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Research Article

Visual and Auditory Verbal Memory in
Older Adults: Comparing Postlingually
Deaf Cochlear Implant Users
to Normal-Hearing Controls

Michal Icht,?

Purpose: The aim of this study was to test whether a group
of older postlingually deafened cochlear implant users (OCls)
use similar verbal memory strategies to those used by older
normal-hearing adults (ONHSs). Verbal memory functioning
was assessed in the visual and auditory modalities separately,
enabling us to eliminate possible modality-based biases.
Method: Participants performed two separate visual and
auditory verbal memory tasks. In each task, the visually
or aurally presented study words were learned by vocal
production (saying aloud) or by no production (reading
silently or listening), followed by a free recall test. Twenty-
seven older adults (> 60 years) participated (OCl = 13,
ONH = 14), all of whom demonstrated intact cognitive
abilities. All OCls showed good open-set speech perception
results in quiet.

Yaniv Mama,® and Riki Taitelbaum-Swead®°

Results: Both ONHs and OCls showed production benefits
(higher recall rates for vocalized than nonvocalized words)
in the visual and auditory tasks. The ONHs showed similar
production benefits in the visual and auditory tasks. The
OCls demonstrated a smaller production effect in the auditory
task.

Conclusions: These results may indicate that different
modality-specific memory strategies were used by the
ONHs and the OCls. The group differences in memory
performance suggest that, even when deafness occurs
after the completion of language acquisition, the reduced
and distorted external auditory stimulation leads to a
deterioration in the phonological representation of sounds.
Possibly, this deterioration leads to a less efficient auditory
long-term verbal memory.

Ider adults, the fastest-growing segment of the

population, often show memory deficits accom-

panied by hearing loss (HL). In many cases, aural
rehabilitation involves cochlear implantation, with positive
effects on communication, psychosocial well-being and
quality of life. This study aimed to evaluate auditory and
visual long-term verbal memory strategies used by older
postlingually deafened cochlear implant users (OCIs) and
to compare them to those used by older normal-hearing
adults (ONHs).

Epidemiological studies show that 11% of the world’s

population is over 60 years of age, and that by 2050, older
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adults will account for about 22% of the world’s population
(Newgard & Sharpless, 2013). From a health care view-
point, a major concern with an aging population is a higher
prevalence of age-related impairment in cognitive function
(Kueider et al., 2012), such as reduced memory abilities
(Ben-David & Icht, 2018; Schneider et al., 2010). Another
health care issue is the high prevalence of HL. According to
Yueh et al. (2003), between 25% and 40% of the population
aged 65 years or older is hearing impaired. The prevalence
increases with age, ranging from 40% to 66% in adults older
than 75 years of age and more than 80% in individuals older
than 85 years of age (see also F. R. Lin et al., 2011).

To date, a common auditory rehabilitation option
for adults with hearing impairment is cochlear implanta-
tion. Patients who use cochlear implants (CIs) show signifi-
cant benefits in speech recognition and in spoken language
understanding after implantation (Pisoni et al., 2018). Re-
search has shown that even very old individuals can benefit
from this procedure (Castiglione et al., 2016), with improved
hearing thresholds and speech understanding, enhanced
self-confidence, and increased health-related quality of life
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(Castiglione et al., 2015). However, due to technical limita-
tions, the spectral information the CI can transmit is se-
verely restricted. Thus, CI users can only access limited
pitch information through their device, which hinders vari-
ous aspects of auditory processing, for example, emo-
tional (intentional) prosody perception, tonal language
intelligibility, and music appreciation (Tillmann et al.,
2019).

When age-related HL is accompanied by age-related
decline in memory functioning, the challenges facing many
older adults (including CI users) in their everyday lives in-
crease. For example, they may experience difficulties under-
standing speech in the presence of background noise (Humes
& Dubno, 2010; Taitelbaum-Swead & Fostick, 2016). In ad-
dition to missed or incorrectly identified words, impaired
hearing may lead to poor, less discriminable memory
traces (Surprenant, 2007). Indeed, the literature indicates
associations of memory deficits with HL in older adults
(e.g., Ives et al., 1995; F. R. Lin, 2011; Uhlmann et al.,
1989). For example, according to the Ease of Language
Understanding model (Ronnberg, 2003; Ronnberg et al.,
2008), during conversation (especially in adverse condi-
tions), an individual with impaired hearing must process
distorted perceptual input into long-term memory using
contextual cues. Inevitably, mismatches between the de-
graded auditory input and the phonological-lexical rep-
resentations in long-term memory occur. Explicit and
deliberate working memory processes are assumed to be
invoked to compensate for such mismatches, supporting
listening and language understanding (Roénnberg et al.,
2013). Long-term verbal memory abilities were the focus
of the current study.

An alternative explanation of the associations be-
tween memory impairments and HL in older adults relates
to central mechanisms involving attentional resources. At-
tentional resources may also contribute to speech under-
standing, especially in effortful or challenging tasks. It has
been suggested that poor hearing necessitates greater cogni-
tive resources for auditory decoding, leading to less cogni-
tive resource capacity for other tasks (Tun et al., 2009). Since
understanding acoustically degraded speech relies more
heavily on attention, the increase in attentional load leads
to a decrease in memory for studied (heard) items (Craik
et al., 1996; Fernandes & Moscovitch, 2000).

In order to gain a better and broader understanding
of the relation between memory and HL in older adults,
the current study used a production effect (PE) paradigm
and compared long-term verbal memory abilities in a group
of OCIs and ONHs. The participants were visually or au-
rally presented with lists of words (in two separate tasks).
Half of the words were to be learned by vocal production
(saying aloud), and the remaining half by no production
(reading silently or listening). A free recall test followed the
study of each list. Identifying and comparing the memory
strategies used by the two groups may have theoretical and
clinical implications by informing interventions that can
preserve cognitive function to maintain quality of life and
independence into old age.
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Memory Functioning of Older Adult CI Users

An important cognitive aspect of spoken language
comprehension is verbal memory. This term refers to memory
of words and other verbal stimuli. It involves the encoding,
storage, and recollection of verbal information and is essential
for functioning in nonoptimal listening environments (Pisoni
et al., 2018).

In recent years, verbal memory has been receiving in-
creasing attention in the research carried out on patients
with CIs. Studies on verbal memory abilities of postlingual
adult CI users have mainly focused on working memory
processes. According to the traditional dual-component
model of working memory (e.g., Baddely & Hitch, 1974),
listeners recover phonological structure from speech signals
and use that structure to code and store items in a tempo-
rary working memory buffer (Lowenstein et al., 2019). How-
ever, when the acoustic structure of the words presented is
degraded in some manner, memory storage is diminished
(Nittrouer & Lowenstein, 2014). Since many CI users hear
a degraded signal, which must be matched to words in
(long-term) memory, working memory plays an essential
role in speech recognition and language comprehension
(Ronnberg, 2003; Ronnberg et al., 2008). The literature is
inconsistent regarding working memory abilities of older
CT users. Some studies found that they perform equivalently
to normal-hearing (NH) peers on most visual tasks (e.g.,
Lyxell et al., 2003; Moberly, Harris, et al., 2017; Moberly,
Pisoni, et al., 2017), while others reported poorer perfor-
mance for CI users than that of NH controls (e.g., O’Neill
et al., 2019). This latter finding raises questions about pos-
sible cognitive decline in CI users over time and stresses
the need to further examine the influence of nonperipheral
factors on the performance of CI users.

Long-term verbal memory abilities are also crucial
for successful daily functioning. Heydebrand et al. (2007)
suggested that verbal memory (or verbal learning) may con-
tribute to a recipients’ ability to encode and understand a
degraded auditory signal received from the CI by having a
wide range of possible material from which to “match” a
nonclear sound or word and being able to rapidly and effi-
ciently select the best choice. Holden et al. (2013) found a
relationship between verbal memory free recall scores and
speech recognition outcomes in a group of postlingually
deafened adult CI users (yet, this correlation was eliminated
when controlling for the effects of chronological age). Note
that both Heydebrand et al. (2007) and Holden et al. (2013)
used a combined visual-auditory presentation of stimuli.

In a recent study by Pisoni et al. (2018), verbal learn-
ing and memory of older postlingually deafened, experienced
CI users (ECIs) were tested using visual tasks (the visual
California Verbal Learning Test—Second Edition; Delis
et al., 2000) to eliminate possible auditory confounds (e.g.,
audibility or early auditory sensory processing and encod-
ing). ECIs and ONHs did not differ on most measures of
verbal learning and memory (e.g., free recall of words follow-
ing one to five exposures to a 16-word study list, measures
of short-delay free recall, short-delay cued recall, semantic
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and serial clustering, and yes/no recognition). Yet, several
differences between the ECI and ONH groups emerged:
(a) recency effect—the ECI group displayed a selective weak-
ness in recalling words from the recency portion of the serial
position curve; (b) proactive interference (a measure of for-
getting of newly learned words on List B as a result of inter-
ference from previous learning of similar or related words
from List A)—the ECI group showed more forgetting and
greater build-up of proactive interference following five rep-
etitions of List A; and (c) retrieval induced forgetting and
release from proactive interference—the ECI group displayed
greater retrieval induced forgetting for new words on List B
that came from the same semantic categories as the words
used on List A and showed no evidence of a “release from
PI” for new words that did not share any semantic features
with the original studied items. These findings suggest selec-
tive weaknesses and possible deficits in basic information-
processing operations related to verbal rehearsal and cogni-
tive control processes. Further studies were called for, asses-
sing distinct aspects of verbal learning and memory in this
participants’ group.

In line with this suggestion, in the current study, we
focused on verbal memory abilities of older adult CI users.
Specifically, we selected a group of postlingually deafened
older adults who received a CI for an acquired severe-to-
profound HL. We evaluated their visual and auditory verbal
long-term memory performance using a PE paradigm, as
described next.

The PE in Memory

Saying words aloud, in comparison to reading them
silently at encoding, improves their memory on a later test.
This phenomenon is called the production effect (Forrin
et al., 2012; MacLeod et al., 2010; Mama & Icht, 2016b;
Ozubko et al., 2012). The long-term memory benefit has
been found with many types of specific productions other
than vocalizing, for example, writing, typing, or whisper-
ing (Forrin et al., 2012). Interestingly, vocal production
was found to yield the highest memory gain (with visually
presented material).

The common explanation of the PE is encoding dis-
tinctiveness (e.g., Forrin et al., 2012; MacLeod et al.,
2010), resulting from deeper encoding of the produced
words. According to this notion, vocal production involves
three distinct encoding processes: (a) visual processing of
reading, (b) motor processing of articulating, and (c) audi-
tory processing of hearing (one’s own voice). In contrast, si-
lent reading involves only a single (visual) process. As the
number of unique encoding processes that occur in learning
is larger, the memory advantage is greater (Forrin & al.,
2012; Mama & Icht, 2016a, 2018).

An alternative explanation for the PE is based on
attentional process. In an early study, MacDonald and
MacLeod (1998) suggested that, at study, participants pay
more attention to words that are read aloud (relative to
words that are silently read hence receive less attention),
resulting in better explicit memory performance (see also

Mama et al., 2018). Similarly, Cowan (1988) theorized that
an individual’s attention is turned to a stimulus that stands
out from the background in the environment. Ozubko and
colleagues suggested that words that are read aloud may
seem more important to learners, and hence, they focus more
on those words at study. The greater attention allocated to the
material studied aloud results in more familiarity (Ozubko
et al., 2012). Fawcett and Ozubko (2016) posited that the
idea that the amount of attention participants dedicate to the
produced items impacts memory performance is supported
by the finding that even an intention to produce an item
(before the actual production activity) modifies the magnitude
of the electrophysiological component P300, a marker of
attentional allocation and distinctive processing.

Note that the PE is a long-term memory phenome-
non, yet verbal production plays an important role also in
working memory. The fact that recall of verbal material
requires its production highlights this relationship. In line
with this rationale, Acheson and MacDonald (2009a, 2009b)
suggested that the mechanism for maintaining serial order
in verbal working memory may emerge from temporary
activation in the language production architecture (i.e., the
processes of lexical retrieval and phonological encoding).

Saying words aloud is a simple procedure to perform,
which in most cases can be done easily and effortlessly.
Thus, vocalization was offered as a memorization strategy
(Icht & Mama, 2015; O. Y. Lin & MacLeod, 2012; Ozubko
et al., 2012). Indeed, in recent years, the PE has been found
across the life span, from preschool children (Icht & Mama,
2015) to younger and older adults (O. Y. Lin & MacLeod,
2012). Vocalization was also found to enhance memory for
special populations such as adults with acquired dysarthria
(Icht et al., 2019), adults with attention-deficit/hyperactivity
disorder (Mama & Icht, 2019), and sign language users with
hearing impairment (Taitelbaum-Swead et al., 2018). In ad-
dition, the effect has been documented for several types
of learning materials, for example, pictures (Icht & Mama,
2015), nonwords (MacLeod et al., 2010), and text (Ozubko
et al., 2012).

In a recent study, the PE has been evaluated in a
group of young adults who were prelingually deafened and
received CIs prior to the age of 5 years and their NH peers
(Taitelbaum-Swead et al., 2017). Words were presented via
the visual or the auditory modality and were learned by
vocal production (saying aloud) or by no production (silent
reading or listening), followed by free recall tests. In the
visual modality, young CT users showed comparable mem-
ory performance and a similar PE to their NH peers. How-
ever, in the auditory presentation, young adults with CIs
showed poorer memory for nonproduced words (hence a
larger PE) relative to their NH peers. These results suggested
that young adults with CIs benefit more from learning via
the visual modality (reading), rather than the auditory mo-
dality (listening). In addition, vocal production was found
to improve auditory long-term verbal memory for this pre-
lingually deafened CI group.

In light of these findings, the current study aimed to
assess long-term verbal memory abilities in another group
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of CI users, namely, OCIs (> 60 years). This group differs
from young prelingually deafened CI users on several as-
pects, for example, age of HL and duration of deafness,
age at implantation, and chronological age. Such group
differences may be related to differences in memory func-
tioning, stressing the need for a dedicated examination.
Interestingly, postlingually deafened adults were found to
show a deterioration in the phonological representation of
sounds due to the absence of external auditory stimulation.
For example, Andersson (2002) showed that specific as-
pects of the phonological system deteriorate in individuals
with an acquired severe HL as a function of auditory dep-
rivation. In particular, the phonological representations
were found to be impaired, and this impairment affects the
ability to rapidly perform phonological operations (see also
Lyxell et al., 1998). In other words, such deterioration in
the phonological representation of sounds may negatively
affect the ability to match an external sound with an exist-
ing internal representation of sound, hampering long-term
memory performance. We evaluated the PE in this group
of OCIs and in a control group of ONHs, using visual and
auditory tasks, as will be detailed next.

The Current Study

We compared visual and auditory long-term verbal
memory between OCIs and ONHs, using a PE paradigm,
with a unimodal presentation, either visual or auditory. As
noted by Penney (1989), with verbal material, it is possible to
vary input modality and keep the informational content of
the memory material the same. This procedure enabled us to
eliminate possible modality-based biases and better under-
stand information-processing operations in each modality.

The participants studied lists of study words that were
presented: (a) in the visual modality (written words) or
(b) in the auditory modality (aurally presented words). Half
of the words were learned by vocal production (saying the
words aloud), and the remaining half by no production (si-
lent reading or listening). Following each study phase, free
recall tests were performed.

Our first goal was to test whether vocalization im-
proves memory for visually presented words among the
OCI participants. Based on previous results with younger,
prelingually deafened adult CI users (Taitelbaum-Swead
et al., 2017), we expected to find a PE (a production bene-
fit, i.e., better recall rates for produced than nonproduced
words) for the group of OCI. In addition, we expected that
the PE size would be comparable for both OCI and ONH
groups, as there is typically no difference between the groups
when the requirements of using a phonological representation
exist but are less explicit (Lyxell et al., 1998), as with visual
word presentation.

The second goal of this study was to evaluate the ef-
fect of vocal production on the auditory word memory of
the OCIs. Again, we hypothesized that vocalizing would
yield a memory advantage (a PE), but differently between
the OCI group and the ONHs. Namely, we expected that
the group of CI users would show lower auditory memory

performance (especially for the silent words), consistent with
previous findings for young, prelingually deafened adult CI
users (Taitelbaum-Swead et al., 2017). For the OCI group,
the quality of the phonological representations is deteriorated
(Andersson, 2002; Lazard et al., 2010), negatively affecting
tasks where the demands on utilization of phonological repre-
sentations are most explicit, for example, auditory word
learning (Lyxell et al., 1998).

Overall, the results may help us understand the un-
derlying foundational verbal memory abilities following
cochlear implantation in older adults. Specifically, these
results will highlight the extent to which vocal production
enhances word memory in the visual and auditory modali-
ties. The strategy of saying words aloud may be actively
used by learners to support the initial encoding, processing,
storage, and retrieval of linguistic information. Do both
groups benefit from this technique in a similar fashion?
Clinically, answering this question may help us better plan
intervention programs to preserve cognitive (memory) func-
tions, enhancing quality of life as people age.

Method
Participants

The OCI Group

This group consisted of 13 older adults (seven men,
six women), postlingually deafened adult CI users. Their
mean age was 68 years (age range: 60-81 years). The mean
duration of CI use was 5 years (range: 0:6 [years:months]
to 25 years). They were recruited via contact associations
and organizations working with individuals with hearing
impairment. Inclusion criteria for the OCI group were as
follows: (a) onset of severe-to-profound HL of > 20 years,
(b) severe-to-profound HL in both ears before implantation,
(c) use of at least one CI, and (d) a score of > 50% in an audi-
tory open-set monosyllabic test using the Hebrew version of
the AB test (Boothroyd, 1968) and a score of > 80% in a di-
syllabic word identification test. A comparable recruitment
strategy and inclusion criteria were used in a previous PE
study with prelingually deafened adult CI users (Taitelbaum-
Swead et al., 2017), enabling a direct comparison between
the studies. The background data for the OCI group is
detailed in Table 1.

The ONH Group

Participants were recruited from two different elderly
community centers. We chose participants who most closely
matched the OCI group in age and gender. Fourteen older
adults participated (nine men, five women); their mean age
was 65 years (age range: 6071 years). The inclusion criterion
for the ONH group was a mean pure-tone average (0.5, 1, 2,
and 4 kHz) of less than 30 dB HL in both ears (for similar
criteria, see Moberly, Harris, et al., 2017; Pisoni et al., 2018).

Inclusion criteria for all participants were as follows:
(a) native Hebrew speaker, (b) high school or college diploma,
(¢) normal (or corrected-to-normal) vision, (d) scores within
normal range (> 26) on the Montréal Cognitive Assessment
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Table 1. Individual background data of the experimental group (older postlingually deafened cochlear implant users).

No. Gender  Age (years) MoCA HAB No. of Cls  Years of HL Ear; years:months of Cl use Etiology

1 M 64 28 70 1 4 Lt; 3 Unknown

2 66 26 100 1 12 Lt; 0:8 Viral

3 F 75 29 50 1 33 Lt; 2:6 Unknown

4 M 72 26 90 1 27 Rt; 3 Otosclerosis

5 F 75 26 80 1 21 Rt; 4 Sudden deafness
6 F 75 26 80 1 8.5 Rt; 1:6 Chronic otitis media
7 M 67 27 80 1 49 Rt; 10 Ototoxicity

8 F 63 28 70 2 2 Rt; 15, Lt; 7 Unknown

9 M 60 26 70 1 4 Rt; 2:6 Unknown

10 F 81 26 60 1 6 Rt; 4 Genetic

11 M 61 29 70 2 20 Rt; 25, Lt; 6 Cogan syndrome
12 M 63 26 70 1 12 Rt; 0:6 Unknown

13 F 63 27 50 1 40 Rt; 0:6 Unknown

Note. MoCA = Montréal Cognitive Assessment; HAB = the Hebrew version of the AB test; Cl = cochlear implant; HL = hearing loss; M = male;

Lt = left; F = female; Rt = right.

(MoCA; a cognitive screening task; Nasreddine et al., 2005),
and (e) age of > 60 years.

The study was approved by the institutional ethics
committee, and all participants gave their informed con-
sent to take part in the experiments. For compensation,
they received the equivalent of $25 for participation.

Apparatus and Stimuli

MoCA

The MoCA (Nasreddine et al., 2005) is a 10-min cog-
nitive screening tool to assist in detection of mild cognitive
impairments, using a score of 26 as the cutoff. In order to
ensure a reliable performance, environmental factors were
kept optimal (e.g., good lighting and face-to-face communi-
cation with the examiner). Additionally, participants were
allowed the use of personal visual aids (e.g., glasses) during
the cognitive testing if they required it (for comparable rec-
ommendations, see Ben-David & Icht, 2018). MoCA scores
did not differ between groups (OCIs: M = 26.92, SD = 1.19;
ONHs: M = 27.86, SD = 1.79), 1(25) = 1.58, p = .13.

Hearing Tests

ONH participants performed a hearing screening test
using an AD229B audiometer (Interacoustics) and supra
aural headphones. OCIs provided a copy of their most
recent hearing test (< 3 months). Note that after implan-
tation and along adjustments in processing strategies and
maps, hearing measures of CI users are routinely collected.
Hearing tests are performed in the medical center in which
each patient was implanted (sound-field test through a
loudspeaker, including narrow-band thresholds, voice
detection tests, and speech audiometry).

Speech Perception Test

Prior to the experimental tasks, all participants per-
formed the Hebrew version of the AB words test. This test
is composed of lists of 10 meaningful, one-syllable consonant—
vowel-consonant words, which are phonetically balanced
(i.e., in each list, every consonant appears once, and every

vowel appears twice). Each participant heard two lists of
10 words each (from a pool of 15 lists, in a random order)
and was required to repeat each word. Using monosyllabic
word lists is routinely used by clinical audiologists and con-
sidered a basic element in audiologic assessment (Martin

et al., 2000). It allows assessment of the auditory function
of CI listeners while minimizing the effects of linguistic con-
textual redundancy.

Since the current experimental task involved studying
disyllabic words, all participants also performed a disyl-
labic open-set word identification test (taken from Segal,
1998). Each participant heard two lists of 10 words each
(from a pool of 10 lists, in a random order). The words
were presented via a Lenovo laptop computer with Genelec
810A external loudspeaker and MAYA 44 external sound
card. The participants sat in a quiet room at a distance of
0.5 m from the loudspeaker. The intensity was calibrated
to 70 dB SPL using a sound level meter with a calibration
tone of 1000 Hz. All participants rated this level as “comfort-
able” (see also Davidson et al., 2011; Icht & Mama, 2019).

Study Material

The pool of study items included 120 familiar Hebrew
words, disyllabic nouns, three to five letters long (taken
from previous studies conducted in our lab, e.g., Icht et al.,
2014; Taitelbaum-Swead et al., 2017).

1. Visual stimuli. From the pool of 120 words, 60 were
used for the visual tasks. For each participant, 30 dif-
ferent words were randomly selected from this pool.
At the study phase, the words were presented one af-
ter the other, in a random order; each one appeared
at the center of a 15-in. laptop computer. DirectRT
program controlled the presentation. The words were
presented in 28-point Arial font, in black against a
white background.

2. Auditory stimuli. The remaining 60 words (from the pool
of 120 words) were used for the auditory presentation.
These words were pronounced by a female speaker
and recorded in a professional radio studio using the

Icht et al.: Visual and Auditory Verbal Memory in Older Adults 3869
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Samplitude classic 8.1 program (MAGIX AG) and a
TCS-6 microphone (Sontronics). For each participant,
30 different words were randomly selected from this
pool. During the study phase, each word was aurally
presented using the same equipment used for the above
mentioned speech perception tests. The words were
played to all participants at a comfortable level of

70 dB SPL, under the control of DirectRT program.

On each experimental trial, visual and auditory, a
small visual symbol (sized 2 cm?) appeared at the upper
part of the screen (above the written study word for the
visual conditions or solely for the auditory conditions).
The symbol indicated the required study mode for each
word. A symbol of closed lips indicated silent reading (for
the visual task) or listening (for the auditory task), that is,
no-production conditions. A symbol of a microphone indi-
cated vocal production.

Design

The experimental design closely followed Taitelbaum-
Swead et al. (2017) and is visually depicted in Figure 1.

Study Phase

Each participant performed a pair of experimental
tasks, visual and auditory, in a counterbalanced order
(the visual and auditory tasks were blocked). In each task,
30 study words were visually or aurally presented in a ran-
dom order, 15 to be vocally produced and 15 to be read si-
lently or heard (no-production conditions). Such mixed-list
design is the most common in the PE literature (MacLeod
& Bodner, 2017), typically resulting in notable memory
benefits. Each experimental step began with the visual
presentation of the symbol (lips or microphone). At 0.5 s

following the symbol’s appearance, the study word was visu-
ally or aurally presented (the written word appeared for 1 s).
The symbol remained visible for an additional 3 s. A blank
screen for 1 s followed. The stimuli were automatically ad-
vanced, and the interstimulus interval was 4 s.

Filler Task

Four math problems (multiplication of four-digit
numbers) were prepared for filler tasks. These problems
were printed on an A4 paper, and the participants were
given 5 min to complete these problems following the study
phase.

Test Phase

Upon completion of the filler task, the participants
performed a written memory test of free recall. They were
asked to write down from memory as many study words
as they could recall, regardless of the learning condition
(production, no production). A sheet of paper and a pencil
were given by the experimenter. There was no time limit
for this task.

Procedure

The participants were tested individually in a quiet
room either at the elderly community center or in their home.
As a first step, each participant read and signed an informed
consent form, followed by the MoCA test and the hearing
test. Note that, typically, audiometry is performed in a sound-
attenuating or a sound isolation booth. As these were not
available, we made sure the test environment was as quiet
as possible, by scheduling the experimental session to rela-
tively quiet hours and turning off the television, radio, and
air conditioning (for similar recommendations, see Meinke
et al., 2017). In addition, all participants performed the

Figure 1. The experimental design. MoCA = Montréal Cognitive Assessment.

Test phase: free recall

1** Experimental Task- Visualor Auditory?|

Preliminary meeting Practice
Informed consent l
MoCAtest |:> Study phase: 30 words
Hearing test (15 produced and 15 nonproduced)
Speech perception tests l
Filler Task

2*¢ Experimental Task- Visualor Auditory

Practice
alo |
[:> minute ¢> Study phase: 30 words
break (15 produced and 15 nonproduced)

I

Filler Task

|

Test phase: free recall

* The order of the experimental tasks was counterbalanced across participants
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speech perception tests. Then, each participant sat in front
of the computer screen, and the first experimental task (visual
or auditory) began. The participants were required to learn
each word according to the symbol (lips or microphone) and
were told that a memory test would follow. The verbal in-
structions for the visual task were: “Next, you will be pre-
sented with written words. Try to learn each word according
to the symbol that appears above it. This symbol [a micro-
phone] indicates vocal production, so say the word out loud.
This symbol [closed lips] indicates silent reading, so just read
the word silently. Are you ready?” The verbal instructions for
the auditory task were: “Next, you will hear some words. Try
to learn each word according to the symbol that appears on
the screen. This symbol [a microphone] indicates vocal pro-
duction, so say the word out loud. This symbol [closed lips]
indicates listening, so just listen to the word. Are you ready?”

To verify that participants understood the task and to
reduce the likelihood of participants’ errors, a short practice
phase was completed, in which the word “example” ap-
peared twice in each study condition (production and no-
production). Then, the 30 study words were presented (in
a random order). After the presentation of the first 30 words,
the participants performed the filler task and then the free
recall test. Following the first task, a 10-min break was given,
and the second task (visual or auditory) began (practice, study
phase, filler task, and test). The whole experimental session
lasted about 40 min. A research assistant was present in
the room throughout the experimental session, verifying
the accuracy of the vocal productions (no errors occurred
for both presentation modalities and for both groups).

Results

Data normality was tested using the Shapiro-Wilk test,
which showed that in some conditions, the results (mean pro-
portions of correctly recalled words) did not follow normal
distribution (ps < .05), possibly due to the relatively small
sample size and the poor performance in the no-production
conditions. Hence, the results were transformed using arcsine
transformations prior to statistical analyses (Studebaker,
1985) to meet the analysis of variance (ANOVA) assump-
tions of normality and homoscedasticity.

As a second step, we verified that the order of the
tasks (visual first or auditory first) did not impact memory
performance, using a mixed-measures ANOVA, with pre-
sentation modality (visual, auditory) and learning condi-
tion (production, no production) as within-subject factors
and group (OCI, ONH) and task order as a between-
subjects factor. Order effect and all interactions with
order were found to be nonsignificant (ps > .2).

Figure 2 presents the results of the free recall tests
(the proportions of correctly recalled produced and non-
produced words) for the visual and auditory tasks for each
participant across both groups (OCI, ONH). A review of
Figure 2 reveals the superiority of vocal production (pro-
duced words) over no production, a PE, for the two presenta-
tion modalities for both groups. For the ONHs, the PE was
comparable in size for both modalities, but for the OClIs, it

Not for Broad Dissemination

was smaller in the auditory task. Surprisingly, the individual-
level data presented in Figure 2 show higher variability in
memory performance within the group of ONHs relative to
the OClIs (see also Table 2). Statistical analyses (which will
be detailed next) confirmed these impressions.

To compare the participants’ performance between
the visual and auditory modalities (PEs), a pair of two-way
ANOVAs was conducted, separately for each group (note
that a three-way mixed-measures ANOVA was not per-
formed, since sample sizes were likely too small to provide
sufficient statistical power). For the ONHs, we found a sig-
nificant main effect for learning condition, F(1, 13) = 18.73,
p =.001, np2 = .59, namely, a production benefit. No main
effect was found for presentation modality, F(1, 13) = 3.44,
p =.09,n,> = .21, and the interaction of both factors was
nonsignificant, F(1, 13) < 1. A different pattern was ob-
tained for the group of OCIs, with a significant main effect
for learning condition, F(1, 12) = 32.88, p < .001, np2 =.73.
No main effect for presentation modality was found, F(1, 12)
< 1. However, the interaction of learning condition and pre-
sentation modality was significant, (1, 12) = 5.21, p = .04,
1, = .30.

To decipher this interaction, paired-samples ¢ tests
were conducted. The difference between the learning condi-
tions (production vs. no production, the PE) was significant
in both modalities: visual, #(12) = 4.74, p < .0001; auditory,
#(12) = 2.94, p < .011. Importantly, the difference was smaller
in size in the auditory modality.

Another set of two-way ANOVAs were conducted,
across both groups, separately for each presentation modal-
ity. In both modalities, we found a significant main effect for
learning condition: visual, F(1, 25) = 34.35, p < .001, np2 =
.58; auditory, (1, 25) = 12.69, p < .01, n} = .34. All other
effects were found to be nonsignificant (ps > .05).

Discussion

In the current study, a group of postlingually deaf-
ened adult CI users (OCIs) and a control group of adults
with normal hearing (ONH) performed two learning tasks,
visual and auditory. In each task, visually or aurally presented
study lists of words were learned either by vocal production
or by no production (a PE paradigm). Our findings demon-
strate production benefits in both presentation modalities
(visual, auditory) for both groups. For the ONHs, memory
performance was comparable in the visual and auditory
modalities, and the size of the PE was similar in both tasks.
However, for the OCls, the PE size was smaller in the audi-
tory task relative to the visual task, indicating smaller mem-
ory benefit gained from vocalizing aurally presented words.
These findings and their implications will be discussed
next.

The Memory Benefits of Vocal Production

Based on previous findings in the literature, we ex-
pected that both groups of OCIs and ONH will benefit
from vocal production of the verbal material when studying
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Figure 2. Proportions of correctly recalled words for the visual and auditory tasks, for each participant in both groups (ONH and OCI). ONH =
older normal-hearing adults; OCI = older postlingually deafened cochlear implant users.
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visually and aurally presented stimuli (e.g., Taitelbaum-
Swead et al., 2017, 2018). The results confirmed this predic-
tion, as both groups showed a clear PE in both modalities.

According to the prevailing encoding distinctiveness
account (MacLeod et al., 2010), the benefit of vocalization
is attributed to the higher distinctiveness of the produced
words relative to the backdrop of the nonproduced words.
Saying words aloud involves more distinct or unique encod-
ing processes (visual, motor, and auditory) than silent read-
ing or listening (which comprises only a single encoding
process). ONHs and OCIs can successfully use this relative
distinctiveness; thus, their memory for produced words is
better relative to the nonproduced words.

Importantly, for the ONHs, the size of the PE was
comparable for both modalities, but for the OCIs, the PE
was smaller in the auditory modality relative to the visual
modality. In other words, producing aurally presented study
material was less beneficial than producing visually pre-
sented items for this group of participants. Studying auditory
material, learning (listening) involves rehearsal processes
(either vocal or subvocal), retaining the study words in

Table 2. Descriptive statistics—means, standard deviations, and
range of the proportions of recalled words—for both groups across
the different study conditions.

Presentation modality M SD Range
and learning
condition ONHs OCIs ONHs OCIs ONHs OCls

Visual; production 29 25 .16 .07 .07-6 .12-.38
Visual; no production 15 .09 .11 .09 .07-47 .0-.29
Auditory; production 32 22 .18 .10 .07-.67 .07-.36
Auditory; no production .21 .15 .15 .07 .07-67 .0-.23

Note. ONHs = older normal-hearing adults; OCls = older postlingually
deafened cochlear implant users.

working memory, and matching them to existing (yet rela-
tively weak, due to the progressive lack of auditory inputs;
Lazard et al., 2010) phonological representations in long-
term verbal memory. Even when the study words are vocally
produced, this impaired phonological processing in CI users
(Andersson, 2002; Lyxell et al., 1998) leads to smaller pro-
duction benefits in the auditory relative to the visual modal-
ity. Although the vocal production adds another encoding
process to the no-production condition (auditory encoding
process, listening; and motor encoding process, articulating,
vs. listening, respectively), the less efficient auditory process-
ing leads to a smaller production benefit. In contrast, in the
visual modality, the learning relies on reading (either silently
or aloud, visual encoding process). As this processing is pre-
served in OClIs, the gain of vocal production (which adds
two encoding processes, listening and articulating) is larger.

Another explanation for the smaller PE size of OCIs
in the auditory modality relies on attentional processes. At-
tentional factors were found to impair listening effectiveness
in various populations and situations (Mama et al., 2018;
Schneider et al., 2010; Tun et al., 2009). For the group of
OClIs, impaired hearing, which leads to degraded auditory
signals, requires more attention resources for auditory speech
processing (Craik et al., 1996; Pichora-Fuller et al., 2016).
This may result in less available cognitive resources for other
tasks and diversion from those tasks to effortful listening,
which impairs memory performance (Tun et al., 2009; Wayne
& Johnsrude, 2015).

This mechanism is somewhat similar to performing
“dual tasks” (Lavie, 2005; Taitelbaum-Swead et al., 2019).
Namely, when dual tasks are performed together under
conditions of high load for the primary task, decrements
to the performance of the secondary task will occur when
processing capacity is exceeded. The current experimental
procedure forms a dual task, as the listeners are required to
remember the study words while attending to the symbol,
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indicating the appropriate study mode (production, no
production). In the auditory task, the amount of invested
listening effort of OClIs yielded only limited production
benefit (i.e., smaller effect size). In contrast, visual learning
is less effortful and cognitively demanding for this popula-
tion. As it involves reduced listening effort, the gain of vocal
production is more prominent.

The complex relationship between memory function-
ing and attention has been also explained by Cowan (1988,
1995), suggesting that attention plays a role in limiting the
amount of information that gets into working memory (a
filtering function) and in rehearsal processes, which are
necessary to prevent its decay. The focus of attention allows
a coherent organization and interpretation of the informa-
tion it contains. Then, the separate items can be associated
to form a new long-term memory record (Adams et al.,
2018). If OCIs have difficulties in focusing their attention
on the aurally presented study words, then long-term pro-
duction benefits will be limited.

A Comparison Between Young Prelingually
and Older Postlingually Deafened CI Users

Comparing the performance of young prelingually
and older postlingually deafened CI users in the auditory
task across studies reveals important differences. In the
former study (Taitelbaum-Swead et al., 2017), prelingually
deafened adult CI users demonstrated lower auditory mem-
ory performance relative to their NH peers, with the recall
rates of the nonproduced words found to be especially low.
These results were attributed to the limitations of their au-
ditory systems, for example, less total listening experience
and limited access to the full range of speech sounds. Con-
sequently, for this group of prelingually deafened CI users,
the phonological representations of speech sounds in short-
and long-term memory are weak and underspecified. Possi-
bly, early severe-to-profound auditory deprivation impairs
normal development of working memory processes (Geers
et al., 2013) that may negatively affect long-term memory
functioning. Although early implantation partially restores
auditory sensation, it is not sufficient to enable adequate
development of these memory abilities.

In contrast, the current group of postlingually deafened
CT users showed similar overall recall rates to that obtained
for the ONHs. Yet, they showed smaller PE in the auditory
modality relative to the visual modality. This group of post-
lingually profoundly deaf adults has acquired spoken lan-
guage under typical listening conditions, and their central
auditory processing system has developed in a typical fash-
ion. Hence, the CI provides an electrical signal to an al-
ready fully developed auditory system and an intact mature
language processing system (Lazard et al., 2010). Although
years of auditory deprivation may lead to a deterioration in
the phonological representation of sounds (Rénnberg et al.,
2011), prior linguistic knowledge and experience may play
compensatory roles when the bottom-up sensory informa-
tion is degraded (Ronnberg et al., 2013). Consequently, the
participants can match an external sound with an existing yet

weak internal representation of sound to a similar extent
as ONH, yet less effectively than for visually presented ma-
terial. Note that as the sounds provided by an implant differ
markedly from physiological hearing, matching an incoming
signal to the existing phonological templates may be challeng-
ing (Lazard et al., 2010).

Intergroup Variability

The current results show a somewhat surprising pat-
tern of higher variability in memory performance in the
ONH group relative to the OCI group. Reviewing the ger-
ontology literature, older adults are considered to be a rel-
atively heterogeneous group, characterized by high levels
of group variability (Stone et al., 2017). Indeed, physical,
sociological, and psychological variance increases with in-
creasing age (Nimrod, 2017). Age-related individual vari-
ability has been also identified in the field of memory (e.g.,
Béickman et al., 2000; Leal et al., 2017). The high variabil-
ity may (also) reflect the spontaneous use of different stra-
tegic behavior, that is, various encoding strategies such as
rote repetition or imagery (Hertzog et al., 2017). Accord-
ingly, during memory task performance, individual differ-
ences and flexibility in the type and quality of encoding
strategies lead to high levels of variability.

In contrast, in the current study, the group of OCls,
which is typically characterized by high variability (for a
review, see Berrettini et al., 2011), showed lower individual
variance in memory performance relative to the ONHs. Pre-
sumably, the fact that all participants were postlingual CI
users, with similar auditory experience and practice (prior to
and along their rehabilitation period), led them to use and
optimize similar effective strategies. The comparable individ-
uals’ strategic behavior resulted in lower variability within
this group. Future studies may address this possibility, evalu-
ating the use of mnemonic strategies in OCIs and ONH.

Limitations and Future Directions

This study provides evidence for the visual and audi-
tory verbal memory functioning for postlingually deafened
adult CI users. However, a noted limitation is the relatively
small current sample size, and thus, our results should be
considered preliminary until replicated with a larger clini-
cal sample. In addition, intact cognition was verified using
the MoCA, yet this tool may be biased against individuals
with HL (e.g., Dupuis et al., 2015). Hence, it is possible
that eligible participants were excluded based on this test
results. Future studies may consider the effect of sensory
impairments on test scores.

Future studies should evaluate verbal memory for com-
plex materials (e.g., text) to ensure that vocal production is an
appropriate learning strategy for such educationally relevant
material. Assessing verbal memory using a multimodal pre-
sentation (visual and auditory) may also be important, better
reflecting many daily situations. It is also recommended to
evaluate memory following other, deeper encoding proce-
dures, which involve a greater degree of semantic or cognitive
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analysis (e.g., by creating semantic associations; Craik &
Lockhart, 1972), and using other memory tests (e.g., serial
recall that depends more heavily on phonological coding;
Melby-Lervag & Hulme, 2010).
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