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Abstract

selected normal hearing peers (N = 48).

all scales.

Background: Cognitive abilities like language, memory, reasoning, visualization, and perceptual functioning shape
human action and are considered critical to the successful interaction with the environment. Alternatively, hearing
loss can disrupt a child’s ability to communicate, and negatively impact cognitive development. Cochlear implants
(Cl) restore auditory input thereby supporting communication and may enhance cognitive performance. This study
compares general cognitive development after cochlear implantation (2017-2019) in two groups of Jordanian
children implanted earlier (age:4—6 years, N =22) and later (7-9 years, N = 16) to the development of randomly

Design: Visualization, reasoning, memory, and attention were assessed using the Leiter-R scale at baseline (before
implantation), 8 months and 16 months post implantation for children with hearing loss. Same times of testing
(baseline, 8 months and 16 months) were used for normal hearing peers.

Results: Over the 16-month period, the cognitive improvement of 4-6-year-old deaf children was greater than that

of their normal hearing peers on the scales of visualization (5.62 vs. 4.40), reasoning (2.53 vs. 2.38) and memory
(17.19 vs. 11.67). while the improvement of 7-9-year-old was less major than that of their normal hearing peers on

Conclusions: These results suggest that Cl not only enhances communication skills but may improve cognitive
functioning in deaf children. However, the extent of this improvement was dependent on age at intervention;
current results demonstrated that the children received Cl at young ages had better cognitive improvements.

Keywords: Cognitive abilities, cochlear implant, Development

Background

During the early years of life, childhood development is
rather a dynamic process that reflects the rapid growth
of interrelated functioning such as cognitive, physical,
and socio-emotional aspects. In general, cognitive abil-
ities such as language, memory, reasoning, visualization,
and perceptual functioning are the skills that shape hu-
man action and are critical to the successful interaction
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with the environment [1-3]. In children, these processes
occur at a rapid pace providing an important foundation
for lifelong progress. In their early years, typically devel-
oping children progress from basic cognitive skills to
more complex processes. Early assessment of pediatric
cognitive abilities may provide a basic understanding of
children’s differences in school performance and other
everyday settings. Therefore, early detection of high-risk
children increases the chance for early interventions
which can provide a greater possibility to retain normal
function [1, 4, 5].
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Several studies have demonstrated that the process of
cognitive development can be affected by a number of risk
factors including those with heritability and genetic influ-
ences as well as other environmental factors experienced
during childhood [1, 6-8]. A number of socio-
demographic predictors such as age, gender, parents’ level
of education and occupation, family income, exposure to
nicotine, school setting, eating habits, and residence and
culture areas have shown to be correlated to cognitive
abilities in eastern and western cultures [4, 9, 10]. These
factors usually reflect the parenting practices, amount of
cognitive stimulation given for a child, as well as commu-
nication skills and experiences of the parents [2, 8, 11, 12].

Cognitive development is a multi-dimensional process
that is interrelated to the development of other skills
and abilities; a difficulty or delay in one skill or ability
may adversely affect overall cognitive development in
children [13]. Unfortunately, developmental delay during
early childhood may have profound and permanent con-
sequences [14]. One of the crucial domains strongly as-
sociated with cognitive deficits is hearing loss. Lack of
listening experience to sounds during early development
has been reported to have a negative impact on cognitive
abilities [15]. Specifically, auditory deprivation has sub-
stantial impacts on neurocognitive development in chil-
dren. In fact, it has been suggested that difficulties in
cognitive skills might be associated with an earlier
period of auditory deprivation [16]. A limited access to
the auditory environment has been shown to be interre-
lated to cognitive and social development [13, 14].

Generally, a disruption in the auditory input experi-
enced by deaf and hearing-impaired children can impact
normal development of cognitive, psychomotor and be-
havioral aspects and may later lead to alterations in
brain programming [8, 17-20]. Hearing loss has been
shown to have a negative effect on the cognitive devel-
opment of children [21, 22]. In line with these observa-
tions, children with hearing impairment were reported
to have less attention and more behavioral difficulties
than their normal-hearing peers [18, 23]. Mitchell and
collogues [1996] reported that 71% of the hearing-
impaired children scored in the borderline/abnormal
range on attention tasks compared to only 9% of their
normal-hearing peers who showed a similar difficulty.
Additionally, hearing-impaired children are more likely
to have lower scores than others in academic perform-
ance [24-27]. Therefore, hearing loss has a tremendous
negative effect on child’s everyday activities, self-esteem,
and personal autonomy.

In general, extensive research efforts have been de-
voted to understanding hearing and language develop-
ment in deaf children implanted with CIs. However,
little is known about the developmental changes in cog-
nition after implantation. Cognitive abilities refer to a
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whole set of thinking skills encompassing language,
memory, visualization, attention, reasoning, and execu-
tive functions. Examples of executive function tasks in-
volve working memory representations, higher order
abstraction, problem solving, concept formation etc. [28,
29]. It has been found that the earlier development of
hearing loss happens, the greater impact it will have on
child’s cognitive development. It has also been found
that the earlier detection and intervention of hearing
loss, the lesser the ultimate consequences [30—33].

Several factors affect cognitive development and may
underlie some of the reported variations in the efficacy
of Cls across recipients. This is an important area to in-
vestigate in order to evaluate the effect of restoring audi-
tory input on the learning and cognition of prelingually
deafened children. Therefore, the current study aimed to
examine the effect of auditory deprivation on cognitive
abilities such as visualization, reasoning, attention, and
memory, and the extent to which these abilities develop
after implantation. The contribution of the cochlear im-
plantation to overall cognitive functions was systematic-
ally evaluated before and after the CI surgery. It was
hypothesized that cochlear implantation at young age
would serve to facilitate cognitive development in deaf
children.

This study is different from many other studies for
several reasons. First, this study investigated cognitive
development of children younger than 10 years of age,
while others studied older children [15, 26, 34-36],
which could highlight the importance of early hearing
management on child development. Second, the study
assessed a wide range of cognitive abilities including
visualization, reasoning, attention, and memory, whereas
other studies focused mainly on learning and memory
[16, 22, 37, 38]. Third, deaf children were assessed pre-
and post-CI in the current research and differences were
calculated compared with demographically matching
normal hearing participants similar in variables such as
age and gender, area of living, family income, type of
school, etc.

This design helped us to evaluate the general effect of
the auditory intervention on deaf children while minim-
izing the effects of maturation and training on cognitive
functioning. Finally, to our knowledge, this was the first
national study in this geographic area [Jordan, Middle
East, and the Arab world] and the first study that
assessed the impact of the CI on multiple cognitive abil-
ities. To address the questions associated with this re-
search, we used a multidisciplinary approach bringing
together specialists from otolaryngology, audiology, and
occupational therapy. The majority of previously pub-
lished research investigated the effect of cochlear im-
plantation on children’s hearing, speech production,
speech perception, and spoken language development.
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Very little is known about the impact of implantations
on particular cognitive abilities and the effect they have
on language outcomes.

Methods

Participants

The study sample consisted of thirty-eight children [17
males and 21 females] with congenital bilateral severe to
profound sensorineural hearing loss [participants’ socio-
demographic characteristics are presented in Tables 1
and 2]. All children were diagnosed with hearing loss

Table 1 Socio-demographic and personal data for the Cochlear
Implant (Cl) group (N =38) and Normal Hearing (NH) group
(N=48) and the result of the Chi-square tests to compare
between groups

Variable Cl NH Chi-square P-Value
group  group Value
N (%) N (%)

Age at first testing
4-6 years 22 (58) 24 (50) 0513 0.200
7-9 years 16 (42) 24 (50)
Mean + Standard 6.16 + 632+13
Deviation 19

Gender
Male 17 (44.7) 21 (438) 0.008 1.00
Female 21 (553) 27 (56.2)

Area of living
Urban 20 (526) 25(52.0) 0.037 1.00
Rural 18 (474) 23 (48.0)

School type
Public 15(395) 19(396) 0631 0.50
Private 23 (60.5) 29 (60.4)

Students live with both parents
Yes 38 (100) 48 (100)
No 0(0) 0(0)

Student’s GPA
70-79 (Good) 5(132) 6125 0012 0.99
80-89 (Very Good) 23 (60.5) 29 (604)
90-100 (Excellent) 10 (26.3) 13 (27.1)

Family yearly income (1 JD=1.4 U.S.D)
<6000 JD 31 (81.6) 39 (81.25) 0.002 097
> 6000 JD 7(184) 9(1875)

Child takes breakfast at home before going to school
No 9(37) 1129 0007 093
Yes 29 (76.3) 37 (77.1)

Number of sleep hours
8-9h 21 (553) 26 (54.17) 0010 1.00
10-11h 17 (447) 22 (45.83)
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Table 2 Parents’ variables for Cochlear Implant (Cl) group (N =
38) and Normal Hearing (NH) group and the results of the Chi-
square tests for comparing groups

Variable Clgroup NHgroup Chi-square P- Value
N (%) N (%) Value

Mother occupation
Not employed 34 (89.5) 43 (89.6) 0.000 1.000
Employed 4 (10.5) 5(104)

Mother’s level of education
< high school 7 (184) 9 (18.75) 0.103 0.991
High school 24 (63.2) 30 (62.50)
2-years diploma 4 (10.5) 5(1042)
Bachelor 3(79) 4 (8.33)

Father occupation
Not employed 1(26) 5(1042) 0.001 1.000
Employed 37(974) 43 (89.58)

Father s level of education
< high school 18 (474) 22 (45.84) 0.022 0.999
High school 10 (26.3) 13 (27.08)
2-years diploma 3 (7.9) 4 (8.33)
Bachelor 7 (184) 9 (18.75)

Mother “s smoking
No 36 (94.7) 45 (93.75) 1.051 0400
Yes 2(53) 3(6.25)

Father’s smoking
No 21 (553) 27 (56.25) 0.038 1.000
Yes 17 (44.7) 21 (43.75)

during their first year of life. Another battery of audio-
logical evaluation was done prior to the surgery, which
included a comprehensive set of behavioral and physio-
logical measurements. All children were prelingual and
none of them currently used hearing aids. All participat-
ing children with hearing loss were recruited from the
Ear, nose, and throat [ENT] at King Abdullah University
Hospital (KAUH) in Jordan and were scheduled to re-
ceive unilateral cochlear implantation in the year of
2017. All children who matched the inclusion criteria
were enrolled in the study. All participants were
followed for 16 months period.

Recruitment and baseline testing were performed 1
week prior to the date of the implantation surgery. In
addition, a sample of normal hearing [NH] [hearing
thresholds on octave frequencies 250-8000 Hz not ex-
ceedingl5 dB HL] children were recruited from a com-
piled research project list of typically developing
children. The project collected demographic data and
tested the cognitive abilities of 434 normally developed
children using the Leiter-R scale [Authors, 2017]. From
this project sample, fifty-eight children/parents were
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recruited using a random number table and 48 children/
parents agreed to participate.

The sample of normal hearing children included 24
participants aged 4—6 years at first testing and 24 partici-
pants aged 7-9years at first testing. These participants
were chosen to be very similar to the deaf group in
terms of age and all other important demographic char-
acteristics that have been proven to be related to cogni-
tive functioning. Therefore, there were no statistical
differences between groups in term of age and demo-
graphic data. The deaf children were divided into two
subgroups according to age [chronological age at time of
implantations]: ages 4—6years [N=22], and 7-9 years
[n=16]. Similarly, the NH children were also divided
into two age groups: 4—6-year-old [N =24], and 7-9-
year-old [N = 24]. The normal and deaf participants were
similar in all groups by age, gender, area of living, school
type, status of living with parents, child’s GPA [Grade
Point Average], family yearly income, eating breakfast,
sleeping hours and parents’ occupation, level of educa-
tion and smoking status.

All participants in subject and control groups were be-
tween 4 to 9years of age. All participants were reported
to be healthy and free of otological and neurological dis-
orders. Children with learning disabilities, visual impair-
ments, intellectual challenges, developmental delay, or
those who were born to deaf parents were excluded
from this study. Leiter International Performance Scale-
Revised (Leiter-R) [39] was used to evaluate the chil-
dren’s learning and intellectual abilities. The use of hu-
man participants in this study was approved by King
Abdullah University Hospital Institutional Review Board
and the Deanship of Scientific Research at Jordan Uni-
versity of Science and Technology. Written parental
consents and approval from the educational authorities
were received before carrying out the study.

Audiological evaluation before and after cochlear
implantation

Comprehensive audiological evaluation was conducted
on all participants prior to CI surgery. Generally, a set of
behavioral and physiological measurements were com-
pleted prior to surgery. Ear-specific pure tone thresholds
were obtained using a standard procedure, visual
reinforcement audiometry, or play audiometry depend-
ing on child’s age by a licensed audiologist. Specifically,
air conduction [AC] hearing thresholds were measured
at octave frequencies between .25 to 8 kHz and for bone
conduction [BC] at octave frequencies .5—.4kHz. The
average hearing thresholds were in the range of sever to
profound sensorineural hearing loss. All testing was
done in a sound treated booth that meets noise reduc-
tion standards. Calibrated diagnostic audiometer type
GSI AudioStar Pro was used to assess hearing thresholds
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using inserts ER-3A earphones. Bone conduction thresh-
olds were measured using B71 transducer and was
placed on mastoid bone. In addition, otologists con-
ducted OAEs (otoacoustic emissions) test to find out
how well is the cochlea is working and click ABR (audi-
tory brainstem response) test to measure the way the
child’s hearing nerve responds to different sounds.
Postoperative aided warble-tone thresholds were
assessed in a sound field and revealed an average of 35
dB HL for the frequencies 250-8000 Hz. Post cochlear
implant aided hearing thresholds was done on average of
6 months post the surgery when a stable map was
reached for CI children. A total of 22 participants re-
ceived their CI in the right ear and 16 children in the left
ear. All children used the same cochlear implant device.
The audiologist confirmed that optimum cochlear im-
plant fitting was achieved for each participant, cochlear
implant was functioning normally, and all cochlear im-
plant channels were activated. The otologist who per-
formed the surgery confirmed, by X-ray that cochlear
implant electrode was properly placed in the cochlea.

Speech and language assessment before and after Cl
Speech and language assessments were performed by a
licensed speech-language pathologist. Before surgery all
participants were classified as prelingual. All participants
used lip-reading and sign language for communication.
Auditory verbal therapy and total communication ther-
apies were provided once every week post CI for 1 year.
Speech therapist noted moderate improvement [few
two-word sentences] in speech and language of 8 partici-
pants of those who were implanted before 6 years of age.
Other participants, including those older than 6 years,
had poor speech and language development. Most par-
ticipants continued to use sign language and lip reading
as a mode for communication. Eight participants were
able to use short two-word sentences but continued to
rely mainly on their sign language abilities to
communicate.

Important to note that, the CI team [Surgeons, audiol-
ogists and speech pathologists] discussed all cochlear
implant candidates to determine eligibility. The criteria
were rather loose but emphasize that the participants
should have bilateral severe to profound sensorineural
hearing loss, prelingual and younger than 10 years old.
There was no mandatory rule of hearing aid use before
CIL. Recently, however, hearing aids use for a minimum
of 6 months with no significant benefits was added as a
pre-condition for CI eligibility.

Assessment tool

The cognitive abilities of visualization, reasoning, mem-
ory, and attention were assessed using the Leiter Inter-
national Performance Scale-Revised (Leiter-R) [39]. The
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scale was designed specifically for children with impaired
hearing, motor function, communicative ability, and
those who speak English as a second language. The scale
can be used on normal children and adults from age 2
years to age more than 80 years. The Leiter-R compos-
ites were chosen because of their psychometric proper-
ties and primarily non-verbal nature. They are more
conducive to the evaluation of cognitive abilities in indi-
viduals from non-Western cultures who do not primarily
speak English.

The instrument contains four composites: (1) the
visualization composite, with eight subtests of nonverbal
intellectual ability, includes figure ground [FG], form
completion [FC], matching [M], picture context [PC],
classifications [C], design analogies [DA], paper folding
[PF], and figure rotation [FR]; (2) the reasoning compos-
ite, with two subtests, includes sequential order [SO]
and repeated patterns [RP]; (3) the memory composite,
with eight subtests, includes associated pairs [AP], de-
layed pairs [DP], immediate recognition [IR], delayed
recognition [DR], forward memory [FM], reverse mem-
ory [RM], spatial memory [SM], and visual coding [VC];
and (4) the attention composite, with two subtests, in-
cludes attention sustained [AS] and attention divided
[AD] [40].

The researchers did not necessarily administer all
items of a specific subtest at all ages as suggested by the
developer of the Battery. For example, for 6-10 years we
can only administered FG, DA, FC, M, SO, RP, PF sub-
tests from the VR battery and AP, IR, FM, AS, RM, VC,
SM, DP, DR, and AD subtests from the AM battery. Less
number of items can be administered for younger ages
and more items for older ages [39].

The Leiter-R composites have internal consistency
[Cronbach’s alpha] reliability coefficients ranging from
0.89 to 0.91% for visualization and reasoning and 0.76 to
0.88% for memory and attention [40]. The instrument
also shows consistent evidence of validity from content-
analysis studies with extensive item analysis data,
criterion-related studies with results for classification ac-
curacy in identifying cognitive delay, and in various
construct-related study [40]. The psychometric proper-
ties of Leiter-R were not investigated in Arabic language
because this assessment is administered mainly by ges-
tures and examples/practice. Authors only translated the
language of instructions for the battery for Arabic speak-
ing testers/researchers. A raw score for each of the
Leiter-R’s four composites was calculated by totaling the
scores of the relevant subtests. Raw scores for
visualization and reasoning battery were converted to
scaled scores as presented in appendix A and for atten-
tion and memory battery as presented in Appendix B in
the original Leiter-R battery manual [40]. Generally, a
higher score indicates better cognitive performance.
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Translation procedure

The language of instructions for the Leiter-R test battery
was translated into Arabic. This translation was for the
use of Arabic speaking testers/researchers because the
Leiter-R is administered mainly by gestures and exam-
ples/practice. The translation was performed by five ex-
pert bilingual university professors from Jordan, Saudi
Arabia, and the United Arab of Emirates, using a
backward-forward translation process [41]. The authors
used the same method of translating and standardizing
as the Lowenstein Occupational Therapy Cognitive As-
sessment, Infant /Toddler Sensory Profile and Adoles-
cent/Adult Sensory Profile [References blinded].
Discrepancies in the translation of specific terms were
discussed until a consensus was reached. After that, a
pilot study with 20 normal hearing children was con-
ducted to evaluate the clarity and readability of the ini-
tial versions of the translated subscales; the terms were
then modified accordingly, and a revised version was ad-
ministered to 20 other children. Then, the researchers
unanimously agreed that no further modification was re-
quired. This translated Arabic version of the language of
instructions of the instrument was then translated back
into English by a bilingual native English and fluent
Arabic speaker, who was unfamiliar with the original
versions of the tool.

The process of backward translation was evaluated by
ten expert bilingual university professors. The scores of
the instrument in evaluating the translation, which is dif-
ferent from the subscales’ scores, ranged from 0 [not
similar] to 1 [similar]. A cut score of at least 0.80 was
identified to assess the adequacy of the Arabic transla-
tion, which implies that 80% or more of the evaluators
agreed that the backward translated terms had the same
meaning as the original terms. A score below 0.80 sug-
gested a possible problem with the translation. After the
translation stage was completed and modifications were
attended, all translated terms achieved the cut-off score
of 0.80.

Procedure

All data were collected by two rehabilitation therapists
using the Leiter-R scale. For consistency in the adminis-
tration procedure, both the principal investigator and
the two therapists separately assessed and scored a
group of 20 children [ten males and ten females aged 4—
9 years]. The principal investigator tested 6 children and
each therapist tested 7 children. Every testing session
was videotaped. Each child was tested once and scored
by 3 examiners: the principal investigator and the two
therapists. They tested one child after another, scored
them separately, and compared their scoring until they
reached 98% compatibility/agreement.
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All children participating in this study were assessed
in a quiet environment, which is the research laboratory
of the principal investigator located, and very close to
the ENT clinic, where the cochlear implantation surgery
was performed. Parents were not present during the
testing. All children ate their breakfast before testing.
The test was administered between 9 and 11am to en-
sure consistency among all participants. The duration of
the test ranged from 60 to 90 min [M =75, SD =124].
All children were offered small incentives such as
stickers and smiley faces to keep them attentive and mo-
tivated throughout the session. A 15-min break was pro-
vided for all children at the middle of the assessment
session. The same testing conditions/procedures were
used during baseline assessment and re-assessments.

The instructions of the assessment [Leiter-R] were
provided pictorially and with visual cues so that children
understood the task and were engaged throughout the
assessment. Instructions were given in the same way for
all participants in all groups. Tests were always adminis-
tered in the same order, as recommended by the instru-
ment developer, to ensure that the potential effect of the
order was the same in both groups. The assessment was
administered for the CI group preoperatively [baseline;
not more than 1 week before cochlear implant surgery]
and then at eight and 16 months post cochlear implant
surgery. For the NH participants, a baseline test was ad-
ministered for each child, and subsequent tests were ad-
ministered eight and 16 months following the baseline
assessment.

Data analysis

Data were analyzed using the Statistical Package for So-
cial Sciences [SPSS] software version 20.0 [IBM Corp.,
Armonk, N.Y., USA]. After the cleaning and coding
process, descriptive statistics [Means =M and Standard
Deviations = SD] were calculated to describe the partici-
pants’ cognitive abilities [visualization, reasoning, mem-
ory, and attention] using the battery. Descriptive
statistics also were calculated to characterize partici-
pants’ socio-demographic characteristics. The normality
of the data was tested using the Shapiro-Wilks test (p <
0.05). The chi-square tests were used to compare the
demographic data and the parents’ information between
NH group and CI group. A factorial repeated measures
analysis of variance [ANOVA] with one factor of age [4—
6 years and 7-9years] and the other factor of hearing
status [NH and CI] was performed with time interval
[baseline, 8 months, and 16 months]. Separate analyses
were conducted for each of four sets of cognitive abil-
ities: visualization, reasoning, memory and attention.
Then, multiple comparisons were used between time
points; o level was set at 0.05.
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Results

Demographic results

As shown in Table 1, almost half of the participants
were girls [55.3%] and living in urban areas [52.6%] and
more than half of them [60.55%] were enrolled in private
schools. There were statistical associations in demo-
graphics between CI and NH groups as measured by
running Chi-square tests for comparing groups [P >
0.05].

Additionally, all participating children in the current
study resided with both parents [100%], and 81.6% of
parents reported a family income of less than 6000
Jordan Dinar per year. The average annual family in-
come of Jordanian families was 3663 Jordan Dinar [JD]
[1JD =1.4 USD]. Some children [60.5%] reported a GPA
[grade point average] in the school of 80-89% [very
good]. In Jordanian elementary schools, the GPA scores
ranged from [35-100%]: a score of less than 50% is con-
sidered failing and a score of 90-100% is considered ex-
cellent. Furthermore, 5.3% of mothers and 44.7% of
fathers were smokers [defined as having smoked more
than ten cigarettes/day indoors for more than 5 years].
There were statistical associations in parents’ informa-
tion between NH group and CI group as measured by
running the Chi-square tests [P > 0.05].

The normal and deaf participants were similar in all
groups by age, gender, area of living, school type, status
of living with parents, child’s GPA [Grade Point Aver-
age], family yearly income, eating breakfast, sleeping
hours and parents’ occupation, level of education and
smoking status. Authors decided to choose the groups
to be similar by these variables because previous re-
search has shown that children’s cognitive abilities are
influenced by these factors [1, 4, 6, 8, 9] .

Furthermore, NH group children were not receiving
any special educational programs and CI group children
were only receiving regular speech therapy sessions at
the same center.

Cognitive results

Descriptive statistics by Means and Standard Deviations
[SD] for Leiter-R subscales by times of testing and child
age for NH group and CI group are reported in detail in
Table 3 and presented in Fig. 1. Results show that the
two age groups of pre-ClI children achieved higher scores
on the visualization subtest than the NH children; this
was true for the 4—6year and the 7-9 year age groups,
across all time- points On the other hand, scores for the
reasoning subscales were lower for the 4—6 year and 7—
9year CI children than those for the 4—6 and 7-9 NH
children, across all times of testing. Similarly, the two CI
groups performed poorer on the memory subscale than
the NH children in the 4—6year and the 7-9-year age
groups, across all times of testing. However, the two age
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Table 3 Descriptive Statistics by Mean and Standard Deviation (SD) for Leiter-R subscales by time of testing and child Age

(2021) 21:71
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Visualization

Time of Testing

Base line Testing

8 Months Testing

16 Months Testing

Reasoning

Time of Testing

Base line Testing

8 Months Testing

16 Months Testing

Memory

Time of Testing

Base line Testing

8 Months Testing

16 Months Testing

Attention

Time of Testing

Base line Testing

8 Months Testing

Age

(4-6) year
(7-9) year
Total
(4-6) year
(7-9) year
Total
(4-6) year
(7-9) year
Total

Age

(4-6) year
(7-9) year
Total
(4-6) year
(7-9) year
Total
(4-6) year
(7-9) year
Total

Age

(4-6) year
(7-9) year
Total

(4-6) year
(7-9) year
Total

(4-6) year
(7-9) year

Total

Age

(4-6) year
(7-9) year
Total
(4-6) year
(7-9) year
Total

NH Group
N
24
24
48
24
24
48
24
24
48

NH Group
N
24
24
48
24
24
48
24
24
48

NH Group
N
24
24
48
24
24
48
24
24
48

NH Group
N

24

24

48

24

24

48

Mean
74.37
88.63
7737
75.50
9213
79.00
78.77
113.13
86.00

Mean

91.79

144.79
118.29
9742

147.33
12237
10346
159.96
131.71

Mean
58.71
12246
90.58
66.92
12546
96.19

SD
7.81
6.08
12.67
10.72
552
14.45
13.00
7.30
17.58

SD

315
331
452
4.35
340
484
453
359
557

SD

12.34
22.22
3215
14.13
23.75
31.78
17.92
22.79
35.02

SD

15.28
23.27
3764
14.17
2297
35.09

Cl Group
N
22
16
38
22
16
38
22
16
38

Cl Group
N
22
16
38
22
16
38
22
16
38

Cl Group
N
22
16
38
22
16
38
22
16
38

Cl Group
N
22
16
38
22
16
38

Mean
7767
98.67
88.17
80.12
103.33
91.73
8329
111.29
97.29

Mean
7804
128.50
89.25
94.63
138.75
103.92
95.23
147.38
106.21

Mean
6157
113.50
89.04
62.57
117.50
90.04

SD
242
437
341
325
4.90
384
2.96
14.88
8.10
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Table 3 Descriptive Statistics by Mean and Standard Deviation (SD) for Leiter-R subscales by time of testing and child Age

(Continued)

Visualization

16 Months Testing (4-6) year 24 70.04 18.22 22 67.67 11.94
(7-9) year 24 127.13 22.80 16 121.75 23.61
Total 48 98.58 3534 38 79.05 26.77

groups with CI and normal hearing children performed
almost similarly on the attention measure, across all
times of testing.

Table 4 shows the results of the factorial repeated
measures ANOVA for Leiter-R subscales with interac-
tions by times of testing [baseline, 8 months, 16 months]
and child age group [[4-6years], [7-9years]] and by
times of testing [baseline, 8 months, 16 months] and
child hearing status [NH group, CI group]. Visualization
scores improved significantly for NH group across times
of testing [F=8.687, P=0.000], and improved signifi-
cantly more for [4—6years] age group [F=28.530, P=
0.000]. On the other hands, reasoning scores improved
significantly across times of testing for CI group [F=
3.278, P=0.042] and for both age groups; [4—6 years,
F=5.972, P=0.004] and [7-9 years, F = 4.056, P = 0.019].

Memory scores were improved for both groups across
times of testing; however, the scores’ improvements were
higher for children in CI group [F=8.221, P=0.000]
than children in NH group [F=6.053, P=0.003] and
were the highest in [4-6] age in CI group [F=12.721,
P =0.000]. Attention scores were not improved signifi-
cantly across times of testing in both age groups; see
more details on Table 4.

Multiple comparisons using the LSD [Least Significant
Difference] test was performed for Leiter-R subscales be-
tween times of testing for NH and CI groups. The re-
sults showed that performance on visualization [MD =
8.63, 9.13; P =0.000, 0.000], reasoning [MD = 3.00, 3.78;
P =0.000, 0.000] and memory [MD =13.42, 16.96; P =
0.001, 0.000] subscales improved significantly for NH
and CI groups, respectively, after 16 months when com-
pared to the baseline which is consistent with matur-
ation. However, the mean differences for the CI group
were higher than the NH group. Moreover, for 8 to 16
months interval, the only significant differences were
seen for CI group in reasoning [MD =0.73, P =0.000]
and memory [MD = 3.05, P =0.008] scores, see Table 5
for more details.

Discussion

This work investigated the effect of cochlear implant-
ation on cognitive functioning in prelingually [before
language acquisition] deafened children. This study ex-
pands our understanding of the CI effect by comparing
the development of a variety of cognitive abilities before

and after cochlear implantation in prelingually deafened
children in two different age ranges. The current study
addressed a number of critical phenomena. Comparing
groups younger than 10 years of age allows us to address
the importance of early hearing intervention in many
types of development. Considering a wide range of cog-
nitive abilities [visualization, reasoning, attention, and
memory] allows us to better illustrate the developmental
significance of auditory input over time. Thus, we are
able to track the effects of cochlear implantation and to
investigate the resulting developmental trajectory of cog-
nitive functioning.

Early exposure to auditory sounds is crucial for audi-
tory development [23, 42]. This early auditory experi-
ence is particularly important, as neural plasticity peaks
during the first few years of life [43]. In fact, a peak of
cortical activity has been found at the age of four, which
significantly contributes to child language and cognitive
development [44]. It follows that children who receive
their CI before 27 months develop cognitive skills com-
parable to that in their NH peers [45]. Generally, the lit-
erature shows a positive correlation between outcome
measures and age at implantation [15, 46]. In the current
study, children who were implanted between ages 4 and
6 demonstrated higher rates of cognitive improvement,
especially in memory and attention subscales, than their
normal hearing peers, while 7-9-year-old only kept pace
developmentally with their normal hearing peers.

Some work has shown that children with CIs are out-
performed by age matched NH peers in cognitive tasks
that rely on phonological processing [47]. While variance
due to age at the time of assessment, time of implant-
ation, and maternal education levels may complicate the
conclusions that can be drawn about the differences in
performance of some cognitive skills, children with CIs
steadily develop after implantation at magnitudes well
below the development of age-matched peers 38]. These
trends in development after implantation affirm the im-
portance of early intervention that results in natural pro-
motion of social, phonological, perceptual, and cognitive
development. The Leiter-R scales, designed specifically
to assess non-verbal cognition, demonstrated that post-
implantation development of a transcendent range of
cognitive skills is dependent upon the age auditory input
is established in the child’s brain. Early implantation and
auditory rehabilitation are critical, as compromised
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Fig. 1 Comparison between Normal Hearing (NH) group (N = 48)
and Cochlear Implant (Cl) group (N = 38) across the three-time
intervals in Leiter-R subscales

development in these areas ultimately adversely affects
quality of life of deaf children.

This study demonstrates the compromising nature of
the absence of auditory input to cognitive development
over prolonged amounts of time. Prior to implantation,
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deaf children exhibited lower scores on memory and
reasoning subtests compared to their NH peers. This in-
dicates that adequate auditory input is necessary in order
to develop and support these forms of cognition. These
results are consistent with existing literature [47-49]
The finding that young children [4—6 years] with Cls
and their NH peer had similar performance improve-
ments on the attention subtests is supported by some
previous research [27, 33, 50, 51]. Attention in deaf indi-
viduals is perhaps mediated by non-auditory stimuli like
visual cues.

Further, the results showed that deaf children outper-
formed NH children on tests of visualization at baseline.
This could suggest a relationship between the develop-
ment of visualization and attention skills and hearing
impairment. It has been suggested that deaf children de-
velop visual-spatial advantages and enhanced visual cog-
nition. In fact, they are often described as more heavily
relying on visual stimuli and spatial schematics to learn
and problem solve than their normal hearing peers [26,
34, 49, 52-55]. To a certain extent, brain plasticity dur-
ing development can explain [function migration] the
development patterns of visual skills in children with
hearing loss. This assumption has been supported by
neurophysiological and MRI studies [35].

The improvement in Leiter-R scores post cochlear
implantation in deaf children on cognitive skills,
mainly memory and reasoning, was remarkable. The
CI group had higher scores at the 16-month intervals
than their baselines, suggesting the importance of
auditory input to cognitive functioning. The same in-
strument [Leiter-R] has demonstrated that nonverbal,
cognitive skills improve after cochlear implantation
[16, 56-59]. For example, a neuropsychological bat-
tery was administered to 17 deaf children [mean age
7 years] before implantation and 6 months after im-
plantation; while the children showed marked im-
provements in nonverbal cognitive abilities, their
performance in verbal skills did not change [59]. In
contrast to the CI group, NH children’s scores on
reasoning and memory were not significantly different
8 months after baseline testing. They did, however,
achieve better scores 16 months after baseline testing.
These results likely reflect the trajectories of cognitive
abilities in typically developing children.

With increased experience with cochlear implants, at-
tention skills continued to improve in the CI group. It
has been hypothesized that improvement in attention
capacity after cochlear implantation might lead to overall
improvement in cognitive functioning [57]; this notion
ought to be further investigated. It is likely that many
children are enrolled in aural habilitation therapy follow-
ing implantation. Improvement in cognitive abilities may
reflect more accurately the cumulative effects of auditory
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Table 4 Factorial repeated measures ANOVA for Leiter-R subscales with interaction by times of testing and child age group and by
times of testing and child hearing status (Normal Hearing (NH) Group or Cochlear Implant (Cl) Group)

Visualization

Source

Time of Testing
Age Group
Time of Testing Age Group

Source

Time of Testing

Hearing Status

Time of Testing Hearing Status
Reasoning

Source

Time of Testing
Age Group
Time of Testing Age Group

Source

Time of Testing

Hearing Status

Time of Testing Hearing Status
Memory

Source

Time of Testing
Age Group
Time of Testing Age Group

Source

Time of Testing

Hearing Status

Time of Testing Hearing Status
Attention

Source

Time of Testing
Age Group
Time of Testing Age Group

Source

Time of Testing
Hearing Status

Time of Testing Hearing Status

NH Group

F

17.343

102136

8687

Age (4-6) year
F

18336

13612

28530

NH Group

F

7.706

110.006

0.717

Age (4-6) year
F

4372

3.077

5972

NH Group

F

6.053

271.037

0347

Age (4-6) year
F

13.859

12.721

2.091

NH Group

F

2061

327.870

0.375

Age (4-6) year
F

4.031

0.296

1312

0.000
0.000
0.000

0.000
0.000
0.000

001
.000
490

0.015
0.083
0.004

0.003
0.000
0.707

0.000
0.000
0.127

0.131
0.000
0.688

0.020
0.587
0.272

CH Group

F

13.080

268.721

1.980

Age (7-9) year
F

1.242

7.070

2.362

Cl Group

F

9.228

27.655

3278

Age (7-9) year
F

2871

8438

4.059

Cl Group

F

8221

168.713

0423

Age (7-9) year
F

2.126

5324

1.409

Cl Group

F

1.125

197.949

0.147

Age (7-9) year
F

0462

1.829

0.038

0.000
0.000
0.142

0.292
0.009
0.098

0.000
0.000
0.042

0.060
0.004
0.019

0.000
0.000
0.656

0.125
0.023
0.250

0329
0.000
0.864

0632
0.180
0.963
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Table 5 Multiple Comparisons for Leiter-R subscales between
times of testing using LSD test for Normal Hearing (NH) group
and Cochlear Implant (Cl) group

Visualization

NH Group Cl Group
(1) Time of (J) Time of Mean P Mean P
Testing Testing Difference  value Difference  value
(I-) (I-J)
Base line 8 Months 163 0449 356 0.040
Testing Testing
16 Months 8.63 0.000 9.13 0.000
Testing
8 Months 16 Months 5.00 0.002 556 0.002
Testing Testing
Reasoning
NH Group Cl Group
(1) Time of (J) Time of Mean P Mean P
Testing Testing Difference  value Difference  value
() (I-))
Base line 8 Months 1.27 0.100 0630 0.575
Testing Testing
16 Months 3.00 0.000 3.78 0.000
Testing
8 Months 16 Months 0.73 0226 3.05 0.008
Testing Testing
Memory
NH Group Cl Group
(1) time of (J) time of Mean P Mean P
testing testing Difference  value Difference  value
(-) (-))
Base line 8 months 408 0303 1467 0.000
testing testing
16 months 1342 0.001 16.96 0.000
testing
8 Months 16 months 2.29 0.543 933 0.020
testing testing
Attention
NH Group Cl Group
() time of (J) time of Mean P Mean P
testing testing Difference  value Difference  value
() (I-))
Base line 8 Months 560 0.168
Testing Testing
16 Months 8.00 0.060
Testing
8 Months 16 Months 240 0.555
Testing Testing

training and speech therapy. Auditory training and
speech therapy positively affects problem-solving skills
and other cognitive functioning [56]. Therapists may
consider the earliest cochlear implantation in conjunc-
tion with speech and language therapy for individuals
with hearing loss/impairments. This approach may pro-
mote faster cognitive development. Further investigation
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is necessary to maximize the benefits of cochlear im-
plantation rehabilitation in deaf individuals.

Interestingly, over the study period, the amount of
demonstrated improvement on the subtests was greater
for the CI group than the NH group, especially in the
reasoning and memory subscales. This difference in im-
provement, however, was observed in the younger CI
children [4—6 years], especially in the memory and atten-
tion subscales. The rates of improvement in Leiter-R
scores were not statistically significantly different be-
tween older CI children and their matched NH peers.
This suggests that these two groups of children devel-
oped at a similar rate, implying that the age of implant-
ation is critical in defining the overall outcome of the
implantation. Age of implantation along with a variety of
other demographic factors [chronological age, duration
of deafness] influence cognitive development subsequent
to implantation [15, 38, 46, 59-61]. However, the differ-
ences for 7-9-year-old were not statistically significant
[P >0.05]; this might be related to the relatively small
sample size in this study. Therefore, results from the
current data should be interpreted carefully.

This study addresses the impact of cochlear implant-
ation on cognition and cognitive development by asses-
sing visualization, attention, reasoning, and memory in
children who were recently implanted. Current findings
suggest that cochlear implantation can improve cogni-
tive performance and development by restoring auditory
input. The impacts of visual memory skills and attention
on cognition ought to be the participant of further re-
search in order to better understand the context in
which auditory input supports overall cognitive develop-
ment. Cochlear implants are incredibly effective in re-
storing hearing to profoundly deaf and severely hearing-
impaired individuals. Cochlear implantation leads to im-
proved quality of life for a large number of recipients
worldwide [62—-65].

Limitations

The study had some limitations. First, the average age of
cochlear implantation in our study is high [6.16] years. It
was found that early implanted children [before the age
of 27 months] had comparable cognitive skills to those
of normal hearing peers [58]. Second, the type and fre-
quency of different interventions that the cochlear im-
plant children are getting in this study are not available.
Therefore, the improvement in cognitive abilities may
reflect the cumulative effects of other therapies. Third,
the study sample size was rather small, not a population-
based sample, done only over a period of 16 months and
tested only cognitive abilities. Therefore, future research
with larger population-based sample size will be neces-
sary to assess the long-term effect of unilateral and bilat-
eral cochlear implantations on cognitive skills as well as
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other factors such as motor skills, social activity, quality
of life, self-esteem, personal autonomy, etc. Fourth, the
effect of psychosocial factors [such as the birth order]
that could predict the outcomes of cochlear implanta-
tions on cognitive abilities were not examined [55].

Conclusion

These results suggest that CI not only enhances commu-
nication skills but may improve cognitive functioning in
deaf children. However, the extent of this improvement
was dependent on age at intervention; current results
demonstrated that the children received CI at young
ages had better cognitive improvements.

Abbreviations

FG: Figure ground; FC: Form completion; M: Matching; PC: Picture context;

C: Classifications; DA: Design analogies; PF: Paper folding; FR: Figure rotation;
SO: Sequential order; RP: Repeated patterns; AP: Associated pairs;

DP: Delayed pairs; IR: Immediate recognition; DR: Delayed recognition;

FM: Forward memory; RM: Reverse memory; SM: Spatial memory; VC: Visual
coding; AS: Attention sustained; AD: Attention divided; Cl: Cochlear implants;
NH: Normal hearing; GPA: Grade point average; OAEs: OtoAcoustic emissions;
ABR: Auditory brainstem response; LSD: Least Significant Difference

Acknowledgements

This study was approved by Deanship of Research at Jordan University of
Science and Technology [Grant # 20120219, Institutional Review Board of
King Abdullah University Hospital/Irbid/Jordan and MED-EL Medical Electron-
ics, Innsbruck, Austria.

Authors’ contributions

All'authors including FAMA,SG,SQ, MK, SH, GR and RG made substantial
contributions to conception and design, acquisition of data, analysis and
interpretation of data, been involved in drafting the manuscript and revising
it critically for important intellectual content, and given final approval of this
version to be published.

Funding

Deanship of Research at Jordan University of Science and Technology [Grant
#20120219]/Irbid/Jordan and MED-EL Medical Electronics, Innsbruck, Austria.
These institutions provided funding for the process of data collection, entry

and analysis.

Availability of data and materials
Supporting data can be accessed by emailing the corresponding author at
falmomani@just.eu.jo.

Ethics approval and consent to participate

Written parental consent form was obtained, that needed to be signed if the
child is eligible and the parents voluntarily accepted their child to
participate. This study was approved by the Institutional Review Board [IRB]
of King Abdullah University Hospital [Reference # 219] [ie. ethics committee]
and Deanship of Research of Jordan University of Science and Technology
[Grant # 20120219].

Consent for publication
Not applicable.

Competing interests
All authors report no conflict of interests.

Author details

'Department of Rehabilitation Sciences, Faculty of Applied Medical Sciences,
Jordan University of Science and Technology, Irbid 22110, Jordan. *Faculty of
Medicine, King Saud University, Riyadh, Saudi Arabia. *Department of Hearing
and Speech Sciences, The University of Jordan, Amman, Jordan. “Faculty of
Nursing, Jordan University of Science and Technology, Irbid 22110, Jordan.

Page 12 of 13

*Associate (Clinical Fellow) in Nursing at University of Technology, Sydney

(UTS), Ultimo, Australia. 6Department of Maternal and Child Health, Nursing
School, Al Al Bayt University, Mafrag, Jordan. “American Institute of Balance,
Clear Water, Pinellas Park, FL, USA. ®Tulane University, New Orleans, LA, USA.

Received: 14 July 2020 Accepted: 2 February 2021
Published online: 10 February 2021

References

1. Almomani F, Al-sheyab N, Al-momani O, Alghazo M. Memory and potential
correlates among children in Jordan. L. BMC Psychiatry. 2018;18(127):1727—
32.

2. Riggs AE, Toung A. G. Developmental changes in children’s normative
reasoning across learning contexts and collaborative roles. Dev Psychol.
2016;52(8):1236-46.

3. Bjorklund DF. Children's thinking: cognitive development and individual
differences. 5th ed. Belmont: Wadsworth/Cengage Learning; 2012.

4. Vera-Estay E, Seni AG, Champagne C, Beauchamp M. All for one:
contribution of age, socioeconomic factors, executive functioning, and
social cognition to moral reasoning in childhood. Front Psychol. 2016;7(3):
227.

5. Brandenburg J, Klesczewski J, Fischbach A. Working memory in children
with learning disabilities in reading versus spelling. J Learn Disabil. 2015;
48(6):622-34.

6. Piccolo R, Aeteche X, Fonseca P. Influence of family socioeconomic status
on 1Q, language, memory and executive functions of Brazilian. Psicologia.
2016;29(23).

7. Hackman A, Betancourt M, Gallop R. Mapping the trajectory of
socioeconomic disparity in working memory. Child Dev. 2014;85(4):1433-45.

8. Macaulay CE, Ford RM. Family influences on the cognitive development of
profoundly deaf children: exploring the effects of socioeconomic status and
siblings. J Deaf Stud Deaf Educ. 2013;18:545-62.

9. Thompson RB, Foster BJ. Socioeconomic status and parent child
relationships predict metacognitive questions to preschoolers. J
Psycholinguist Res. 2014;43(4).

10.  Almomani F, Josman N, Al-momani M, Malkawi S, Nazzal M, Aimahdawi K,
Al-momani FM. Factors related to cognitive function among elementary
school children. Scand J Occup Ther. 2014;21:191-8.

11, Almomani F, Al Momani M, Alsheyab N, Al Mhdawi K. Reasoning abilities
and potential correlates among Jordanian school children. Matern Child
Health J. 2018;22:501-11.

12. Sheinkopf SJ, Tenenbaum EJ, Messinger DS, Miller-Loncar CL. Maternal and
infant affect at 4 months predicts performance and verbal 1Q at 4 and 7
years in a diverse population. Dev Sci. 2016;10(23).

13. Meinzen-Derr J, Wiley S, Choll ID. Impact of early intervention on expressive
and receptive language development among young children with
permanent hearing loss. Am Ann Deaf. 2011;155(5):580-91.

14.  Ptok M. Early detection of hearing impairment in newborn and infants.
Dtsch Arztebl Int. 2011;108(25):426-31.

15. De Giacomo A, Craig F, D'Elia A, Giagnotti F, Matera E, Quaranta N. Children
with cochlear implants: cognitive skills, adaptive behaviors, social and
emotional skills. Int J Pediatr Otorhinolaryngol. 2013;77:1975-9.

16.  Pisoni DB, Conway CM, Kronenberger WG, Henning SC, Anaya EM. Executive
function, cognitive control, and sequence learning in deaf children with
cochlear implants. In: Deaf Studies, Language, and Education. New York, NY:
Oxford University Press; 2010. p. 439-57.

17. Nasralla HR, Gomez MVSG, Magalhaes AT, Bento RF. Important factors in the
cognitive development of children with hearing impairment: case studies of
candidates for cochlear implants. Int Arch Otorhinolaryngol. 2014;18:357-61.

18. Mitchell TV, Quittner AL. Multimethod study of attention and behavior
problems in hearing-impaired children. J Clin Child Psychol. 1996;25:83-96.

19.  Quittner AL, Smith LB, Osberger MJ, Mitchell TV, Katz DB. The impact of
audition on the development of visual attention. Psychol Sci. 1994;5:347-53.

20. Sharma A, Nash AA, Dorman M. Cortical development, plasticity, and
reorganization in children with cochlear implants. J Commun Disord. 2009;
42(4):272-9.

21. Marschark M. Origins and interactions in the social, cognitive, and language
development of deaf children. Psychol Perspect Deafness. 1993;1:7-26.

22, Stinson MS, Lang HG. Full inclusion: a path for integration or isolation? Am
Ann Deaf. 1994;139:156-9.


http://just.eu.jo

Almomani et al. BVIC Pediatrics

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

(2021) 21:71

Barker DH, Quittner AL, Fink NE, Eisenberg LS, Tobey EA, Niparko JK.
Predicting behavior problems in deaf and hearing children: The influences
of language, attention, and parent-child communication. Dev Psychopathol.
2009;21:373-92.

Davis JM, Elfenbein J, Schum R, Bentler RA. Effects of mild and moderate
hearing impairments on language, educational, and psychosocial behavior
of children. J Speech Hear Disord. 1986;51:53-62.

AuBuchon AM, Pisoni DB, Kronenberger WG. Verbal processing speed and
executive functioning in long-term cochlear implant users. J Speech
Language Hear Res. 2015;58:10-5.

Colletti L, Shannon RV, Colletti V. The development of auditory perception
in children after auditory brainstem implantation. Audiol Neurotol. 2015;
19(6).

Smith LB, Quittner AL, Osberger MJ, Miyamoto R. Audition and visual
attention: the developmental trajectory in deaf and hearing populations.
Dev Psychol. 1998;34(5):840.

Miyake A, Friedman NP, Emerson MJ. The Unity and Diversity of Executive
functions and their contributions to complex “frontal lobe” tasks: a latent
variable analysis. Cog Psychol. 2000;41:49-100.

Fisk JE, Sharp CA. Age-related impairment in Executive functioning:
updating, inhibition, shifting, and access. J Clin Exp Neuropsychol. 2004;26:
874-90.

Schuit M, Segers E, Balkom H, Verhoeven L. How cognitive factors affect
language development in children with intellectual disabilities. Res Dev
Disabil. 2011;32(5):1884-94.

Williams C, Jacobs A. The impact of otitis media on cognitive and
educational outcomes. Med J Aust. 2009;11(2).

Yoshinaga-ltano C, Sedey A, Coulter D, Mehl A. Language of early- and
later-identified children with hearing loss. Pediatrice. 1998;102(5).
Surowiecki VN, Maruff P, Busby PA, Sarant J, Blamey PJ, Clark GM. Cognitive
processing in children using cochlear implants: the relationship between
visual memory, attention, and executive functions and developing language
skills. Ann Otol Rhinol Laryngol. 2002;111:119-26.

Bharadwaj SV, Maricle D, Green L, Allman T. Working memory, short-term
memory and reading proficiency in school-age children with cochlear
implants. Int J Pediatr Otorhinolaryngol. 2015;79:1647-53.

Caudle SE, Katzenstein JM, Oghalai JS, Lin J, Caudle DD. Nonverbal cognitive
development in children with cochlear implants: relationship between the
Mullen scales of early learning and later performance on the Leiter. Int
Perform Scales Revised Assess. 2014;21(1):119-28.

Blatto-Vallee G, Kelly RR, Gaustad MG, Porter J, Fonzi J. Visual-spatial
representation in mathematical problem solving by deaf and hearing
students. J Deaf Stud Deaf Educ. 2007;1:432-48.

Pisoni DB, Kronenberger WG, Chandramouli SH, Conway CM. Learning and
memory processes following cochlear implantation: the missing piece of
the puzzle. Front Psychol. 2016;7:493.

Harris MS, Kronenberger WG, Gao S, Hoen HM, Miyamoto RT, Pisoni DB.
Verbal short-term memory development and spoken language outcomes in
deaf children with cochlear implants. Ear Hear. 2013;34:179-83.

Roid GH, Miller L. Leiter international performance scale-revised. Wood
Dale, IL: Stoelting Co,; 1995, 1997.

Roid GH, Miller L. Leiter international performance scale-revised (Leiter-R):
Examiner's manual. In: Roid GH, Miller LJ, editors. Leiter international
performance scale-revised. Wood dale, IL: Stoelting co; 1997.

Brislin R. Translation and content analysis of oral and written material. HC
Triandis ve JW berry (Der), handbook of cross-cultural psychology: 389-444.
Boston, MA: Allyn & Bacon; 1980.

Kral A, O'Donoghue G. Profound deafness in childhood. N Engl J Med. 2010;
363:1438-1450.11.

Huttenlocher P, Dabholkar A. Regional differences in synaptogenesis in
human cerebral cortex. J Comp Neurol. 1997,387:167-78.

Freeman RD, Malkin SF, Hastings JO. Psychosocial problems of deaf children
and their families: a comparative study. Am Ann Deaf. 1975;1975:391-405.
Sundqvist A, Lyxell B, Jonsson R, Heimann M. Understanding minds: early
cochlear implantation and the development of theory of mind in children
with profound Stinson MS, Lang HG. Full inclusion: a path for integration or
isolation? Am Ann Deaf. 1994;139:156-9.

Edwards L, Anderson S. The association between visual, nonverbal cognitive
abilities and speech, phonological processing, vocabulary and reading
outcomes in children with cochlear implants. Ear Hear. 2014;35:366-74.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

Page 13 of 13

Lyxell B, Sahlén B, Wass M, Ibertsson T, Larsby B, Hallgren M. Cognitive
development in children with cochlear implants: relations to reading and
communication. Int J Audiol. 2008:47:547-52.

Marschark M, Wauters, L. Cognitive functioning in deaf adults and children.
Oxford handbook of deaf studies, language, and education.2003;1:486-99.
Daza MT, Phillips-Silver J, del Mar R-CM, Lépez-Lopez F. Language skills and
nonverbal cognitive processes associated with reading comprehension in
deaf children. Res Dev Disabil. 2014;35:3526-33.

Marschark M, Morrison C, Lukomski J, Borgna G, Convertino C. Are deaf
students’ visual learners ? Learn Individ Differ. 2013;25:156-62.

Khan S, Edwards L, Langdon D. The cognition and behaviour of children
with cochlear implants, children with hearing aids and their hearing peers: a
comparison. Audiol Neurotol. 2005;10:117-26.

Hamilton H. Memory skills of deaf learners: implications and applications.
Am Ann Deaf. 2011;1564:402-23.

Willis S, Goldbart J, Stansfield J. The strengths and weaknesses in verbal
short-term memory and visual working memory in children with hearing
impairment and additional language learning difficulties. Int J Pediatr
Otorhinolaryngol. 2014;78:1107-14.

Marschar M, Spencer LJ, Durkin A, Borgna G, Convertino C, Machmer E.
Understanding language, hearing status, and visual-spatial skills. J Deaf Stud
Deaf Educ. 2015;20:310-30.

Mayberry RI, Lock E, Kazmi H. Development: linguistic ability and early
language exposure. Nature. 2002;417:38-47.

Kutz W, Wright C, Krull KR, Manolidis S. Neuropsychological testing in the
screening for cochlear implant candidacy. Laryngoscope. 2003;113:57-62.
Dye G, Hauser C. Sustained attention, selective attention and cognitive
control in deaf and hearing children. Hear Res. 2014;309:94-102.

Shin M-S, Kim S-K, Kim S-S, Park M-H, Kim C-S, Oh S-H. Comparison of
cognitive function in deaf children between before and after cochlear
implant. Ear Hear. 2007;28(2):225-8S.

Fortunato-Tavares T, Befi-Lopes D, Bento RF, Andrade CR. Children with
cochlear implants: communication skills and quality of life. Braz J
Otorhinolaryngol. 2012,;78:15-25.

Schorr EA, Roth FP, Fox NA. Quality of life for children with cochlear
implants: perceived benefits and problems and the perception of single
words and emotional sounds. J Speech Language Hear Res. 2009;52:141-50.
Friesen L, Shannon R, Baskent D, Wang X. Speech recognition in noise as a
function of the number of spectral channels, comparison of acoustic
hearing and cochlear implant. J Acoust Soc Am. 2001;110:1150-63.
Dorman M, Loizou P, Kemp L, Kirk K. Word recognition by children listening
to speech processed into small number of channels, data from normal-
hearing children and children with cochlear implants. Ear Hear. 2014;21:
590-6.

Fortunato S, Forli F, Guglielmi V, De Corso E, Paludetti G, Berrettini S. A
review of new insights on the association between hearing loss and
cognitive decline in ageing. Acta Otorhinolaryngol Ital. 2016;36(3):155.

Qin M, Oxenham A. Effects of simulated cochlear-implant processing on
speech reception in fluctuating maskers. Acoust Soc Am. 2003;114:446-54.
Stickney G, Zeng FG, Litovsky R, Assmann P. Cochlear implant recognition
with speech maskers. J Acoust Soc Am. 2004;116:1081-91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Design
	Results
	Conclusions

	Background
	Methods
	Participants
	Audiological evaluation before and after cochlear implantation
	Speech and language assessment before and after CI
	Assessment tool
	Translation procedure
	Procedure
	Data analysis

	Results
	Demographic results
	Cognitive results

	Discussion
	Limitations

	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

