

[image: image1]
Beyond auditory sensitivity: cognitive and linguistic influences on clinical performance in post-lingual adult cochlear implant users












	
	ORIGINAL RESEARCH
published: 06 August 2025
doi: 10.3389/fauot.2025.1625799






[image: image2]

Beyond auditory sensitivity: cognitive and linguistic influences on clinical performance in post-lingual adult cochlear implant users

Nadine Buczak1,2*, Eugen Kludt1,2, Thomas Lenarz1,2 and Andreas Büchner1,2


1Department of Otolaryngology, Hannover Medical School, Hannover, Germany

2Cluster of Excellence “Hearing4All”, Hannover, Germany

Edited by
Ilona Anderson, MED-EL, Austria

Reviewed by
Kaibao Nie, University of Washington, United States
 Ellen Andries, Antwerp University Hospital, Belgium

*Correspondence
 Nadine Buczak, Buczak.nadine@mh-hannover.de

Received 09 May 2025
 Accepted 07 July 2025
 Published 06 August 2025

Citation
 Buczak N, Kludt E, Lenarz T and Büchner A (2025) Beyond auditory sensitivity: cognitive and linguistic influences on clinical performance in post-lingual adult cochlear implant users. Front. Audiol. Otol. 3:1625799. doi: 10.3389/fauot.2025.1625799



Introduction: Speech understanding in cochlear implant (CI) users is influenced by various factors, particularly cognitive and linguistic abilities. While previous studies have explored both bottom-up and top-down processes in speech comprehension, this study focuses specifically on the role of cognitive and linguistic factors in shaping speech recognition outcomes in post-lingually deafened adults.

Methods: Fifty-eight post-lingually deafened adults, with at least 12 months of CI experience, participated in this study using a previously established dataset. Participants were categorized into Poor Performers (n = 25; ≤ 35% word recognition at 65 dB SPL) and Good Performers (n = 33; ≥65% word recognition at 65 dB SPL). Participants with single-sided deafness were excluded to avoid confounding effects. Cognitive and linguistic variables, including vocabulary size (Wortschatztest, WST), processing speed (Symbol Digit Modality Test, SDMT), and executive control (Stroop Test), were assessed. Descriptive statistics were calculated to explore group differences, and Cohen's d was used to assess effect sizes. Statistical tests included univariate linear regression for individual predictors and multiple linear regression for the overall model.

Results: The results indicated that larger vocabulary size, faster processing speed, and higher educational level were significantly associated with better speech performance. Additionally, younger age at testing correlated with improved outcomes, while early onset hearing loss (before age 7) was linked to poorer performance.

Discussion: These findings emphasize the critical influence of cognitive and linguistic abilities, early auditory experiences, and educational background on CI outcomes. Together, these factors significantly predict speech understanding, highlighting the need to consider them in rehabilitation planning and comprehensive assessments to guide targeted interventions.
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1 Introduction

Cochlear implants (CIs) are widely recognized as the standard of care for severe to profound sensorineural hearing loss (SNHL) across all age groups (Dazert et al., 2020; Lenarz, 2018). These devices are highly effective in restoring hearing in individuals with profound deafness, enabling many recipients to achieve substantial improvements in speech perception. However, there remains considerable variability in individual speech performance outcomes, which cannot yet be fully explained (Blamey et al., 2013; Boisvert et al., 2020; Holden et al., 2013; Tamati et al., 2020; Völter et al., 2022). This issue is especially evident among adult CI patients with post-lingual deafness, who would typically be expected to perform well due to their prior normal language development (Moberly et al., 2016). Despite over two decades of acknowledgment, the challenge of poor performers—those who gain little to no benefit—remains unresolved (Blamey et al., 2013; Holden et al., 2013; Moberly et al., 2016; Völter et al., 2021, 2022). According to Lenarz et al. (2012), 10–50% of adult CI users are categorized as poor performers, with 13% recognizing < 10% of words in sentences in quiet environments. This variability in outcomes, particularly the issue of poor performers, highlights the need to address these challenges to improve speech perception outcomes, especially in light of the significant consequences of hearing loss and the societal costs (Moberly et al., 2016; Pisoni et al., 2018; Völter et al., 2021, 2022).

Many factors influence CI outcomes, yet only a subset of these are fully understood. Patient-related factors account for only 10–22% of the variability in speech recognition outcomes (Blamey et al., 2013; Holden et al., 2013), whereas surgical factors, such as cochlear abnormalities, scalar translocation, insertion depth, and proximity to the modiolus, have been shown to explain up to 20% of the variation in early sentence recognition (James et al., 2019). Interestingly, James et al. (2019) also found that patient-related factors contributed ~40% of the variance in their cohort of 96 adult CI recipients, suggesting that their influence may vary across studies. Better outcomes are generally linked to greater residual hearing before implantation and prior hearing aid use, whereas partial electrode insertion, meningitis history, and congenital ear malformations negatively impact performance (Buchman et al., 2004; Moberly et al., 2016). Other factors, such as implant user's age, duration of deafness before implantation, the number of active electrodes, and the device brand, also play a role in predicting individual hearing success (Moberly et al., 2016; Völter et al., 2022). These findings underscore the complexity of CI outcomes and highlight the need for further investigation into additional contributing factors beyond patient-related and surgical influences. In addition to these clinical and surgical variables, emerging evidence underscores the importance of etiology of hearing loss, neural health, device-related factors, and post-implantation rehabilitation—including both structured auditory training and individual motivation—in determining CI outcomes. Greater neural survival—often inferred from electrophysiological markers such as focused thresholds, ECAP amplitudes, and interphase gap or polarity effects—has been associated with better speech perception (Arjmandi et al., 2022; Carlyon et al., 2018; DeVries et al., 2016; Goehring et al., 2019; Long et al., 2014), while more optimal electrode location is also linked to improved neural health and performance (Schvartz-Leyzac et al., 2020). Device programming, mapping accuracy, and post-operative rehabilitation strategies can further modulate auditory sensitivity and enhance outcomes (Busby and Arora, 2016; de Graaff et al., 2020; Fu and Galvin, 2007; Harris et al., 2016). Recent studies emphasize that patient-driven factors—such as pre-implant expectations, personal motivation, social support, and active engagement in rehabilitation—distinguish adults with better speech recognition and quality of life after implantation (Harris et al., 2016). Thus, understanding CI success requires a multifactorial perspective that integrates clinical, surgical, etiological, neural, device-related, rehabilitative, psychosocial, and cognitive-linguistic influences (Blamey et al., 2013; Dawson et al., 2025; Holden et al., 2013). Socioeconomic factors, such as education level, access to rehabilitation resources, and travel-related barriers, have also been implicated in the variability of CI outcomes, influencing candidacy evaluation, device use, and speech recognition results (Davis et al., 2023; Zhao et al., 2020). Additionally, tinnitus severity and related symptoms have also been identified as potential factors influencing CI outcomes, possibly through impacts on attention and listening effort (Ivansic et al., 2017; Liu et al., 2018).

The variability in adult CI speech perception outcomes likely stems from a complex interplay of “bottom-up” auditory sensitivity and “top-down” linguistic and neurocognitive factors, though their relative importance is unclear (Moberly et al., 2016; Zekveld et al., 2007). While auditory sensitivity, which involves perceiving and distinguishing spectral and temporal cues within speech, has traditionally been the focus, more recent research highlights the significant role of top-down factors, such as linguistic skills and neurocognitive processing, in explaining this variability (Bhargava et al., 2014; Bialystok and Craik, 2010; Marslen-Wilson, 1987; Moberly et al., 2016; Vitevitch and Luce, 1998; Zekveld et al., 2007). Phonological sensitivity, for instance, is a strong predictor of speech recognition outcomes, and better lexical and grammatical knowledge aids in understanding words and sentences, especially under challenging listening conditions (Moberly et al., 2016). Moreover, linguistic factors such as lexical access, inhibition of lexical competitors, and the integration of phonemic and lexical information into context are crucial for general speech processing, as noted in studies by Cutler and Clifton (2000) and Weber and Scharenborg (2012). Finke et al. (2016) found that normal-hearing listeners outperformed CI users in distinguishing printed real words from pseudowords, indicating that deficits in fundamental language processing may contribute to poorer performance in CI users. However, this does not imply that CI users have lost these foundational skills, but rather that their language development was interrupted by the lack of auditory input during critical periods. Cochlear implants restore hearing, but challenges in processing auditory-phonetic features, especially in noisy environments, persist, affecting speech perception outcomes (Holden et al., 2013; Finke et al., 2016).

On the cognitive level, speech recognition is thought to heavily depend on working memory (WM), with larger WM capacity generally correlating with higher speech recognition scores (Besser et al., 2013; Rudner and Signoret, 2016). The Ease of Language Understanding (ELU) model by Rönnberg et al. (2013) posits that a degraded speech input often fails to automatically match a semantic representation in long-term memory (Rönnberg et al., 2013). This mismatch inhibits immediate lexical access and requires additional explicit processing, which depends on WM (Rönnberg et al., 2013; Völter et al., 2021). ELU model suggests that successful perception of degraded speech necessitates selective attention at early stages of stream segregation and relatively more WM capacity to match the degraded input with long-term lexical representations. As the signal provided by CIs is much degraded compared to normal hearing (NH), more WM is occupied with basic speech recognition tasks. The speech signal processed by CIs is often degraded in terms of temporal and frequency resolution, leading to challenges in speech perception. Due to the limited number of channels and the distortion of auditory cues, CIs can struggle to replicate the fine details of speech sounds, which impacts the clarity of phonemes and overall speech intelligibility. Studies have shown that the reduced temporal resolution and frequency selectivity of CIs contribute to difficulties in tasks like speech in noise, sound localization, and phonetic discrimination (Choi et al., 2023; Friesen et al., 2001; Shannon et al., 1995). The influence of cognitive factors on speech recognition is proposed to increase as the speech signal deteriorates, such as with decreasing signal-to-noise ratios (SNRs) (Rudner et al., 2012). Inhibitory control, measured by tasks like the Stroop test, also aids speech recognition by managing competing lexical information and noise (Rönnberg et al., 2013; Völter et al., 2021). Another perspective is provided by the cognitive spare capacity hypothesis, which suggests that cognitive resources required for lexical access leave limited capacity for post-lexical speech processing and integration into discourse in adverse listening conditions (Mishra et al., 2014).

Speech recognition in challenging acoustic environments is influenced by linguistic factors, such as verbal intelligence. Braza et al. (2022) found that a larger receptive vocabulary enhances speech-in-noise recognition across all ages, regardless of when the words were learned. Similarly, Carroll et al. (2016) highlighted that the efficiency of lexical access plays a key role in speech recognition in noise. While older adults tend to have a larger vocabulary due to accumulated life experience (Verhaeghen, 2003), their slower lexical access can hamper real-time speech processing in noisy environments (Sommers and Danielson, 1999). Studies have also linked vocabulary knowledge to improved performance in tasks like phoneme restoration and word recognition in noise (Benard et al., 2014; Kaandorp et al., 2015; McAuliffe et al., 2013). Given its strong connection to educational background, vocabulary knowledge plays a significant role in speech processing (Mergl et al., 1999; Schmidt and Metzler, 1992). However, age-related declines in working memory (WM) and lexical access introduce additional challenges, as older adults may struggle with cognitive changes that affect speech comprehension (Desjardins and Doherty, 2013; Verhaeghen and Salthouse, 1997). Still, a richer vocabulary is generally associated with better speech recognition outcomes, reinforcing the link between linguistic knowledge, cognitive abilities, and speech perception in noise.

While CIs provide substantial benefits, speech perception outcomes vary widely, particularly among poor performers. Dawson et al. (2025) conducted a broad investigation into the factors influencing these outcomes, considering both “bottom-up” contributors, such as auditory sensitivity, and “top-down” influences, including linguistic and cognitive abilities. Building on this foundation, the present study takes a more detailed approach, specifically examining the role of neurocognitive and linguistic factors in speech understanding. Rather than addressing a broad spectrum of influences, this extended analysis focuses on how specific cognitive abilities—such as working memory, processing speed, and inhibitory control—interact with linguistic skills to shape speech perception. Additionally, educational background was included as a new factor, providing further insight into individual differences in CI performance. By narrowing the scope to these top-down contributors, this study aims to deepen our understanding of their specific impact on speech recognition outcomes.



2 Methods


2.1 Study participants

A total of 58 post-lingually deafened adult CI users with Cochlear™ Nucleus® Implants; CI24RE (CA), CI422, CI522, CI622, CI512, CI612, CI532, CI632, and Hybrid L 24, were included in this linguistic and neurocognitive extended analysis from the Dawson et al. (2025) study data. Participants are fluent in German and have no diagnosed mental or neurocognitive disorder. Participants were categorized based on their auditory configuration: bilateral, bimodal, or unilateral. For CI participants with bilateral implants meeting eligibility criteria in both ears, testing was limited to one ear to maintain a balanced distribution of participants between the poorer- and better-performing groups. Participants with single-sided deafness (SSD), as described in Dawson et al. (2025), were excluded from this analysis. This decision was based on the difficulty of achieving adequate masking of the contralateral normal-hearing ear during the sentence-in-noise test, which could have biased speech recognition results. Moreover, previous research has shown that SSD patients often demonstrate limited benefit from CI input due to their strong reliance on the normal-hearing ear, particularly when tested in the CI-only condition (Galvin et al., 2019; Zeitler et al., 2019). While direct audio input was used for the word recognition in quiet task, exclusion was maintained for consistency and to avoid confounding effects associated with asymmetric hearing. Participants were divided into two groups: poor and good performers. Participants were classified as poor performers if their word recognition score at 65 dB SPL was below the 35th percentile of the CI population at the German Hearing Center (DHZ, Medical School Hannover) for implants since 2007. Conversely, a score above the 65th percentile and at least 20% higher than the pre-operative aided word score classified a subject as a good performer. Analysis of Freiburg word scores in quiet, obtained ≥12 months post-implantation, determined that the 35th percentile corresponded to a word score of ~35%. Consequently, 25 CI users with scores of 0–35% on the Freiburg word test (Hahlbrock, 1953) at 65 dB SPL were classified as Poor Performers (PP), while 33 users with scores ≥65% were classified as Good Performers (GP). The study was approved by the local Medical Ethical Committee (Medical School of Hanover). All participants voluntarily participated in the study and signed an informed consent form. Demographic information (Table 1) was collected to characterize the CI patient cohort and included age (in years), gender (male/female), duration of deafness prior to implantation (in years), age at implantation (in years), type of auditory supply (unilateral, bimodal, or bilateral) and hearing loss type (since childhood/other). At our center, the duration of deafness was defined as the self-reported time point at which the patient perceived the onset of profound hearing loss in the ear to be implanted. This typically referred to the point when the individual no longer experienced meaningful benefit from conventional hearing aids—for example, being unable to conduct a successful phone conversation. This information was documented in the clinical records during the preoperative evaluation and was not derived from the screening form. This approach is consistent with clinical practice guidelines for cochlear implantation, which emphasize functional hearing ability in candidacy evaluation [(American Academy of Otolaryngology–Head Neck Surgery (AAO-HNS), 2014)]. The cutoff age for hearing loss type was 7 years. Participants who experienced hearing loss at ≤ 6 years were classified as “since childhood,” and those at 7 years or older as “other.” This cutoff was based on research indicating that language development, particularly in terms of speech perception, is typically completed by the age of 6. After this critical period, the brain's ability to adapt to speech sounds diminishes, making language learning more difficult (Kuhl, 2004; Werker and Hensch, 2015). Additionally, baseline auditory performance data were recorded, including scores on the Freiburg monosyllabic word test at 65 dB SPL (in %), pre-implantation word recognition scores at 65 dB SPL (in %), and speech-in-noise performance as measured by the Oldenburg Sentence Test (OLSA) in dB SNR. Further assessments involved a series of cognitive and linguistic tests to evaluate patient abilities. These included a vocabulary test (Wortschatztest), the Single Digit Modality Test (SDMT), and the Stroop Test. Detailed descriptions and methodologies for each test are provided in the subsequent sections.

TABLE 1  Demographic and clinical characteristics of all participants (N = 58), divided into Poor Performers (PP; n = 25) and Good Performers (GP; n = 33).


	Variable
	Subjects



	All (N = 58)
	PP (N = 25)
	GP (N = 33)





	Gender
	Female
	31
	14
	17



	Male
	27
	11
	16



	Supply type
	Unilateral
	6
	4
	2



	Bimodal
	23
	10
	13



	Bilateral
	29
	11
	18



	Words in quiet at 65 dB SPL, %
	Mean (±SD)
	55 (±34)
	16.97 (±11.92)
	83.94 (±6.92)




Categorical variables are reported as absolute counts; continuous variables are presented as mean ± standard deviation (SD). Group differences in word recognition in quiet (65 dB SPL) reflect the predefined performance classification.





2.2 Vocabulary size

The Wortschatztest (WST), developed by Schmidt and Metzler (1992), is a German paper-and pencil test designed to evaluate verbal intelligence by measuring vocabulary size. The WST consists of 42 lines, each filled with one existing target word and 5 distracting non-words, and provides information about recognition performance. With each successive line the Wortschatztest increases difficulty by transitioning from common, concrete words to less frequent, abstract, and specialized vocabulary, requiring broader linguistic knowledge. This progression ensures a comprehensive assessment of the participant's vocabulary depth. The number of correctly recognized target words determines the raw score, which represents the vocabulary size. Previous studies have shown a correlation between speech performance and vocabulary size (Benard et al., 2014; Carroll et al., 2016; Finke et al., 2016; Kaandorp et al., 2015).



2.3 Neurocognitive factors

The Symbol Digit Modalities Test (SDMT) is a paper-and-pencil test used to assess neurocognitive function (Smith, 1982). Participants are shown a reference key at the top of the test that pairs nine abstract symbols with the digits 1–9. Below the key, a sequence of symbols is presented, and participants must write the corresponding number for each symbol as quickly and accurately as possible. A short practice session using the first 10 items is provided to familiarize participants with the task. The main test lasts 90 seconds, during which participants assign numbers to as many symbols as possible. The score is the total number of correctly matched symbols within the time limit. The SDMT provides information about processing speed, visual scanning, motor speed, and divided attention (Smith, 1982).

The Stroop Color and Word Test (SCWT), first introduced by Stroop in 1935, is a neuropsychological test measuring executive functions and cognitive interference (Jensen and Rohwer, 1966; Scarpina and Tagini, 2017). Selective attention, cognitive flexibility, processing speed, and inhibitory control are the cognitive processes assessed by the SCWT (Jensen and Rohwer, 1966; Golden, 1978; Scarpina and Tagini, 2017). The SCWT consists of three main tasks, where participants are required to read tables in a timely manner. For each task, the measured time in seconds and the number of incorrect naming are measured. A 5-s penalty is added to the total time for each incorrect naming. The total measured time, including penalties for incorrect responses, is used for the analysis. In the first task (SCWTDots), participants read rows of colors (red, green, yellow or blue) presented in dots. In the second task (SCWTWords), participants read rows of color words (e.g., blue or green) printed in black ink. In the third task (SCWTColours), participants are presented with rows of color words printed in divergent color inks. The participants are required to name the color of the ink, but not the word itself. The third task involves a less automated process, whereby the participants must suppress the interference of a more automated process at the same time (MacLeod and Dunbar, 1988; Scarpina and Tagini, 2017). This challenge, focusing on the less automated process and inhibiting the greater automated process, is known as the Stroop effect (Stroop, 1935).



2.4 Speech in quiet

To assess word recognition in quiet, speech stimuli were delivered at 65 dB SPL (RMS) directly to the CI using a Personal Audio Cable (PAC) linked to a tablet and the Nucleus 6 sound processor. Participants completed the test independently using the Self-Scoring Speech Audiometry (SAM) system, which allowed them to listen to the stimuli and input their answers on the tablet. Word recognition was evaluated using the Freiburg monosyllabic word lists (Hahlbrock, 1953), which are adapted from the original CNC (Consonant-Nucleus-Consonant) lists by Peterson and Lehiste (1962).



2.5 Speech in noise

Speech-in-noise recognition was tested using the Oldenburger Satzstest (OLSA), which consists of 20 short five-word sentences in German Kollmeier and Wesselkamp, 1997. The test was conducted in a free-field setup within a soundproof booth. Both the speech and the speech-shaped masking noise were presented from a loudspeaker positioned directly in front of the listener at 0° azimuth. The contralateral ear was masked using a plug and muff to prevent cross-hearing. Speech was presented at a fixed level of 65 dB SPL, while the level of the masking noise was adaptively adjusted based on the participant's responses. Each participant completed the OLSA test twice, and the average Speech Reception Threshold (SRT) across both runs was used for analysis. For participants who could not complete the OLSA due to poor performance, an SRT value of 15 dB SNR was assigned. This cutoff is supported by previous research, such as Kaandorp et al. (2015), which used the same threshold in CI studies. According to the Speech Intelligibility Index (SII), developed by the American National Standards Institute (American National Standards Institute, 1997), all speech information is accessible at 15 dB SNR in steady-state LTASS noise. Two of the 58 participants did not perform the OLSA test.



2.6 Educational level

The education level was based on self-reported information provided by the patient regarding their highest level of education. The German Qualifications Framework (Deutscher Qualifikationsrahmen, DQR) classifies educational qualifications in Germany into eight levels (Figure 1), reflecting a progression from foundational to advanced skills, knowledge, and competencies (Industrie und Handelskammer, 2016). In this analysis, educational stages were aligned with the DQR framework for consistency. Elementary School (8 years) corresponds to Level 1, representing foundational education. Secondary School (9 years) is categorized at Level 2, emphasizing broader knowledge and vocational preparation, while Secondary School (10 years) is assigned to Level 3, focusing on more specialized skills and academic understanding. Both Apprenticeship (Ausbildung) and High School (Abitur) fall under Level 4, as they provide substantial academic or practical skills. The apprenticeship is a structured vocational training program combining practical experience in a company with instruction at a vocational school, typically lasting 2–3.5 years. Master Craftsman qualification (Meister) and university degrees are classified at Level 5, reflecting advanced theoretical and practical expertise. The Master Craftsman qualification (Meister) is a high-level vocational credential that builds on an apprenticeship and permits independent business operation and the training of apprentices.


[image: A triangular chart on the left illustrates education levels from basic education at the bottom to PhD at the top. An arrow points to a bar chart on the right displaying performer groups across different education levels: elementary school to university. Bars are categorized by performer groups: GP, PP. Boxes with level categories (L1–L5) and broader categories (Edu1–Edu3) are shown below the charts.]
FIGURE 1
 Pyramid representation of the German Qualifications Framework (DQR), adapted from the German Chamber of Industry and Commerce (Industrie und Handelskammer, 2016). The left side illustrates the eight DQR levels, ranging from Level 1 (basic education) to Level 8 (PhD). For each level, the English designation is listed first, followed by the corresponding German term in parentheses. On the right, DQR levels were assigned to patients based on their self-reported highest educational attainment. These assignments (L1–L5) were then consolidated into three broader educational categories—Edu1, Edu2, and Edu3—to facilitate comparison across groups.


To streamline the analysis and as illustrated in Figure 1, three broader categories were created: Edu1, encompassing Elementary School, Secondary School (9 years), and Secondary School (10 years); Edu2, representing Apprenticeship (Ausbildung) and High School (Abitur); and Edu3, including the Master Craftsman (Meister) and university qualifications. This categorization simplifies the comparison of educational backgrounds.



2.7 Statistical analysis

All data were analyzed using SPSS (IBM Corp., version 14) (IBM Corp, 2019) and MATLAB (The Mathworks, R2019b) (The MathWorks, 2019). Initially, medical records (e.g., age, duration of deafness) and linguistic, cognitive, and audiological data were compared between PP and GP using descriptive statistics (mean and standard deviation). The OLSA end educational level mean data were compared between GP and PP using the Mann-Whitney U test. Age (at testing and implantation), duration of deafness, word score prior implantation, linguistic and cognitive data were compared between PP and GP using two-tailed t-tests, and effect sizes were calculated with Cohen's d. In the second step, univariate linear regression followed by multivariable linear regression (MLR) was used to identify predictors associated with speech performance in quiet and noise, as well as linguistic data. Univariate analyses identified predictor variables with significant relationships (p ≤ 0.2). However, to determine the strongest predictors when considered together, an initial multivariable regression model was created, followed by backward stepwise regression. At each step, the predictor with the highest p-value (excluding the intercept) was removed, and the model was re-run until all predictors had p-values around 0.2 or below. This cut-off was chosen to retain variables that explain a reasonable amount of variance, suitable for this exploratory study. The adjusted R2, a more conservative measure, was employed in the multiple linear regression to reduce the risk of inflating the model's explanatory power and to avoid overestimating its predictive ability. Age (at testing and implantation), educational level, SDMT, SCWT, and WST were treated as continuous variables, while gender (males/females) and hearing loss type (since childhood/other) were categorized. Standard model assumptions were confirmed as valid. To assess multicollinearity among predictor variables, the variance inflation factor (VIF) was utilized, ensuring VIFs below 2 in the final model to minimize intercorrelation. The number of participants was provided for each analysis, and significance levels were set as follows: *p < 0.05, **p < 0.01, ***p < 0.001.




3 Results


3.1 Results for group differences

Table 1 summarizes the demographic and clinical characteristics of the 58 CI users included in the study, categorized into Poor Performers (PP) and Good Performers (GP). The two groups were comparable in terms of gender distribution and type of auditory supply. As expected, there was a clear distinction in word recognition performance in quiet, with the PP group showing substantially lower scores compared to the GP group.

Table 2 summarizes the comparison of mean scores and p-values for various predictors between Poor Performers (PP) and Good Performers (GP). Statistically significant differences were found for the Wortschatztest (WST), where PP scored lower than GP (p = 0.038), and for the Speech in Noise (OLSA) test, with a highly significant difference (p < 0.001), with Good Performers achieving substantially better SNR values. Additionally, a trend toward significance was observed for Educational Level (p = 0.087) and SCWTDots (p = 0.095), suggesting a possible effect but not reaching conventional significance thresholds. Other measures, including SDMT, word score prior to implantation, age, and duration of deafness, did not show significant group differences.

TABLE 2  Group comparison of mean scores and p-values for various variables between Poor Performers (PP) and Good Performers (GP).


	
	WST [raw score]
	SDMT [raw score]
	Educational level [raw score]
	SCWTDots [s]
	SCWTWords [s]
	SCWTColour [s]
	Speech in noise (OLSA)‡ [dB SNR]
	Word Score prior implantation [%]
	Age at testing [years]
	Age at implantation [years]
	Duration of deafness prior implantation [years]



	Performance
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP
	PP
	GP





	Mean (±SD)
	26.40 ± 7.26
	30.00 ± 5.65
	36.36 ± 12.04
	38.82 ± 11.30
	3.12 ± 1.51
	3.79 ± 1.29
	22.00 ± 17.53
	16.37 ± 6.52
	15.71 ± 6.17
	17.45 ± 22.54
	47.70 ± 20.67
	39.30 ± 18.00
	11.60 ± 5.33
	0.50 ± 2.72
	6.00 ± 12.99
	10.91 ± 17.52
	64.24 ± 13.22
	63.06 ± 10.59
	58.88 ± 13.84
	55.91 ± 10.88
	5.88 ± 10.23
	3.94 ± 7.77



	p
	0.038*
	0.429
	0.087†
	0.095
	0.710
	0.104
	 < 0.001***
	0.244
	0.707
	0.364
	0.415



	Cohen's d
	0.56
	0.21
	0.48
	0.45
	0.10
	0.44
	2.75
	0.31
	0.10
	0.24
	0.22




Significant differences and trends are indicated. Effect sizes are reported in the table. *p ≤ 0.05, ***p ≤ 0.001. N = 58; † Mann–Whitney U-test‡ N = 56.





3.2 Results for word recognition in quiet

Table 3 presents the results of univariate linear regression analyses on various predictors for words in quiet (65 dB SPL). Each one-point increase in vocabulary size (WST) was associated with a 1.54 percentage point increase in word recognition (p = 0.026). In contrast, SDMT, SCWTWords, and other variables such as age at testing, age at implantation, and duration of deafness prior to implantation did not show significant associations with word recognition. A one-second increase in SCWTColours is linked to a 0.402 percentage point decrease in word recognition in quiet, showing a trend toward significance (p = 0.089). Similarly, participants with higher educational levels scored 5.696 percentage points higher in word recognition than those with lower educational levels, also showing a trend toward significance (p = 0.079). Participants with childhood hearing loss scored 23.481 percentage points lower in word recognition than those with later-onset hearing loss (p = 0.026). These results highlight that WST and the type of hearing loss are significant predictors of word recognition in quiet, while other factors show trends or no significant relationships.

TABLE 3  Univariate linear regression analyses predicting word recognition in quiet (65 dB SPL) based on cognitive, linguistic and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2





	WST
	1.538
	0.675
	0.291
	2.28
	0.026*
	0.085



	SDMT
	0.196
	0.4
	0.066
	0.491
	0.625
	0.066



	SCWTDots
	−0.477
	0.36
	−0.174
	−1.324
	0.191
	0.03



	SCWTWords
	0.044
	0.267
	0.022
	0.164
	0.87
	0



	SCWTColours
	−0.402
	0.232
	−0.226
	−1.733
	0.089
	0.051



	Educational level
	5.696
	3.184
	0.232
	1.789
	0.079
	0.054



	Duration of deafness prior implantation, years
	−0.471
	0.518
	−0.121
	−0.909
	0.367
	0.015



	Age at testing, years
	−0.102
	0.396
	−0.034
	−0.258
	0.797
	0.001



	Hearing loss type (childhood/other)
	−23.481
	10.282
	−0.292
	−2.284
	0.026*
	0.085



	Age at implantation, years
	−0.331
	0.377
	−0.116
	−0.876
	0.385
	0.014



	Word score prior implantation (%)
	0.425
	0.288
	0.194
	1.476
	0.146
	0.037



	Gender (woman/man)
	5.612
	9.191
	0.611
	0.081
	0.544
	0.007




Shown are unstandardized coefficients (B), standardized coefficients (β), standard errors (SE), t-values, p-values, and explained variance (R2). For categorical variables, coefficients reflect group differences. *p ≤ 0.05. N = 58.



In Table 4, the multiple linear regression analysis for words in quiet (65 dB SPL) was conducted using predictors selected with a p-value cut-off of 0.2. SCWTColours was prioritized over SCWTDots as it represents the more challenging task in the Stroop test and is therefore considered a more relevant predictor of cognitive processing speed in this context. According to Scarpina and Tagini (2017), while some studies use ratios for Stroop conditions, there is no consensus on their necessity. They suggest that both raw scores and ratios can be valid depending on the research question. For this analysis, SCWTColours was presented using the raw score, as it directly reflects cognitive processing speed in the more challenging incongruent condition. Among the predictors, only the type of hearing loss showed a significant association, with participants with childhood hearing loss scoring 23.679 percentage points lower in word recognition compared to those with later-onset hearing loss (p = 0.027). Vocabulary size (WST), word score prior to implantation, and SCWTColours all showed trends toward significance in predicting word recognition in quiet. Each one-point increase in WST was associated with a 0.493 percentage point increase in word recognition (p = 0.510), a 1% increase in word score prior implantation was linked to a 0.484 percentage point increase (p = 0.082), and a one-second increase in SCWTColours was associated with a 0.479 percentage point decrease in word recognition (p = 0.051).

TABLE 4  Multivariable linear regression model predicting word recognition in quiet (65 dB SPL) based on cognitive, linguistic and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	WST
	0.493
	0.742
	0.093
	0.664
	0.510
	



	SCWTColours
	−0.479
	0.239
	−0.268
	−2.001
	0.051
	



	Educational level
	2.865
	3.239
	0.227
	0.885
	0.380
	



	Hearing loss type (childhood/other)
	−23.679
	10.371
	−0.294
	−2.283
	0.027*
	



	Word score prior implantation (%)
	0.484
	0.273
	0.220
	1.773
	0.082
	



	Model fit
	
	
	
	
	
	0.171




Predictor variables were selected using backward selection based on univariate models (Table 3) with a p-value threshold of 0.20. Coefficient estimates (B), standard errors (SE), standardized coefficients (β), t-values, and p-values are shown for each predictor. The adjusted R-squared (R2) value for the overall model is 0.171. Significance thresholds are indicated (*p ≤ 0.05). N = 58.



Table 5 shows a significant negative association between SCWTColours and word recognition in quiet, with a one-second decrease in SCWTColours linked to a 0.503 percentage point increase in word recognition (p = 0.028). Additionally, participants with childhood hearing loss scored 23.679 percentage points lower in word recognition compared to those with later-onset hearing loss (p = 0.009).

TABLE 5  Multivariable linear regression model predicting word recognition in quiet (65 dB SPL) based on cognitive and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	SCWTColours
	−0.503
	0.223
	−0.282
	−2.256
	0.028*
	



	Hearing loss type (childhood/other)
	−27.285
	20.068
	−0.339
	−2.710
	0.009**
	



	Model fit
	
	
	
	
	
	0.132




B, Coefficient estimates; SE, standard errors; β, standardized coefficients. t-values, and p-values are shown for each predictor. The adjusted R-squared (R2) value for the overall model is 0.132. Predictors were selected via backward selection from univariable models (Table 4) using a p-value threshold of 0.20. *p ≤ 0.05, **p ≤ 0.01. N = 58.





3.3 Results for speech in noise

Table 6 shows the results of univariate linear regression analysis on various predictors for speech in noise. It is important to note that for this outcome measure, lower (more negative) values indicate better performance, while higher (more positive) values reflect poorer performance. Larger vocabulary size (WST) was significantly associated with better speech-in-noise performance, with each point increase in WST linked to 0.396 dB decrease in speech-in-noise performance (p = 0.004). A higher educational level was associated with a 1.616 dB improvement in speech-in-noise performance (p = 0.011). Participants with childhood hearing loss performed 4.755 dB worse in speech-in-noise performance compared to those with later-onset hearing loss (p = 0.023). SCWTDots and SCWTColours showed a trend toward significance, with longer times on both tasks linked to poorer speech-in-noise performance. Each second increase in SCWTDots and SCWTColours was associated with a 0.135 dB and 0.089 dB increase in OLSA SRT, respectively (p = 0.059 and p = 0.097). Other predictors, including SDMT, SCWTWords, word score prior to implantation, duration of deafness, age at testing, age at implantation, and gender, showed no significant association with speech-in-noise performance (p > 0.05).

TABLE 6  Univariate linear regression models predicting speech-in-noise performance (OLSA) based on cognitive, linguistic, and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2





	WST
	−0.396
	0.130
	0.384
	−0.3053
	0.004**
	0.147



	SDMT
	−0.129
	0.078
	−0.220
	−1.655
	0.104
	0.048



	SCWTDots
	0.135
	0.070
	0.254
	1.928
	0.059
	0.064



	SCWTWords
	−0.006
	0.053
	−0.016
	−0.116
	0.908
	0.000



	SCWTColours
	0.089
	0.053
	0.224
	1.687
	0.097
	0.050



	Educational level
	−1.616
	0.614
	−0.337
	−2.630
	0.011*
	0.114



	Duration of deafness prior implantation, years
	0.042
	0.103
	0.056
	0.409
	0.684
	0.003



	Age at testing, years
	0.027
	0.080
	0.046
	0.337
	0.737
	0.002



	Hearing loss type (childhood/other)
	4.755
	2.030
	0.304
	2.342
	0.023*
	0.092



	Age at implantation, years
	0.050
	0.077
	0.088
	0.652
	0.517
	0.008



	Word score prior implantation (%)
	−0.054
	0.058
	−0.126
	−0.936
	0.353
	0.016



	Gender (woman/man)
	−1.834
	1.839
	−0.134
	−0.997
	0.323
	0.018




B, Shown are unstandardized coefficients; SE, standard errors; β, standardized coefficients. t-values, p-values, and variance explained (R2). *p ≤ 0.05, **p ≤ 0.01. N = 56.



The multiple linear regression analysis (Table 7) identified hearing loss type (childhood vs. later-onset) as the only significant predictor of speech-in-noise performance. Participants with childhood hearing loss showed a 4.65 dB worse speech-in-noise performance compared to those with later-onset hearing loss (p = 0.029). Other predictors, including WST, SCWTColours, SDMT, and educational level, were not significantly associated with speech-in-noise performance.

TABLE 7  Multivariable linear regression model predicting speech-in-noise performance (OLSA) based on cognitive, linguistic and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	WST
	−0.185
	0.146
	−0.179
	−1.267
	0.211
	



	SCWTColours
	0.037
	0.059
	0.093
	0.627
	0.533
	



	SDMT
	−0.076
	0.090
	−0.129
	−0.840
	0.405
	



	Educational level
	−0.857
	0.677
	−0.179
	−1.266
	0.211
	



	Hearing loss type (childhood/other)
	4.656
	2.072
	0.247
	2.247
	0.029*
	



	Model fit
	
	
	
	
	
	0.195




Predictors were selected using backward selection based on univariate results (p < 0.20) in Table 6. B, Coefficient estimates; SE, standard errors; β, standardized coefficients. t-values, and p-values are shown for each predictor. The adjusted R-squared (R2) value for the overall model is 0.195. Significance thresholds are indicated (*p ≤ 0.05). N = 56.





3.4 Results for vocabulary size (WST)

Table 8 presents univariate linear regression results for predictors of WST performance. Higher educational levels were associated with 1.773 higher WST scores (p = 0.003), and each second decrease in SCWTColours reaction time corresponded to a 0.095-point increase in WST scores (p = 0.033). Additionally, each year older at implantation was associated with a 0.146-point increase in WST scores (p = 0.040). SDMT and age at testing showed trends toward significance, with each point increase in SDMT linked to a 0.135-point increase in WST scores, and each year older at testing associated with a 0.125-point increase in WST scores (p = 0.072 and p = 0.094, respectively). Other factors, such as duration of deafness, word score prior to implantation, and gender, showed no significant associations with WST performance.

TABLE 8  Univariate linear regression models predicting vocabulary size (WST) based on cognitive and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2





	SDMT
	0.135
	0.074
	0.238
	1.837
	0.072
	0.057



	SCWTColours
	−0.095
	0.078
	−0.280
	−2.181
	0.033*
	0.078



	Educational level
	1.773
	0.573
	0.382
	3.092
	0.003**
	0.146



	Duration of deafness prior implantation, years
	0.104
	0.098
	0.140
	1.056
	0.295
	0.020



	Age at testing, years
	0.125
	0.073
	0.222
	1.704
	0.094
	0.049



	Hearing loss type (childhood/other)
	−3.792
	1.973
	−0.249
	−1.922
	0.060
	0.062



	Age at implantation, years
	0.146
	0.069
	0.271
	2.107
	0.040*
	0.073



	Word score prior implantation (%)
	0.010
	0.056
	0.023
	0.172
	0.864
	0.001



	Gender (woman/man)
	−0.076
	1.748
	−0.006
	−0.044
	0.965
	0.000




B, shown are unstandardized coefficients; β, standardized coefficients; SE, standard errors. t-values, p-values, and explained variance (R2). *p ≤ 0.05, **p ≤ 0.01. N = 58.



Due to multicollinearity between age at testing and age at implantation (Pearson correlation = 0.927**, VIF = 9.089), age at implantation was excluded from further analysis to improve the stability and interpretability of the regression model. Although univariate analysis showed a slightly stronger association between age at implantation (p = 0.040, R2 = 0.073) and speech performance compared to age at testing (p = 0.094, R2 = 0.049), age at testing was retained in the analysis. This decision was based on its greater relevance to participants' current cognitive and linguistic state, which is directly linked to their present speech performance. Given the study's focus on factors influencing current speech outcomes, age at testing was considered the more pertinent predictor. First, duration of deafness prior to implantation, word score prior to implantation, and gender were removed from the subsequent multiple linear regression model, as their p-values exceeded the threshold of 0.2. In the next analysis, hearing loss type was also excluded from the multiple linear regression model presented in Table 9, as it did not meet the significance threshold (B = −2.113, SE = 1.704, p = 0.221), with a p-value >0.2. This intermediate step was calculated but is not presented as a separate table in order to streamline the analysis. The final multiple linear regression model on WST is shown in Table 9.

TABLE 9  Multivariable linear regression model predicting vocabulary size (WST) based on cognitive and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	Age at testing, years
	0.450
	0.070
	0.621
	5.014
	< 0.001***
	



	SCWTColours
	−0.076
	0.049
	−0.197
	−1.551
	0.127
	



	SDMT
	0.160
	0.076
	0.284
	2.118
	0.039*
	



	Educational level
	2.023
	0.525
	0.436
	3.853
	< 0.001***
	



	Model fit
	
	
	
	
	
	0.406




Predictors were selected using backward selection based on univariate results (p < 0.20) in Table 8. B, coefficient estimates; SE, standard errors; β, standardized coefficients. t-values, and p-values are shown for each predictor. The adjusted R-squared (R2) value for the overall model is 0.406. Significance thresholds are indicated (***p ≤ 0.001, *p ≤ 0.05). N = 58.



Table 9 shows that age at testing and educational level were strong positive predictors of vocabulary size. Each year of age was associated with a 0.450-point increase in WST scores (p < 0.001), and each higher education level was linked to a 2.023-point increase (p < 0.001). Faster processing speed, as indicated by higher SDMT scores, was also positively related to vocabulary size, with each additional point in SDMT linked to a 0.160-point increase in WST scores. SCWTColours showed no significant relationship.

In Table 10, educational level is categorized into several groups: Master Craftsman (Meister), Apprenticeship (Ausbildung), Secondary School (10 years), Secondary School (9 years), and Elementary School (8 years), with “University” as the reference category in the multiple linear regression model. The other educational categories are represented as dummy variables. Age at testing was significantly positively associated with WST scores, with each year of age linked to a 0.286-point increase. Shorter SCWTColours times were linked to higher WST scores, with each second decrease in SCWTColours corresponding to a 0.103-point increase in WST. Participants with lower educational levels scored significantly lower on the WST compared to those with a university degree, with differences ranging from 5.5 to 7.9 points (all p ≤ 0.020). SDMT and hearing loss type showed no significant effects.

TABLE 10  Multiple linear regression model predicting vocabulary size (WST) based on cognitive and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	SDMT
	0.114
	0.078
	0.203
	1.460
	0.151
	



	Age at testing, years
	0.286
	0.075
	0.507
	3.814
	< 0.001***
	



	SCWTColours
	−0.103
	0.049
	−0.267
	−2.099
	0.041*
	



	Hearing loss type (childhood/other)
	−2.500
	1.678
	−0.165
	−1.490
	0.143
	



	Master craftsman
	−7.876
	3.274
	−0,270
	−2.406
	0.020*
	



	Apprenticeship
	−2.500
	1.873
	−0.165
	−1.335
	0.188
	



	Secondary school (10 years)
	−5.462
	2.226
	−0.276
	−2.454
	0.018*
	



	Secondary school (9 years)
	−7.872
	2.043
	−0.460
	−3.854
	< 0.001***
	



	Elementary school (8 years)
	−7.741
	2.559
	−0.391
	−3.025
	0.004**
	



	Model fit
	
	
	
	
	
	0.453




Educational level was entered as a categorical variable with “University” as the reference category. B, coefficients; SE, standard errors, β, standardized beta coefficients. t-values, and p-values are reported. The adjusted R-squared (R2) value for the overall model is 0.453. Significance thresholds are indicated (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05). N = 57.



In Table 11, a preliminary analysis was conducted in which hearing loss type (B = −1.839, SE = 1.722, p = 0.291) was removed from the multiple linear regression model, as it did not meet the significance threshold (cut-off p = 0.2). This intermediate step was calculated but is not presented as a separate table to streamline the analysis. As described in the methods section (Educational Level), educational levels in Table 10 were categorized into three groups (Edu1, Edu2, and Edu3), with Edu3 serving as the reference category. Participants with Edu1 scored 5.688 points lower in vocabulary size than those with Edu3 (the reference category). SDMT was positively associated with vocabulary size, with each point increase in SDMT corresponding to a 0.183-point increase in vocabulary size. Age at testing also had a positive effect, with each year of age corresponding to a 0.353-point increase in vocabulary size. Edu2 did not show a significant effect.

TABLE 11  Multiple linear regression model predicting vocabulary size (WST) based on cognitive and patient-related predictors.


	Predictor
	B
	SE
	β
	t
	p
	R2Adjusted





	SDMT
	0.183
	0.076
	0.325
	2.415
	0.019*
	



	Age at testing, years
	0.353
	0.071
	0.626
	4.982
	< 0.001***
	



	SCWTColours
	−0.093
	0.049
	−0.241
	−1.913
	0.06*
	



	Edu1
	−5.688
	1.641
	−0.432
	−3.465
	0.001**
	



	Edu2
	−0.101
	1.814
	−0.007
	−0.056
	0.956
	



	Model fit
	
	
	
	
	
	0.408




Educational level is categorized into three groups: Edu1, Edu2, and Edu3, with Edu3 serving as the reference category. B, Coefficients; SE, standard errors; β, standardized beta coefficients. t-values, and p-values are reported. The adjusted R-squared (R2) value for the overall model is 0.408. Significance thresholds are indicated (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05). N = 58.






4 Discussion


4.1 Overview of key findings

This study examined the contribution of cognitive and linguistic factors to speech outcomes in post-lingually deafened adult CI users. Participants were grouped into Poor Performers (PP) and Good Performers (GP) based on word recognition in quiet at 65 dB SPL. Overall, GP exhibited significantly higher vocabulary scores (Wortschatztest, WST) and superior speech-in-noise performance. In addition, univariate and multiple regression analyses highlighted the importance of vocabulary size, childhood hearing loss, and certain cognitive factors (particularly executive control) in shaping speech outcomes. These findings underscore how both linguistic proficiency and cognitive abilities can jointly influence CI success, supporting prior research that links language competence and neurocognitive skills to variability in post-implantation performance (Blamey et al., 2013; Holden et al., 2013; Moberly et al., 2016).



4.2 Linguistic factors: vocabulary size and educational attainment

Consistent with previous studies (Bhargava et al., 2014; Finke et al., 2016; Völter et al., 2021; Zekveld et al., 2007), the present data confirm that a larger vocabulary strongly correlates with better speech understanding in both quiet and noise. Lexical knowledge may enhance the listener's ability to access word representations quickly and accurately, thereby reducing cognitive load during speech perception (Blamey et al., 2013). Furthermore, educational attainment emerged as a significant predictor of vocabulary size, supporting evidence that formal schooling can enrich linguistic knowledge (Cunningham and Stanovich, 1997; Hoff, 2003; Verhaeghen, 2003). Interestingly, our findings suggest a plateau effect around secondary education (up to 10 years) beyond which vocabulary growth no longer demonstrated marked increases. This aligns with research indicating that formal education offers a substantial vocabulary boost early on, but further gains may be more incremental or reliant on specialized, language-rich environments (Cunningham and Stanovich, 1997; Hoff, 2003; Verhaeghen, 2003). Such a plateau implies that ongoing language engagement—rather than education alone—might be necessary to sustain vocabulary expansion into adulthood.



4.3 Childhood hearing loss and lasting impacts

An especially salient predictor of word recognition was childhood hearing loss, which was consistently associated with poorer speech performance in quiet, as observed in previous studies (Green et al., 2007; Cupples et al., 2018). This finding reinforces the importance of early auditory input for the development of robust phonological and linguistic representations. When hearing deprivation occurs during formative years, it can lead to long-term deficits in speech processing and auditory neural plasticity—deficits that may persist into adulthood despite the benefits of cochlear implantation. Early identification and intervention, including earlier CI candidacy or targeted auditory-verbal therapy, might help mitigate these delays and yield better outcomes later in life.



4.4 Cognitive control, processing speed, and speech outcomes

Cognitive factors, particularly executive control (as indexed by the Stroop Color-Word Test) and processing speed (Symbol Digit Modality Test), were also examined. The multiple linear regression models identified Stroop performance (SCWTColours) as a notable predictor of speech recognition in quiet, supporting the “cognitive spare capacity” hypothesis (Mishra et al., 2014). Under demanding auditory conditions, individuals must allocate cognitive resources to both decoding the signal and extracting meaning. Deficits in executive control can reduce overall processing efficiency, leading to poorer speech perception, especially in noise (Pichora-Fuller, 2003; Rönnberg et al., 2013).

Moreover, participants who were faster at cognitive tasks tended to have a larger vocabulary, a relationship that aligns with prior research showing that processing speed can bolster lexical acquisition and retrieval (Marchman and Fernald, 2008; Salthouse, 1996; Verhaeghen and Salthouse, 1997). Taken together, these data emphasize the intertwined roles of cognitive efficiency and linguistic knowledge in maximizing CI outcomes.



4.5 Additional factors influencing CI outcomes

Beyond linguistic, cognitive, and hearing history factors assessed here, other variables may further influence CI outcomes. Etiology of hearing loss, neural health (e.g., spiral ganglion neuron integrity), electrode placement, and device mapping accuracy significantly impact auditory sensitivity and speech recognition (Arjmandi et al., 2022; Busby and Arora, 2016; Carlyon et al., 2018; Schvartz-Leyzac et al., 2020). Moreover, post-implantation auditory rehabilitation strategies and patient-driven factors such as motivation, social support, and active engagement have also been linked to improved speech perception and quality of life (Fu and Galvin, 2007; Harris et al., 2016). Socioeconomic factors—education level, access to rehabilitation resources, and travel-related barriers—also affect device use and outcomes (Davis et al., 2023; Zhao et al., 2020). Additionally, tinnitus severity and related symptoms may negatively influence outcomes by affecting attention and listening effort (Ivansic et al., 2017; Liu et al., 2018). These findings underline the necessity of adopting a comprehensive, multidisciplinary perspective in assessing and improving CI outcomes.



4.6 Clinical and rehabilitation implications

From a clinical standpoint, the present findings highlight the need for holistic assessments of CI candidates that incorporate evaluations of both language (e.g., vocabulary size) and cognition (e.g., executive control, processing speed). Tailored rehabilitation programs might include:

• Vocabulary Enhancement: Intensive language exercises, reading programs, and exposure to varied vocabulary could help fill lexical gaps.

• Cognitive Training: Interventions aimed at executive functions (inhibition, set shifting) or processing speed (e.g., computer-based training, structured auditory-cognitive drills).

• Early Intervention for Childhood Hearing Loss: Children who exhibit hearing deficits should receive timely support—amplification, early CI when appropriate, and robust language instruction—given the lasting ramifications of early auditory deprivation.

• Speech-in-Noise Exercises: Dedicated practice in noise-laden environments may facilitate better attention shifting and more efficient use of cognitive resources for speech understanding.

• Psychosocial support: Encompasses emotional counseling, peer support groups, and access to mental health resources. Such support can help patients better cope with the challenges of auditory rehabilitation, reduce stress, and maintain motivation throughout the CI journey.

Addressing psychosocial and socioeconomic influences—including access to rehabilitation, availability of social support, and travel-related barriers—may help improve equity and optimize speech perception outcomes in diverse CI populations (Davis et al., 2023; Harris et al., 2016; Zhao et al., 2020). Adopting such a multidisciplinary approach might enhance long-term speech outcomes and quality of life for CI recipients, particularly among those at risk of poor performance.



4.7 Limitations and future directions

This study has limitations. Although educational attainment was identified as a significant predictor of vocabulary size in this cohort, the findings indicate that other factors—such as cognitive abilities and a history of childhood hearing loss—are also critical determinants of speech recognition outcomes in adult CI users. The relatively small and homogeneous sample from a single center may limit the extent to which these results can be generalized to the broader CI population, potentially overlooking the influence of diverse backgrounds and life experiences. In addition, factors such as socioeconomic status, the quality and duration of auditory rehabilitation, and individual motivation were not captured in the present analysis, yet may meaningfully impact post-implantation performance. These considerations underscore the multifactorial nature of speech outcomes following cochlear implantation and highlight the need to look beyond educational background alone when evaluating predictors of success. Future research employing larger and more diverse samples will be essential to clarify these complex relationships and to improve the generalizability of findings.

In addition to these broader considerations, several methodological limitations should be noted. First, the extended analysis design and relatively small sample size (N = 58) limit the generalizability of the findings, which is often a challenge in single-center studies in the field of cochlear implantation. Additionally, the small sample size reduces statistical power, potentially leading to Type II errors and overlooking significant relationships between variables. Conducting a power analysis prior to study implementation could have provided a clearer understanding of the required sample size to detect meaningful effects. Second, high correlations between variables like age at implantation and age at testing highlight the need for longitudinal studies that can disentangle the effects of implant timing vs. later-life changes in cognition. Furthermore, the presence of clustering in word recognition scores suggests that a more nuanced analysis approach, such as logistic regression, may be worth considering in future studies to better address such distribution patterns.

Another limitation concerns the lack of a standardized definition for “duration of deafness.” In the current study, this variable was based on patient self-report and clinical history, which may not consistently reflect the true onset of auditory deprivation, especially in cases of gradual or progressive hearing loss. As highlighted by Kelly et al. (2025), defining the beginning of deafness is inherently complex and varies across studies, which complicates comparisons and may influence the interpretation of deafness-related effects on CI outcomes. Establishing more precise and clinically validated criteria for estimating the onset and duration of deafness remains an important methodological goal for future research.

Future work should explore these relationships in larger, more diverse cohorts and adopt prospective, longitudinal designs that track how interventions in vocabulary or cognitive training might alter speech outcomes over time. Increasing sample sizes in future studies will enhance statistical power, allowing for more robust conclusions regarding the predictors of speech performance in CI users. Additionally, investigating specific domains of executive function (working memory, attentional control, and inhibitory function) may uncover which cognitive components are most critical for speech perception in challenging listening environments.




5 Conclusion

Speech understanding in CI users is shaped by a complex network of bottom-up and top-down processes (Moberly et al., 2016; Völter et al., 2021, 2022). Prior research (Blamey et al., 2013; Holden et al., 2013) suggests that patient-related factors account for only 10% to 22% of the variance in speech recognition outcomes. More recent data from Dawson et al. (2025 indicate that combining various predictor variables can explain 33% to 60% of the variance in performance—figures derived from cohorts encompassing both good and poor performers. However, there remains a notable gap in understanding the factors that specifically affect poorly performing CI users. The present study contributes to closing this gap by highlighting how cognitive and linguistic factors, in particular vocabulary size and executive control, play a pivotal role in shaping speech perception. Despite explaining ~17% of the variability in speech performance, our findings underscore the multifaceted nature of speech understanding among adults with post-lingual hearing loss. These results reinforce the idea that no single factor—cognitive, linguistic, or otherwise—dominates the landscape of speech outcomes in CI users. Instead, a constellation of influences such as cognitive control, vocabulary size, early auditory experiences, and educational background collectively determine CI success. This complexity is especially relevant for those with suboptimal improvements post-implantation, emphasizing the need for targeted interventions tailored to their unique cognitive-linguistic profiles. In addition, integrating physiological and psychosocial markers—such as neural survival, device fitting accuracy, and rehabilitation context—into predictive models of CI performance may further enhance explanatory power and clinical relevance.

Future research should delve deeper into the specific cognitive mechanisms (e.g., working memory, inhibitory control, processing speed) underlying speech perception in both quiet and noisy environments. Moreover, longitudinal studies and randomized interventions (e.g., cognitive training, intensive lexical enrichment) could clarify how to enhance CI outcomes most effectively—especially for poorly performing users. Additionally, efforts to define and standardize critical variables such as the duration of deafness are essential, as current inconsistencies limit comparability across studies and may obscure important predictors of CI outcomes (Kelly et al., 2025). By integrating comprehensive assessments that encompass cognitive, linguistic, and demographic variables, clinicians and researchers can better predict post-operative success, design personalized rehabilitation strategies, and ultimately bridge the gap in care for this critical subgroup of CI recipients.
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