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Polarity sensitivity to symmetric, biphasic monopolar pulses is not a reliable indicator of peripheral axonal degeneration in human cochlear implant users
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This study aimed to determine whether the effect of changing stimulus polarity on the electrically evoked compound action potential (eCAP) threshold—referred to as the polarity effect—could be used to assess the degeneration of the peripheral axon of the cochlear nerve (CN) in human cochlear implant (CI) users. The polarity effect, measured using symmetric, biphasic pulses delivered in a monopolar-coupled stimulation mode, was systematically compared among four cochlear-implanted patient populations with differing CN statuses: children with cochlear nerve deficiency, children with biallelic Gap Junction Beta-2 gene mutations, children with idiopathic sensorineural hearing loss, and postlingually deafened adults with various etiologies. All patients used a Cochlear™ Nucleus® device in the test ear. The differences in the polarity effect across patient groups, as revealed by the results of Linear Mixed-Effect Models (LMMs), were not aligned with known anatomical differences in CN status for these patient groups regardless of quantification method. Therefore, peripheral axonal degeneration is unlikely to be the sole or primary biological contributor to the polarity effect measured using symmetric biphasic pulses in monopolar-coupled stimulation mode in human CI users.
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1 Introduction

Given the emerging evidence highlighting the importance of the cochlear nerve (CN) function for CI clinical outcomes (e.g., Dong et al., 2023; Skidmore et al., 2023; Huy and Minh, 2024; Thompson et al., 2024), identifying biomarkers for CN health status has regained attention and interest in the field of cochlear implantation. Based on the results of computational simulation studies (Resnick et al., 2018; Rattay et al., 2001b,a; Rattay, 1999; Potrusil et al., 2020; Brochier et al., 2021; Kalkman et al., 2022), the polarity effect, which is defined as the difference in sensitivity of CN fibers to anodic vs. cathodic stimulation, has been suggested as a potential tool for assessing the degeneration of the peripheral axon of the CN in CI users. Specifically, these simulation results showed that cathodic stimuli presented at low stimulation levels activate the peripheral axons of healthy CN fibers to generate action potential. As stimulation level increases, the central axons become the action potential generation site. For CN fibers with degenerated peripheral axons, the cathodic stimulus needs to overcome the unmyelinated soma to activate the central axon. Compared with the central axon, the soma has high membrane capacitance. As a result, a 5- to 6-fold increase in stimulation strength is needed for the cathodic stimulus to initiate the action potential from the central axon (Rattay et al., 2001b). Therefore, the sensitivity to cathodic stimuli can be used as an indicator of peripheral axonal degeneration, with lower sensitivities indicating greater degeneration. One way to quantify this is to compare the sensitivity to cathodic stimuli with that to anodic stimuli. The rationale for this comparison is that results measured using anodic stimulation are not expected to be affected by peripheral axonal degeneration because it can directly stimulate the central axon of CN fibers in human CI users. Therefore, CN fibers with more extensive peripheral axonal degeneration are expected to show a larger decrease in sensitivity to cathodic stimuli as compared to anodic stimuli (i.e., larger polarity effects).

The polarity-dependent site of excitation is determined by the shape of the electrical field along CN fibers as well as by the trajectories of the neurons located in the electrical field (Rattay et al., 2001b,a). As a result, non-neural factors affecting the shape of electrical field, such as the relative position of the stimulating electrode to the CN, pulse configuration, and presentation mode of stimulation, also impact the polarity effect (Rattay et al., 2001b; Kalkman et al., 2022; Heshmat et al., 2021; Joshi et al., 2017). For example, Heshmat et al. (2021) reported a negligible difference in sensitivity to opposite stimulation polarities regardless of pulse configuration (i.e., monophasic, pseudomonophasic, triphasic, or biphasic pulse) or the degree of peripheral axonal degeneration when pulses were presented in the monopolar-coupled stimulation mode. Their simulation results showed that the action potential initiation sites for anodic-leading vs. cathodic-leading biphasic pulse were mostly the same when they were delivered in the monopolar-coupled stimulation mode by a peri-modiolar electrode. Based on their results, they concluded that this combination of pulse configuration, presentation mode and electrode type was not preferred to assess peripheral axonal degeneration of the CN. To distinguish the degeneration patterns of CN fibers across the cochlea based on the polarity effect, asymmetric pulse shapes presented in multipolar coupled stimulation modes with the consideration of the electrode-to-modiolus distance were recommended. However, Kalkman et al. (2022) recently demonstrated that the relative position of the stimulating electrode to the CN fibers significantly influenced the direction of change in the polarity effect elicited by monophasic pulses presented in the monopolar-coupled stimulation mode across neurons with varying degrees of peripheral axon integrity. Specifically, they found that neurons tended to have lower thresholds for cathodic, compared with anodic, monophasic pulses when stimulation was delivered via a peri-modiolar electrode. In contrast, when using a lateral wall electrode, the same neurons exhibited lower thresholds to anodic stimulation than to cathodic stimulation. This electrode array effect was more pronounced in neurons with intact or partially degenerated peripheral axons than in those with complete peripheral axon loss. As a result, Kalkman et al. (2022) questioned the reliability of the polarity effect as a consistent indicator of neural health.

While simulation results provide valuable insights into the potential effects of different factors on the polarity effect, all CN models developed to date utilize some amount of anatomical, morphometric data, biophysical properties and/or physiological data measured in non-human animal models (Skidmore et al., 2022). The applicability of these parameters to human listeners remains uncertain due to substantial differences in anatomical/morphometric and biophysical properties of CN fibers, cochlear volume, and etiology and duration of deafness between human listeners and all other mammalian species (Skidmore et al., 2022). Therefore, these simulation results need to be tested and validated in human listeners, rather than regarded as definitive.

To determine the applicability of these simulation results to human CI users, several studies have investigated the polarity effect using electrophysiological measures of the electrically evoked compound action potential (eCAP) or psychophysical measures in CI users (e.g., Goehring et al., 2019; Hughes, 2022, 2023; Hughes et al., 2018; Jahn and Arenberg, 2019a,b; Luo et al., 2020; Macherey et al., 2017; Mesnildrey et al., 2020; Undurraga et al., 2013; Xu et al., 2020; Carlyon et al., 2018; Herrmann et al., 2021; Macherey et al., 2008; Hughes et al., 2017). The eCAP is a near-field recording of neural responses generated by a group of electrically activated CN fibers (He et al., 2017). Overall, the results of these studies are inconsistent and do not fully align with the simulation findings. For example, Luo et al. (2020) and Hughes (2022) observed a significant polarity effect on the eCAP threshold (i.e., the lowest stimulation level to evoke an eCAP) measured using symmetric, biphasic pulses presented in the monopolar-coupled stimulation mode in pediatric and adult CI users, respectively, with lower eCAP thresholds measured for anodic-leading, biphasic pulses. Similarly, even though simulation results demonstrated a strong polarity effect on neural response threshold measured using asymmetric pulses (e.g., Rattay et al., 2001b; Rattay, 1999; Heshmat et al., 2021), this finding was not observed in human CI users at the auditory detection threshold level (Macherey et al., 2017; Undurraga et al., 2013; Macherey et al., 2006). Furthermore, the polarity effect on auditory detection threshold measured using multiphasic pulses presented in the monopolar- or partial tripolar-coupled stimulation mode in human CI users is not affected by the electrode-modiolus distance, electrode scalar location, or intracochlear resistance (Jahn and Arenberg, 2019a; Mesnildrey et al., 2020), which is not consistent with the strong impact of the relative position of the stimulating electrode to the CN on the polarity effect reported in several simulation studies (Rattay et al., 2001b; Rattay, 1999; Heshmat et al., 2021). Finally, regardless of differences in pulse configuration, presentation mode and evaluation methods, variations in polarity sensitivity at the threshold level across electrode locations within individual CI users are evident (e.g., Hughes, 2023; Jahn and Arenberg, 2019a,b). Factors accounting for these variations remain unknown. Overall, these results do not provide conclusive evidence supporting an association between the polarity effect and the degeneration of the peripheral axon of the CN in human CI users.

Histological results of human temporal bone studies revealed four patient populations with different statuses of the CN, providing an opportunity to better understand the polarity effect in human listeners. These populations include children with cochlear nerve deficiency (CND), children with biallelic Gap Junction Beta-2 (GJB2) gene mutations, children with idiopathic sensorineural hearing loss (SNHL) and normal-sized CNs, and postlingually deafened adult CI users. CND refers to a small (hypoplastic) or absent (aplastic) CN as revealed by high-resolution magnetic resonance imaging (MRI). The mean SGN count, calculated based on all histological results of human temporal bone studies for children with CND, is 5,739 (range: 0–15,714), representing approximately 16.4% of the SGN count expected for the corresponding age (i.e., 35,500; Wright et al., 1986; Glueckert et al., 2010; Nelson and Hinojosa, 2001; Haginomori et al., 2002; Chen et al., 2020; da Costa Monsanto et al., 2022). In comparison, the mean SGN count in children with SNHL and normal-sized CNs ranges from 14,302 to 20,523 (Miura et al., 2002). The axons of existing SGNs in children with CND are myelinated, with no apparent sign of degeneration (Wright et al., 1986; Glueckert et al., 2010). Additionally, the number of existing SGNs in children with CND follows a unique “base-to-apex” decreasing pattern (He et al., 2018, 2020), with more SGNs located at the more basal regions of the cochlea. GJB2 encodes the protein connexin 26, a gap junction protein expressed in the cochlea and epidermis. As a result, GJB2 mutation causes no noticeable neural damage in the CN (Jun et al., 2000). The results of human temporal bone studies demonstrated an age-related loss in SGN soma and an even greater loss in the peripheral axon (~50%) in adult listeners (Wu et al., 2019, 2023; Liu et al., 2015). Compared with the apical regions, where the electrode array of the Cochlear™ Nucleus® device ends (0.6–2 kHz; Dhanasingh and Jolly, 2017), the basal area of the cochlea shows the greatest loss in both SGN soma and peripheral axon (Wu et al., 2019, 2023; Liu et al., 2015). Noise exposure causes additional peripheral axon loss across different cochlear regions (Wu et al., 2021). A temporal bone study in one CI case showed total loss of peripheral axons for all surviving SGNs at the basal half of the cochlea. In contrast, peripheral axon counts in the apical cochlea of this case are similar to those of age-matched, non-implanted listeners (O'Malley et al., 2024). To summarize, children with CND represent a patient population with fewer but otherwise healthy SGNs with a known distribution pattern of existing SGNs, children with biallelic GJB2 gene mutations represent a patient population with minimal neural damage in the CN, postlingually deafened adult CI users represent a patient population with reduced SGN counts and substantial peripheral axon loss in the basal cochlea, and children with idiopathic SNHL and normal-sized CNs represent a patient population with less SGN soma and peripheral axon loss than adult CI users.

Currently, symmetric, biphasic pulses presented in a monopolar-coupled stimulation mode are standard programming settings for most CI users. As a result, this combination is still used to assess the polarity effect in recent studies aiming to develop clinical tools to assess local CN health or to identify biomarkers for CI clinical outcomes (e.g., Hughes, 2023; Marx et al., 2025; Konerding et al., 2022, 2025). As one step toward identifying the biological underpinnings of the polarity effect observed in human CI users, we leveraged datasets previously collected in children with CND, children with biallelic GJB2 gene mutations, and children with idiopathic SNHL using symmetric, biphasic pulses presented in a monopolar-coupled stimulation mode (Luo et al., 2020; Xu et al., 2020). Among these pediatric participants, all except one had a peri-modiolar electrode array in the test ear, with the remaining participant using a lateral wall array. These existing datasets were combined with results from four additional children with biallelic GJB2 gene mutations and systematically compared with those from postlingually deafened adult CI users to gain further insight into the polarity effect in human CI users.

In the current study, the polarity effect was defined as the difference in the eCAP threshold between the results measured using anodic-cathodic (AC) and cathodic-anodic (CA), biphasic pulses (i.e., thresholdAC – thresholdCA). Based on modeling data, lower anodic than cathodic thresholds (i.e., negative numbers) may indicate some degree of peripheral axonal degeneration. The polarity effect on the eCAP threshold was chosen because the literature suggested the polarity effect measured at the threshold level varies independently of electrode position and tissue impendence (Jahn and Arenberg, 2019a), and reflects the local CN health (Macherey et al., 2017). Therefore, eCAP parameters based on responses measured at high stimulation levels (e.g., slope of the eCAP amplitude growth function and the maximum eCAP amplitude) were not investigated in this study. Based on the literature, we hypothesized that the polarity effect on the eCAP threshold measured using symmetric, biphasic pulses presented in a monopolar-coupled stimulation mode would not be a reliable indicator of peripheral axonal degeneration in human CI users. Based on the proposed hypothesis, it was expected that the polarity effect on the eCAP threshold would not capture differences in peripheral axon loss either among the four patient groups or between basal and apical cochlear regions in adult CI users, as reported in the human temporal bone studies cited above.



2 Materials and methods


2.1 General methods

All participants were implanted with a Cochlear™ Nucleus® device (Cochlear Ltd., Macquarie, NSW, Australia) with a full electrode insertion in the test ear. Each participant had at least 6 months of listening experience with their CIs prior to testing. For pediatric participants, the anatomical status of the CN and the inner ear was determined based on the results of high-resolution MRI and Computed Tomography (CT) temporal bone scans, following the same protocol and criteria as described in our previous studies (Luo et al., 2020; He et al., 2018). The study was approved by the Biomedical Institutional Review Board of The Ohio State University. Written informed consents were obtained from participants and/or their legal guardians prior to participation.

For children with CND, three electrodes with measurable eCAPs were tested. These testing sites extended to the most apical electrode location where an eCAP could be recorded and had a relatively equal separation between testing electrodes. The electrodes were classified as the “basal,” the “middle,” and the “apical” electrode based on their relative locations among those with measurable eCAPs. For other pediatric participants, one basal electrode (electrode 3), one middle-array electrode (electrode 12), and one apical electrode (electrode 19 or 21) were tested. For adult participants, four electrodes across the array (electrodes 3, 9, 15, and 21) were tested. The electrode locations for testing were adjusted in cases of open or short circuits at the default electrode location and/or the absence of eCAPs at the maximum comfortable level. The CI electrodes tested in each participant for different experiments are listed in Table 1 and Supplementary Table 1.

TABLE 1 Demographic information of the study participants whose data have not been reported in Luo et al. (2020) or Xu et al. (2020).


	Group
	Participant ID
	Ear tested
	Age at testing (years)
	Internal device and electrode array
	Electrode array type
	Etiology of hearing loss
	Electrodes tested





	Children with GJB2
	G21
	L
	17.5
	24RE (CA)
	PM
	Connexin 26
	5, 12, 21


 
	G21
	R
	17.6
	24RE (CA)
	PM
	Connexin 26
	4, 12, 21


 
	G22
	L
	15.7
	24RE (CA)
	PM
	Connexin 26
	3, 12, 21


 
	G23
	L
	17.7
	24RE (CA)
	PM
	Connexin 26
	3, 12, 21


 
	G23
	R
	17.7
	24RE (CA)
	PM
	Connexin 26
	5, 9, 21


 
	G24
	L
	16.0
	24RE (CA)
	PM
	Connexin 26
	3, 12, 21



	Adults
	A03
	L
	62.9
	CI512
	PM
	SHL
	3, 9, 15, 20


 
	A06
	L
	70.0
	CI512
	PM
	Meniere's
	3, 6, 15, 20


 
	A08
	L
	70.6
	24RE (CA)
	PM
	Hereditary
	3, 9, 15, 21


 
	A08
	R
	70.2
	24RE (CA)
	PM
	Hereditary
	3, 9, 15, 21


 
	A09
	L
	38.9
	24RE (CA)
	PM
	Trauma
	3, 9, 15, 21


 
	A11
	L
	81.8
	CI512
	PM
	Unknown
	3, 9, 15, 21


 
	A20
	R
	65.0
	CI522
	LW
	Trauma
	4, 8, 14, 21


 
	A22
	R
	60.4
	CI522
	LW
	Unknown
	3, 9, 15, 21


 
	A24
	R
	39.0
	24RE (CA)
	PM
	Hereditary
	3, 9, 15, 21


 
	A28
	L
	37.3
	CI512
	PM
	Hereditary
	3, 9, 15, 20


 
	A29
	R
	60.2
	24RE (CA)
	PM
	Hereditary
	3, 9, 15, 21


 
	A30
	R
	66.1
	CI532
	PM
	Unknown
	3, 9, 15, 21


 
	A34
	L
	70.9
	CI532
	PM
	Trauma
	3, 9, 15, 21


 
	A34
	R
	70.9
	CI532
	PM
	Unknown
	3, 9, 15, 21


 
	A35
	L
	79.1
	CI422
	LW
	Noise
	3, 9, 15, 21


 
	A40
	L
	61.3
	CI632
	PM
	Unknown
	3, 9, 15, 21


 
	A44
	L
	70.3
	CI532
	PM
	Noise
	3, 9, 14, 20


 
	A45
	L
	81.4
	24RE (CA)
	PM
	Autoimmune
	3, 9, 15, 21


 
	A47
	R
	68.3
	24RE (CA)
	PM
	Unknown
	3, 9, 15, 21


 
	A50
	L
	78.4
	CI622
	LW
	Noise
	3, 9, 15, 21


 
	A50
	R
	78.3
	CI522
	LW
	Noise
	3, 9, 15, 21


 
	A52
	L
	69.3
	CI532
	PM
	AN
	3, 9, 15, 21


 
	A54
	L
	71.1
	CI622
	LW
	Noise
	3, 9, 15, 21


 
	A59
	R
	69.6
	CI632
	PM
	Meniere's
	3, 9, 21


 
	A61
	R
	84.1
	CI532
	PM
	Hereditary
	3, 7, 10, 17


 
	A63
	L
	65.4
	CI532
	PM
	Unknown
	3, 9, 15, 21


 
	A65
	L
	59.0
	CI532
	PM
	Unknown
	6, 9, 15, 21


 
	A67
	R
	57.5
	CI622
	LW
	SHL
	3, 9, 15, 21


 
	A70
	R
	69.9
	CI632
	PM
	Noise
	3, 9, 15, 21


 
	A77
	L
	58.8
	CI632
	PM
	Unknown
	3, 21


 
	A79
	L
	57.5
	CI532
	PM
	Usher
	3, 9, 15, 21







2.2 Participants

Data from 31 children with CND, 20 children with biallelic GJB2 gene mutations, and 34 children with idiopathic SNHL tested in our previous studies (Luo et al., 2020; Xu et al., 2020) were reanalyzed and included in this study. Supplementary Table 1 includes demographic information of these participants. Table 1 of these two studies (Luo et al., 2020; Xu et al., 2020) provide additional participant demographics. Four additional children with biallelic GJB2 gene mutations (one girl and three boys) ranging in age between 15.7 and 17.7 years (mean: 17.0 yrs, SD: 0.9 yrs) at the time of testing were recruited. Both ears were tested for two of these four children (G21 and G23). All except for one (G7) pediatric participant used a peri-modiolar electrode array in the test ear. In addition to these pediatric participants, 28 postlingually deafened adult CI users (14 females and 14 males), ranging in age between 37.3 and 84.1 years (mean: 65.9 yrs, SD: 11.7 yrs) at the time of testing, were recruited for this study. For three participants (A08, A34, and A50), both ears were tested. Only one ear was tested for all other adult participants. Detailed demographic information of these adult participants and the four newly tested children with biallelic GJB2 gene mutations is listed in Table 1. There is no overlap between the participants listed in Table 1 and Supplementary Table 1.



2.3 eCAP measurements procedures

The eCAP was measured using the Advanced Neural Response Telemetry (NRT) function that is implemented in the Custom Sound EP (v. 5.1 or v.6.2) software (Cochlear Ltd, Macquarie, NSW, Australia) and a two-pulse forward-masking-paradigm (Brown et al., 1990). The stimuli were charge-balanced, biphasic pulses with an interphase gap of 7 μs. In children with CND, pulse phase durations that were required to elicit a measurable eCAP ranged from 37 to 75 μs/phase. For one adult participant (A044), eCAPs were measured using a pulse phase duration of 37 μs/phase. For all other participants, a pulse phase duration of 25 μs/phase was used to measure eCAP responses. The stimulus was presented to individual CI electrodes in a monopolar-coupled stimulation mode via a Freedom or N5 sound processor interfaced with a programming pod. Parameters used for eCAP measures included a probe rate of 15 Hz, a masker-probe-interval of 400 μs, an effective sampling rate of 20,492 Hz, and sampling delays ranging between 98 and 122 μs.

For each of 31 ears of 31 children with CND, 27 ears of 24 children with biallelic GJB2 gene mutations, 35 ears of 34 children with idiopathic SNHL, and 31 ears of 28 postlingually deafened adult patients, eCAP input/output (I/O) functions were obtained for both anodic- and cathodic-leading, biphasic pulses at each CI electrode tested. The anodic-leading stimulus consisted of an anodic phase followed by a cathodic phase, and vice versa for the cathodic-leading stimulus. For each study participant, the C level for the anodic-leading stimulus (i.e., the anodic C level) was measured for each testing electrode using the same procedure as reported previously (He et al., 2018, 2024), and was used as the highest stimulation level tested in this study.

To obtain the eCAP I/O function, the masker pulse was presented at the anodic C level, the probe pulse was presented at 5–10 CLs below the anodic C level. The probe level was systematically decreased with steps of 1 CL for the first five steps and then in steps of 5 CLs until no eCAP response could be visually identified. The probe level was subsequently increased in steps of 1 CL until at least five eCAPs were recorded using this small step size.



2.4 Data analysis

Custom-designed scripts in MATLAB R2021b (MathWorks, MA) were used to measure the eCAP threshold which was defined as the lowest stimulation level that elicited an eCAP response with an amplitude of 5 μV or larger (Patrick et al., 2006). In some studies, the polarity effect was defined as the numerical difference in the lowest stimulation level quantified using a linear scale (Rattay et al., 2001b,a; Rattay, 1999; Heshmat et al., 2021). In other studies, it was defined as the ratio of current change (Luo et al., 2020; Xu et al., 2020) or the logarithm of this ratio (i.e., dB; e.g., Kalkman et al., 2022; Goehring et al., 2019; Hughes, 2022; Jahn and Arenberg, 2019b; Macherey et al., 2008). To better compare with the literature, the polarity effect was quantified using both a linear scale (in nC) and a logarithmic scale (in dB re: 1 nC) in this study. It was calculated by subtracting eCAP thresholds measured using cathodic-leading, biphasic pulses (CA) from those measured using anodic-leading, biphasic pulses (AC; i.e., thresholdAC – thresholdCA). Due to differences in pulse phase duration used in different participant groups, the eCAP thresholds shown in Figure 1 were quantified using a linear scale in nC.


[image: Scatter plots showing anodic and cathodic thresholds (in nanocoulombs) for cochlear implants across different categories: CND, GJB2, and Idiopathic at basal, middle, and apical electrode locations, plus adult at basal and apical electrode locations. Each plot includes a line representing equal thresholds. The marker colors of data points indicate perimodiolar and lateral wall types in the adult group.]
FIGURE 1
 eCAP thresholds measured using cathodic-leading, biphasic pulses are plotted against those measured using anodic-leading, biphasic pulses for the pediatric participant group [top three rows] and the adult participant group [bottom row]. Each symbol represents the result from one participant, with different symbol types indicating different participant groups. The results are shown for each electrode location in each panel. In each panel, the diagonal line represents equal sensitivity to both polarities.




2.5 Statistical comparisons

Linear Mixed effects Models (LMMs) were used to: (1) compare the polarity effect at different electrode locations within each of four patient populations; (2) compare the polarity effect measured at different electrode locations among the three pediatric patient populations; and (3) compare the polarity effect measured at the most basal and the most apical electrode locations tested among four patient populations. All LMMs used a random intercept for subject and random slope for electrode to account for repeated measures by electrode, some individuals with measurements in both ears, and differing variances by electrode. Estimations were obtained using restricted maximum likelihood with Kenward-Roger degrees of freedom. Tukey's Honest Significant Difference (Tukey's HSD) method was applied to adjust for multiple comparisons. In adult CI users, two-tailed Pearson correlation analyses were used to assess the relationship between age at testing and the polarity effect, quantified using both scales. Separate analyses were performed for the most basal and apical electrode sites, with Bonferroni correction for multiple comparisons. All statistical analyses for this study were performed using R software v. 4.3.0 (R Core Team, 2023, https://www.R-project.org/) using the lme4 package (Bates et al., 2015). Statistical significance was determined at the 95% confidence level (i.e., p < 0.05).




3 Results


3.1 eCAP thresholds for different stimulation polarities

Figure 1 shows eCAP thresholds (in nC) measured for the cathodic-leading stimulus plotted against those measured for the anodic-leading stimulus at three electrode locations in the three pediatric patient groups, and at one basal and one apical electrode locations in adult patient group. These data were plotted using the same format as in Heshmat et al. (2021) to allow for direct comparison. While the results from children with biallelic GJB2 gene mutations and children with idiopathic SNHL cluster around the reference line, indicating equal sensitivity to both polarities, the results from children with CND exhibit a different pattern. Specifically, data from children with CND show clear deviations from the reference line, indicating differences in eCAP thresholds measured with different pulse polarities. Notably, these deviations tend to increase toward the more apical regions of the cochlea. The data shown for adult patients include results from 25 ears implanted with a peri-modiolar electrode array (black diamonds) and six ears implanted with a lateral-wall electrode array (gray diamonds). These results also exhibit deviations from the reference line; however, the deviations appear to be more pronounced at the basal electrode location, which contrasts with the pattern observed in children with CND.



3.2 Polarity effect results

Figure 2 illustrates the polarity effects on eCAP thresholds measured at three electrode locations in the pediatric patient groups and at four locations in adult patients. Figures 2a, b display the results using linear and logarithmic scales, respectively. These data clearly demonstrate differences in results across electrode locations within each participant group and among the groups. While different quantification scales affected the magnitude of these differences, they did not alter their direction. The statistical findings are summarized below.


[image: Two line graphs compare the polarity effect on the threshold at different electrode locations (basal, middle, apical). Graph (a) measures in nanoCoulombs, showing four groups: CND, GJB2, idiopathic, and adult. Graph (b) measures in decibels, displaying the same groups. Error bars indicate variability.]
FIGURE 2
 The means and standard deviations of the polarity effect on the eCAP threshold quantified using a linear scale (a) and a logarithmic scale (b) at each electrode location in different participant groups. Different symbol types represent different participant groups. The dashed line in each panel denotes the null polarity effect on the eCAP threshold.



3.2.1 Results quantified using a linear scale

For the three pediatric participant groups, the results of LMMs showed a significant effect of participant group [F(2, 84.53) = 4.55, p = 0.013]. The effect of electrode location [F(2, 79.43) = 2.39, p = 0.098] or the interaction between participant group and electrode location [F(4, 75.17) = 0.75, p = 0.456] did not reach statistical significance. The results of pairwise comparisons showed that children with CND had a significant larger polarity effect than both children with GJB2 (p = 0.001) and children with idiopathic SNHL (p < 0.001). It should be noted that the level of electric stimulation (in nC) required to evoke the eCAP in children with CND is much higher than that used for the other two groups of pediatric participants, which could have contributed to this significant group difference. There was no significant difference in the polarity effect between children with GJB2 and children with idiopathic SNHL (p = 0.952).

For the data measured in adult participants, the results of LMMs revealed a significant effect of electrode location [F(3, 25.68) = 9.83, p < 0.001]. Pairwise comparisons revealed that the polarity effect on the eCAP at the most basal electrode (electrode 3) was significantly larger than at the two apical electrodes: electrode 15 (p < 0.001) and electrode 21 (p = 0.024). No other pairwise differences were statistically significant (p > 0.05). No other pairwise comparison results were statistically significant (p > 0.05).

For the results measured at one basal and one apical electrode across four patient groups, the LMM showed a significant effect of participant group [F(3, 109.76) = 3.21, p = 0.026]. There was no significant effect of electrode location [F(1, 101.04) = 3.83, p = 0.053] or the interaction between participant group and electrode location [F(3, 103.45) = 2.31, p = 0.080]. Pairwise comparisons revealed that children with CND had a significantly larger polarity effect than all other participant groups. No other pairwise comparison results were statistically significant (p > 0.05). Table 2 includes details of these pairwise comparison results.

TABLE 2 Pairwise comparisons for the polarity effect quantified using a linear scale between adult participants and the three pediatric participant groups at two electrode locations.


	Quantification scale
	Group pair
	Estimate
	SE
	df
	t value
	p value





	Linear
	Adult—CND
	1.755
	0.436
	111
	4.028
	< 0.001***


 
	Adult—GJB2
	0.005
	0.463
	108
	0.010
	1.000


 
	Adult—Idiopathic
	0.237
	0.422
	110
	0.563
	0.943


 
	CND—GJB2
	−1.751
	0.457
	109
	−3.833
	0.001**


 
	CND—Idiopathic
	−1.518
	0.415
	112
	−3.659
	0.002**


 
	GJB2—Idiopathic
	0.233
	0.443
	109
	0.525
	0.953



CI24RE (CA), Freedom Contour Advance electrode array; PM, peri-modiolar; LW, lateral-wall; SHL, sudden hearing loss; AN, acoustic neuroma.

eCAP, electrically evoked compound action potential; CND, cochlear nerve deficiency; GJB2, gap junction beta 2; SE, standard error; df, degree of freedom; **p < 0.01; ***p < 0.001.





3.2.2 Results quantified using a logarithmic scale

For the three pediatric participant groups, the LMM revealed no significant effect of participant group [F(2, 95.51) = 1.80, p = 0.171], electrode location [F(2, 96.00) = 0.85, p = 0.428] or their interaction [F(4, 95.09) = 0.83, p = 0.511].

Similar to the results quantified using a linear scale, the LMM showed a significant effect of electrode location [F(3, 25.72) = 9.03, p < 0.001] on the polarity effect in adult participants. Pairwise comparisons showed that the polarity effect on the eCAP measured at electrode 3 was significantly larger than that measured at electrode 15 (p < 0.001). No other pairwise comparison results were statistically significant (p > 0.05).

For the results measured at the two electrode locations across four patient groups, the LMM showed a significant effect of electrode location [F(1, 101.16) = 7.23, p = 0.008], with a larger polarity effect at the basal than the apical electrode, but there was no significant effect of participant group [F(3, 116.58) = 1.10, p = 0.353] or the interaction between these two factors [F(3, 105.63) = 1.94, p = 0.128].



3.2.3 Relationships with age at testing

Pearson correlation analyses showed no significant correlation between age at testing and the polarity effect, regardless of cochlear location or quantification scale. Detailed results are provided in Supplementary Table 2.





4 Discussion


4.1 Results discussion

One aim of this study was to confirm the simulation results reported in Heshmat et al. (2021) showing similar thresholds measured using AC or CA pulses when monopolar stimulation mode was used in patients with peri-modiolar electrodes. In contrast, our results in children with CND (Figure 1) clearly showed higher eCAP thresholds for the cathodic-leading pulse compared to those measured using the anodic-leading biphasic pulse. This pattern was particularly pronounced for the results measured at more apical electrode locations where fewer SGNs exist. We speculate that this may be due to differences in the relative position of the stimulating electrode to CN fibers in different intracochlear regions in children with CND. Specifically, the “effective” distance between the electrode and the remaining CN fibers may increase at more apical locations due to the reduced SGN population. As a result, a peri-modiolar electrode may function more like a lateral wall electrode in these regions, leading to lower thresholds for anodic stimulation in intact SGNs—consistent with findings reported by Kalkman et al. (2022). This speculation is supported by the diminished difference among the three pediatric patient populations when the polarity effect was quantified using a logarithmic scale to control for the group difference in the amount of “effective” current that stimulated existing SGNs (McKay, 2012). However, due to the limited literature on how substantial SGN loss affects the polarity effect, it remains unclear whether the observed pattern is directly attributable to the reduced SGN count in this unique patient population. Unfortunately, postoperative CT scans were not available in pediatric CI users because they are not part of standard clinical care. As a result, we were not able to conduct further data analysis to determine or disentangle the contributions of these two factors. It is worth noting that, although the threshold data measured in children with CND differed from those reported by Heshmat et al. (2021), our findings on the polarity effect—discussed below—are consistent with their recommendation against using symmetric biphasic pulses delivered in a monopolar coupled stimulation mode to assess peripheral axonal degeneration in human CI users.

The primary aim of this study was to determine whether the polarity effect on the eCAP threshold measured using symmetric biphasic pulse delivered in the monopolar-coupled stimulation mode could be used to assess the degeneration of the peripheral axon of the CN in human CI users. Regardless of the scale used to quantify this polarity effect, adult patients showed a larger polarity effect at the most basal electrode location tested in this study—the region where substantial peripheral axonal degeneration likely occurred (e.g., Wu et al., 2023; O'Malley et al., 2024)—than those measured at more apical regions of the cochlea. These results align with the proposed relationship between the polarity effect and peripheral axonal degeneration. However, the polarity effects measured in adult participants were comparable to those observed in children with GJB2—a patient population with no noticeable neural damage in the CN (Jun et al., 2000)—even at the most basal electrode locations, regardless of the quantification method. In other words, if the polarity effect measured using the stimulus and configuration employed in this study truly reflects peripheral axon degeneration, adult CI users with substantial peripheral axon loss, particularly in the basal region of the cochlea, would be expected to show greater polarity effects than children with GJB2. Contrary to these expectations, our data did not reveal significant group differences in polarity effects between these two patient populations. Therefore, these results clearly do not support the polarity effect observed in this study as a reliable indicator of peripheral axonal degeneration in CI users. The lack of group difference in the polarity effect between adult and pediatric CI users is also consistent with those reported in Jahn and Arenberg (2019b) in which the polarity effect on auditory detection threshold was evaluated using triphasic pulses. Overall, our findings do not support the use of polarity effect assessed using symmetric biphasic pulse delivered in the monopolar-coupled stimulation mode as an indicator of peripheral axonal degeneration in CI users, regardless of quantification method. The large polarity effect quantified on a linear scale in children with CND, along with the variation in polarity effects across electrode locations in adult CI users suggests that the measured polarity effect is associated with CN health. However, the specific aspects of CN health to which it relates remain unknown. Further studies are warranted to investigate the biological mechanisms underlying these polarity effects, utilizing the stimulus and presentation configurations employed in this study.



4.2 Study limitations

The first limitation is that the results and conclusions of this study are only applicable to those measured using symmetric, biphasic pulses presented in a monopolar-coupled stimulation mode. It remains unclear whether these results and explanations apply to studies using electrical pulses with other pulse shapes or presented in a non-monopolar-coupled stimulation mode. Further studies using asymmetric pulses presented in multipolar coupled stimulation modes in specific patient groups with well-characterized anatomical integrity of the CN are warranted to determine the biological underpinnings of this effect. Second, the limited number of adult participants implanted with a lateral-wall electrode array prevented us from evaluating the effect of electrode array type on the results. Third, due to the lack of postoperative CT scans for most participants, we could not assess the potential influence of electrode-to-modiolus distance, insertion angle, or insertion depth on the outcomes. These three factors should be considered in future studies.




5 Conclusions

Peripheral axonal degeneration is unlikely to be the sole or primary biological contributor to the polarity effect measured using symmetric biphasic pulses delivered in monopolar-coupled stimulation mode in human CI users. Further studies are warranted to determine the optimal combination of stimulation and recording parameters for assessing the polarity effect as a means of quantifying peripheral axonal degeneration of CN fibers in human CI users.
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