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This study aims to investigate the impact of cerebral white matter lesions (CWMLs) on auditory, 
speech, and non-verbal cognitive (NVC) outcomes following cochlear implantation (CI) in children with 
prelingually sensorineural deafness (PLSND) and to identify prognostic factors for these domains. 
This province-wide retrospective cohort study included PLSND patients with CWMLs undergoing 
CI, employing propensity score matching for control. Participants were categorized into four groups 
based on CWMLs severity for auditory, speech, and NVC assessments at various post-CI intervals. 
Mixed models were used to analyze prognostic factors. In a cohort of 1163 children with PLSND, 15% 
exhibited CWMLs. CWMLs patients exhibited poorer pre-CI auditory and reduced post-implantation 
outcomes, correlated with lesion severity. Recovery patterns varied (auditory: rapid-slow; speech: 
slow-rapid-slow; NVC: rapid-stable), with speech recovery trailing auditory recovery. Greater severity 
of CWMLs and elevated pre-CI hearing thresholds are risk factors for poorer post-CI auditory and 
speech outcomes. Conversely, higher income, enhanced pre-CI auditory and NVC capabilities, 
prolonged rehabilitation, and cesarean delivery are protective factors for these outcomes. Greater 
severity of CWMLs served as an independent risk factor for post-CI NVC, while cesarean delivery, 
strong pre-CI speech capabilities, and Advanced Bionics CI device emerged as independent protective 
factors. This study highlights the importance of incorporating CWMLs severity, perinatal history, and 
clinical characteristics into preoperative assessments to refine CI candidacy criteria. The identified 
recovery patterns further guide personalized rehabilitation strategies, contributing to improved long-
term outcomes in children with PLSND.

Keywords  Cerebral white matter lesions, Prelingually sensorineural deafness, Prognostic factors

Speech development is a critical milestone in early childhood, particularly before the age of three. Prelingual 
sensorineural deafness (PLSND), which occurs due to hearing loss during this crucial period, affects 
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approximately one in every 1,000 children globally1. Without early auditory stimulation, children with PLSND 
face significant challenges in auditory, speech, and non-verbal cognitive (NVC) development compared to 
those with postlingual deafness2,3. These difficulties often extend to emotional and social domains, significantly 
reducing quality of life4,5.

Cochlear implantation (CI) remains the primary intervention for restoring hearing in these children, 
requiring detailed radiological assessment before surgery. Advances in medical imaging, particularly cranial 
magnetic resonance imaging (MRI), have improved the detection of brain abnormalities in hearing-impaired 
children. Among these abnormalities, CWMLs are notably common and are often linked to perinatal brain 
injuries or structural remodeling induced by hearing loss6–9. CWMLs may disrupt neural signal conduction, 
potentially affecting auditory, speech, and NVC outcomes. However, the impact of CWMLs on rehabilitation 
outcomes following CI remains controversial. For example, Luthra et al. reported that children with PLSND 
and CWMLs showed varying degrees of auditory and speech impairments after CI10, whereas Shen et al. found 
no significant differences in outcomes regardless of CWML presence11. These conflicting results underscore the 
need for further research to clarify the role of CWMLs in CI outcomes.

The conflicting results in existing studies highlight several limitations, such as small sample sizes, short 
follow-up periods, failure to address confounding factors, and the lack of a standardized approach to assess 
CWML severity. Notably, NVC, a critical component of rehabilitation, has received limited attention. NVC 
development varies significantly across age groups, and the absence of a unified assessment tool has hindered its 
precise evaluation in children with PLSND and CWMLs.

To address these gaps, our study adopts a multicenter retrospective cohort design to expand the sample 
size and extend follow-up durations. For the first time, we utilize propensity score matching to balance diverse 
confounding factors(e.g., perinatal history, age at implantation, duration of preimplantation hearing aid use, 
and socioeconomic status, etc.), improving the comparability between children with and without CWMLs. 
CWML severity is assessed using the comprehensive Scheltens scale, enabling subgroup analysis. Additionally, 
we employ a standardized Z score to integrate NVC assessments across different age groups, providing a unified 
evaluation framework. Using cumulative link mixed models and linear mixed models, we further explore 
prognostic factors for auditory, speech, and NVC outcomes following CI in children with PLSND and CWMLs. 
These methodological innovations aim to provide robust evidence for evaluating the effects of CWMLs on 
rehabilitation outcomes and to support clinical decision-making for this unique population.

This study aims to address the following key questions: (1) Does the presence and severity of CWMLs impact 
the long-term auditory, speech, and NVC rehabilitation outcomes following CI? (2) What prognostic factors 
influence auditory, speech, and NVC outcomes following CI in children with PLSND and CWMLs?

Results
Demographics and clinical characteristics of the study population
In a cohort of 1163 PLSND patients treated with CI 56.9% (662) were male, with a median implantation age of 
41(interquartile range 29–62) months. CWMLs were observed in 15% (175) of cases. Perinatal history included 
toxic substance exposure (4 cases, 0.3%), trauma (5 cases, 0.4%), noise exposure (11 cases, 0.9%), infection (41 
cases, 3.5%), medication (40 cases, 3.4%), hypoxia (44 cases, 3.8%), cesarean delivery (564 cases, 48.5%), preterm 
birth (51 cases, 4.4%), and low birth weight (79 cases, 6.8%). The median durations for preoperative hearing aid 
use and rehabilitation were 19 months and 10 months, respectively. Preoperative audiometry showed median 
unaided, aided, and ASSR hearing thresholds in the better ear of 114 dB HL, 93.75 dB HL, and 107.75 dB HL, 
respectively. The types of devices implanted were Cochlear (555 cases, 47.7%), MED-EL (374 cases, 32.2%), 
Advanced Bionics (205 cases, 17.6%), and NUROTRON (27 cases, 2.3%) (see Supplementary Table S1 online).

These data comprehensively summarize the characteristics of the study population, including socioeconomic 
status predominantly from low- to middle-income families and a male-dominated gender distribution, with a 
high prevalence of certain perinatal risk factors. The population also exhibited severe preoperative hearing loss, 
prolonged preoperative hearing aid use, shorter preoperative rehabilitation durations, and diverse rehabilitation 
center distribution. Additionally, cochlear implantation was generally delayed, with Cochlear-brand devices 
being the most commonly used. The proportion of cerebral white matter lesions among implanted children was 
15%.

Characteristics of the CWMLs patients
In 175 PLSND children with CWMLs, the median Scheltens score was 6 (range 2–12). At six-month follow-up, 2 
cases showed reduced severity (from 16 to 12 and 3 to 1), and 2 normalized (from 2 to 0). CWMLs were divided 
into mild (range 2–2), moderate (range 6–8), and severe (range 12–16) subgroups based on tertiles (Fig. 1b; 
Table 1).

Overall, these findings describe the distribution of CWMLs severity in the study population, with most 
cases showing no significant changes in severity over the follow-up period and only a small proportion (2.3%) 
exhibiting improvement.

Comparison of clinical characteristics between the CWMLs group and the control group 
before propensity score matching
The pre-propensity score matching analysis revealed no significant differences in gender ratio or median family 
income between the CWMLs and control groups. Nevertheless, the CWMLs group exhibited higher incidences 
of perinatal infections (6.9% vs. 2.9%) and low birth weight (12.0% vs. 5.9%) than the controls. Moreover, 
the CWMLs group had higher pre-implantation unaided and aided hearing thresholds in the better ear by 
approximately 3 dB HL (116.88 vs. 114.00) and 2 dB HL (96.00 vs. 93.75), respectively. The implantation age was 
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Variables
CWMLs
(n = 175)

Control
(n = 988) Statistics p

Male sex (No (%)) 94 (53.7) 568 (57.5) 0.86 0.35a

Perinatal exposure to toxic substances history (No (%)) 0 (0) 4 (0.4) – 1b

Perinatal trauma history (No (%)) 1 (0.6) 4 (0.4) – 0.56b

Perinatal noise history (No (%)) 0 (0) 11 (1.1) – 0.39b

Perinatal infection history (No (%)) 12 (6.9) 29 (2.9) 6.72 0.01a*

Perinatal medication history (No (%)) 9 (5.1) 31 (3.1) 1.80 0.18a

Perinatal hypoxia history (No (%)) 10 (5.7) 34 (3.4) 2.11 0.15a

Cesarean section (No (%)) 87 (49.7) 477 (48.3) 0.12 0.73a

Premature birth (No (%)) 8 (4.6) 43 (4.4) 0.02 0.90a

Low birth weight (No (%)) 21 (12.0) 58 (5.9) 8.82 <0.01a**

Household per capita annual income (ten thousand CNY, median (IQR)) 0.90
(0.72–1.13)

0.97
(0.80–1.00) − 0.321 0.75c

Unaided sound field thresholds in the better ear (dB HL, median (IQR)) 116.88
(112.50–120.00)

114.00
(110.25–116.00) 5.46 <0.001c***

Aided sound field thresholds in the better ear (dB HL, median (IQR)) 96.00
(81.00–112.50)

93.75
(81.00–99.75) 2.72 0.01c*

ASSR thresholds in the better ear (dB HL, median (IQR)) 107.50
(102.94–111.25)

107.75
(103.75–109.00) 0.98 0.33c

Duration of preimplantation hearing aid use (months, median (IQR)) 20.00
(12.00–32.00)

19.00
(13.00–36.00) 0.00 1c

Duration of preimplantation rehabilitation (months, median (IQR)) 10.00
(2.25–19.00)

9.00
(0.00–17.00) 1.00 0.32c

Age at implantation (months, median (IQR)) 44.00
(32.00–63.00)

40.00
(28.00–61.75) 2.20 0.03c*

CI device (Cochlear/ MED-EL /Advanced Bionics/Nurotron) 74/60/37/4 481/314/168/23 3.01 0.39a

CI center (C1/C2/C3/C4) 6/43/6/120 63/400/59/466 27.30 <0.001a***

Rehabilitation facility (R1–R10) 100/17/15/9/9/8/3/9/4/1 503/176/58/60/41/34/42/27/25/20 16.53 0.05a

Scheltens Score (median (IQR)) 6 (2–12) – – –

PLSND with changes in Scheltens score (No (%)) 2 (1.1) 2 (0.2) – –

Table 1.  Demographics and clinical characteristics of patients with and without CWMLs (Before propensity 
score matching). CWMLs, cerebral white matter lesions; CNY, Chinese Yuan; ASSR, auditory steady-state 
response; IQR, interquartile range; CI, Cochlear implantation; and PLSND, prelingual sensorineural deafness. 
C1–C4, cochlear implantation center pseudonyms. R1-R10, rehabilitation facility pseudonyms. A p-value of 
less than 0.05 was considered statistically significant.*p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. aChi-
square test. bFisher’s exact test. cMann-Whitney U test.

 

Fig. 1.  Study design flowchart and distribution of Scheltens scores in PLSND patients with CWMLs. (a) 
Overview of the study design and analysis workflow. (b) Violin plot illustrating the distribution of Scheltens 
scores across CWMLs patients with varying severity levels, showing median, interquartile range, and overall 
distribution. Significant differences were observed between the mild, moderate, and severe groups. CWMLs, 
cerebral white matter lesions; PLSND, prelingual sensorineural deafness. *p < 0.05, **p < 0.01, ***p < 0.001.
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also higher in the CWMLs group (44 vs. 40 months). No differences in device type were observed between the 
groups, yet significant variations were noted in the implanting hospitals and rehabilitation institutions (Table 1).

These findings indicate that before propensity score matching, the CWMLs group had higher rates of 
perinatal infections and low birth weight, poorer auditory thresholds, older implantation age, and differences 
in the distribution of implanting centers and rehabilitation institutions, while other characteristics showed no 
significant differences.

Comparison of clinical characteristics between the CWMLs group and the control group after 
propensity score matching
Propensity score matching matched 175 case pairs, minimizing baseline differences between CWMLs and 
control groups. After adjusting for 17 confounders, the pre-implantation unaided hearing threshold in the better 
ear of the CWMLs group was still higher (116.88 vs. 113.75), yet no significant differences were observed in the 
aided thresholds across groups. Moreover, differences in perinatal infections, low birth weight, CI centers, and 
rehabilitation institutions between the groups were eliminated following matching (Table 2). The data indicate 
that, after propensity score matching, the pre-implantation unaided hearing threshold in the better ear was 
significantly higher in the CWMLs group, while other baseline characteristics showed no significant differences.

Auditory performance evaluation
Preoperative assessments indicated no significant difference in the Categories of Auditory Performance 
(CAP) scores between the CWMLs and control groups (0.97 ± 0.04 vs. 1.03 ± 0.03). However, at 6, 12, and 18 
months post-activation, the CWMLs group exhibited significantly lower CAP scores compared to the controls 
(2.73 ± 0.06 vs. 3.17 ± 0.04, 3.89 ± 0.07 vs. 4.19 ± 0.04, 4.62 ± 0.06 vs. 4.80 ± 0.05, respectively; all p < 0.05). 
Differences in CAP scores between the groups disappeared from 2 years post-activation onwards. (Fig. 2a). In 
summary, the results show that while preoperative CAP scores were comparable between groups, the CWMLs 
group exhibited significantly lower CAP scores in the short term following activation, but these differences were 
no longer apparent in the long term.

Subgroup analyses by CWMLs severity uncovered overall significant differences in CAP scores at each 
assessment point (Pre H = 16.87, p < 0.001; 6 M H = 144.93, p < 0.001; 1Y H = 63.93, p < 0.001; 18 M H = 10.81, 

Variables
CWMLs
(n = 175)

Control
(n = 175) Statistics p

Male sex (No (%)) 94 (53.7) 96 (54.9) 0.05 0.83a

Perinatal exposure to toxic substances history (No (%)) 0 (0) 0 (0) - -

Perinatal trauma history (No (%)) 1 (0.6) 1 (0.6) - 1b

Perinatal noise history (No (%)) 0 (0) 0 (0) - -

Perinatal infection history (No (%)) 12 (6.9) 11 (6.3) 0.05 0.83a

Perinatal medication history (No (%)) 9 (5.1) 7 (4.0) 0.26 0.61a

Perinatal hypoxia history (No (%)) 10 (5.7) 5 (2.9) 1.74 0.19a

Cesarean section (No (%)) 87 (49.7) 79 (45.1) 0.73 0.39a

Premature birth (No (%)) 8 (4.6) 13 (7.4) 1.27 0.26a

Low birth weight (No (%)) 21 (12.0) 30 (17.1) 1.86 0.17a

Household per capita annual income (ten thousand CNY, median (IQR)) 0.90
(0.72–1.13)

0.97
(0.96–0.98) -0.81 0.42c

Unaided sound field thresholds in the better ear (dB HL, median (IQR)) 116.88
(112.50–120.00)

113.75
(112.00-115.00) 5.03 <0.001c***

Aided sound field thresholds in the better ear (dB HL, median (IQR)) 96.00
(81.00-112.50)

93.75
(88.50–98.00) 1.86 0.06c

ASSR thresholds in the better ear (dB HL, median (IQR)) 107.50
(102.94-111.25)

107.75
(105.75–108.50) 1.14 0.26c

Duration of preimplantation hearing aid use (months, median (IQR)) 20.00
(12.00–32.00)

19.00
(13.00–36.00) -0.25 0.80c

Duration of preimplantation rehabilitation (months, median (IQR)) 10.00
(2.25-19.00)

9.00
(2–15.00) 1.24 0.22c

Age at implantation (months, median (IQR)) 44.00
(32.00–63.00)

44.00
(31.00–68.00) 0.31 0.76c

CI device (Cochlear/ MED-EL /Advanced Bionics/Nurotron) 74/60/37/4 59/61/50/5 3.75 0.29a

CI center (C1/C2/C3/C4) 6/43/6/120 8/38/16/113 5.35 0.15a

Rehabilitation facility(R1-R10) 100/17/15/9/9/8/3/9/4/1 68/24/25/18/10/9/4/7/8/2 14.96 0.09a

Table 2.  Demographics and clinical characteristics of patients with and without CWMLs (After propensity 
score matching). CWMLs, cerebral white matter lesions; CNY, Chinese Yuan; ASSR, auditory steady-state 
response; IQR, interquartile range; and CI, Cochlear implantation. C1–C4, cochlear implantation center 
pseudonyms. R1-R10, rehabilitation facility pseudonyms. A p-value of less than 0.05 was considered 
statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. aChi-square test. bFisher’s exact test. 
cMann-Whitney U test.
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p < 0.05; 2Y H = 15.76, p < 0.001; 30 M H = 7.98, p < 0.05; 3Y H = 9.64, p < 0.05). Pairwise comparisons showed that 
the severe CWMLs group consistently had lower CAP scores than controls across all time points (Pre H = 31.47, 
p < 0.01; 6 M H = 151.02, p < 0.001; 1Y H = 96.29, p < 0.001; 18 M H = 43.84, p < 0.01; 2Y H = 41.28, p < 0.01; 30 M 
H = 38.73, p < 0.05; 3Y H = 41.99, p < 0.05). The mild and moderate CWMLs groups had comparable CAP scores 
to the control group at all time points (Fig. 2d). These findings demonstrate that CAP scores differed significantly 
across CWMLs severity subgroups, with the severe group consistently scoring lower than the control group. 
Additionally, a negative correlation existed between CAP and Scheltens scores, with varying coefficients over 
time: preoperative (− 0.27), 6 M (− 0.69), 12 M (− 0.46), 18 M (− 0.30), 24 M (− 0.25), 30 M (− 0.32), and 36 M 
(− 0.36) (Fig. 2g).

Speech performance evaluation
The preoperative Speech Intelligibility Rating (SIR) scores revealed no significant difference between CWMLs 
and control groups (1.05 ± 0.02 vs. 1.07 ± 0.03). However, at 6, 12, 18, and 24 months post-activation, the SIR 
scores of the CWMLs group were significantly lower than those of the control group (1.61 vs. 1.76, 2.11 vs. 2.28, 

Fig. 2.  The impact of CWMLs on auditory, speech, and NVC outcomes in children with PLSND. (a), (b), 
and (c) depict the comparison of preoperative and post-activation CAP, SIR, and Z scores, respectively, in 
the overall CWMLs group versus the control group. Significant differences in CAP scores between the two 
groups were observed from 6 to 18 months post-activation, with the differences disappearing after 2 years. For 
SIR scores, significant differences persisted from 6 to 36 months post-activation, disappearing at 30 months. 
Z scores showed significant differences between the two groups from 6 to 24 months post-activation. The 
recovery patterns were independent of the presence of cerebral white matter lesions (auditory: rapid-slow; 
speech: slow-rapid-slow; NVC: rapid-stable), with speech recovery lagging behind auditory recovery. (d), (e), 
and (f) illustrate the same comparisons within subgroups of the CWMLs patients. The significant differences 
were primarily concentrated between the severe CWMLs group and the control group. (g), (h), and (i) show 
a negative correlation between CAP, SIR, and Z scores and Scheltens scores in CWMLs patients. CWMLs, 
cerebral white matter lesions; NVC, non-verbal cognition; PLSND, prelingual sensorineural deafness; CAP, 
Categories of Auditory Performance; SIR, Speech Intelligibility Rating. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 
control group.
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2.89 vs. 3.07, and 3.16 vs. 3.38 respectively). From 30 months post-activation onwards, SIR score differences 
between groups ceased to be significant (Fig.  2b). Overall, while preoperative SIR scores were comparable 
between the two groups, the CWMLs group exhibited significantly lower SIR scores than the control group in 
the short-to-medium term following activation; however, these differences diminished over time.

Subgroup analysis revealed no overall significant preoperative differences in SIR scores. However, significant 
differences emerged at all postoperative intervals (6  M H = 16.52, p < 0.001; 1Y H = 20.85, p < 0.001; 18  M 
H = 52.51, p < 0.001; 2Y H = 15.68, p < 0.001; 30 M H = 22.89, p < 0.001; 3Y H = 12.48, p < 0.01). Paired comparisons 
revealed no significant preoperative differences in SIR scores between the severe CWMLs and control groups. 
Postoperatively, the severe CWMLs group exhibited consistently lower SIR scores than the controls at all time 
points (6 M H = 53.98, p < 0.01; 1Y H = 52.31, p < 0.001; 18 M H = 75.78, p < 0.001; 2Y H = 44.26, p < 0.01; 30 M 
H = 56.52, p < 0.001; 3Y H = 45.71, p < 0.01). The mild and moderate CWMLs groups exhibited no significant 
differences in SIR scores compared to the control group at any assessment point (Fig. 2e). These results highlight 
the fact that postoperative SIR scores differed significantly across CWMLs severity subgroups, with the severe 
group consistently exhibiting poorer speech performance compared to the control group. Furthermore, an inverse 
correlation between SIR and Scheltens scores was noted, with coefficients changing over time: preoperative 
(− 0.13), 6 M (− 0.27), 12 M (− 0.34), 18 M (− 0.43), 24 M (− 0.26), 30 M (− 0. 0.41), and 36 M (− 0. 39) (Fig. 2h).

Non-verbal cognitive evaluation
Preoperatively, the CWMLs group exhibited significantly lower NVC Z scores than the control group 
(− 0.59 ± 0.08 vs. − 0.17 ± 0.05). Postoperatively, the CWMLs group’s NVC Z scores continued to be significantly 
lower than those of the control group at all assessed time points (1Y − 0.08 ± 0.03 vs. 0.06 ± 0.02; 2Y − 0.03 ± 0.03 
vs. 0.12 ± 0.03; 3Y − 0.05 ± 0.02 vs. 0.04 ± 0.02) (Fig. 2c). The data indicate that the CWMLs group had significantly 
lower NVC Z scores than the control group both preoperatively and at all postoperative assessment points.

Subgroup analysis revealed overall significant Z score differences at all assessment times (Pre H = 71.50, 
p < 0.001; 1Y H = 77.93, p < 0.001; 2Y H = 38.72, p < 0.001; 3Y H = 90.97, p < 0.001). Pairwise comparisons 
showed the CWMLs group’s Z scores were consistently lower than those of the control group at each time point 
(Pre H = 122.01, p < 0.001; 1Y H = 130.52, p < 0.001; 2Y H = 88.84, p < 0.001; 3Y H = 128.15, p < 0.001). For the 
moderate CWMLs group, preoperative and at 1 and 3 years post-activation, Z scores were significantly lower 
than those of the control group, with no differences noted at 2 years (Pre H = 70.27, p < 0.001; 1Y H = 55.32, 
p < 0.01; 3Y H = 64.64, p < 0.001). No significant Z score differences were observed between the mild CWMLs 
and control groups at any time point (Fig. 2f). From these results, it can be observed that the overall group 
differences in NVC Z scores were primarily driven by lower scores in the severe and, to a lesser extent, moderate 
CWMLs subgroups. Additionally, an inverse correlation between the Z score and Scheltens score was observed, 
with coefficients at preoperative, 12, 24, and 36 months post-activation of − 0.40, − 0.49, − 0.39, and − 0.59, 
respectively (Fig. 2i).

Prognostic factors for auditory performance
A cumulative link mixed model was employed to investigate the prognostic factors of post-CI CAP score. 
Univariate analysis identified 11 potential prognostic factors, including household per capita annual income, 
aided sound field thresholds in the better ear, duration of preimplantation hearing aid use, age at implantation, 
preimplantation Z score, Scheltens score, preimplantation CAP score, preimplantation SIR score, evaluation 
time (rehabilitation duration), cesarean section, and rehabilitation facility (Fig.  3). These variables were 
subsequently entered into a multivariate analysis, with backward elimination through Likelihood Ratio (LR) 
testing, resulting in a final model comprising seven variables: household per capita annual income, aided 
sound field thresholds in the better ear, preimplantation Z score, Scheltens score, preimplantation CAP score, 
evaluation time(rehabilitation duration), and cesarean section. The final model identified aided sound field 
thresholds in the better ear and Scheltens score as independent risk factors for CAP score prognosis (β < 0). In 
contrast, household per capita annual income, preimplantation Z score, preimplantation CAP score, evaluation 
time(rehabilitation duration), and cesarean section were identified as independent protective factors for CAP 
score prognosis (β > 0) (Fig. 4a). Notably, no significant interaction effects between the predictors were identified 
during the evaluation process, and no interaction terms were included in the final model.

Sensitivity analysis results indicated that the four models exhibited similar effect sizes (β), confidence 
intervals, and statistical significance across seven common variables, demonstrating consistency among the 
results of different models (see Supplementary Fig. S1 online). The Final model adjusted for the seven variables 
identified in the previous paragraph. Model 1 additionally accounted for the Rehabilitation facility, Model 2 
further included the Cochlear implantation center, and Model 3 simultaneously added adjustments for both the 
Rehabilitation facility and the Cochlear implantation center. The marginal R² of the four cumulative link mixed 
models was 86.9%, 87.4%, 87.0%, and 87.5%, respectively, while the conditional R² was consistently 91.9% for 
all models. The likelihood ratio test results showed no significant differences (Model 1 vs. Final model, ANOVA 
Pr (> Chisq) = 0.14; Model 2 vs. Final model, ANOVA Pr (> Chisq) = 0.27; Model 3 vs. Final model, ANOVA Pr 
(> Chisq) = 0.17), indicating that these models have similar predictive accuracy (see Supplementary Table S2 
online). No significant differences were observed between these models, further confirming the robustness of 
the model results.

Prognostic factors for speech performance
A cumulative link mixed model was used to investigate the prognostic factors affecting the post-CI SIR score. 
Twelve candidate prognostic factors were identified through univariate analysis, including household per capita 
annual income, aided sound field thresholds in the better ear, duration of preimplantation hearing aid use, age at 
implantation, preimplantation Z score, Scheltens score, preimplantation CAP score, preimplantation SIR score, 
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Fig. 3.  Univariate analysis of the CLMM for CAP score in PLSND children with CWMLs. Univariate analysis 
identified 11 potential prognostic factors, including household per capita annual income, aided sound field 
thresholds in the better ear, duration of preimplantation hearing aid use, age at implantation, preimplantation 
Z score, Scheltens score, preimplantation CAP score, preimplantation SIR score, evaluation time (rehabilitation 
duration), cesarean section, and rehabilitation facility. The dark blue variables to the left of the zero line 
represent candidate risk factors, while the dark red variables to the right of the zero line represent candidate 
protective factors. β, the regression coefficient; .L, the linear term of this ordinal variable; ASSR, auditory 
steady-state response; CAP, Categories of Auditory Performance; SIR, Speech Intelligibility Rating; C1–C4, 
cochlear implantation center pseudonyms; R1-R10, rehabilitation facility pseudonyms. CLMM, cumulative 
link mixed models; PLSND, prelingual sensorineural deafness; CWMLs, cerebral white matter lesions. ˙p < 0.1, 
*p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4.  Multivariate analysis for CAP, SIR, and NVC Z scores in PLSND children with CWMLs. (a) and (b) 
depict the multivariate analysis using the CLMM for CAP and SIR scores, respectively. The CAP score and 
SIR score share the same seven prognostic factors, including household per capita annual income, aided 
sound field thresholds in the better ear, preimplantation Z score, Scheltens score, preimplantation CAP score, 
evaluation time(rehabilitation duration), and cesarean section. (c) shows the analysis using the LMM for NVC 
Z score in the CWMLs group. Multivariate analysis identified four prognostic factors, including Scheltens 
score, preoperative SIR score, cesarean section, and CI device. The dark blue variables to the left of the zero line 
represent risk factors, while the dark red variables to the right of the zero line represent protective factors. β, 
the regression coefficient; .L, the linear term of this ordinal variable; CAP, Categories of Auditory Performance; 
SIR, Speech Intelligibility Rating. CLMM, cumulative link mixed models; LMM, Linear mixed model; NVC, 
non-verbal cognition; PLSND, prelingual sensorineural deafness; CWMLs, cerebral white matter lesions. 
˙p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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evaluation time, cesarean section, cochlear implant device, and rehabilitation facility (Fig. 5). These variables 
were then included in a multivariate analysis using the LR test with backward elimination, which resulted in a 
final model comprising seven variables: household per capita annual income, aided sound field thresholds in the 
better ear, preimplantation Z score, Scheltens score, preimplantation CAP score, evaluation time(rehabilitation 
duration), and cesarean section. In the final model, aided sound field thresholds in the better ear and Scheltens 
score were identified as independent risk factors for SIR score prognosis (β < 0), while household per capita 
annual income, preimplantation Z score, preimplantation CAP score, evaluation time(rehabilitation duration), 
and cesarean section were identified as independent protective factors for SIR score prognosis (β > 0) (Fig. 4b). 
Notably, no significant interaction effects between the predictors were identified during the evaluation process, 
and no interaction terms were included in the final model.

Sensitivity analysis results indicated that the four models exhibited similar effect sizes (β), confidence 
intervals, and statistical significance across seven common variables, demonstrating consistency among the 
results of different models (see Supplementary Fig. S2 online). The Final model accounted for the seven variables 
outlined in the previous paragraph. Model 1 additionally incorporated the Rehabilitation facility, Model 2 
further included the Cochlear implantation center, and Model 3 simultaneously added adjustments for both the 
Rehabilitation facility and the Cochlear implantation center. The marginal R² of the four cumulative link mixed 
models was 86.7%, 87.4%, 86.9%, and 87.5%, respectively, while the conditional R² was consistently 93.1% for all 
models. The likelihood ratio test results indicated no significant differences (Model 1 vs. Final model, ANOVA 
Pr (> Chisq) = 0.07; Model 2 vs. Final model, ANOVA Pr (> Chisq) = 0.29; Model 3 vs. Final model, ANOVA Pr 
(> Chisq) = 0.12), suggesting that these models have similar predictive accuracy (see Supplementary Table S3 
online). No significant differences were observed among these models, further confirming the robustness of the 
model results.

Prognostic factors for non-verbal cognitive
An linear mixed model was used to investigate NVC Z score prognostic factors. Initial univariate analysis 
identified eight prognostic factors: Scheltens score, preoperative SIR score, cesarean section, CI device, 
preoperative Z score, assessment time, CI center, and rehabilitation facility (Fig. 6). Subsequent multivariate 
analysis and backward elimination through the Likelihood Ratio (LR) test distilled these to a final model 
comprising four variables: Scheltens score, preoperative SIR score, cesarean section, and CI device. The final 
model identified Scheltens score as an independent risk factor (β < 0), and the SIR score, cesarean section, and 
CI device (Advanced Bionics) as protective factors (β > 0) for NVC Z score prognosis (Fig.  4c). Notably, no 
significant interaction effects between the predictors were identified during the evaluation process, and no 
interaction terms were included in the final model.

Sensitivity analysis revealed consistent β, confidence intervals, and levels of statistical significance across 
five models for the Scheltens score, preoperative SIR score, cesarean section, and CI device (see Supplementary 
Fig. S3 online). The Final model adjusted for the four variables outlined in the previous paragraph. Model 1 
additionally incorporated the Rehabilitation facility, Model 2 further included the Cochlear implantation center, 
Model 3 simultaneously added adjustments for both the Rehabilitation facility and the Cochlear implantation 
center, and Model 4, reconstructed using Generalized Estimating Equations (GEE), adjusted for the same 
four variables as the Final model. The root mean square error (RMSE) for the four linear mixed models was 
25.1%, 25.3%, 25.2%, and 25.4%, respectively, with marginal R² values of 29.4%, 31.1%, 30.2%, and 32.2%, and 
a consistent conditional R² of 42.1% for all models. The likelihood ratio test showed no significant difference 
(Model 1 vs. Final model, ANOVA Pr (> Chisq) = 0.36; Model 2 vs. Final model, ANOVA Pr (> Chisq) = 0.19; 
Model 3 vs. Final model, ANOVA Pr (> Chisq) = 0.18), indicating similar predictive performance among these 
models. Compared to Model 4, the selected linear mixed model showed a similar RMSE, highlighting stable 
predictive accuracy despite structural differences (see Supplementary Table S4 online). The absence of significant 
differences reinforced the robustness of the models.

Discussion
This study comprehensively evaluated the impact of CWMLs on auditory, speech, and NVC outcomes following 
CI in children with PLSND and further investigated the factors influencing these postoperative outcomes in 
PLSND children with CWMLs. The key findings of this study are summarized as follows: (1) Approximately 
15% of PLSND children were found to have CWMLs, with only 2% showing slight reduction in lesion severity 
upon preoperative follow-up. (2) Compared to non-CWMLs patients, those with CWMLs exhibited higher 
initial hearing thresholds preoperatively and poorer auditory, speech, and NVC performance post-CI. (3) The 
postoperative auditory, speech, and NVC outcomes of CWMLs patients were closely related to the severity of 
the lesions, with mild CWMLs patients able to achieve the same level of rehabilitation as non-CWMLs patients 
within three years, while those with severe CWMLs struggled to reach the same level within the same period. 
(4) Both CWMLs and non-CWMLs patients exhibited similar recovery patterns post-CI, indicating that the 
recovery trajectory is independent of CWMLs presence (auditory: rapid-slow; speech: slow-rapid-slow; NVC: 
rapid-stable), with speech recovery lagging behind auditory recovery. (5) Greater CWMLs severity and higher 
preoperative hearing thresholds were identified as risk factors for auditory and speech outcomes post-CI. In 
contrast, higher income, stronger preoperative auditory and NVC capabilities, longer rehabilitation duration, 
and cesarean delivery were protective factors for these outcomes. Additionally, greater CWMLs severity was an 
independent risk factor for NVC outcomes post-CI, whereas cesarean delivery, stronger preoperative speech 
abilities, and the use of Advanced Bionics CI devices were independent protective factors.
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Fig. 5.  Univariate analysis of the CLMM for SIR score in PLSND children with CWMLs. Univariate analysis 
identified 12 potential prognostic factors, including household per capita annual income, aided sound field 
thresholds in the better ear, duration of preimplantation hearing aid use, age at implantation, preimplantation 
Z score, Scheltens score, preimplantation CAP score, preimplantation SIR score, evaluation time (rehabilitation 
duration), cesarean section, cochlear implant device, and rehabilitation facility. The dark blue variables to the 
left of the zero line represent candidate risk factors, while the dark red variables to the right of the zero line 
represent candidate protective factors. β, the regression coefficient; .L, the linear term of this ordinal variable; 
ASSR, auditory steady-state response; CAP, Categories of Auditory Performance; SIR, Speech Intelligibility 
Rating; C1–C4, cochlear implantation center pseudonyms; R1-R10, rehabilitation facility pseudonyms. CLMM, 
cumulative link mixed models; PLSND, prelingual sensorineural deafness; CWMLs, cerebral white matter 
lesions. ˙p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 6.  Univariate analysis of the LMM for NVC Z score in PLSND children with CWMLs. Univariate analysis 
identified 12 potential prognostic factors, including Scheltens score, preoperative SIR score, cesarean section, 
CI device, preoperative Z score, assessment time (rehabilitation duration), CI center, and rehabilitation 
facility. The dark blue variables to the left of the zero line represent candidate risk factors, while the dark red 
variables to the right of the zero line represent candidate protective factors. β, the regression coefficient; .L, 
the linear term of this ordinal variable; .Q, the quadratic term of this ordinal variable; ASSR, auditory steady-
state response; CAP, Categories of Auditory Performance; SIR, Speech Intelligibility Rating; C1–C4, cochlear 
implantation center pseudonyms; R1-R10, rehabilitation facility pseudonyms. LMM, linear mixed model; 
NVC, non-verbal cognition; PLSND, prelingual sensorineural deafness; CWMLs, cerebral white matter lesions. 
˙p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.
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The relationship between CWMLs and PLSND
The underlying mechanisms linking CWMLs and PLSND remain unclear; however, growing evidence suggests 
that damage, degeneration, and remodeling of the white matter in the central nervous system may play a 
fundamental role. CWMLs and PLSND share several common etiological factors, including genetic, immune, 
and metabolic influences, as well as drug toxicity, infections, and perinatal brain injuries, which can lead to 
damage or degeneration of the white matter in the central nervous system, significantly contributing to the 
development of PLSND and potentially predisposing young children to CWMLs12,13. Additionally, when the 
damaged or degenerated white matter in CWMLs affects the neural pathways related to the central auditory 
system, it may result in central deafness, a manifestation of PLSND, while PLSND itself may induce remodeling 
of the brain’s white matter, as evidenced by reduced fractional anisotropy (FA) and the presence of CWMLs 
on MRI scans8,14,15.The complex interrelationships between CWMLs and PLSND indicate a strong correlation, 
with these conditions frequently co-occurring. Martinez-Biarge et al. suggested an association between CWMLs 
and an increased risk of PLSND16. Additionally, another study discovered that CWMLs frequently coexist 
with severe hearing loss17. Consistent with prior findings, our study found children with CWMLs exhibited 
significantly higher initial hearing thresholds preoperatively compared to those without lesions.

The impact of CWMLs on CI outcomes
Numerous studies have investigated the factors influencing CI outcomes in children with PLSND, revealing 
that a variety of variables significantly impact auditory and language development. Generally, children who 
undergo CI surgery at older ages exhibit less improvement in auditory and language abilities18,19. In contrast, 
children from families with higher socioeconomic status tend to achieve better speech and language acquisition 
postoperatively20. Additionally, patients who used hearing aids prior to CI surgery often demonstrate superior 
auditory outcomes following implantation21. However, factors such as perinatal infections, low birth weight, 
inner ear malformations, and intraoperative complications may limit the effectiveness of speech perception after 
CI surgery22. Recent research suggests that CWMLs may be a potential factor affecting CI outcomes in PLSND 
patients; however, evidence regarding their impact remains inconsistent10,13. Therefore, the effect of CWMLs on 
CI outcomes in PLSND patients warrants further investigation.

This study found that, prior to propensity score matching, the CWMLs group had a higher prevalence of 
perinatal infection histories, lower birth weights, and older implantation ages, which may be associated with their 
unique developmental and clinical characteristics. Lower birth weight typically reflects impaired intrauterine 
development, which is closely linked to white matter injury or delayed brain development, thereby increasing 
the risk of CWMLs23. Perinatal infections may trigger white matter damage through the release of non-infectious 
messengers via microbial colonization, further promoting the formation of CWMLs24. In addition, the older 
implantation age observed in CWMLs patients may be due to the clinical requirement of observing at least six 
months following initial diagnosis, along with follow-up MRI assessments to confirm lesion stability, which 
delays implantation timing. Although a difference of 3 dB and 2 dB HL was observed between the two groups 
of children, this difference falls within the test-retest reliability thresholds typically reported for audiological 
measurements. Such minimal differences likely have limited clinical significance, as small threshold variations 
would not substantially alter auditory perception or rehabilitation potential. These confounding factors suggest 
that direct comparison alone cannot establish CWMLs as independent prognostic factors for post-CI outcomes 
in PLSND. Consequently, we selected patients without CWMLs as controls and conducted 1:1 propensity score 
matching.

After propensity score matching, the statistical differences in perinatal infection history, birth weight, and 
implantation timing between the CWMLs group and the Control group disappeared, thereby eliminating the 
bias introduced by these factors. However, the overall late timing of implantation observed in both groups may 
universally limit the overall improvement in outcomes following CI. This general tendency toward delayed 
implantation could potentially hinder the optimal benefits of CI surgery. Post-matching, significant differences 
in auditory, speech, and NVC outcomes among CWMLs patients suggested these lesions as independent adverse 
prognostic factors for post-CI rehabilitation in PLSND. CI generally compensates and restores peripheral 
auditory functions effectively. However, CWMLs’ extension to central auditory, language processing, and 
cognitive areas may impair postoperative auditory, speech, and cognitive functions. The complexity of brain 
networks means that CWMLs’ extension to areas not directly related to auditory, speech, and cognitive functions 
can still negatively impact postoperative rehabilitation25. This may account for the observed declines in post-CI 
auditory, speech, and cognitive performance among patients with CWMLs in numerous studies.

This section’s findings align with the overall conclusions of previous studies, indicating that patients with 
CWMLs exhibit poorer postoperative recovery outcomes. However, unlike prior research, this study utilized the 
propensity score matching method to eliminate the confounding effects of perinatal characteristics, economic 
status, and preoperative rehabilitation duration. For the first time, it definitively identifies CWMLs as an 
independent risk factor. This discovery provides a critical foundation for more accurate prognostic evaluation of 
postoperative outcomes in patients with CWMLs. Furthermore, this study is the first to reveal that patients with 
CWMLs demonstrate significantly lower postoperative NVC performance compared to those without lesions, 
further underscoring the profound impact of CWMLs on central cognitive function.

The influence of CWMLs severity on CI outcomes and rehabilitation patterns
Identifying the most responsive CWMLs and PLSND patients to CI is crucial for optimizing implant benefits and 
facilitating the shift to personalized medicine. Therefore, we subdivided CWMLs patients into three severity-
based groups for further analysis. All subgroups showed significant postoperative improvements in auditory, 
speech, and cognitive functions after standardized rehabilitation. Patients with mild and moderate CWMLs 
matched non-lesion peers in auditory and speech recovery within three years, but those with severe lesions 
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lagged despite improvements. Our correlational analysis further confirmed a negative correlation between the 
severity of CWMLs and rehabilitation outcomes. This finding is consistent with the results of another previous 
study26. Additionally, patients with moderate and severe CWMLs did not regain NVC functions to the level of 
non-lesion patients within three years. This indicates a greater impact of CWMLs on NVC than on auditory and 
speech functions. Likewise, our correlational analysis supported this observation. The postoperative differences 
between subgroups indicate that significant rehabilitation disparities emerge only when CWMLs’ severity 
is sufficient to significantly impact or disrupt neural signal conduction. On the other hand, in cases of mild 
CWMLs, brain remodeling triggered by auditory function recovery may facilitate partial repair of damaged 
neural fibers and synapses or promote functional compensation. Animal studies have shown that congenital or 
neonatal deafness leads to functional degradation of the auditory system, including degeneration of ganglion 
cells and synapses as well as impaired temporal processing ability. However, early cochlear implantation with 
electrical stimulation can effectively restore auditory function and reestablish temporal processing of auditory 
signals by repairing synaptic structures, enhancing neural activity, and improving cell survival27–31. Additionally, 
studies have demonstrated that recovery in auditory and speech functions follows specific patterns18. As the 
auditory pathway is upstream of the language pathway, speech recovery lags behind auditory recovery since 
comprehension and clarity in hearing are prerequisites for speech. This is consistent with the findings of our 
study.

Moreover, this study is the first to reveal that the recovery of NVC function follows a distinct pattern, which 
differs significantly from the recovery trajectories of auditory and language functions. Specifically, auditory 
function recovery exhibits a “rapid-slow” pattern, language function recovery follows a “slow-rapid-slow” 
pattern, while NVC function recovery is more consistent with a “rapid-stable” pattern. This finding suggests that, 
although auditory, language, and NVC functions are interlinked during the recovery process, their mechanisms 
of recovery may be regulated by distinct neural pathways and brain networks. This novel discovery not only 
further supports the hypothesis that recovery patterns are influenced by the complexity of neural networks but 
also provides critical insights for future investigations into the recovery mechanisms of NVC function and the 
development of optimized intervention strategies.

Prognostic factors for CI outcomes in children with CWMLs
This study represents the first systematic analysis of prognostic factors for auditory, Language, and NVC function 
outcomes in children with CWMLs following CI, addressing a significant gap in the current field. By employing 
composite linear mixed models and linear mixed models, we comprehensively evaluated the independent risk 
and protective factors influencing functional recovery across different dimensions. These models explained 92% 
of the variance in postoperative auditory outcomes, 93% of the variance in Language outcomes, and 42.06% 
of the variance in NVC outcomes, demonstrating exceptional predictive power and robustness. We found that 
patients with CWMLs who underwent CI had the same prognostic factors for auditory and speech aided sound 
field thresholds in the better ear and Scheltens score were identified as independent risk factors, while household 
per capita annual income, preimplantation Z score, preimplantation CAP score, evaluation time (rehabilitation 
duration), and cesarean section were identified as independent protective factors.

A higher aided sound field threshold suggests significant preoperative damage to the auditory pathway, 
which not only impairs sound transmission but also disrupts the brain’s processing of auditory signals32. As a 
result of this damage, the brain’s neural networks are forced to undergo restructuring, but this process often falls 
short of fully restoring normal function, leading to reduced processing efficiency. This inefficiency in auditory 
processing hinders not only the recovery of hearing but also the restoration of speech function, as accurate 
speech perception and production rely heavily on precise auditory input. In contrast, a higher CAP score 
indicates relatively intact preoperative auditory pathway function, providing a strong foundation for successful 
postoperative hearing and speech rehabilitation33.

Higher per capita household income likely reflects a family’s capacity to provide a more stable supportive 
environment and richer opportunities for linguistic interaction in the postoperative period. Hart and Risley 
estimated that by the age of three, children from high socioeconomic status (SES) families are exposed to 
30 million more words compared to their low-SES counterparts34. Evidence demonstrates that the development 
of key neurocognitive domains—such as executive functioning, sequential processing and sequence learning, 
and concept formation—critically depends on auditory experience and linguistic exposure35. The enriched 
linguistic interactions typically available in high-income families provide a foundational framework for the 
maturation of these advanced cognitive functions. Such a rich language environment and cognitive stimulation 
are essential for the recovery of auditory and speech abilities, not only by fostering language acquisition but 
also by enhancing neural connectivity and plasticity in brain regions associated with language processing, 
thereby accelerating functional recovery36–38. Furthermore, higher income facilitates improved rehabilitation 
outcomes through access to additional therapeutic services, increased availability of standardized rehabilitation 
programs, and the benefit of higher parental education levels. High-income families are better positioned to 
afford individualized interventions, overcome logistical barriers to high-quality care, and effectively understand 
and implement rehabilitation strategies. Collectively, these advantages underscore the critical role of addressing 
socioeconomic disparities in optimizing recovery outcomes.

The preimplantation Z score reflects patients’ NVC abilities. Previous research has demonstrated a significant 
correlation between higher non-verbal cognitive functioning and enhanced auditory and speech recovery 
following cochlear implantation35. Non-verbal cognitive resources, encompassing executive functions and 
visuospatial processing capabilities, effectively facilitate auditory information processing and establishment of 
linguistic representations, thereby promoting language development39. Cognitive neuroscience investigations 
have demonstrated that executive function networks and auditory processing pathways share neural substrates, 
particularly within the inferior frontal gyrus and superior temporal gyrus. The integrity of these shared neural 
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networks may elucidate why enhanced non-verbal cognitive abilities potentiate auditory rehabilitation following 
cochlear implantation40. These cognitive mechanisms provide a robust neurocognitive foundation that enables 
children with hearing impairment to efficiently integrate novel auditory input and develop speech competencies 
after receiving cochlear implants.

Assessment time (rehabilitation duration), identified as an independent protective factor, underscores that 
auditory and linguistic recovery constitutes a continuous process. Auditory and language capabilities in patients 
exhibit progressive enhancement with sustained rehabilitation interventions. This protective effect operates 
through two principal mechanisms. Primarily, continuous rehabilitation establishes a stable, incremental 
auditory stimulation environment that enables the central auditory system to optimize adaptation to electrical 
stimulation patterns—a neural plasticity process necessitating adequate temporal intervals for consolidation41. 
Additionally, prolonged rehabilitation facilitates the development of neural correlates between auditory inputs 
and semantic comprehension, a mapping relationship that requires consistent practice for formation and 
reinforcement42. These observations emphasize the clinical significance of extended postoperative monitoring 
and rehabilitation protocols. Systematic rehabilitation regimens coupled with periodic functional assessments 
remain essential components for facilitating sustained improvements in patients’ auditory processing and 
linguistic competencies.

Alexander et al. reported higher placental bacterial colonization rates in vaginal deliveries compared to 
cesarean sections, attributed to repeated cervical examinations43. Microbial colonization can release non-
infectious messengers into the fetal brain, causing inflammation and brain damage24. Additionally, hypoxic 
conditions during vaginal delivery are more severe than those during cesarean section44. Moreover, vaginal 
delivery often causes significant fetal head compression, potentially leading to various complications45. Therefore, 
cesarean section may reduce the risks of inflammation, severe hypoxia, and significant head compression 
associated with vaginal delivery, thereby decreasing the likelihood of brain injury and protecting auditory, 
speech, and NVC functions.

In patients with CWMLs undergoing CI, we identified several prognostic factors for NVC outcomes. In 
addition to the degree of CWMLs and cesarean section, preoperative speech levels and the type of implant device 
were also found to significantly affect NVC function. Improved preoperative speech levels may enhance brain 
plasticity, particularly during critical periods of brain development, fostering the growth of areas involved in 
non-verbal tasks46. Furthermore, this higher speech ability reflects more efficient neural network integration and 
bolsters cognitive reserve, equipping the brain to better handle postoperative challenges47. Children with strong 
cognitive reserve are better positioned to benefit from postoperative rehabilitation, facilitating NVC recovery, 
whereas those with poorer preoperative speech levels may face limitations in NVC recovery due to insufficient 
cognitive reserve.Additionally, our study found that patients using specific cochlear implant devices, such as 
Advanced Bionics, showed better postoperative NVC, potentially related to the number of internal electrodes, 
memory settings of the external processor, and compatibility with hearing aids on the other side48.

An intriguing finding of this study was that preoperative brain MRI was revisited for all 175 patients with 
CWMLs. Yet, a slight reduction in the severity of these lesions was observed in only four patients. This suggests 
that CWMLs in children with PLSND are primarily stable, limiting the clinical value of routine brain MRI 
follow-up. Nevertheless, brain MRI follow-up prior to CI remains necessary to rule out other potential brain 
abnormalities in patients with CWMLs.

Limitations and future directions
Although this study, with its large sample size and extended follow-up period, provides valuable insights into 
the impact of CWMLs on the postoperative rehabilitation of PLSND children following CI, the limitations of its 
retrospective design may weaken the ability to infer causality. This study addressed confounding factors using 
propensity score matching and controlled for biases related to hierarchical structure and repeated measures 
through mixed models. Additionally, while two cognitive assessment tools (GDS-C and H-NTLA-CR) were 
employed, the similarity in their assessment goals and content, along with standardized scoring systems and 
established reliability, likely minimized any potential biases.

Another limitation lies in the complexity of CWMLs’ anatomical distribution and their varied impacts on 
functional pathways, including auditory, speech, and cognitive networks. Most lesions were multifocal with 
coexisting involvement of both periventricular and deep white matter. Conventional MRI (T1WI, T2WI, and 
FLAIR) lacked the resolution and the ability to provide microstructural information, such as fiber integrity or 
functional connectivity, which are critical for understanding the mechanisms underlying functional outcomes. 
Future studies should adopt advanced imaging techniques, such as DTI and fMRI, to quantify white matter 
microstructure and connectivity, and include children with CWMLs limited to a single lesion site to better 
isolate the specific impacts of lesion location on rehabilitation outcomes.

Additionally, this study did not directly measure daily device use, which has been widely recognized 
as a critical factor influencing speech recognition outcomes in cochlear implant recipients. Standardized 
rehabilitation protocols implemented across all centers likely ensured similar device usage among patients, 
reducing variability. Nevertheless, the absence of objective measures, such as datalogging, may limit a more 
comprehensive understanding of its impact. Future studies should incorporate such measures to better explore 
the relationship between daily device use and rehabilitation outcomes.

At the time of the study, most CI devices were incompatible with MRI, and even those that were compatible 
often produced significant artifacts, limiting our ability to directly observe changes in white matter lesions post-
CI. However, with the advancement of new CI devices and sophisticated imaging technologies such as SEMAC 
and MAVRIC sequences, these obstacles are gradually being overcome. Future research should leverage these 
advancements to explore white matter remodeling after CI using high-resolution MRI and adopt prospective 

Scientific Reports |        2025 15:16337 14| https://doi.org/10.1038/s41598-025-01158-0

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


designs to better elucidate causality, ultimately refining CI surgical indications and optimizing rehabilitation 
strategies for patients with white matter lesions.

Conclusions
In children with PLSND and CWMLs, the CWMLs are generally stable, and these children usually present 
poorer initial auditory thresholds. CWMLs negatively impact auditory, speech, and NVC outcomes in children 
with PLSND following CI, with the effects strongly correlated with lesion severity. Additionally, this study 
revealed that speech rehabilitation for patients with CWMLs often trails behind auditory rehabilitation, and 
elevated preoperative speech levels may safeguard against postoperative NVC decline. This highlights the critical 
need to concentrate on speech development during treatment and to devise long-term, targeted speech therapy 
strategies. Therefore, a comprehensive assessment incorporating the severity of CWMLs, perinatal history, and 
clinical features is essential for delivering personalized interventions to children with PLSND.

Materials and methods
Participating rehabilitation facilities
This study was based on retrospective records from ten different rehabilitation institutions governed by the 
Hubei Disabled Persons’ Federation Rehabilitation Center, the Hubei Deaf Infant Healing Center, and the Wuhan 
Yimeng Hearing Rehabilitation Center. This study was approved by the Ethics Committee of Union Hospital, 
Tongji Medical College, Huazhong University of Science and Technology (approval number: [2023]0911). All 
methods were conducted in accordance with the relevant guidelines and regulations, including the Personal 
Information Protection Law of the People’s Republic of China and international data protection regulations. All 
patient data were de-identified to ensure privacy. A waiver of informed consent was obtained from the Ethics 
Committee of Union Hospital, Tongji Medical College, Huazhong University of Science and Technology due to 
the anonymized nature of patient data, the retrospective design, and the observational nature of the study. These 
rehabilitation institutions cover all designated CI rehabilitation centers in Hubei Province, distributed across 
various prefecture-level cities, providing a diverse rehabilitation environment conducive to a comprehensive 
assessment of the impact of CWMLs on CI outcomes. All rehabilitation institutions regularly undergo training 
and employ a standardized rehabilitation training method (auditory-verbal therapy, AVT), assessment 
procedures, assessment intervals (biannually post-activation), and recording templates. We collected core 
information on demographics, clinical and surgical characteristics (such as age at diagnosis of deafness, residual 
hearing, duration of hearing aid use pre-surgery, preoperative rehabilitation duration, age at implantation, 
brands of implant device), and pre-and postoperative assessments of auditory, speech, and non-verbal cognitive 
functions.

Participants
The inclusion criteria for CI participants in this study were as follows: bilateral severe to profound sensorineural 
deafness (> 70 dB); onset of hearing loss before the development of speech capabilities; unilateral CI; age at 
implantation ≤ 14 years. Exclusion criteria include serious complications such as intraoperative or postoperative 
gusher, cerebrospinal fluid leakage, meningitis, and facial paralysis; previous contralateral CI or cochlear 
reimplantation; and patients with cognitive impairments, cerebral palsy, visual impairments, or other cerebral 
pathologies. The CI dates for all participants in this study ranged from January 2012 to December 2020.

Neuroimaging
In this study, two radiologists analyzed preoperative brain MRI images of 175 children with CWMLs. In T1-
weighted images, CWMLs appeared as low signals, while in T2-weighted and Fluid-Attenuated Inversion 
Recovery (FLAIR) imaging, they presented as high signals. All children underwent at least one follow-up brain 
MRI six months post-preoperative evaluation, with assessments based on the most recent scan. The severity of 
CWMLs was graded according to the Scheltens scale, which assesses the involvement of deep cerebral white 
matter and periventricular cerebral white matter49. CWMLs were categorized based on Scheltens score into three 
subgroups: (1) Mild CWMLs (Scheltens scale 1–3, n = 57); (2) Moderate CWMLs (Scheltens scale 4–10, n = 60); 
(3) Severe CWMLs (Scheltens scale > 10, n = 58).

Auditory performance evaluation
Auditory performance was assessed using the Categories of Auditory Performance (CAP) scale, applicable to 
patients of all ages. The CAP scale is widely used to measure patients’ daily communication abilities and serves 
as a crucial indicator of their auditory development50. Senior rehabilitation assessors at each rehabilitation 
institution conducted the CAP assessments at baseline (pre-implantation) and 6, 12, 18, 24, 30, and 36 months 
post-activation, to monitor changes in auditory performance.

Speech performance evaluation
To measure speech capabilities, this study utilized the Speech Intelligibility Rating (SIR) scale, which applies 
to assessing speech development in patients of all ages51. Senior rehabilitation assessors at each rehabilitation 
institution conducted the SIR assessments at baseline (pre-implantation) and 6, 12, 18, 24, 30, and 36 months 
post-activation, to monitor the progress of speech performance.

Non-verbal cognitive evaluation
To assess non-verbal cognitive abilities, this study utilized the Chinese version of the Griffiths Mental 
Development Scale (GDS-C) and the Chinese revision of the Hiskey-Nebraska Test of Learning Aptitude 
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(H-NTLA-CR)52,53. The Griffiths Mental Development Scale (GDS) is globally used to evaluate non-verbal 
cognitive development in children from birth to 8 years of age54. The Chinese version (GDS-C), revised in 
2010 based on the 2006 version, has been validated as an accurate and effective tool for assessing non-verbal 
cognitive development in young children52 The Hiskey-Nebraska Test of Learning Aptitude (H-NTLA) assesses 
non-verbal cognitive development in children aged 3-1755. Its Chinese revision, H-NTLA-CR, was re-revised 
in 2010, and its reliability and validity have been evaluated53 Both tests share similarities in evaluating aspects 
such as motor manipulation, attention, memory, logical reasoning, and visual-spatial skills. In our study, GDS-C 
was used for children under 3 years, while H-NTLA-CR was used for those aged 3 and above. The non-verbal 
cognitive assessments were conducted by senior rehabilitation assessors at each institution, at baseline and 12, 
24, and 36 months post-activation. Non-verbal cognitive performance scores (GDS-C and H-NTLA-RC) were 
compared with the normative data for deaf children in China, standardized into Z scores, and combined into a 
single score (non-verbal cognitive Z score)53,56. This standardization allows comparability between scores from 
different ranges57. According to the DSM-5, children with Z scores above − 1 are considered within the normal 
range, while those with scores between − 1 and − 2 are regarded as borderline in intellectual functioning58. This 
study focused its assessments on children within the normal and borderline intellectual functioning ranges.

Propensity score matching
To control for imbalances in covariates between the CWMLs group and the control group, this study employed 
the propensity score matching method. A total of 17 variables were used for matching, including gender, perinatal 
exposure to toxic substances history, perinatal trauma history, perinatal noise history, perinatal infection history, 
perinatal medication history, perinatal hypoxia history, cesarean section, premature birth, Low birth weight, 
household per capita annual income, duration of preimplantation hearing aid use, duration of preimplantation 
rehabilitation, age at implantation, rehabilitation facility, CI center, and CI device. A 1:1 nearest-neighbor 
matching method was used, with a caliper set at 0.01. Numerous studies have shown that CWMLs can affect 
pre-implantation auditory, speech, and non-verbal cognitive functions59,60. Furthermore, in this study, baseline 
assessments of auditory, speech, and non-verbal cognitive functions were conducted after exposure to CWMLs. 
Thus, these baseline assessments may represent both the initial outcomes of CWMLs and potential mediating 
variables between the lesions and the outcomes. Therefore, to avoid attenuating or eliminating the effect of 
exposure, leading to erroneous conclusions, baseline auditory, speech, and non-verbal cognitive functions were 
not used as covariates in the matching. Ultimately, analyses were conducted on 175 children with CWMLs and 
an equal number of children in the control group (Fig. 1a).

Data analysis
Continuous variables included household per capita annual income, unaided sound field thresholds in the better 
ear, aided sound field thresholds in the better ear, ASSR thresholds in the better ear, duration of preimplantation 
hearing aid use, duration of preimplantation rehabilitation, age at implantation, and non-verbal cognitive 
Z score. Ordinal categorical variables included Scheltens score, CAP score, SIR score, and assessment time. 
Unordered categorical variables comprised gender, perinatal exposure to toxic substances history, perinatal 
trauma history, perinatal noise history, perinatal infection history, perinatal medication history, perinatal 
hypoxia history, cesarean section, premature birth, low birth weight, CI device, CI center, and rehabilitation 
facility. The assumptions of normal distribution and homogeneity of variances for the independent variables were 
tested using the Kolmogorov-Smirnov test and the test for equality of variances, respectively. As all continuous 
variables failed to meet the assumptions of normality and homogeneity of variances, non-parametric statistical 
methods were employed for their analysis to ensure robustness and reliability.

Continuous variables were described using median values (with interquartile ranges) and compared using 
the Mann-Whitney U test for intergroup differences and the Kruskal-Wallis (K-W) test for subgroup differences. 
Ordinal categorical variables were presented as mean ± SEM and analyzed using the Mann-Whitney U test for 
intergroup differences and the Kruskal-Wallis test for subgroup differences. Nominal categorical variables were 
presented in terms of frequency and proportion, with the Chi-square test or Fisher’s exact test employed for 
intergroup comparisons. All subgroup analyses were adjusted using the Bonferroni correction.

Additionally, this study utilized Allometric functions to fit the nonlinear relationships between the Scheltens 
score and both the CAP score and SIR score, as well as the Log3P1 function to fit the nonlinear relationship 
between the Scheltens score and non-verbal cognitive Z score. The Spearman method was employed to analyze 
the correlations between Scheltens score and CAP score, SIR score, and non-verbal cognitive Z score.

A cumulative link mixed model was employed to investigate prognostic factors for CAP and SIR scores, 
while a linear mixed model was used to analyze prognostic factors for non-verbal cognitive Z scores. Both 
models incorporated subject-specific random intercepts to account for inter-individual variability. Variables 
with p-values < 0.1 in the univariate analyses were included in the multivariate analyses. The multivariate 
analyses utilized the backward likelihood ratio (LR) method for variable selection, with an exclusion criterion 
of p ≥ 0.05 to retain significant predictors in the final model. Additionally, potential interaction effects between 
key predictors were evaluated in the final models to explore whether the combined influence of two or more 
variables significantly impacted the outcomes. Interaction terms were introduced stepwise into the models and 
their significance was assessed using likelihood ratio tests. Interaction terms were retained only if they were 
significant (p < 0.05), ensuring the final models’ parsimony and interpretability.

Multiple sensitivity analyses were conducted to verify the robustness of the study results. The final model was 
developed in two steps: first identifying variables through univariable analysis, and then refining the model using 
multivariable analysis. In Model 1, additional adjustments were made for rehabilitation institutions compared 
to the final model. In Model 2, hospitals were additionally adjusted, beyond what was done in the final model. 
In Model 3, both rehabilitation institutions and hospitals were further adjusted in addition to the final model. 
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In Model 4, the model was reconstructed using Generalized Estimating Equations (GEE), adjusting for the 
variables included in the final model.

Less than 3.88% of our sample data were missing, which were considered to be missing at random and were 
handled by pairwise deletion in the analysis. Intergroup and subgroup differences were analyzed using SPSS 29.0 
(SPSS, Chicago, IL, USA). Curve fitting and plotting, as well as scatter plotting, were performed using Origin10.1 
(OriginLab Corporation, Northhampton, MA, USA). Linear mixed-effects models were established in R (4.3.2) 
using lme4 (1.1–35.1) and lmerTest (3.1.3). GEE models were fitted using Geepack (1.3.9). Inference and 
comparison of models were conducted using MuMIn (1.47.5). Forest plots and regression coefficient plots were 
generated using ggplot2 (3.4.4). All statistical tests were two-sided, with a P-value < 0.05 considered significant.

Data availability
The data that support the findings of this study are available from the ten rehabilitation institutions (as described 
previously). Restrictions apply to the availability of these data, which were used under license for this study. 
Data are available from the corresponding authors with the permission of the ten rehabilitation institutions (as 
described previously).
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