar long-term memory phenomenon, the PE,

refers to the memory advantage for words read

aloud, relative to words read silently (MacLeod et al,
2010). In a typical PE experiment, a list of study words

is visually presented: half of the words are learned by

silent reading (silent words), and half by reading aloud

(aloud words); a memory test is then given. Memory

performance for aloud words has been found superior

to that of silent words, both in recognition tests

(MacLeod, 2011; Forrin et al, 2012; Ozubko et al,

2012) as well as free recall tests (Lin and MacLeod,
2012; Castel et al, 2013; Icht et al, 2014).

This simple but robust encoding technique was vali-

dated across numerous studies. Vocal production

was found to improve memory relative to other types

of unique production, such as whispering, typing,

and writing (Forrin et al, 2012). Advantage for (vocal)

production was also found when participants were

prevented from auditory feedback. Mama et al (submit-
ted for publication) used a visual PE paradigm with an

auditory background noise that accompanied the study

phase. Although the noisemasked the participants’ own

voices, a PE was still obtained.

Vocalization was found to enhance memory for var-

ious types of materials, such as pictures (Icht and

Mama, 2015), nonwords (MacLeod et al, 2010, Expt

6), sentences and text (Ozubko et al, 2012), and across
different populations (e.g., older adults, Lin and

MacLeod, 2012; children, Icht and Mama, 2015). Re-

cently, the PEwas expanded to the auditory modality,

which involves the learning of aurally presented

words (rather than written words; Mama and Icht,

2016a).

The prevailing theory of the PE is encoding

distinctiveness—‘‘at the time of test, a word that was
produced at study has an additional source of discrim-

ination relative to a word that was not produced’’

(MacLeod et al, 2010, p. 681). According to this account,

the produced words are more distinct relative to the

backdrop of the silent (nonproduced) words. During pre-

sentation, memory traces are being created for each of

the study words. The memory traces of the visually pre-

sented aloud words involve visual, motor, and auditory
representations, thus are richer and deeper. The non-

produced words, on the other hand, are characterized

by a sole visual (or auditory, with the aural presenta-

tion) trace, hence are weaker and shallower. The pro-

duction that involves the greater number of unique

encoding processes leads to the best memory (Mama

and Icht, 2016b). Producing a word results in a quanti-

tative as well as qualitatively different memory record
than no-production, such as silent reading or listening

(Putnam et al, 2014;Mamaand Icht, 2016a); at retrieval,

participants are able to use this distinctive information

as part of their decision process to guide test perfor-

mance (Fawcett et al, 2012) in favor of the produced

words.

As the PE is considered a robust and reliable phenom-

enon, it was offered as a simple and effective mnemonic
(Lin and MacLeod, 2012; Icht and Mama, 2015). In the

present study, our main interest was gaining a better

understanding of, and practical insights into, memory

and learning among CI users. Considering their im-

paired auditory abilities, will vocal production improve

visual word memory in this special population? Will vo-

calizing enhance memory for aurally presented words

as well? Finally, what is the role of auditory feedback
(hearing oneself vocalizing a visually presented study

word) in CI user learning?

THE CURRENT STUDY

This study focused on auditory and visual long-term

memory of young adults with CIs that were

implanted in early childhood (all of them prelingually).
The effect of learning modality (auditory, visual) was

evaluated among this group and NH peers. In addition,

the impact of auditory feedback (CI-ON versus CI-OFF)

on visual word memory of CI users was tested. A PE
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paradigm was used, in which lists of study words were

presented in the (a) visual modality (written words) or

(b) auditory modality (heard words). The participants

learned these study words, half by vocal production
(saying the words aloud) and the remaining half by

no-production (silent reading or listening). The CI users

performed the visual condition twice, with the implant

ON (CI-ON condition) and OFF (CI-OFF condition).

Following each study phase (visual, auditory), a free re-

call test was performed.

This procedure allowed exploration of three major

questions. First, whether vocal production improves
memory for visually presented words in adults with

CIs. We hypothesized a similar memory advantage

would occur for CI users as the NH group (for related

results, see Geers et al, 2013). Our main rationale

was prior evidence that a PE (with visual study modal-

ity) can be obtained even with no auditory feedback

(e.g., mouthing, Forrin et al, 2012; background noise,

Mama et al, submitted for publication), let alone with
a limited one, as that of the CI users.

The second goal of this study was to evaluate the rel-

ative impact of the implant’s ON/OFF status on visual

learning (written words). Obviously, the CI improves

auditory functions, hence it may improve general per-

formance in cognitive (memory and learning) tasks.

However, we wondered whether the CI-ON condition

would result in higher recall rates than with the CI-
OFF condition, with visual presentation. Answering

this question carries clinical implications for the neces-

sity of self-auditory feedback during speech (vocal pro-

duction) to improve learning.

Finally, we explored the question of whether themag-

nitude of the PE using an auditory modality would be

comparable among CI users and NH population. A re-

cent PE study that tested NH listeners using an audi-
tory presentation of studywords found an advantage for

vocalized words over nonproduced (heard only) words

(yet relatively small in size; Mama and Icht, 2016a).

Therefore, we expected a PE in CI users as well, but

since the auditory modality is their inferior one, we pre-

dicted lower recall rates relative to NH participants

(Pisoni et al, 2011).

METHOD

Participants

Two groups of participants were enrolled in the

study: individuals with CIs and those with NH. All

participants gave their informed consent to take part

in the study, which was approved by the local ethics
committee.

The CI group consisted of 12 implanted young adults

who met the following inclusion criteria: (a) onset of

severe-to-profound hearing impairment before 3 yr of

age, (b) age at implantation before 5 yr, (c) hearing aid us-

age before implantation, (d) no other developmental or

neurocognitive impairments, (e) mainstream education

and oral communication, and (f) usage of multichannel
CIs, (g) no less than 50% in monosyllabic consonant-

vowel-consonant open-set test (HebrewArthur Boothroyd

Test; Boothroyd, 1968).

CI Background Information

The mean chronological age of the implanted partic-

ipants was 20 yr (standard deviation [SD] 5 4.2). Nine
of the participants used two implants, while three par-

ticipants used one implant with no hearing aid in the

second ear. Mean age at implantation (first implant

for nine participants) was 2.8 yr (SD5 0.93), and mean

age of second implantation was 13 yr (SD 5 1.95). Eti-

ology for hearing loss was genetic for eight participants

and unknown for four participants. All participants

used a multichannel Nucleus device (Cochlear TM, dif-
ferent generations) (Table 1).

TheNH group consisted of 14 youngmen andwomen,

undergraduate students from Ariel University, who

met the following inclusion criteria: (a) were native He-

brew speakers, (b) reported no developmental and cog-

nitive impairments, and (c) had normal air-conduction

hearing thresholds,15 dB HL bilaterally at octave fre-

quencies from 0.25 to 4 kHz.

Apparatus and Stimuli

The pool of study words consisted of 90 Hebrew words,

bisyllabic nouns, three to five letters long, with frequen-

cies of .12 per million (taken from Icht et al, 2014). For

the auditory presentation, 30 words were randomly se-

lected from this pool. These 30 words were announced

by a female speaker and recorded in a professional radio
studio using the Samplitude classic 8.1 program (MAGIX

AG) and a TCS-6 microphone (Sontronics). During the

study phase, each of the 30 study words was aurally pre-

sented via personal computer loudspeakers, at 70 dB

SPL, under the control of PowerPoint program.

For the visual presentation, the remaining 60 words

were used, 30 different words for the each visual condi-

tion (implant-ON, implant-OFF). In these conditions,
each word was presented singly for view. The word

appeared at the center of a 150 color monitor (Compaq

[Houston, TX] laptop computer under control of Power-

Point program). The words were presented in black

(28-point Arial), against a white background.

On each trial, either auditory or visual, a small icon

(2 cm2) appeared z5 cm above the center of the screen

(which was otherwise blank for the auditory condition
or presenting the written study word for the visual con-

ditions). The icon entailed a small picture of closed lips

or of a microphone. The icon indicated the appropriate
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mode of production for that word: the lips indicated si-
lent reading or listening, the microphone pointed to vo-

cal production.

Design

Before the experiment, implanted participants were

tested on the Hebrew Arthur Boothroyd open-set mean-

ingful word test. Participants heard 2 lists of 10 words
each (in a random order from a pool of 15 lists). The

words were presented via laptop computer in 70 dB

SPL. NH participants performed a hearing screening

test, using an AD229B audiometer (Interacoustics).

Study

For the CI group, we used three learning conditions

(e.g., three separate experimental blocks): (a) visual-CI-

ON: visual word presentation with the implant ON; (b)

visual-CI-OFF: visual word presentation with the im-
plant OFF; and (c) auditory-CI-ON: auditory presenta-

tion with the implant ON. For the NH group, we used

two learning conditions: (a) visual presentation and (b)

auditory presentation. The order of the blocks was ran-

dom across participants.

In each of these learning conditions that were se-

quentially performed, 30 study words were randomly

selected for presentation (visually or aurally); for 15
words, the requested mode of learning was vocal pro-

duction (vocalized, or aloud words), and for the remain-

ing 15 words, the mode of learning was no-production

(silent reading in the visual conditions, listening in

the auditory condition).

Each experimental block started with a visual pre-

sentation of the icon (lips or microphone). The study

word was aurally or visually presented 300msec follow-
ing the icon’s appearance (the visual word appeared for

1 sec). After the item’s presentation, the icon remained

visible for 3,000 msec. A blank screen for 1 sec followed

(thus the interval between words was z4 sec). A ten-
minute break was given between each block.

Filler Task

Four arithmetic problems (multiplication of four-

digit numbers) printed on an A4 paper were prepared

for filler tasks. Following each study phase, partici-

pants were given 4 min to complete these problems.

Memory Test—Free Recall

Following each study phase and filler task, a free re-

call test was performed (a total of three tests for CI, and

two tests for NH). Each participant was asked to write

down from memory as many study words as she or he
could recall. An empty sheet of paper and a pencil were

provided by the experimenter (free recall was per-

formed with no time limit).

Procedure

The participants were tested individually in a quiet

room. Upon arrival, each participant read and signed

the informed consent form, and was seated at a distance

of 60 cm from the center of the computer screen. The par-

ticipant was told that the goal was to learn each word via

themode signaled by the icon (lips ormicrophone) and that
memory test would follow the presentation of the words.

For the auditory presentation, the study words were

played from two loudspeakers (Electro-Medical Instru-

ment Co.,Mississauga, ON, Canada), each positioned at

the height of the listener’s head at 45� azimuth. For the

visual presentation, the study words were presented on

the computer screen. A research assistant accompanied

each participant throughout the experimental session,
ascertaining the accurate vocal production of the study

words (note that no errors occurred for both presentation

modalities).

Table 1. Individual Background Data of the CI Group

SI No. Gender

Chronological

Age (Yr, Mo)

Age at First

Implantation (Yr, Mo)

Age at Second

Implantation (Yr, Mo) Etiology

1 M 22 3, 9 14 Genetic

2 F 16, 6 3 11, 6 Unknown

3 F 17 2 11 Unknown

4 M 25 4, 6 — Genetic

5 M 14 1, 7 — Genetic

6 F 24, 6 3 14 Genetic

7 F 24, 6 3 14 Genetic

8 F 14, 6 1, 6 10 Genetic

9 F 22 3 16, 6 Unknown

10 F 17 2, 6 13 Genetic

11 F 17 2, 6 13 Genetic

12 F 24 4 — Unknown

Note: F 5 female; M 5 male; SI No. 5 serial number.
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After the presentation of the first block (30 words),

the participants performed the short filler task. Free re-

call test followed, performed by writing down as many

study words from memory as possible. Following this, a
ten-minute break was given, and the second block be-

gun (study phase, filler task, and test). Since the CI

group performed the visual learning twice (visual-CI-ON

and visual-CI-OFF), a third experimental block followed

in a similar fashion. Thewhole experimental session lasted

#50 min.

RESULTS

Visual Modality PE: NH and CI with the Implant

ON versus OFF

Figure 1 gives the results of free recall tests for the

visual conditions among the CI (visual-CI-ON, visual-

CI-OFF) and NH groups. Plotted are the proportions

of correctly recalled words (aloud and silent). Visual in-
spection reveals the superiority of vocal production

(aloud words) over silent reading (silent words), there-

fore demonstrating a PE, across all learning conditions.

As can be seen in Figure 1 (left side), for theNH group, a

significantly higher recall rate was found for aloud

words (Mean [M] 5 0.27, SD 5 0.13) relative to silent

words (M 5 0.16, SD 5 0.09). A similar pattern was ob-

served for the visual-CI-ON condition (Figure 1, middle),
with higher recall rates for aloud words (M5 0.32, SD5

0.12) than for silent words (M 5 0.2, SD 5 0.15). A com-

parable pattern was observed for the visual-CI-OFF con-

dition (Figure 1, right), with higher recall rates for aloud

words (M 5 0.28, SD 5 0.12) than for silent words (M 5

0.16, SD 5 0.11).

A repeated measures analysis of variance (ANOVA)

with learning condition (aloud words, silent words) as
a within-subjects variable, and group (NH, CI-ON,

CI-OFF) as a between-subjects variable, revealed a sig-

nificant main effect for learning condition [F(1,36) 5

39.07, p, 0.0001, h2 5 0.52). No group effect was found

[F(2,36) 5 0.59, p . 0.05], and no learning condition 3

group interaction was found [F(2,36) 5 0.04, p . 0.05].

Auditory Modality PE: NH and CI

Figure 2 gives the results of free recall tests for the

auditory condition. Plotted are the proportions of cor-

rectly recalled words (aloud and silent) in the NH

and CI groups. This graph illustrates the superiority
of vocal production (aloud words) over the nonproduc-

tion condition (heard words), for the NH group (aloud

words: M 5 0.3, SD 5 0.12; silent words: M 5 0.26,

SD 5 0.14), as well as for the CI group (aloud words:

M 5 0.25, SD 5 0.09; silent words: M 5 0.05, SD 5

0.05). Note that the difference between aloud and silent

words was much larger in the CI group, due to near

floor-effect for the silent words.
A repeated measures ANOVA with learning condi-

tion (aloud words, silent words) as a within-subjects

variable, and group (CI, NH) as a between-subjects var-

iable, revealed a significantmain effect for learning con-

dition [F(1,24) 5 11.88, p , 0.005, h2 5 0.33], and group

[F(1,24) 5 26.82, p , 0.001, h2 5 0.52]. A learning con-

dition3 group interaction was also found [F(1,24)5 4.97,

p , 0.05, h2 5 0.17]. A post hoc analysis confirmed no
PE for the NH group (p. 0.05), and a significant PE for

the CI group [t(11) 5 6.8, p , 0.001].

Finally, comparing the three learning conditions

within the CI group (auditory-CI-ON, visual-CI-ON,

visual-CI-OFF) revealed a PE (advantage for the pro-

duced words) for each condition. Interestingly, the

number of aloud words recalled was similar (and rela-

tively high) across all learning conditions. However, the
number of the nonproduced words (either silently read

Figure 1. Percentage of recalled words in the ‘‘visual’’ learning
conditions, calculated separately for the subsets of silent and aloud
words, for CI users (visual-CI-ON and visual-CI-OFF) and NH
group. The error bars are standard errors of their respectivemeans.

Figure 2. Percentage of recalled words in the ‘‘auditory’’ learn-
ing conditions, calculated separately for the subsets of silent
and aloud words, for the auditory-CI-ON and NH groups. The er-
ror bars are standard errors of their respective means.
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or heard) was different: results were lowest with the au-

ditory presentation, and highest in the visual-CI-ON

condition.

Statistical analysis using a repeatedmeasures ANOVA
confirmed this pattern, and showed no differences be-

tween the three learning conditions for the number of

aloud words [F(2,22) 5 1.14, p. 0.05]. A significant differ-

ence was found between the learning conditions for the

silent words [F(2,22) 5 14.33, p , 0.001]. For the silent

words, fewer words were retrieved in the auditory condi-

tion (auditory-CI-ON) compared to the visual-CI-ON con-

dition [t(11) 5 6.05, p , 0.001] and to the visual-CI-OFF
condition [t(11) 5 3.5, p, 0.005]. No significant difference

was found between the visual-CI-ON and visual-CI-OFF

conditions (p . 0.05).

DISCUSSION

The study of cognitive processes (e.g., learning and

memory) among young adults who received CIs in
their early childhood is highly important to better un-

derstand the significant individual differences seen in a

wide range of speech and language outcome measures

that characterize this unique population. Knowledge

about cognitive processes in CI users is necessary to

identify the process of ‘‘how’’ they are able to use the

initial sensory input conveyed by their CI, and ‘‘what’’

they are able to do with this information (Pisoni and
Cleary, 2003). Clinically, such knowledge may provide

new insights into rehabilitation, intervention, and edu-

cational programs.

The current findings can be summarized as follows:

with the visual modality, CI users and NH peers

showed similar recall rates. The PE size was also com-

parable. Interestingly, the implant status (ON, OFF)

did not affect memory performance. Yet, with the audi-
tory study modality, the CI group showed inferior recall

rates for nonproduced (heard) words relative to the NH

group. Memory performance for the produced (aloud)

words was similar for both participant groups. Conse-

quently, the PE was larger for the CI listeners relative

to the NH group.

Visual Memory

Our first and second questions were whether vocal

production improves memory for ‘‘visually’’ presented

words in adults with CIs, and what is the relative

impact of auditory feedback on visual memory. Based

on previous findings, we expected a similar memory

advantage for both groups of CI users (regardless of im-

plant status) and for NH participants. Indeed, no differ-
ences were found between the three tested conditions

(NH, visual-CI-ON, visual-CI-OFF). A superiority of vo-

cal production over silent reading was obtained in both

groups (NH, CI), and in both implant conditions (ON,

OFF). These results suggest that CI users function sim-

ilarly to their NH peers in the visual memory task.

This superiority of vocal production over nonproduc-

tion in memory tasks was previously reported in the
great bulk of PE studies (Forrin et al, 2012; Ozubko

et al, 2012) among NH individuals. The advantage of

vocal production is attributed to the higher distinctive-

ness of the produced words relative to the nonproduced

words (encoding distinctiveness account;MacLeod et al,

2010). Vocalization involves a larger number of distinct

encoding processes (visual, motor, auditory) than silent

reading does. Hence, memory for aloud words is en-
hanced. The present study’s results show a similar pat-

tern among CI users, regardless of the implant ON/OFF

status, confirming our hypothesis. According to our

findings, CI users of this background perform in a com-

parablemanner to NH peers when using vocalization as

a learning strategy on a visual memory task, and they

do not need moment-to-moment auditory feedback to

gain the PE advantage; hearing oneself is not a neces-
sary factor in the visual memory task for CI users.

These findings are consistent with the hypothesis

that memory differences between NH and CI groups

do not occur in the visual modality (for similar results

in a reading span task of CI adolescents, see Geers et al,

2013). Yet, a recent study by AuBuchon et al (2015)

revealed somewhat more complex picture. The authors

compared visual forward and backward digit span tasks
in NH and CI users. They found that the CI group

scored significantly below the NH group in the forward

digit span tasks. Such tasks reflect coding strategies

related to phonological processing and rehearsal

mechanisms used to maintain verbal information in

short-term memory for brief periods (Pisoni et al,

2008); it seems these ‘‘immediate’’ memorymechanisms

may be impaired in the CI group. However, no differ-
ences were observed between the CI and NH groups

in the backward digit span tasks. The backward digit

span, which are relatively difficult, reflect the contribu-

tion of controlled attention and the operations of higher-

level ‘‘executive’’ processes that are used to transform

and manipulate verbal information for later processing

operations (Pisoni et al, 2008). Possibly, these high-

order abilities are not decreased in CI users. The present
PE paradigm reflects long-term memory and involves

attentional processes, similar to the backward digit

span tasks studied by Pisoni et al. As these abilities

seem intact in CI users, this may explain why their per-

formance was similar to that of their NH peers in our

study.

Auditory Memory

The pattern of results of the auditory presentation

was different. Overall memory performance was lower

for the CI group relative to the NH, mainly since the
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former hardly recalled any silent words (floor-effect).

An advantage of vocal production (aloud words) over

nonproduction (heard words) was found only for the

CIs. However, for the NH group, the PE was limited
in size (marginally significant).

The lower memory performance of CI users may be

attributable to the limitations of their auditory systems.

CI listeners have less total listening experience and lim-

ited access to the full range of speech sounds. Even with

amplification, their access to acoustic information is de-

graded. In fact, even long-term CI users (with more

than 10 yr of implant use) have difficulties with speech
perception in specific acoustic environments, such as

listening in background noise (Davidson et al, 2011).

As a result, the phonological representations of the

speech sounds in immediate memory are weakened

and underspecified. Since the capacity and efficiency

of immediate memory is lessened, long-term memory

functions (and other language processing operations)

may be reduced as well (Pisoni et al, 2011). Geers
et al (2013) concluded that early severe-to-profound

auditory deprivation impairs normal development of

working memory processes (which rely on verbal re-

hearsal and serial scanning of phonological information

in short-term memory). Early implantation (partially

restoring auditory sensation) is not sufficient to enable

adequate development, thus difficulties are evident in

adolescence as well. In light of these difficulties, the
overall weak performance of the CI users in the audi-

tory PE task is not surprising.

With the auditory PE paradigm, the study words

were aurally presented. The nonproduced words were

merely heard by the participants. Given the (limited)

hearing abilities of the CI group, thesewords were prob-

ably weakly encoded, hence poorly recalled. In contra-

distinction, the aloud words were vocally produced by
the participants. Vocal production provides ample so-

matosensory information (proprioceptive, tactile, and

efferent feedbacks; Postma, 2000), presumably used

to create a deeper memory trace of the produced words,

thereby improving their recall rates and enabling sim-

ilar performance as their NH peers. Taken together,

overall memory performance (produced and nonpro-

duced words) for the CIs was low in the auditory
modality, but this group benefitted most from vocal

production.

The picture was different for the NH group. First,

overall memory (aloud and silent words) was higher rel-

ative to that of the CI group. Second, the PEwas smaller

(marginally significant). Note that a recent study that

used similar auditory presentation found an advantage

for vocalized words over nonproduced (heard) words in
an NH group, yet its size was also relatively small

(Mama and Icht, 2016a, Expt 1). Possibly, since the

dominant mode of processing speech in NH individuals

is the auditory modality (Pisoni, 2000), the relative gain

from vocal production is rather small. The lack of signif-

icant PE in the present study may also be related to the

limited sample size.

Vocal Production of Aurally Presented Words as

a Means to Assist Recall in CI Users

Comparing the three learning conditions of the CI

group (auditory, visual-implant-ON, visual-implant-OFF)

revealed an interesting pattern. A PE was obtained

for each condition, namely advantage of produced

(aloud) over nonproduced words. The number of aloud
words was comparable across conditions. Yet, the num-

ber of the nonproduced words (silently read, heard) was

higher in the visual conditions than in the auditory con-

dition. What might be the source of the strikingly poor

recall rates for silent words with the auditory presen-

tation? We suggest that it may be related to ‘‘listening

effort.’’

According to the classic ‘‘working memory’’ model
(Baddeley and Hitch, 1998), shared and limited cogni-

tive resources can be distributed across various tasks,

as necessary. An effortful task requires a large portion

of relevant resources. Listening effort can be defined as

the proportion of (limited) cognitive resources involved

in interpreting the incoming acoustic signals. For exam-

ple, the presence of background noise or distortions in

speech signals increases cognitive demand (e.g., atten-
tion), and as a result, listening effort increases (Schneider

and Pichora-Fuller, 2000). For CI users, interpreting the

distorted auditory signal requires considerable cognitive

resources, making listening effortful (Pals et al, 2013). In-

deed, several studies showed increased listening effort

for hearing-impaired individuals using hearing aids

(Desjardins and Doherty, 2013) or CIs (Hughes and Gal-

vin, 2013) relative to NH controls.
In the current study, with auditory presentation of

the study list, the no-production condition involved

‘‘merely’’ listening, but may have been a demanding

task for CI listeners. We suggest that the effortful lis-

tening required for encoding the study words reduces

available cognitive resources. Since the CI users allo-

cate a greater share of the cognitive resources to recov-

ering the auditory input signal via the implant, fewer
resources are left for encoding its linguistic content,

thus memory for the nonproduced items may very well

be negatively impacted.

However, encoding of the produced (aloud) words is

different. Saying a word aloud involves additional

encoding processes relative to listening (e.g., motor,

tactile). Indeed, listening effort is high (similar to lis-

tening to the nonproduced words), but we suggest that
the additional encoding processes successfully recruit

the remaining cognitive resources, assisting aloud

words recall, despite the effort. As a result, vocal pro-

duction of the study words significantly improved their
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retrievability (fivefold). In fact, vocalization was so

beneficial for the CI users, that it enabled them com-

parable memory performance to that of their NH

peers.
Interestingly, all CI participants showed relatively

good open-set consonant-vowel-consonant word recog-

nition scores (.50%), yet theirmemory for nonproduced

aurally presented words was poor. This finding sup-

ports the independence of traditional audiological crite-

ria (outcome measures) and cognitive (memory) factors

among CI users. In clinical evaluation of CI listeners, it

is important to consider audiologically based outcome
measures as well as the cognitive processes (attention,

learning, and memory) that mediate speech perception

and production (Pisoni, 2000).

Summary and Clinical Implications

Our findings suggest that the significant difference
observed between CI andNH populations in wordmem-

ory tasks using the PE paradigm is modality specific,

and particular to the auditory modality only. Visual

learning among CI users enables better memory perfor-

mance (higher recall rates) relative to auditory learn-

ing, mainly for nonproduced words. Finally, auditory

feedback does not significantly affect visual word mem-

ory in CI users.
These findings provide important implications on

learning processes in hearing-impaired children and

adolescents with CIs in mainstream educational set-

tings. Since these schools adhere to an auditory–oral

philosophy, most of the learning is based on the audi-

tory modality. The current results stress the need for

special educational accommodations for this popula-

tion. For example, it is recommended that a CI user will
vocally produce the to-be-remembered portion of study

material, regardless of the learning modality used (vi-

sual, such as reading from a textbook; auditory, such as

listening to a lecture). Intervention techniques that in-

volve vocalization may be useful to accelerate percep-

tual learning and language development (e.g., in

vocabulary instruction) among CI users.

Further investigations are needed to evaluate long-
term memory abilities of CI users, in the visual as

well as auditory modalities, and the effect of auditory

feedback on learning and memory, which carry clin-

ical (rehabilitation) and educational importance. In

addition, future studies should evaluate memory

for complex materials (e.g., text) to ensure that vocal

production is an appropriate learning strategy for

such tasks that are commonly encountered in educa-
tional settings.
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