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A B S T R A C T   

Background: Hearing loss has been reported as the most significant modifiable risk factor for dementia, but it is still unknown whether auditory 
rehabilitation can practically prevent cognitive decline. We aim to systematically analyze the longitudinal effects of auditory rehabilitation via 
cochlear implants (CIs). 
Methods: In this systematic review and meta-analysis, we searched relevant literature published from January 1, 2000 to April 30, 2022, using 
electronic databases, and selected studies in which CIs were performed mainly on older adults and follow-up assessments were conducted in both 
domains: speech perception and cognitive function. A random-effects meta-analysis was conducted for each domain and for each timepoint com-
parison (pre-CI vs. six months post-CI; six months post-CI vs. 12 months post-CI; pre-CI vs. 12 months post-CI), and heterogeneity was assessed using 
Cochran’s Q test. 
Findings: Of the 1918 retrieved articles, 20 research papers (648 CI subjects) were included. The results demonstrated that speech perception was 
rapidly enhanced after CI, whereas cognitive function had different speeds of improvement for different subtypes: executive function steadily 
improved significantly up to 12 months post-CI (g = 0.281, p < 0.001; g = 0.115, p = 0.003; g = 0.260, p < 0.001 in the order of timepoint 
comparison); verbal memory was significantly enhanced at six months post-CI and was maintained until 12 months post-CI (g = 0.296, p = 0.002; g 
= 0.095, p = 0.427; g = 0.401, p < 0.001); non-verbal memory showed no considerable progress at six months post-CI, but significant improvement 
at 12 months post-CI (g = − 0.053, p = 0.723; g = 0.112, p = 0.089; g = 0.214, p = 0.023). 
Interpretation: The outcomes demonstrate that auditory rehabilitation via CIs could have a long-term positive impact on cognitive abilities. Given 
that older adults’ cognitive abilities are on the trajectory of progressive decline with age, these results highlight the need to increase the adoption of 
CIs among this population.   

1. Research in context 

1.1. Evidence before this study 

As the global population ages, the prevalence of dementia is rapidly increasing. With recent reports that hearing loss in midlife is 
the highest modifiable risk factor for dementia, clinical outcomes regarding the association between auditory rehabilitation and 
cognitive function are also being reported. However, a systematic evaluation on this has not yet been conducted; in particular, few 
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studies have systematically analyzed the long-term effects of cochlear implants (CIs) on individuals with severe-to-profound hearing 
loss (SPHL) for whom conventional amplification (such as hearing aids) is not beneficial. A search of electronic databases from Jan 1, 
2000 to April 30, 2022 derived a few meta-analyses investigating the impact of CIs on speech perception abilities, whereas it yielded no 
systematic studies analyzing the effect on cognitive abilities, except for one study with a small sample size and limited outcome 
measures. Furthermore, no studies have comprehensively analyzed longitudinal changes in speech perception and cognitive function 
via multiple timepoints comparisons. 

1.2. Added value of this study 

We here performed a systematic review and meta-analysis encompassing two different domains (speech perception and cognitive 
function) to evaluate the efficacy of CIs over time in each domain and to reveal the trajectory of interactions between the two domains. 
The results demonstrated that among the subtypes of cognitive function, executive function or verbal memory, which is directly 
associated with auditory processing, begins improving along with the rapid enhancement of speech perception after CI, whereas other 
relatively non-relevant cognitive functions (such as non-verbal memory) start to improve after the recovery of speech perception is to 
some extent progressed. Based on the findings, we speculate that as “listening effort” is reduced through auditory rehabilitation via CIs, 
the functional reorganization of the brain is induced and cognitive resources are re-allocated, thereby improving overall cognitive 
function. 

1.3. Implications of all the available evidence 

The current results revealed that auditory rehabilitation via CIs would be beneficial for preventing cognitive decline among an 
aging population. Although more than 60 million people worldwide currently suffer from SPHL, less than 5% of them have received 
care services through interventions such as CIs and regular hearing ability monitoring. Providing early intervention would contribute 
to reducing the global societal cost of diseases associated with cognitive decline such as dementia. Furthermore, considering that the 
relevant issues are especially prominent in low- and middle-income nations, it is crucial to establish a global health care policy and 
provide guidelines that include hearing care as an early intervention for neurodegenerative disease, commencing in midlife. 

2. Introduction 

Dementia, which causes a decline in cognitive function and is typically chronic or progressive, is becoming more prevalent as the 
global population ages. Approximately 55 million individuals worldwide have dementia, more than 60% of whom reside in low- and 
middle-income nations. This figure is anticipated to increase to 78 million by 2030 and 139 million by 2050 due to the increasing 
percentage of older people in almost every country [1]. Dementia causes not only a decline in intellectual abilities but also behavioral 
changes and a loss of personality, and results in emotional disorders such as anxiety and depression, which negatively affects the daily 
activities and social lives of individuals and significantly reduces their quality of life [2]. It also has enormous social and economic 
repercussions, both in terms of the direct costs of medical and social care and the indirect costs of informal care. In 2019, the estimated 
global societal cost of dementia was US$ 1⋅3 trillion, and as the number of individuals with dementia and the associated cost of care 
increase, these expenses are projected to reach US$ 2⋅8 trillion by 2030 [1]. 

Although dementia was formerly thought to be neither curable nor avoidable, considerable progress has been achieved in this 
regard. The Lancet International Commission on Dementia Prevention and Care has convened to integrate a new understanding about 
what can be done and what people should do to prevent and treat dementia [3,4]. The 2017 Commission provided a life-course model 
for possibly modifiable dementia risk factors. According to their report, hearing loss presented the highest value of the weighted 
population attributable fraction (9.1%), followed by hypertension (2%) and obesity (0.8%) as potentially modifiable risk factors for 
dementia in midlife (age 45–65) [3]. Their latest report shows that the attributable fraction changed as new risk factors were added, 
including traumatic brain injury and excessive alcohol consumption; however, hearing loss remained the greatest modifiable risk 
factor for dementia [4]. 

Midlife hearing impairment is associated with brain atrophy [5]. Several studies have reported that the degree of hearing loss is 
correlated with gray matter volume loss, particularly in the temporal lobe [5–7], and Lin et al. demonstrated that such volume loss 
accelerated over time in older adults with significant hearing loss compared to those with normal hearing [7]. This brain atrophy was 
observed not only in the superior and transverse temporal gyri, which are directly involved in auditory perception, but also in the 
regions surrounding them, such as the hippocampus, entorhinal cortex, and parahippocampal gyrus, which are involved in cognitive 
processing. These findings indicate that the deterioration of sensory input can cause long-term deprivation effects on auditory 
pathways, leading to structural decline and functional changes in the brain, which may explain the link between hearing impairment 
and cognitive decline [5]. 

Recent long-term follow-up studies have reported that the use of hearing aids (HAs) was beneficial and protective against cognitive 
decline [4,8]. In particular, Bucholc et al. demonstrated that in hearing-impaired individuals with mild cognitive impairment (MCI), 
the use of HAs delayed the transition to dementia [8]. These outcomes suggest that hearing loss treatment may reduce the risk of 
developing dementia. However, in terms of hearing rehabilitation, conventional amplification with HAs may bring little benefit to 
individuals with a high degree of hearing impairment, such as severe-to-profound hearing loss (SPHL). For these people, cochlear 
implants (CIs) are often offered as a useful option. 

The CI is a surgically implanted device that electrically stimulates the auditory nerve and facilitates speech processing. In general, 
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with increasing age, speech comprehension deteriorates as degeneration occurs in the peripheral and central auditory system [9]. This 
is a complex phenomenon caused by multiple reasons, including not only a shift in the audiometric threshold, but also weakened 
ability to process and integrate inputs from both ears [9–11]. In particular, the degradation of binaural processing that detects and 
processes interaural time and intensity differences for auditory signals arriving at both ears reduces speech segregation ability; this 
phenomenon is associated with the fact that speech perception in a noisy environment becomes more difficult with aging. Several 
research groups have indicated that CIs may be useful for aging populations, by demonstrating that CIs resulted in significant 
improvement in speech perception in adults with moderate-to-profound sensorineural hearing loss [11–15]. Such improvements in 
speech perception remained stable even after 10 years of follow-up [11]. 

More recently, several studies have examined the effects of hearing rehabilitation with CIs on cognitive function as well as on 
speech perception. Most of these studies have demonstrated that overall cognitive abilities could be improved with CIs through follow- 
up assessments [16–21]. In particular, Mosnier et al. have shown that 32% of older adults who had MCI returned to normal cognition in 
a follow-up evaluation seven years post-CI, strongly suggesting that hearing rehabilitation in older adults can have a positive effect on 
neurocognitive functioning [17]. Although several studies have demonstrated the enhancement effect of cognitive abilities due to CIs, 
studies showing insignificant effects have also been reported [22]. Furthermore, recent studies that performed various cognitive tests 
capable of evaluating different subtypes of cognitive function have indicated that different outcomes might be derived depending on 
each subtype or assessment tool [17,19,23–26]. As such, the effect of CIs on cognitive function is still controversial since the results 
have been found to vary with each study, subtype of cognitive function, or follow-up period after CI intervention. Therefore, a sys-
tematic analysis regarding this is required. 

Considering that the association between auditory rehabilitation and cognitive function is a recent area of research interest, there 
are no standardized criteria for applying demographic factors of subjects, such as age, education level, baseline hearing and cognitive 
levels, or etiology. Thus, the recent studies, mainly conducted according to in-house criteria, demonstrated some variance. The sample 
size also varied from study to study. Concerning the neurocognitive test battery, various tests were employed in each study: some 
studies used multiple tests for in-depth assessment of different subtypes of cognitive function [17,23–26], while others used only 
screening instruments for global function, which might have overlooked slight cognitive changes [16,18,21,27]. Consequently, the 
studies reported to date have quite different characteristics in terms of study group, study design, and the statistical evaluation of the 
results, and have some limitations regarding the difficulty including a control group (subjects with hearing loss who were followed-up 
without hearing rehabilitation) due to the nature of the research topic. 

To systematically analyze the efficacy of CIs by considering differences in the characteristics of the studies, a meta-analysis 
including multiple studies could offer an alternative approach, although few such studies have been reported to date. However, 
even previously reported meta-analyses have primarily focused on comparing hearing-related abilities, such as speech perception, 
before and after CIs [14,28]. Very recently, a study investigating changes in cognitive function was published [29]; however, the 
number of studies included in the analysis was quite small (seven), and the analysis was based on limited cognitive tests. To date, no 
meta-analysis has comprehensively analyzed changes in speech perception and cognitive function. A systematic meta-analysis 
encompassing two different domains (speech perception and cognitive function) is crucial, as it could not only evaluate the effi-
cacy of CIs over time in each domain but also reveal the trajectory of interactions between the two domains. 

The current study investigated the impact of CIs over time on older adults by classifying the subtypes of cognitive abilities to reveal 
the tradeoff trajectory between speech perception and cognitive domains. The aims of this study were: 1) to assess the long-term effects 
of CIs on speech perception and cognitive domains, including global function, executive function, verbal memory, and non-verbal 
memory and 2) to examine time-related changes in speech perception and cognitive domains by analyzing the following three 
timepoints: i) pre-CI vs. six months post-CI, ii) six months post-CI vs. 12 months post-CI, and iii) pre-CI vs. 12 months post-CI. 

3. Materials and Methods 

This meta-analysis was performed according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 
guidelines [30], and the protocol was not registered. 

3.1. Search strategy and study selection criteria 

Studies published between January 1, 2000 and April 30, 2022 were retrieved from the following three electronic databases: 
PubMed, EMBASE, and Web of Science. Keywords included “cochlear implant,” “cognition,” “dementia,” “Alzheimer disease,” and 
“old adults”, and the final search statement was extended to “cochlear implant OR cochlear implants OR cochlear implantation” AND 
“cognition OR cognitions OR cognitive OR cognitively OR cognitives” AND “dementia OR dementias” AND “Alzheimer disease OR 
Alzheimer OR Alzheimers” AND “adult OR adults OR old OR (aging OR ageing) OR aged” through systematic searches of the three 
databases. 

The inclusion criteria for the study were as follows.  

(1) Participants: consist of, or include, older adults aged 60 years or older (mean age of participants ≥55 years) with post-lingual 
SPHL  

(2) Intervention: CI with a multi-electrode  
(3) Outcomes: change in performance on speech perception test and cognitive function test after CIs compared to baseline (pre-CI) 
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(4) Study design: longitudinal studies with a baseline measurement and at least one post-CI measurement (minimum six months 
after). 

The present study imposed no restrictions on the participants’ language and only included original research articles written in 
English. Three researchers (SA, JES, and SBJ) independently performed the search and deduplication processes, and screened article 
titles and abstracts to obtain provisional articles for inclusion. The three researchers then conducted eligibility assessment procedures 
through a cross-checking procedure and discussions to determine the final studies in line with the inclusion criteria. If overlapping data 
were identified, only the most comprehensive data were included in the meta-analyses. The literature search was performed on April 
30, 2022, and the screening and eligibility assessment processes were completed on May 15, 2022. 

3.2. Data extraction 

Two researchers (SA and EJ) independently extracted data from each study, including basic characteristics, assessment tools, time 
points of measurements, and outcome measures. If outcome measures could not be extracted because they were presented only in 
graphs, the values were estimated using PlotDigitizer software [31]. When only median and quartile values were available, the mean 
and standard deviation (SD) values were estimated using the quantile method by Wan et al. (2014) [32]. 

3.3. Quality assessment 

The quality of each study was evaluated using the validated Risk of Bias Assessment tool for Non-randomized Studies (RoBANS) 
[33], which consists of the following six domains: participant selection, confounding variables, measurement of exposure, blinding of 
outcome assessments, incomplete outcome data, and selective outcome reporting. Two researchers (SA and EJ) independently rated 
each study as having either a low, high, or unclear risk of bias, and disagreements were resolved through discussion until a consensus 
was reached. 

3.4. Statistical analyses 

All analyses were conducted using Comprehensive Meta-Analysis Version 3. Meta-analyses were performed separately for each 
domain (speech perception and cognitive function) and timepoint comparison (pre-CI vs. six months post-CI, six months post-CI vs. 12 
months post-CI, and pre-CI vs. 12 months post-CI). For the cognitive domain, a meta-analysis was performed for each of the four 
subtypes: global function, executive function, verbal memory, and non-verbal memory. In the current paper, the global function 
represents the performance on general cognitive screening tests such as Mini-Mental State Examination (MMSE) and Montreal 
Cognitive Assessment (MoCA). A random-effects model was employed because several characteristics (e.g., the sample size, mea-
surement points, and outcome measures) varied between studies [34]. The effect sizes for repeated measures designs were calculated 
as Hedges’ g, an adjusted mean difference [35], using means, SDs, and other statistics (e.g., p values, sample sizes, and pre–post 
correlation values). When no pre-post correlation values were reported, a medium correlation was assumed, and a fixed value of 0.5 
was used for the analyses [36]. If an individual study included more than one outcome measure in the analysis of a particular domain, 
the effect size was calculated for each outcome measure, and then the combined effect size was used for analysis. Effect sizes of 0.30, 
0.50, and 0.80 were considered to have small, medium, and large effects, respectively. The significance of the effect size was verified 
based on the significance level of 0.05, i.e., a 95% confidence interval. Heterogeneity between studies was assessed by Cochran’s Q test 
using I2 statistics [37]. The I2 statistics of 25%, 50%, and 75% represented low, moderate, and high heterogeneity, respectively. 
Publication bias was evaluated through a visual inspection of funnel plots and Egger’s regression analysis [38]. Suspected publication 
bias was addressed using the trim-and-fill method to estimate the unbiased effect size [39]. 

4. Results 

A total of 1918 articles were identified following the search of the three electronic databases mentioned in the previous section. 
After removing duplicates, 1263 articles remained, and a further 1110 articles that were off-topic, inappropriate for the target pop-
ulation (e.g., studies in children, adolescents, or patients with prelingual hearing loss), not original research articles (e.g., reviews, 
commentaries, perspectives, or conference abstracts), or not written in English were excluded via title and abstract screening. The full 
texts of the 153 remaining articles were then further evaluated for eligibility. According to the inclusion criteria in Materials and 
Methods section, 65 articles that did not contain longitudinal data due to inappropriate study design (e.g., a cross-sectional study) were 
excluded, 56 articles that did not present objective cognitive measures were also excluded. Nine articles that did not include all the 
necessary information for the analysis were excluded, and one article with too short of an interval between the baseline and the post-CI 
measurement time point was further excluded. In cases of overlapping data, only the articles with the most comprehensive data were 
included. Consequently, 20 articles that met the inclusion criteria were finally selected (Fig. 1). 

The 20 studies included in the final analysis investigated changes in speech perception and cognitive function induced by auditory 
rehabilitation through CIs and contained follow-up data for at least six months including pre- and post-CI. Most of the studies (14 of 20) 
were single-group-based, longitudinal studies involving patients with post-lingual SPHL. The other six studies were multi-group-based 
studies analyzing differences in longitudinal changes in two or more groups classified according to either the method or execution of 
intervention (e.g., CI group vs. control group, CI group vs. HA group). In this meta-analysis, only data corresponding to the CI group 
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were extracted and used, and as a result, data from a total of 648 CI subjects from 20 studies were included. 
Most of the participants included in the analyses were older adults aged 60 years or more. In 10 studies, all participants were older 

adults (>60 years) [13,17,20,22,24,25,27,40–43],and in the other studies, young adults (≥18 years, <35 years) and middle-aged 
adults (≥36 years, <60 years) were included, but the average age of the participants in each study was 60 years or older, with the 
exception of 55 years in one study [44]. Regarding the cognitive level of the participants, most studies were conducted in individuals 
with SPHL excluding those with severe cognitive impairments based on cognitive screenings such as the MMSE and MoCA or on 
medical history (i.e., in a cognitively normal group [24,26,42,43,45,46], or a group including participants with MCI [13,16–18,20–22, 
25,27,40]. The gender ratio of participants varied by study from 14:86 to 67:33 (female-to-male ratio as a percentage). The spoken 
language was English in six studies [18,21,25,44,45,47], German in five studies [20,26,42,43,46], French in four studies [13,16,17, 
22], Italian in two studies [24,40], Dutch in one study [23], Japanese in one study [27], and mixed (Dutch, Spanish, Polish, and 
English) in one study [19]. More details of the participants’ demographics are presented in Table 1. 

To examine longitudinal changes associated with CI intervention, all 20 studies performed speech perception tests and cognitive 
function tests, which can derive objective scores. For speech perception evaluation, 18 studies performed at least one word recognition 
test (using a monosyllabic, disyllabic, or trisyllabic word list), nine of which also conducted a sentence recognition test [16,18,23–25, 
40,42,45,47]. One study performed a sentence recognition test alone [44], and the other study was a multi-center study (in different 
countries) based on local clinical test batteries and did not include outcomes due to language differences (appendix pp 1–2) [19]. For 
the cognitive function assessment, all studies employed various neuropsychological tests capable of evaluating multiple cognitive 
domains; these are summarized in the appendix (pp 3–6). In this meta-analysis, the different tests employed in the studies were 
categorized into the following four cognitive domains—global function, executive function, verbal memory, and non-verbal memo-
ry—and the results were analyzed. 

The results of the study quality assessment based on RoBANS are provided in the appendix (pp 7–9). Briefly, all 20 studies were 
conducted by prospectively recruiting patients who were clinically determined to require CIs, used validated assessment tools to 
evaluate speech perception and cognitive function, and clearly reported the results of the tests performed at each measurement 
timepoint. Accordingly, the studies were evaluated as having a low risk of bias overall. However, for the “confounding variables” 

Fig. 1. Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) flow diagram [30].  
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Table 1 
Characteristics of studies included in the meta-analyses – participant demographic data.  

Study Participants Gender Language Age Duration of deafness CI Post-CI condition Institution 

Mosnier et al., 2015 [13] N = 94 Female = 49, 
Male = 45 

French Mean = 72, Median = 71, 
Range = 65–85 

Mean ± SD = 11 ±
15.1, Range = 1–61 

Unilateral = 93 
(Right = 50, Left =
43), 
Bilateral = 1 

Unknown Multi-center 
(10) 

Castiglione et al., 2016 [40] (for 
speech measure, Castiglione et al., 
2015 [41]) 

N = 125 
CI group: N = 15 
(N = 30) 

CI group: 
Female = 7, 
Male = 8 

Italian CI group: 
Median = 71, Range = 65–75 
(Median = 70.5, Range =
65–79) 

Unknown Unilateral Unknown Single center 

Ambert-Dahan et al., 2017 [16] N = 18 Female = 7, 
Male = 11 

French Mean ± SD = 64 ± 3.5, 
Range = 23–83 

Mean ± SD = 6.5 ±
2.1, Range = 0.3–35 

Unilateral = 17, 
Bilateral = 1 

CI + contralateral HA = 12, 
Only CI = 6 

Single center 

Jayakody et al., 2017 [47] N = 39 
CI group: N = 16 

CI group: 
Female = 9, 
Male = 7 

English CI group: 
Mean ± SD = 61.8 ± 15.6 

Mean ± SD = 34.4 ±
18.6 

Unknown Unknown Single center 

Sonnet et al., 2017 [22] N = 16 Female = 10, 
Male = 6 

French Mean age = 72.5, 
Range = 65–80 

Mean ± SD = 15.7 ±
11.8, Range = 1–41 

Unilateral (Right =
10, Left = 6) 

Unknown Single center 

Claes et al., 2018 [23] N = 20 Female = 8, 
Male = 12 

Dutch Mean = 71.5, 
Range = 54.8–84.8 

Mean ± SD = 26.9 ±
16.7, Range = 0.3–55 

Unilateral (Right =
10, Left = 10) 

CI + contralateral HA = 4, 
Only CI = 5, N/A = 11 

Single center 

Mosnier et al., 2018 [17] N = 94 (same population with Mosnier et al., 2015)      
Anzivino et al., 2019 [24] N = 44 

CI group: N = 25 
CI group: 
Female = 14, 
Male = 11 

Italian CI group: 
Mean ± SD = 66.4 ± 5.8 

Unknown Unilateral CI + contralateral HA = 16, 
Only CI = 9 

Multi-center 
(2) 

Macpherson et al., 2019 [44] N = 15 Female = 10, 
Male = 5 

English Mean = 55, 
Range = 34–83 

Mean ± SD = 29.1 ±
12.9, Range = 2–50 

Sequential (unilateral 
→ bilateral) 

CI + contralateral HA = 15 
(at post-CI 6, 12 months) 

Single center 

Buchman et al., 2020 [18] N = 96 Female = 34, 
Male = 62 

English Median = 71, 
Range = 23–91 

Mean ± SD = 27 ± 14, 
Range = 1–66 

Unilateral (Right =
56, Left = 40) 

CI + contralateral HA = 94, 
Only CI = 2 

Multi-center 
(13) 

Zhan et al., 2020 [45] N = 19 Female = 8, 
Male = 11 

English CI group: 
Mean ± SD = 72 ± 7 

Unknown Unilateral = 18, 
Bilateral = 1 

Unknown Single center 

Huber et al., 2021 [42] N = 58 
CI group: N = 29 

CI group: 
Female = 12, 
Male = 17 

German Mean ± SD = 67.8 ± 9.4, 
Range = 49–82 

Unknown Unknown Unknown Multi-center 
(2) 

Issing et al., 2021 [20] N = 33 Female = 20, 
Male = 13 

German Mean ± SD = 79.4 ± 7.4 Unknown Unilateral Unknown Single center 

Knopke et al., 2021 [43] N = 21 Female = 10, 
Male = 11 

German Mean ± SD = 70.6 ± 4.7 Unknown Unilateral Unknown Single center 

Mertens et al., 2021 [19] N = 48 
CI group: N = 24 

CI group: 
Female = 10, 
Male = 14 

Dutch, Spanish, 
Polish, English 

Mean ± SD = 73.3 ± 4.8, 
Range = 65–86 

Unknown Unilateral Unknown Multi-center 
(5) 

Vasil et al., 2021 [21] N = 77 Female = 24, 
Male = 53 

English Mean ± SD = 77.1 ± 5.5 Mean ± SD = 28.5 ±
13.1, Range = 8–66 

Unilateral Unknown Multi-center 
(13) 

Völter et al., 2021 [46] N = 176 
CI group: N = 71 

CI group: 
Female = 47, 
Male = 24 

German Mean ± SD = 72.4 ± 6.4, 
Range = 55–85 

Mean ± SD = 22.9 ±
14.7 

Unilateral = 60 
Bilateral = 11 

Unknown Single center 

Gurgel et al., 2022 [25] N = 37 Female = 5, 
Male = 32 

English Mean ± SD = 66.3 ± 9.2 
Range = 50–84 

Unknown Unilateral Unknown Single center 

Ohta et al., 2022 [27] N = 21 Female = 14, 
Male = 7 

Japanese Median = 69, 
Range = 65–85 

Mean ± SD = 10.7 ±
10.6, Range = 0.8–35 

Unilateral (Right =
10, Left = 11) 

CI + contralateral HA = 6, 
Only CI = 15 

Single center 

Völter et al., 2022 [26] N = 71 (same population with Völter et al., 2021)       
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Table 2 
Meta-analysis results for pre-CI vs. six months post-CI. 
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domain, the risk of bias was rated as low in five studies [16, 20, 24, 27 40],high in nine studies [13,19,22,23,25,26,45–47], and unclear 
in six studies [17,18,21,42–44], depending on whether individual factors that could affect the outcome measures were controlled. For 
the “incomplete outcome data” domain, risk of bias was assessed as high in three studies [22,24,47], depending on the proportion of 
participants who dropped out during the follow-up evaluations. 

Meta-analyses were performed separately for the speech perception and cognitive domains for each timepoint comparison. In the 
pre-CI vs. six months post-CI comparison (Table 2), the results demonstrated that speech perception significantly improved at six 
months post-CI compared to pre-CI, with a large effect size (g = 1.578, p < 0.001, I2 = 97.014%). For the cognitive domains, there were 
significant improvements in executive function (g = 0.281, p < 0.001, I2 = 35.186%) and verbal memory (g = 0.296, p = 0.002, I2 =

22.628%). However, there were no significant changes in global function (g = 0.431, p = 0.127, I2 = 90.991%) and non-verbal 

Table 3 
Meta-analysis results for six months post-CI vs. 12 months post-CI. 
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Table 4 
Meta-analysis results for pre-CI vs. 12 months post-CI. 
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memory (g = − 0.053, p = 0.723, I2 <0.001%). 
In the six months post-CI vs. 12 months post-CI comparison (Table 3), the results showed that speech perception was significantly 

enhanced at 12 months post-CI compared to six months post-CI, presenting the small effect size (g = 0.199, p = 0.036, I2 = 56.644%). 
For the cognitive domains, executive function (g = 0.115, p = 0.003, I2 <0.001%) significantly improved, whereas the other cognitive 
domains did not show significant changes: global function (g = 0.102, p = 0.553, I2 = 58.086%), verbal memory (g = 0.095, p = 0.427, 
I2 = 71.473%), and non-verbal memory (g = 0.112, p = 0.089, I2 <0.001%). 

In the pre-CI vs. 12 months post-CI comparison (Table 4), the results indicated that speech perception significantly increased at 12 
months post-CI compared to pre-CI, with a large effect size (g = 1.921, p < 0.001, I2 = 89.758%). For the cognitive domains, all the 
following subtypes exhibited significant improvements: global function (g = 0.460, p = 0.006, I2 = 60.697%), executive function (g =
0.260, p < 0.001, I2 = 18.549%), verbal memory (g = 0.401, p < 0.001, I2 <0.001%), and non-verbal memory (g = 0.214, p = 0.023, I2 

= 53.492%). 
The publication bias evaluation results for each analysis are provided in the appendix (pp 10–18). 

5. Discussion 

The current systematic review and meta-analysis demonstrated that auditory rehabilitation via CIs could enhance cognitive 
function as well as speech perception among those in the older population with SPHL. Considering that the cognitive abilities of older 
adults are on the trajectory of progressive decline with age [48], the significant results for cognitive improvement are critical. In 
particular, the results showing that such improvement is maintained not only at six months after CIs but also at 12 months, or even 
more enhanced at 12 months, considering the subtype analyses, are quite promising (Fig. 2). 

The current study has great significance, as it is the first attempt to systematically analyze the longitudinal effects of CIs by 
encompassing the outcomes of both speech perception and cognitive function. Regardingthe speech perception domain, the results 
revealed that speech perception abilities substantially improved after CIs, which are consistent with previous findings [14,15,28]. The 
effects of CIs on the speech perception domain seem to carry significant and consistent clinical implications across the studies, with few 
contradictory findings, given that CIs are designed to directly improve hearing-related functions. 

It is clinically meaningful and critical that significant long-term improvements were identified in the comparisons between the six 
months post-CI and 12 months post-CI, even though the effect size was small. Results concerning the long-term effects of CIs on speech 
perception abilities have been controversial across the studies. Some studies have reported that speech perception abilities substan-
tially improved within six months after CIs but entered into a plateau phase without further improvement or deterioration [49,50]. By 
contrast, other studies have reported that speech perception abilities consistently improved, even after six months and as far advanced 
as seven to 10 years following CIs [11,51]. Studies that reported a relative plateau performance after CIs mainly included subjects with 
a wide range of ages at implantation (e.g., 18–90 [49]; 20.6–88.9 [50]). Meanwhile, in studies that reported consistent improvements 
after CIs, the age range at the time of CIs was somewhat limited to older adults aged 50 to 85. To date, very few studies have sys-
tematically investigated the effects of age at CI on the long-term effects among adults [52]. Despite limited evidence, it is interesting to 
note that people who underwent CIs after middle-age demonstrated greater long-term positive effects of CIs. 

The effects of CIs on the cognitive domain were different for each subtype (Fig. 2). Executive function showed a significant 
improvement until 12 months post-CI, even though the effect size slightly decreased after six months. Verbal memory was enhanced, 
with a small-to-medium effect size, at six months post-CI, and this improvement was maintained until 12 months post-CI. Interestingly, 
non-verbal memory demonstrated no noticeable change at six months post-CI, but a significant improvement was demonstrated at 12 
months post-CI compared to pre-CI. Overall, the gain from the first six months post-CI was greater than that from the last half months 
(six to 12 months post-CI), indicating that the first six months after implantation are a critical indicator of functional recovery. This is 
in line with earlier research that showed the functional re-organization would be most obvious in the first six months following im-
plantation [26]. However, the trajectory of improvement seems to be differentiated depending on the cognitive subdomains [23,47]. 

Fig. 2. Longitudinal effect of auditory rehabilitation via CIs on speech perception and cognitive function among an aging population.  
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These subtype analyses indicate that executive function or verbal memory, which is directly associated with auditory processing 
[53], begins improving along with a rapid enhancement of speech perception, whereas other relatively non-relevant cognitive 
functions, such as non-verbal memory, start to improve after the recovery of speech perception is maintained to some extent. These 
results suggest that the impact of auditory rehabilitation via CIs on cognitive function may be induced as a long-term effect compared 
with speech perception. This finding aligns with a previous study comparing the cognitive outcomes of CI recipients and CI candidates 
[47], in which the CI recipients showed significant improvements in spatial working memory and reaction time at six months post-CI 
compared to CI candidates, and further significant improvements in cognitive flexibility and paired associative learning (that did not 
show any change at six months post-CI) at 12 months post-CI. 

Our meta-analysis results demonstrate that CIs may induce positive effects on maintaining and improving cognitive abilities over 
time. The link between the effects of CIs and cognitive improvement can be accounted for by the hypothesis that CIs may contribute to 
reducing the “listening effort” required for the processing and comprehension of auditory signals, leading to greater cognitive re-
sources available for higher cognitive processing [54]. In fact, many previous studies have presented neuroimaging evidence sup-
porting the use of additional cognitive resources in the brain when hearing challenge have emerged due to hearing loss [55,56] or 
environmental reasons (e.g., degraded speech) [57]. These studies commonly showed that the activity of the auditory cortical area is 
reduced and that the frontal cortical area is recruited in response to speech stimuli when there is a hearing challenge. These adap-
tations indicate increased “listening effort”. In addition, cross-modal plasticity has been identified, in which the auditory cortical area, 
which has lost its original function due to reduction or degradation of auditory input, is re-allocated to process other stimuli, such as 
visual, vibrotactile, and somatosensory input [58,59]. Recent neuroimaging studies have demonstrated that such brain re-organization 
following hearing loss is partially or completely restored by auditory rehabilitation through CIs or HAs [55,58,59]. 

Given the findings of the literature, the long-term effect of CIs on cognitive domains could be interpreted that as “listening effort” 
decreases via auditory rehabilitation, cognitive resources are re-allocated to other cognitive processes, and functional re-organization 
of the brain is induced accordingly [53,60],thereby enhancing overall cognitive function. Moreover, such a cognitive improvement 
may have been driven by other underlying mechanisms. The reinstatement of acoustic stimulation to non-auditory brain areas due to 
auditory rehabilitation may have enhanced non-auditory functions, particularly the ability to process and perceive multimodal sensory 
signals, by reinforcing or maintaining the corresponding afferent pathways [61–63]. In addition, the restoration of auditory-limbic 
connectivity, which is related to emotional reactivity and emotion regulation [64–66], may have improved cognitive function by 
relieving depression or anxiety. Lastly, it may have had a positive impact on cognitive function as social interactions that were pre-
viously impaired by hearing loss became activated and normalized [67,68]. In this way, because the improvement in cognitive abilities 
due to auditory rehabilitation is induced by the brain re-organization due to plasticity changes resulting from the recovery of the 
auditory pathway, it may occur in the long-term after intervention, although this may vary across the subtypes of cognitive abilities. 

Although the current meta-analysis provides crucial outcomes for the long-term effects of CIs among an older population, it still has 
several limitations. First, it relied on a small sample size of 20 studies. This is likely due to population bias; few studies have examined 
the longitudinal effects of CIs, especially among older generations. As recent research focuses greater attention on the relations be-
tween aging-related hearing loss and dementia, we expect more studies to report the long-term effects of CIs among aging populations. 
Furthermore, in some analyses, we found a relatively moderate-to-high level of heterogeneity across the studies. This is likely due to 
the individual variability of the participants along with the limited sample size. 

Participants who were included in the current meta-analysis varied in terms of their age, duration of deafness, education level, 
language background, and baseline hearing and cognitive levels, as well as modality of CIs (unilateral or bilateral) and post-CI status 
(CI only or CI + contralateral HA). Previous studies have reported that such individual factors correlate with CIs outcomes. A recent 
meta-analysis revealed that a longer duration of deafness prior to CIs is associated with worse CI performance, especially in terms of 
speech perception, even though such characteristics are mitigated by more experience with CIs [69]. Regarding the modality of CIs, 
several studies have demonstrated that bilateral CIs outperform unilateral CIs regarding the understanding of speech in noise and the 
localization of sounds [70,71]. Gordon et al. further indicated that unilateral and bilateral CIs can induce different brain 
re-organizations [71]; In unilateral CIs, asymmetric strengthening from the stimulated ear to the contralateral auditory cortex occurs 
and the balance of activity between the two hemispheres in the auditory brainstem is disrupted, resulting in deterioration of binaural 
processing and lower speech segregation ability compared to bilateral CIs. Regarding such individual factors, the individuals included 
in the current meta-analysis exhibited diverse characteristics, which may have influenced the outcomes. 

Given that individual variability with respect to speech perception and cognitive function increases among an older population 
[72], and is even greater among clinical populations with diseases [73], heterogeneity may to some extent be inevitable. However, 
more studies are needed to systematically control for various participant characteristics to minimize those influences on outcome 
measures by matching the demographic features in group comparisons of interest. 

The current results indicate that auditory rehabilitation via CIs may be beneficial in preventing cognitive decline among the aging 
population. However, comparative studies with longitudinal data in a control group with SPHL but not receiving interventions such as 
CIs or HAs are essential to draw a definitive conclusion on this. Due to the nature of longitudinal follow-up studies targeting the clinical 
population, few studies have involved a control group undergoing no therapeutic intervention. To date, only two studies have defined 
CI candidates [47] or patients with SPHL who were not scheduled for CIs [19] as control groups and have compared them with the 
intervention groups; the studies demonstrated that at follow-up, the intervention group performed significantly better in cognitive 
tests than the control group. The sample size of the studies, including the control group, was too small to evaluate statistical signif-
icance; therefore, those comparison results were excluded from the current analysis. If more comparative studies including control 
groups are reported and a systematic meta-analysis including the corresponding results is conducted in the future, the efficacy of CIs 
will be able to be evaluated more clearly. 
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Despite several limitations, the current study conveys clinical and empirical importance. Given that currently, more than 60 million 
people worldwide suffer from SPHL, but less than 5% receive care services through interventions such as CIs, regularly monitoring 
hearing ability in midlife and providing early intervention when hearing loss is detected may help reduce the risk of developing either 
MCI or dementia with age. 
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