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Abstract

Objectives: The spatial position of a cochlear implant (CI) electrode array affects the spectral 

cues provided to the recipient. Differences in cochlear size and array length lead to substantial 

variability in angular insertion depth (AID) across and within array types. For CI-alone users, the 

variability in AID results in varying degrees of frequency-to-place mismatch between the default 

electric frequency filters and cochlear place of stimulation. For electric-acoustic stimulation (EAS) 

users, default electric frequency filters also vary as a function of residual acoustic hearing in 

the implanted ear. The present report aimed to: 1) investigate variability in AID associated with 

lateral wall arrays, 2) determine the subsequent frequency-to-place mismatch for CI-alone and 

EAS users mapped with default frequency filters, and 3) examine the relationship between early 

speech perception for CI-alone users and two aspects of electrode position: frequency-to-place 

mismatch and angular separation between neighboring contacts, a metric associated with spectral 

selectivity at the periphery.

Design: One hundred one adult CI recipients (111 ears) with MED-EL Flex24 (24 mm), 

Flex28 (28 mm), and FlexSOFT/Standard (31.5 mm) arrays underwent postoperative computed 

tomography to determine AID. A subsequent comparison was made between AID, predicted spiral 

ganglion place frequencies, and the default frequency filters for CI-alone (n = 84) and EAS users 

(n = 27). For CI-alone users with complete insertions who listened with maps fit with the default 

frequency filters (n = 48), frequency-to-place mismatch was quantified at 1500 Hz and angular 

separation between neighboring contacts was determined for electrodes in the 1-2 kHz region. 

Multiple linear regression was used to examine how frequency-to-place mismatch and angular 

separation of contacts influence consonant-nucleus-consonant (CNC) scores through 6 months 

post-activation.

Results: For CI recipients with complete insertions (n = 106, 95.5%), the AID (mean ± standard 

deviation) of the most apical contact was 428° ± 34.3° for Flex24 (n = 11), 558° ± 65.4° 
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for Flex28 (n = 48), and 636° ± 42.9° for FlexSOFT/Standard (n = 47) arrays. For CI-alone 

users, default frequency filters aligned closely with the spiral ganglion map for deeply inserted 

lateral wall arrays. For EAS users, default frequency filters produced a range of mismatches; 

absolute deviations of ≤ 6 semitones occurred in only 37% of cases. Participants with shallow 

insertions and minimal or no residual hearing experienced the greatest mismatch. For CI-alone 

users, both smaller frequency-to-place mismatch and greater angular separation between contacts 

were associated with better CNC scores during the initial 6 months of device use.

Conclusions: There is significant variability in frequency-to-place mismatch among CI-alone 

and EAS users with default frequency filters, even between individuals implanted with the same 

array. When using default frequency filters, mismatch can be minimized with longer lateral 

wall arrays and insertion depths that meet the edge frequency associated with residual hearing 

for CI-alone and EAS users, respectively. Smaller degrees of frequency-to-place mismatch and 

decreased peripheral masking due to more widely spaced contacts may independently support 

better speech perception with longer lateral wall arrays in CI-alone users.

Introduction

The default mapping procedures for cochlear implant (CI) and electric-acoustic stimulation 

(EAS) devices capitalize on the tonotopic organization of the cochlea by distributing 

low-frequency information at the apical end of the electrode array and high-frequency 

information at the base. Electrode arrays vary in length across and within manufacturers 

(Dhanasingh & Jolly 2017), which may result in discrepancies between the distribution of 

frequency information and the natural tonotopic organization of the cochlea, known as a 

frequency-to-place mismatch. Adding further complexity, there are marked interindividual 

anatomic variations in cochlear size and cochlear duct length (Hardy 1938; Wurfel et al. 

2014; Meng et al. 2016), leading to differences in angular insertion depth (AID) even within 

patient cohorts implanted with the same array. This may be of particular importance in 

postlingually deafened CI recipients, who are familiarized with a normal frequency-to-place 

function along the basilar membrane prior to hearing loss and must adapt to varying degrees 

of mismatch when listening with a CI-alone or EAS device.

Prior work has demonstrated a mismatch between the default frequency filters for individual 

electrode contacts and the associated spiral ganglion (SG) frequency estimate across several 

arrays in the CI-alone condition (Landsberger et al. 2015; Venail et al. 2015; Wess et 

al. 2017). While CI-alone users can learn to use frequency-shifted information, mismatch 

between the electric place of stimulation and the normal frequency-to-place function may 

prolong the acclimatization period and reduce asymptotic performance (Svirsky et al. 2004). 

Yet to date, the influence of this mismatch remains unclear, with several studies showing 

either no effect or a decrement in performance with greater depths of insertion (Gani et al. 

2007; Finley et al. 2008; Lazard et al. 2012; Holden et al. 2013). With respect to lateral wall 

arrays, there are emerging data that consistently demonstrate deep insertions confer a benefit 

in speech perception in the CI-alone condition (Hochmair et al. 2003; Yukawa et al. 2004; 

Buchman et al. 2014; O’Connell et al. 2016; Buchner et al. 2017; Chakravorti et al. 2019).
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There are several mechanisms that could account for an association between deeper array 

insertions and better audiologic outcomes. First, deep insertions extend the range of low­

frequency pitch percepts (Prentiss et al. 2014; Schatzer et al. 2014; Vermeire et al. 2015; 

Dillon, Buss, et al. 2019), which may contribute to better speech perception in noise. 

Second, the default frequency filters for electrode contacts on deeply inserted arrays more 

closely align with the natural tonotopicity of the cochlea, allowing users to benefit from 

place and rate cues (Schatzer et al. 2014; Landsberger et al. 2018). It should be noted 

that frequency-to-place alignment is highly dependent on the specific frequency filters for 

individual electrode contacts, and this information has not typically been controlled in prior 

investigations. Lastly, the angular separation between neighboring electrode contacts differs 

across arrays and insertion depths, with larger angular separation for longer arrays and 

deeper insertions. This greater separation would tend to reduce peripheral masking and 

increase functional spectral resolution, which could result in better speech perception (Won 

et al. 2007; Zhou 2017). Thus, if one chooses to use a lateral wall array for a patient destined 

for a CI-alone device, there are reasons to prefer a longer array.

Selecting the optimal array length becomes more challenging for the growing population of 

patients with considerable residual hearing in the implanted ear. Cochlear implant recipients 

with preserved hearing are able to use EAS devices to gain substantial benefit with speech 

perception in noise and spatial hearing as compared to a CI or hearing aid alone (Gantz 

et al. 2009; Dunn et al. 2010; Helbig et al. 2011; Gifford & Dorman 2012; Gifford et 

al. 2013; 2014; Rader et al. 2013; Dillon et al. 2015; Pillsbury et al. 2018). It is widely 

accepted that shorter arrays that do not reach the apical region of the cochlea inflict less 

trauma and maximize chances of hearing preservation (Gantz et al. 2016; Suhling et al. 

2016; O’Connell et al. 2017). However, in the event that residual hearing is lost, short array 

recipients using default frequency filters experience greater frequency-to-place mismatch 

and greater peripheral masking associated with distributing the full spectrum of speech cues 

on a short array. This results in poorer speech perception than observed for long array 

recipients (Buchner et al. 2017). Interestingly, hearing preservation has been demonstrated 

in recipients of longer flexible lateral wall arrays (Tamir et al. 2012; Mick et al. 2014; 

Usami et al. 2014; Moteki et al. 2018), which provide greater cochlear coverage for electric 

stimulation if acoustic hearing is lost. With emerging data that support the feasibility of 

hearing preservation with longer arrays, there is likely to be substantial variability in AID 

amongst recent EAS device users.

The frequency-to-place mismatch for EAS device users is influenced not only by variability 

in array AID, but also the default frequency filters for EAS devices, which differ 

considerably from CI-alone default settings. The default frequency filters for EAS devices 

use the patient’s acoustic hearing thresholds in the implanted ear to determine the output 

of the acoustic component and the lowest frequency presented by the electric component, 

known as the low-frequency cutoff – without consideration of the AID. As such, variability 

in AID and amount of residual acoustic hearing between EAS users may result in significant 

variability in frequency-to-place mismatch unique to each recipient. Furthermore, if the 

recipient experiences a change in residual hearing after device activation, the default 

setting shifts the low-frequency cutoff, subsequently re-distributing frequency information 

logarithmically across the entire array. The change in electric frequency filters requires the 
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patient to re-acclimate to new map settings, which could negatively affect early performance 

and may reduce asymptotic performance with the device. As outcomes have been shown to 

be variable amongst EAS users (Polak et al. 2010; Dillon et al. 2014; Gifford et al. 2017), 

it is possible that the need to adapt to varying degrees of frequency-to-place mismatch and 

peripheral masking may limit performance.

Given the possible role of frequency-to-place mismatch in outcomes for CI-alone and 

EAS device users, it is important to understand the range of mismatches obtained with 

different arrays and map settings. The primary aims of the current study were as follows: 1) 

investigate the variability in AID associated with Flex24, Flex28, and FlexSOFT/Standard 

arrays, 2) determine the associated frequency-to-place mismatch when CI-alone and EAS 

device users are mapped with default electric frequency filters, and 3) examine the 

relationship between early speech perception for CI-alone users and two aspects of electrode 

position: frequency-to-place mismatch and angular separation between neighboring contacts, 

a metric associated with spectral selectivity at the periphery.

Materials and Methods

Participants

Study procedures were approved by the Institutional Review Board, and participants 

provided consent to participate. Adult CI recipients presenting for routine follow-up 

implanted with MED-EL GmbH (Innsbruck, Austria) Flex24 (24 mm), Flex28 (28 mm), or 

FlexSOFT/Standard (31.5 mm) electrode arrays were eligible for inclusion. FlexSOFT and 

Standard array data were combined, as both designs have the same array length and distance 

between contacts. A postoperative high-resolution temporal bone cone-beam computed 

tomography (CT) scan was obtained in all cases. Participants with cochlear malformations 

were excluded from the study.

Participants were grouped as CI-alone or EAS device users by their unaided hearing 

thresholds in the implanted ear measured at device activation (approximately 2-4 weeks 

postoperatively). The MED-EL clinical software (MED-EL GmbH, Maestro, version 7) 

uses an unaided threshold of 65 dB HL to determine the low-frequency cutoff of 

electric stimulation. Considering this, participants with postoperative low-frequency hearing 

thresholds worse than 65 dB HL at 125 Hz were identified as CI-alone users, while 

participants with low-frequency hearing thresholds of better than or equal to 65 dB HL 

at 125 Hz were identified as EAS users.

Measurement of Angular Insertion Depth and Cochlear Duct Length

The postoperative CT was uploaded to OTOPLAN®, an otologic imaging analysis tool 

developed by CAScination AG (Bern, Switzerland) in collaboration with MED-EL GmbH, 

to calculate the AID for each electrode contact, as previously described (Canfarotta et al. 

2019). Briefly, this algorithm uses the user-defined cochlear coordinate system to define the 

location of the modiolus, round window, and individual electrode contacts in the cochlear 

view to determine the AID for each electrode contact. The subsequent AID was used to 

approximate the cochlear place frequency based on the average SG map (Stakhovskaya 
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et al. 2007), which is calculated by estimating the proportional distance from the base 

for the SG map, converting to the corresponding proportional distance along the organ of 

Corti (OC) map, and using Greenwoods equation to determine the associated frequency in 

Hz (Greenwood 1990). In the present study, landmarks were all determined by the first 

author. Complete insertion was defined as having all 12 electrode contacts located within 

the cochlea. It follows that partial insertion was defined as having at least one extracochlear 

electrode contact.

The cochlear duct length was measured on postoperative CT with OTOPLAN® using the 

elliptic-circular approximation (ECA) method, which has been demonstrated to be more 

accurate than previously described methodologies (Schurzig et al. 2018). This method 

determines the basal turn length of the lateral wall based on user-identified measurements of 

the cochlear diameter (A-value) and width (B-value), which are then used in the derivation 

of cochlear duct length.

Default Frequency Allocations

The default frequency filters for CI-alone and EAS device users were obtained using the 

manufacturer clinical software. For CI-alone users, the frequency range was 70-8500 Hz, 

which is logarithmically distributed across the active electrodes. For complete insertions, the 

subsequent default center frequencies for the 12 electrode contacts from apical to basal were 

as follows: 120, 235, 384, 579, 836, 1175, 1624, 2222, 3019, 4084, 5507, and 7410 Hz. For 

EAS device users, the clinical software assigns the low-frequency cutoff as the frequency 

at which unaided hearing thresholds exceed 65 dB HL, and logarithmically distributes the 

remaining mid-to-high frequency information across active electrodes. For both CI-alone 

and EAS devices, extracochlear electrode contacts were deactivated, and frequency filters 

were re-distributed across the remaining electrode contacts in accordance with clinical 

software recommendations.

Postoperative Speech Perception

The aided speech perception of CI-alone device users at 1, 3, and 6 months after CI 

activation was reviewed to assess the influence of a frequency-to-place mismatch on initial 

speech perception. Testing was completed in a soundproof booth with the participant seated 

1 meter away from the sound source. Recorded materials were presented at 60 dB SPL. 

Speech perception was measured using the consonant-nucleus-consonant (CNC) word test 

(Peterson & Lehiste 1962), which is scored as the percent of words correctly repeated 

from a 50-word list. These scores were transformed into rationalized arcsine units (RAUs; 

Studebaker 1985) to normalize error variance. Word scores at 1, 3, and 6 months after 

CI activation were compared to the absolute value of the frequency-to-place mismatch. 

Absolute mismatch was evaluated based on the rationale that the detrimental effects on 

performance are likely to be comparable for positive and negative spectral mismatches, 

although there are no data confirming this. To minimize potential confounding variables, this 

analysis was restricted to CI-alone users who listened consistently to the default frequency 

filters, had a negative history of revision surgery or partial electrode array insertion, and 

completed testing at the aforementioned time intervals.
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Quantifying Frequency-to-Place Mismatch

To quantify the extent of frequency-to-place mismatch, a fourth-order polynomial function 

was fit to the semitone deviation from the SG map as a function of AID for each ear. 

Absolute semitone deviation was quantified at 1500 Hz (approximately 267° on the SG 

map), which has been shown to be an important region for frequency alignment in vocoder 

simulation work (Baskent & Shannon 2007), and corresponds to the approximate spectral 

center of speech information required for recognition (ANSI/ASA 1997). Additionally, 

mismatch was quantified with regard to individual electrode contacts.

Quantifying Angular Separation Between Electrode Contacts

Angular separation between neighboring electrode contacts was measured for contacts 

residing within the 1-2 kHz region (approximately 224° to 333° on the average SG map) 

in CI-alone users. Again, this region was selected since it has been previously shown to 

contain important frequency information for speech recognition (ANSI/ASA 1997). Most 

participants had 2 electrode contacts located within this region; however, for those with 

3 electrode contacts, angular distance between each pair of neighboring contacts was 

averaged. A smaller angular separation between neighboring contacts would be associated 

reduced peripheral selectivity and greater peripheral masking between channels.

Statistical Analysis

The D’Agostino-Pearson omnibus test was used to evaluate normality for continuous 

variables. For normally distributed data, a one-way analysis of variance (ANOVA) followed 

by a Tukey test for honestly significant differences (HSD) was performed. Pearson 

correlation was used to evaluate the relationship between AID of the most apical electrode 

contact and cochlear duct length. Multiple linear regression analysis was performed to 

model the relationship between AID of the most apical electrode contact and other factors 

(e.g., electrode array and AID of the most basal contact). Multiple linear regression was 

also used to assess the relationship between speech perception, degree of mismatch, and 

angular separation between electrode contacts. Statistical significance was defined as p < 

0.05. Analyses were performed with SPSS version 25 for Windows (IBM Corp, Armonk, 

New York).

Results

Angular Insertion Depth and Cochlear Duct Length

The postoperative CTs of 111 ears (101 CI recipients) were reviewed. The mean age at 

implantation for all CI recipients was 64 ± 15.2 years. With respect to surgical approach, 

106 (95.5%) electrode arrays were inserted through the round window and 5 (4.5%) were 

inserted through a cochleostomy. The majority of cases (n = 106, 95.5%) presented with a 

complete insertion of either the Flex24 (n = 11), Flex28 (n = 48), or FlexSOFT/Standard 

(n = 47) array. Figure 1 plots AID by array for complete insertions. The AID of the most 

apical electrode contact ranged from 389° to 751°, with a mean ± standard deviation of 

579° ± 82.8°; electrode-specific values were 428° ± 34.3° for Flex24, 558° ± 65.4° for 

Flex28, and 636° ± 42.9° for FlexSOFT/Standard arrays. A one-way ANOVA demonstrated 
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a statistically significant difference in AID across the three array types (p < 0.001). A 

post hoc Tukey HSD analysis revealed significant differences in apical AID for all three 

pairwise comparisons between arrays (p < 0.001). The AID of the most basal electrode 

contact was 7.1° ± 6.5° for Flex24 (range: 0° to 22°), 20.6° ± 13.1° for Flex28 (range: 

0° to 62°), and 11.8° ± 10.4° for FlexSOFT/Standard (range: 0° to 54°) arrays, which 

were statistically different on ANOVA analysis (p = 0.03). A post hoc Tukey HSD analysis 

revealed significant differences in basal AID between Flex24 and Flex28 (p = 0.003) and 

Flex28 and FlexSOFT/Standard arrays (p = 0.001), and no difference between Flex24 and 

FlexSOFT/Standard (p = 0.48)1.

The mean cochlear duct length was 34.0 mm ± 1.86 mm (range: 29.4 mm to 39.5 mm) for 

all participants. Figure 2 demonstrates the correlation between AID and cochlear duct length 

for complete insertions (p < 0.05 for all array types, individual r2 values displayed in Fig. 

2). A multiple linear regression model including cochlear duct length, AID of the most basal 

contact, and array type accounted for 84% of variance in AID of the most apical contact 

(r2 = 0.840, p < 0.001). Coefficients appear in Table 1. Electrode type had a strong effect 

on apical AID; compared to the Flex24, apical AID rose by 114° with the Flex28 and 224° 

with the FlexSOFT/Standard. There was an increase of 19° in apical AID for every 1 mm 

reduction in cochlear duct length, and there was a 3° increase in apical AID for every 1° 

increment in basal AID.

Frequency-to-Place Mismatch: CI-Alone Users

Figure 3A plots the mean AID of the 12 electrode contacts for each array as a function 

of the default frequency filters for CI-alone device users with complete insertions; the SG 

cochlear place frequency is represented by the solid black line. The variability within each 

array type is additionally depicted in Figure 3B–D. Partial insertions are indicated with 

dotted lines. The mean deviation in semitones between the default electric center frequency 

and the predicted SG place frequency as a function of AID is demonstrated in Figure 4A. 

On average, the default frequency filters for Flex28 and FlexSOFT/Standard arrays fell 

approximately half an octave (one octave is equal to 12 semitones) below the predicted 

SG frequency for AIDs between 0° and 270°. In this same region, the default frequency 

filters for Flex24 arrays fell approximately an octave below the predicted SG frequency 

on average. Beyond 270°, differences from the tonotopic cochlear place across the arrays 

became more pronounced. FlexSOFT/Standard arrays maintained a relatively consistent 

mean frequency-to-place mismatch of approximately half an octave across the entire array, 

whereas the shorter arrays deviated by 1-2 octaves on average within the second turn of the 

cochlea (between 360° and 720°). These array-specific trends notwithstanding, there was 

substantial interindividual variability in frequency-to-place mismatch between participants 

implanted with the same array type, with partial insertion recipients generally showing 

greater mismatch (Fig. 4B–D).

1Shallower basal AID observed in the FlexSOFT/Standard cohort compared to the Flex28 cohort could reflect insertion resistance 
associated with increased array diameter near the stopper or the decrease in cross-sectional diameter of the scala tympani apically 
(Avci et al. 2014). The relatively shallow basal AID of Flex24 electrodes is likely due to a shorter distance between the stopper and 
basal-most contact compared to both Flex28 and FlexSOFT/Standard electrode arrays.
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Frequency-to-Place Mismatch: EAS Users

Figure 5A plots the AID of each electrode contact as a function of the default electric 

frequency filters for individual EAS device users with complete insertions; results separated 

by array types appear in Figure 5B–D (following the same plotting conventions as Fig. 

3). The deviation in semitones from the predicted SG frequency for EAS devices is 

shown in Figure 6. These data indicated a high degree of variability in frequency-to-place 

mismatch. Some EAS users demonstrated a close alignment between the default filters 

and the predicted SG frequencies, such that the low-frequency cutoff aligned with the 

place frequency associated with the apical electrode contact, but marked mismatches were 

observed for other EAS users. Data for the EAS devices can be generally categorized as 

follows: 1) insertion depths that extended into the cochlear region with functional acoustic 

hearing (positive semitone deviation of the most apical contact), 2) insertion depths that 

met the cochlear region with functional acoustic hearing (approx. zero semitone deviation 

of the most apical contact), and 3) insertion depths that did not reach the cochlear region 

with functional acoustic hearing (negative semitone deviation of the most apical contact). 

Negative deviations were more common than positive deviations or matches; the mean 

absolute deviation for the apical electrode in EAS users with a complete insertion was 8.78 

semitones, and 38.5% of ears had an absolute deviation of ≤ 6 semitones (37% including one 

case with partial insertion).

Partial Insertion Cases

Partial insertions were rare and observed for only four CI-alone users and one EAS user, 

with each case having one extracochlear contact. The prevalence of extracochlear contacts 

by electrode array was: Flex24 (1/12, 8.3%), Flex28 (2/50, 4%), and FlexSOFT/Standard 

(2/49, 4.1%). Cases of partial insertions are denoted with dotted lines in Figures 3–6.

Quantifying Frequency-to-Place Mismatch

Figure 7 plots the absolute frequency-to-place mismatch in semitone deviation from the SG 

map at 1500 Hz for each array type in CI-alone users with complete insertions. Among 

these users, a one-way ANOVA demonstrated a statistically significant difference in absolute 

semitone deviation across the three array types (p < 0.001). A post hoc Tukey HSD analysis 

revealed significant differences between Flex24 and FlexSOFT/Standard (p < 0.001), and 

between Flex24 and Flex28 arrays (p = 0.004), with no significant difference noted when 

comparing Flex28 to FlexSOFT/Standard arrays (p = 0.189). When examining individuals 

implanted with the same array, the degree of mismatch varied as much as one octave with 

default frequency filters.

Postoperative Speech Perception

Given the significant variability observed in the AID of the apical electrode contact (Fig. 

1) and frequency-to-place mismatch at 1500 Hz (Fig. 7) across and within arrays, we 

examined the relationship between these factors and postoperative speech perception for 

CI-alone users (n = 48). The top row of Figure 8 displays CNC word scores as a function 

of absolute frequency-to-place mismatch at 1500 Hz. Smaller degrees of frequency-to-place 

mismatch predicted better CNC word scores at the 1-month (r = −0.367, p = 0.010), 
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3-month (r = −0.334, p = 0.021), and 6-month (r = −0.401, p = 0.005) intervals. Partial 

correlations, controlling for age, resulted in the same pattern of significance. While the 

frequency-to-place mismatch was < 7 semitones for most subjects, it exceeded 9 semitones 

in five cases. When these 5 cases were removed from the model, mismatch was no longer 

significantly associated with CNC word scores. This raises the possibility that a criterion 

mismatch (e.g., > 7 semitones) may be necessary in order to observe a detrimental effect on 

speech perception.

The bottom row of Figure 8 demonstrates that the angular separation between electrode 

contacts located in the 1-2 kHz region on the SG map was positively correlated with CNC 

word scores at the 1-month (r = 0.361, p = 0.012) and 6-month (r = 0.446, p = 0.002) 

intervals, and trended towards significance at the 3-month interval (r = 0.263, p = 0.072). 

Interestingly, frequency-to-place mismatch and angular separation between electrodes were 

not correlated (p = 0.628). A regression model demonstrated that both reduced frequency­

to-place mismatch (p < 0.001) and greater angular separation between electrode contacts 

(p < 0.001) were associated with better CNC word scores, with coefficients appearing in 

Table 2. This model also demonstrates an improvement in word scores across intervals (p 
< 0.001). Thus, frequency-to-place mismatch and peripheral masking appear to contribute 

independently to speech perception.

The degree of mismatch in semitones between the center frequency associated with each 

electrode contact and the corresponding SG place frequency was also quantified. Table 3 

shows default center frequencies for each channel and mean AID with the corresponding 

predicted SG frequency for each electrode contact by array. Individual values for each 

participant can be found in Appendix A. Table 4 reports correlations between the magnitude 

of the frequency-to-place mismatch in semitones and CNC word scores in RAUs at 6 months 

for the CI-alone cohort. These correlations were significant and negative for electrodes 

1 through 6; correlations failed to reach significance for electrodes 7 through 12, which 

generally correspond to the tonotopic regions > 2000 Hz on the SG map (Table 3).

Discussion

CI-alone and EAS device users experience variability in frequency-to-place mismatch, 

which may contribute to variability in speech perception previously reported for these 

cohorts (Gantz et al. 1993; Blamey et al. 1996; Green et al. 2007; Polak et al. 2010; Lazard 

et al. 2012; Blamey et al. 2013; Dillon et al. 2014; Gifford et al. 2017). The magnitude 

of this mismatch depends upon the array length, frequency filters, and interindividual 

differences in cochlear size. Additional factors contribute in the case of EAS users, as 

default mapping procedures also incorporate unaided hearing thresholds (which cannot 

be determined until after the array of pre-determined length has been inserted) into the 

assignment of electric frequency filters. The primary aim of the present study was to 

characterize the extent of frequency-to-place mismatch in a large cohort of CI-alone 

and EAS device users with lateral wall arrays. As expected, our results indicated that 

the frequency-to-place mismatch is minimized by a deep insertion for CI-alone device 

users when using the default frequency filters of 70-8500 Hz. Results are consistent 

with substantial differences in the extent of mismatch between recipients implanted with 
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the same array and provide additional evidence that smaller degrees of mismatch may 

serve as a potential mechanism for improved speech perception in the CI-alone condition. 

Furthermore, this is the first study to our knowledge to quantify the significant variability of 

frequency-to-place mismatch that exists within EAS device users.

Variability in Frequency-to-Place Mismatch Among CI-Alone and EAS Users

Previous work by Landsberger et al. (2015) examined the relationship between insertion 

depth and CI-alone default frequency filters in a cohort of Flex28 (n = 5) and Standard 

(n = 13) arrays using x-ray to estimate electrode position in the cochlea. The observed 

insertion angles in that study are similar to previous estimates (Hamzavi & Arnoldner 2006; 

Radeloff et al. 2008), yet somewhat smaller compared to data from other studies (Boyd 

2011; Franke-Trieger et al. 2014; O’Connell et al. 2017; Canfarotta et al. 2019) and the 

present study. Specifically, we observed average insertion angles of 558° for 28 mm arrays 

and 636° for 31.5 mm arrays, whereas Landsberger et al. (2015) reported insertion angles 

of 471° and 544°, respectively. Similar to Vermeire et al. (2015), we observed a half-octave 

deviation from the SG frequency within the basal turn of the cochlea as opposed to the full 

octave previously reported (Landsberger et al. 2015); these differences may be due to greater 

depths of insertion and differences in default frequency filters (100-8500 Hz in Landsberger 

et al. (2015)). Our results corroborate findings that the variation in frequency deviation 

from the SG map becomes most evident beyond 270° (Landsberger et al. 2015), where 

consistent differences between Flex28 and FlexSOFT/Standard arrays emerge. While the 

mean frequency-to-place mismatch for specific electrode arrays provides valuable insight, 

perhaps the more striking finding is the wide range of individual differences in the extent of 

mismatch amongst CI-alone users who underwent complete insertion of the same array.

One key consideration is that the magnitude of the frequency-to-place mismatch is 

dependent on the electric frequency filters. Participants in the present study were mapped 

using the FS4 coding strategy, with filter settings of 70-8500 Hz. In contrast, the HDCIS 

coding strategy uses default filter settings of 250-8500 Hz; if our participants had received 

a default HDCIS map, then the mismatch would have been smaller for the Flex28 arrays 

than the FlexSOFT/Standard and Flex24 arrays. In a study of 5 MED-EL Combi40+ array 

recipients with insertion depths greater than 600°, Gani et al. (2007) demonstrated an 

improvement in speech perception with deactivation of apical electrodes. Participants in 

that study had center frequencies > 250 Hz for the most apical contact, suggesting that 

deactivation of apical electrodes resulted in a closer tonotopic alignment and conferred 

speech perception benefit. An alternative explanation for the noted improvements in 

performance could be that deactivation of apical electrodes reduced channel interaction in 

this region (Arnoldner et al. 2007; Kalkman et al. 2014; Landsberger et al. 2014).

To our knowledge, this is the first study to quantify the degree of mismatch that results 

from default electric frequency filters in EAS devices, which are determined in part by the 

aidable low-frequency range for each patient. Shorter lateral wall arrays with a shallow 

AID confer a greater likelihood of hearing preservation (Gantz et al. 2016; Suhling et al. 

2016; O’Connell et al. 2017). However, Flex24 array recipients in the CI-alone condition 

display a greater degree of mismatch than those implanted with longer arrays when current 
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mapping procedures are followed. With improvements in surgical technique and electrode 

array design, several groups have investigated hearing preservation rates with longer flexible 

lateral wall arrays (Tamir et al. 2012; Mick et al. 2014; Usami et al. 2014; Moteki et al. 

2018), which would provide greater cochlear coverage and less mismatch if residual hearing 

were to be lost. While hearing preservation was not a focus of the present study, we have 

demonstrated that there are a number of EAS device users with 28 and 31.5 mm arrays. 

These longer arrays are more likely to reach the region that is aided acoustically, resulting in 

overlapping acoustic and electric stimulation. This consideration may be relevant in mapping 

EAS devices, as ipsilateral electric and acoustic stimulation can mask one another (Kruger 

et al. 2017; Imsiecke et al. 2018). To date, it remains difficult to predict the postoperative 

unaided hearing thresholds, which influence the electric frequency filters for EAS devices. 

Therefore, selecting the electrode array length preoperatively that minimizes the distance 

between the location of the most apical contact and the highest aidable acoustic frequency 

is challenging in hearing preservation cases. This challenge is reflected in the fact that 

only 37% of EAS users had a mismatch of ≤ 6 semitones on the most apical contact. The 

resultant frequency-to-place mismatch may be mitigated by place-based mapping procedures 

using postoperative imaging algorithms to align the electric frequency filters with the 

cochlear place frequency (Dillon, O’Connell, et al., 2019).

It should be noted that partial insertions result in shallower insertion angles, thus 

contributing to frequency-to-place mismatch. Partial insertions may be intentional (e.g., in 

hearing preservation cases, anatomic variations, or resistance) or related to extrusion after 

placement. At our institution, complete insertion is the goal in all cases; however, partial 

insertions may be preferable if resistance is encountered during insertion. Previous work 

has demonstrated partial insertion rates as high as 32% with longer lateral wall arrays 

(De Seta et al. 2016; Holder et al. 2018). In contrast, the overall rate of partial insertion 

observed herein was 5%. The ability to achieve complete insertions in the majority of 

cases with longer arrays is an important finding for CI-alone users with default frequency 

filters, as deeper insertions result in improved speech perception (Buchman et al. 2014; 

O’Connell et al. 2016). Additionally, early identification of a partial insertion is crucial, so 

that extracochlear contacts can be deactivated at initial activation to avoid re-acclimatization 

to shifted electric frequency filters later.

Relationship Between Frequency-to-Place Mismatch and CI-Alone Speech Perception

While the present dataset demonstrates substantial variability in frequency-to-place 

mismatch among lateral wall array recipients, the clinical significance of this mismatch 

remains unclear. The human auditory system displays a remarkable degree of plasticity 

in adapting to tonotopically mismatched frequency information in CI recipients over time 

(Svirsky et al. 2004; Reiss et al. 2007; Reiss et al. 2014). Although CI users can learn to 

use frequency-shifted information, there is evidence that this adaptation can prolong the 

acclimatization period and, in some instances, may remain incomplete even after extensive 

listening experience (Svirsky et al. 2004; Sagi et al. 2010; Reiss et al. 2014; Svirsky et al. 

2015; Tan et al. 2017). While Reiss et al. (2007) demonstrated that CI recipients are capable 

of adapting to shifts as large as 3 octaves, results of the present study suggest that smaller 

mismatches may limit performance for some CI-alone users at 6 months.
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Similar to the present study, Venail et al. (2015) examined the relationship between 

frequency-to-place mismatch and speech perception in 24, 28, and 31.5 mm lateral wall 

array recipients. In contrast to the present findings, their results demonstrated that mismatch 

can be minimized with insertion of a 28 mm array (mean AID: 478°), which resulted in 

the shortest time to achieve maximum speech perception score, whereas 24 and 31.5 mm 

insertions resulted in greater mismatch in either direction, leading to longer acclimatization 

times. One methodological difference that could account for the discrepancies in conclusions 

of that study and the present one is related to the frequency-to-place function used 

to determine mismatch. As described by Stakhovskaya et al. (2007), the present study 

estimated SG place frequencies by: 1) using AID to estimate proportional distance from 

the base for the SG map, 2) determining the corresponding proportional distance along the 

OC map, and 3) using percentage from the apex in the OC to estimate frequency based 

on Greenwood’s equation (Greenwood 1990). In contrast, it appears that the estimates of 

Venail et al. (2015) did not incorporate the transformation from SG to OC maps. Another 

difference is that Venail et al. (2015) determined position along the lateral wall, as described 

by Escude et al. (2006), rather than position relative to the OC (Alexiades et al. 2015). These 

methodological differences resulted in lower SG place frequencies for given insertion angles 

than previously described by Stakhovskaya et al. (2007) and reported in the present study.

Other groups have examined the relationship between AID, which can be thought of as a 

marker for frequency-to-place mismatch, and speech perception in the CI-alone condition. 

While Holden et al. (2013) demonstrated a negative correlation between depth of insertion 

and speech perception, the majority of participants included were implanted with a pre­

curved array. Emerging evidence supports the notion that the impact of AID on speech 

perception depends on electrode array design. While greater depth of insertion improves 

outcomes with lateral wall arrays in the CI-alone condition (O’Connell et al. 2017), a 

shallower insertion with a pre-curved array optimizes modiolar proximity and confers 

benefit (Chakravorti et al. 2019). The benefits conferred by modiolar proximity must be 

weighed against the higher translocation rates of pre-curved arrays into the scala vestibuli 

(Wanna et al. 2014; Boyer et al. 2015), which has been shown to negatively impact speech 

perception (O’Connell et al. 2016; Chakravorti et al. 2019). These studies support the notion 

that when restricting the analysis to lateral wall arrays, deeper insertions are associated with 

improved speech perception. The results herein suggest that this benefit is in part related to 

closer tonotopic alignment with default frequency filters, which may have varying degrees of 

importance across cochlear regions.

Previous vocoder simulation work by Baskent and Shannon (2007) investigated the effect 

of spectral mismatch on speech perception and demonstrated better performance with a 

frequency matched map, particularly with alignment in the 1 to 2 kHz region, which 

has been shown to contain important information for speech intelligibility (ANSI/ASA 

1997). Within our cohort, we observed the strongest correlation between frequency-to-place 

mismatch and early speech perception on electrode 5 (Table 4), which is generally located 

within the tonotopic region corresponding between 1 to 2 kHz (Table 3). When using default 

frequency filters, deeper insertion of a lateral wall array tends to minimize the frequency-to­

place mismatch within this region. Additionally, as recent work has focused on the role of 

place-based mapping procedures which account for tonotopicity (Grasmeder et al. 2014; 
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Jiam et al. 2016; Jiam et al. 2018; Dillon, O’Connell, et al. 2019), our findings highlight 

that it may be advantageous to align electric frequency information from the apex at least 

through the 2 kHz region, which corresponds to the basal turn of the cochlea. It is possible 

that aligning information at higher frequencies may also be of importance, but smaller 

interindividual variability in this region precluded the present study from demonstrating 

benefit.

Frequency-to-Place Mismatch versus Peripheral Masking

While reduction in frequency-to-place mismatch offers one possible mechanism for the 

speech perception benefit gained with deeply inserted lateral wall arrays, it can be 

challenging to differentiate these effects from the simultaneous advantage of reduced 

peripheral masking with greater angular separation between electrode contacts on longer 

arrays. To a certain extent, these mechanisms are intrinsically related. In Figure 9, we 

illustrate four different scenarios in an attempt to disambiguate these two factors. Panel 

A displays a deeply inserted 31.5 mm array in an individual with a short cochlear duct 

length, which results in a small degree of frequency-to-place mismatch (E6 and E7 shown in 

green, mismatch < 2 semitones) and large angular separation between electrode contacts. 

Theoretically, in addition to the benefit associated with little or no frequency-to-place 

mismatch, this supports more selective stimulation of discrete neuronal populations along 

the SG. Panel B demonstrates that when this same array is implanted in an individual with 

a longer cochlear duct, the same linear insertion depth will result in a shallower AID (E5 

and E6 depicted with red stripes, mismatch ~ 6 semitones). This case is characterized by 

relatively smaller angular separation between contacts and crowding of spectral information. 

Panel C further illustrates that if individual B had a deeper basal insertion depth, mismatch 

would be reduced, yet there would be no change in angular separation between contacts. 

Finally, Panel D shows that further complexity is introduced with different electrode array 

lengths and closer proximity of neighboring electrode contacts with shorter arrays.

Based on the examples illustrated in Figure 9, it is not entirely surprising that a reduction 

in mismatch and greater angular separation between electrode contacts were both correlated 

with CNC word scores in the present study. This finding supports the use of a longer (31.5 

mm) array in patients destined for the CI-alone condition to gain benefit from both closer 

tonotopic alignment when using default frequency filters and greater separation between 

electrode contacts. However, it is essential to note that a complete insertion may not always 

be feasible in an individual with a small cochlea (e.g., < 30 mm cochlear duct length). 

With recent work focusing on precision cochlear implantation, preoperative measurement of 

cochlear duct length may assist in the electrode array selection process and identify such 

cases in which a 28 mm array may be more appropriate.

Limitations and Future Work

It is generally accepted that CIs stimulate SG cells; as such, the average SG map is 

frequently cited in relevant CI literature and was used herein to estimate frequency-to-place 

maps (Stakhovskaya et al. 2007). That being said, the exact electric frequency-to-place map 

for CI users remains unclear (Dorman et al. 2007). In patients with residual low-frequency 

hearing, it is possible that distal SG dendrites or surviving hair cells at the level of the 
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OC influence the apical frequency-to-place map. Some have suggested averaging SG and 

OC place frequencies, assuming that the electrode array is positioned between the two 

structures (Rader et al. 2016). Recently, Li et al. (2019) used synchrotron-radiation phase­

contrast imaging with three-dimensional reconstructions to analyze SG anatomy and its 

relationship to the OC. The average length of reproduced spiral ganglions was similar to that 

reported by Stakhovskaya et al. (2007). While the average SG map was used to estimate 

frequency-to-place mismatch in the present study, individual variability in the relationship 

between AID and characteristic frequency introduces the possibility that SG maps could be 

individualized for each CI recipient. However, as individual maps are inherently dependent 

upon an accurate calculation of cochlear duct length, we are limited with current in vivo 
estimation errors of ~5% largely due to the inability to account for variability in cochlear 

morphology beyond the second turn (Koch et al. 2017). In the future, technological advances 

will likely allow for a personalized approach with clinical imaging modalities. Additionally, 

future work is needed to determine whether an SG (Stakhovskaya et al. 2007) or OC map 

(Greenwood 1990) is closer to the perceived frequency in CI recipients.

Although there is an association between frequency-to-place mismatch and CNC word 

scores at the group level, this effect appears to be driven by a small number of subjects with 

frequency-to-place > 7 semitones. If this finding is replicated in future research, it could 

reflect error in estimating frequency-to-place mismatch, or individual differences across 

CI users. It is also possible that a certain degree of mismatch can be tolerated before a 

detrimental effect to speech perception is observed.

As frequency-to-place mismatch plays a role in early speech perception amongst CI-alone 

users, it seems reasonable to speculate that a similar benefit might be observed among 

EAS device users. However, as a higher low-frequency cutoff generally supports a closer 

tonotopic alignment, it is difficult to disentangle effects related to low-frequency residual 

acoustic hearing, frequency-to-place mismatch, and peripheral masking. Manipulation of 

electric frequency filters in individual patients could disambiguate these factors. Prospective 

studies evaluating place-based versus default mapping procedures are currently underway.

Conclusions

The present report demonstrated the wide variability in frequency-to-place mismatch in a 

large cohort of lateral wall array recipients listening with CI-alone and EAS devices. On 

average, deep lateral wall insertions with default frequency filters minimized frequency-to­

place mismatch, which may account for the speech perception benefit observed in CI-alone 

device users implanted with longer arrays. There was wide variation in frequency-to-place 

mismatch for both CI-alone and EAS device users, dependent upon the AID of the array 

and, in the case of EAS, the edge frequency associated with residual hearing. For CI 

users with no aidable residual hearing, smaller frequency-to-place mismatches at 1500 Hz 

were associated with better CNC word scores, independent of effects related to reductions 

in peripheral masking associated with greater contact spacing on longer arrays. This 

observation has provided additional evidence to support the possibility that incorporating 

array AID into individualized electric frequency filters, as used in a place-based mapping 

procedure, may improve performance.
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Fig. 1. 
Mean angular insertion depth of the most apical electrode contact with standard deviations 

for complete insertions of Flex24, Flex28, and FlexSOFT/Standard arrays. The predicted 

cochlear place frequency determined by the spiral ganglion map equation is displayed on the 

right axis.

Canfarotta et al. Page 20

Ear Hear. Author manuscript; available in PMC 2021 August 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Correlation between cochlear duct length and angular insertion depth of the apical electrode 

contact for complete insertions of Flex24, Flex28, and FlexSOFT/Standard arrays. Electrode 

array types are shown with different colored shapes as defined in the legend.
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Fig. 3. 
(A) Mean angular insertion depth of each electrode contact for complete insertions of Flex24 

(green squares), Flex28 (blue triangles), and FlexSOFT/Standard (red circles) arrays as a 

function of the manufacturer’s recommended default center frequency in CI-alone users. 

Individual differences by electrode array are demonstrated for (B) Flex24, (C) Flex28, and 

(D) FlexSOFT/Standard arrays. The estimated cochlear place frequency with the spiral 

ganglion map is represented by the solid black line. Dotted black lines denote data for 

individuals with partial insertions.
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Fig. 4. 
(A) Mean frequency-to-place mismatch in CI-alone users with complete insertions and 

default frequency filters represented by deviation in semitones of the electric place of 

stimulation from the estimated spiral ganglion frequency, and (B-D) degree of mismatch for 

individuals implanted with the same array. Dotted black lines denote data for individuals 

with partial insertions. Electrode array types are shown with different colored shapes as 

defined in the legend.
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Fig. 5. 
(A) Angular insertion depth of each electrode contact as a function of the default electric 

frequency filters for individual EAS device users with complete insertions and (B-D) data 

by array type. The estimated spiral ganglion cochlear place frequency is represented by the 

solid black line. Dotted black lines denote data for individuals with partial insertions.
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Fig. 6. 
(A) Frequency-to-place mismatch in electric-acoustic stimulation device users with default 

frequency filters, represented by deviation in semitones of the electric place of stimulation 

from the estimated spiral ganglion frequency and (B-D) additionally separated by array type. 

Dotted black lines denote data for individuals with partial insertions.
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Fig. 7. 
Relationship between absolute frequency-to-place mismatch at 1500 Hz (approximate 

spectral center of important speech information) and array type for CI-alone users with 

complete insertions. ns, not statistically significant; **, p < 0.01; ***, p < 0.001.
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Fig. 8. 
CNC word scores in RAU plotted as a function of absolute frequency-to-place mismatch at 

1500 Hz (top row), and angular separation between neighboring electrode contacts (bottom 

row). Data in separate columns indicate results at 1, 3, and 6 months post-activation for 

CI-alone users with complete insertions (n = 48). Symbol color and shape reflects the 

electrode array type, as defined in the legend. Text at the right of each panel indicates the 

correlation illustrated with line fits. CNC, consonant-nucleus-consonant; RAU, rationalized 

arcsine unit.
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Fig. 9. 
Four schematics illustrating the relationship between frequency-to-place mismatch and 

angular separation between neighboring electrode contacts. Electrode contacts located in 

the approximate 1-2 kHz region on the spiral ganglion map (224° to 333°) are highlighted 

in green or red stripes to depict relatively smaller or larger frequency-to-place mismatches, 

respectively. Cochlear duct length (Panel A vs. B), basal insertion depth (Panel B vs. C), 

and differences in electrode contact spacing between array types (Panels A-C vs. D) all 

contribute to varying degrees of both mismatch and angular separation between electrode 

contacts across individuals.
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TABLE 1.

Regression coefficients for a model predicting AID of the most apical electrode with CDL, AID of the most 

basal electrode, and dummy coding of array type (Flex24 as the default).

Coef. SE t p-value

CDL −19.27 1.93 −9.99 < 0.001

AID of most basal electrode 3.22 0.31 10.56 < 0.001

Array (FlexSOFT/Standard) 223.80 11.68 19.15 < 0.001

Array (Flex28) 113.90 11.98 9.51 < 0.001

CDL, cochlear duct length; AID, angular insertion depth.
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TABLE 2.

Regression coefficients for a model predicting CNC word scores with frequency-to-place mismatch, angular 

distance between electrode contacts, and test interval (1, 3, 6 months).

Coef. SE t p-value

Mismatch
a

−2.43 0.52 −4.65 < 0.001

Angular distance
b

0.75 0.19 3.94 < 0.001

Participant −0.16 0.10 −1.58 0.117

Test interval 9.70 1.71 5.66 < 0.001

a
Quantified at 1500 Hz on the spiral ganglion map,

b
Calculated for electrode contacts located between 1-2 kHz on the spiral ganglion map
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TABLE 3.

Relationship between default center frequencies and predicted cochlear place frequency on the spiral ganglion 

map for participants with complete insertions.

Mean Angular Insertion Depth (Predicted SG Hz)

Electrode contact
no. (Default center
frequency in Hz)

Flex24
(n=11)

Flex28
(n=48)

FlexSOFT/
Standard (n=47)

1 (120) 428 (590) 558 (296) 636 (185)

2 (235) 376 (782) 478 (453) 537 (332)

3 (384) 337 (978) 409 (653) 444 (542)

4 (579) 299 (1225) 355 (880) 381 (761)

5 (836) 255 (1624) 308 (1160) 326 (1041)

6 (1175) 209 (2236) 261 (1560) 275 (1425)

7 (1624) 163 (3177) 208 (2252) 220 (2066)

8 (2222) 122 (4476) 160 (3255) 163 (3177)

9 (3019) 86 (6187) 118 (4635) 116 (4717)

10 (4084) 53 (8479) 81 (6482) 76 (6794)

11 (5507) 25 (11279) 49 (8821) 39 (9752)

12 (7410) 7 (13814) 21 (11775) 12 (13172)

SG, spiral ganglion.
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TABLE 4.

Relationship between early speech perception performance and frequency-to-place mismatch provided by each 

electrode contact.

Electrode
contact no.

Correlation between
frequency-to-place

mismatch and CNC at 6
months (r) (n=48)

1 −0.324*

2 −0.330*

3 −0.382**

4 −0.390**

5 −0.468***

6 −0.389**

7 −0.257

8 −0.170

9 −0.162

10 −0.158

11 −0.122

12 −0.077

CNC, consonant-nucleus-consonant.

*,
p < 0.05;

**,
p < 0.01;

***,
p < 0.001.
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