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Introduction: Personalization of treatment is a growing trend in various fields of medicine, and this includes cochlear implantation. Both the precise choice of the length and shape of the electrode array to fit a particular cochlear anatomy, as well as an individualized fitting setting have been suggested to improve hearing outcomes with a cochlear implant (CI). The aim of this study was to compare anatomy-based fitting (ABF) vs. default fitting in terms of frequency-to-place mismatch, speech discrimination, and subjective outcomes in MED-EL CI users.

Methods: Eight adult CI users implanted with a Synchrony ST Flex28 were enrolled prospectively. Insertion depth and tonotopic distribution of each electrode was calculated using the Otoplan software. The mismatch was calculated for each fitting strategy relative to the electrodes' tonotopic place-frequency. Speech tests and patient preference was evaluated after 9 months with ABF and 1 month after default fitting.

Results: Median angular insertion of the most apical active electrode was 594° (interquartile range 143°). ABF showed lower mismatches than default fitting in all patients (p ≤ 0.01). Mean speech discrimination score with ABF and default fitting was 73 ± 11% and 72 ± 16%, respectively (p = 0.672). Mean speech reception threshold with ABF and default fitting was 3.6 ± 3.4 dB and 4.2 ± 5.0 dB, respectively (p = 0.401). All patients except one preferred ABF when they were asked about their preference.

Conclusion: ABF maps have a lower frequency-to-place mismatch than default fitting maps. In spite of similar hearing outcomes most patients prefer ABF. More data are necessary to corroborate the benefit of the ABF over default fitting in speech and subjective tests.
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Introduction

Cochlear implantation has become a standardized treatment for patients with severe-to-profound hearing loss, leading to an increase in hearing levels as well as an improvement in quality of life (QOL) (Calvino et al., 2016a, 2022; Lassaletta et al., 2022).

However, cochlear implant (CI) users still have hearing limitations in certain scenarios as noisy environments or music perception, while there is a large variability in hearing outcomes among users. Speech discrimination with a CI depends on non-modifiable factors as time of onset and duration of deafness, age at implantation, brain plasticity, cognitive status, etiology of deafness, cochlear anatomy and status, and the degree of residual hearing. Among the modifiable factors, there is a growing interest in how to personalize fitting and implant settings in order to improve the CI outcome.

Approximately 1 month following surgery, CI users get their implant fitted for the first time using behavioral or objective methods. During the next months, several fitting sessions are needed in order to determine the threshold and the maximum comfortable loudness level. Based on the Greenwood equation, which correlates the frequency of a pure tone and the spatial location of receptor cells in the Organ of Corti, each manufacturer of CI software will provide default frequency filters distributed across the active electrodes of the CI electrode array (Mertens et al., 2022). The formula of the equation is as follows: [image: image], where f is the characteristic frequency (in Hz) and x the position along the Organ of Corti; A, a, and K are constants and their values are species dependent (Greenwood, 1990).

With an appropriate fitting map, CI users should achieve the best possible sound and speech perception (Vaerenberg et al., 2014). Although there is a large variability in both the interindividual cochlear length as well as the insertion depth achieved by different electrode arrays, standard fitting methods do not consider these variables. Therefore, they may result in a mismatch between the cochlear location stimulated by each CI electrode in response to a particular frequency and the anatomic location corresponding to the same frequency within the cochlea (called tonotopic or frequency-to-place mismatch). 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 before hearing loss and must adapt to varying degrees of mismatch when listening with a CI-alone (Canfarotta et al., 2020).

Personalization of treatment is a growing trend in various fields of medicine, and this includes cochlear implantation. Both the precise choice of the length and shape of the electrode array to fit a particular cochlear anatomy, as well as an individualized fitting setting have been suggested to improve hearing outcomes with a CI (Yang et al., 2022). As each frequency of a pure tone corresponds to a particular spatial location within the Organ of Corti, a perfect matching of each of the CI electrodes with the corresponding frequency to be stimulated for each particular location would result in a better hearing quality. This is the basis of the so-called tonotopic or anatomy-based fitting (ABF), sometimes referred as imaging-guided CI fitting as a temporal bone Computed Tomography (CT) scan is used to ascertain the position of the electrodes and the frequency place. The general aim of this fitting method is to align the frequency map of the CI to the tonotopic frequency map. This requires measuring both the cochlear duct length (CDL) and the electrode locations using a specific planning software, and importing these cochlear measurements into the fitting software, so that the fitting is performed with a frequency-band distribution which is better aligned to the tonotopic frequency distribution.

The primary objective of this study is to determine the frequency-to-place mismatch in newly CI users (i.e., their audio processors have not been activated before study enrolment), implanted with the same type of device and electrode array. The secondary objective is to investigate potential differences between default fitting and ABF in terms of speech performance and patient-reported outcomes.



Materials and methods


Subjects

Participants were enrolled in the study if they met the following inclusion criteria:

• age ≥ 18 years,

• post-lingual onset of severe to profound sensory-neural hearing loss in the implanted ear,

• scheduled for their first cochlear implantation with a Synchrony ST Flex28 electrode array (MED-EL, Innsbruck, Austria), which is a 28 mm lateral wall electrode array with 12 electrodes,

• post-operative CT scan of the CI electrode available performed the next day following cochlear implantation, and

• a minimum of 10 active channels.

Patients with cochlear malformations, neurological disease or cognitive impairment were excluded from the study.



Design

The DICOM files of the postoperative CT data were uploaded to the OTOPLAN software (Lovato et al., 2020; Dhanasingh, 2021; Ricci et al., 2022). Otoplan is a software developed by CAScination G (Bern, Switzerland) in collaboration with MED-EL Corporation (Innsbruck, Austria). Its primary objective is to assist in pre and post-surgical planning by analyzing CT and MRI images to identify and measure various structures within the ear. Among these measurements are CDL, angular insertion and tonotopic position of each electrode, according to the Greenwood function (Greenwood, 1990).

The OTOPLAN software generates 3D multiplanar reconstructions of CT or MRI images, allowing navigation through these planes to define a cochlear view. From this cochlear view it is possible to obtain the cochlear parameters diameter, width and height. The cochlear diameter (A) is a basal turn parameter, which is defined as a linear measure from the center of the round window to the farthest point on the opposite side wall of the cochlea, passing through the modiolus axis. The cochlear width (B) is also a basal turn parameter that is defined as a linear measure perpendicular to the cochlear diameter that passes through the modiolus axis and connects the two opposite points of the sidewall. Cochlear height (H) is shown as the linear measurement from the lowest point at the base to the apex (Canfarotta et al., 2019; Cooperman et al., 2021). These points are defined by a person trained for it. These cochlear parameters allow to define a 3D cochlear image. It is necessary to enter the electrode array model according to its length, Flex28 in the present study, and the software automatically identifies the central points of each of the electrodes, giving them a central frequency according to the position, as well as the degree of insertion and the length in millimeters reached by each of them. For the calculation of central tonotopic frequencies, as already described by Mertens et al. (2022), the software initially uses the equations of Alexiades et al. (2015) and the elliptic-circular approximation method to estimate the complete and two-turn cochlear duct length (Schurzig et al., 2018), to calculate the total length of the organ of Corti and the depth of insertion of the electrode along the length of the organ of Corti (θ). These parameters are applied to the Greenwood function to calculate the tonotopic center frequencies (Hz) for each electrode contact (Canfarotta et al., 2019). These tonotopic center frequency values are exported to an .xml file and then imported into the MED-EL MAESTRO programming software. Within this software, they are utilized to create the ABF mapping, and the OTOPLAN values can be directly displayed on the map. The fitting software automatically elaborates a new frequency map aligning bandpass filters for those electrode contacts with tonotopic frequencies between 950 and 3,000 Hz, where the most prominent speech frequencies are located. The remaining electrode contacts are distributed to cover the audio processor frequency range (70–8,500 Hz by default). Channels below 950 Hz utilize Fine Structure (FS), where rate coding is presented. The rate code determines pitch on these channels, making the tonotopic place less significant in this context.

If certain electrodes are deactivated, the remaining frequency bands are redistributed among the remaining channels, ensuring the preservation of the frequency range and spectral resolution, particularly in the middle frequencies. Additionally, the frequency range can be manually modified according to the number of active electrodes.

The coding strategy used in both fittings, default and ABF, was FS4-P.



Frequency-to-place mismatch
 
Anatomy based fitting

In ABF, filter bands are calculated by the MAESTRO software based on tonotopic data; i.e., the place-frequency of implanted electrode contacts.



Default fitting

The current clinical standard filter band distribution in the MAESTRO software is Logarithmic-Fine-Structure (LogFS). The resulting center frequencies of ABF and its mismatch to tonotopic place-frequency was compared.



Mismatch analysis metric: absolute relative difference

To compare the resulting filter band distributions, the center frequencies of each electrode serve as the reference point. The mismatch for each electrode is determined using the absolute relative difference (ARD), relative to the tonotopic place-frequency of the electrode, specifically the organ of Corti (OC) frequency. Pitch perception generally follows a logarithmic increase with rising frequency. By employing relative differences, results between electrodes can be readily compared. The absolute relative difference is calculated using the following equation:

[image: image]

where a is the bandpass center frequency (LogFS or ABF) of the frequency band assigned to a certain electrode, and b is the tonotopic place frequency (OC) of that electrode. abs, denotes the absolute value.




Test intervals

About 1 month after surgery, the patient was programmed with the ABF map, which served as the initial fitting method for a duration of 9 months. Throughout this period, regular fitting sessions were conducted [1 month after first fitting (FF)—FF-, 3 months after FF, 6 months after FF, and 9 months after FF]. After this period of time, both speech tests and subjective tests were carried out. Then, the fitting was changed to the default one. Outcome measures were performed again 1 month after the change of fitting. Subsequently, patients were queried regarding their favored map, without any prior knowledge of whether the map in question was the default map (LogFS) or the ABF map. The selected fitting map was then programmed onto the speech processor.



Speech tests

Audiological assessment was performed in a double-walled, soundproof booth using a two-channel Madsen Astera2 audiometer (Otometrics, Taastrup, Denmark). The participants were positioned at a distance of 1 meter from the loudspeakers, situated at an azimuth of 0 degrees. Speech discrimination score (SDS) in quiet was measured using the recorded disyllables test developed by de Cárdenas and Marrero (1994). The disyllable words are phonetically balanced words from the everyday vocabulary. The tests were done at 65 dB SPL. If a participant had better hearing in the non-implanted ear, that ear was occluded during the testing.

Speech recognition in noise was assessed using the Spanish matrix test, which employs sentences featuring a consistent syntactical structure and semantically unpredictable content (Hochmuth et al., 2012). It follows the recording and synthesis methodology of the German Oldenburg sentence test (OLSA) (Wagener et al., 1999). This test uses an automatic, adaptive level control for the measurement of speech recognition thresholds; that is, noise is set at 55 dB, while the intensity of the speech signal is adjusted to determine the speech reception threshold (SRT). The endpoint is the signal-to-noise ratio at which 50% speech recognition is achieved. This test was performed with signal and noise through the same channel (0°).



Subjective tests

The HISQUI19 is a validated questionnaire (Calvino et al., 2016b) used to determine a CI user's sound quality in daily life. It consists of 19 items with a 7-point Likert scale (1—“never,” 7—“always”). The scores of individual items are summed to generate a total score. A total score of 19–29 indicates very poor sound quality; 30–59–poor sound quality; 60–89–moderate sound quality; 90–109–good sound quality, and 110–133–very good sound quality.

After using the default fitting for 1 month, each patient was surveyed regarding their preference between the two fitting strategies. The question posed was, “Which way of hearing do you prefer: this one or the fitting strategy you had prior to your last visit?”.



Statistical analysis

Demographic characteristics and outcome measures are presented using absolute values, percentages, and, when applicable, the mean ± standard deviation (SD), or the median and interquartile range (IQR), as appropriate.

To statistically evaluate the difference in mismatch between the two fitting methods, we employed the one-sided T-test.

To compare speech results and self-reported outcomes (HISQUI19) between both fitting strategies the Mann–Whitney U-test was used.

Pearson correlation coefficients were calculated to evaluate the correlation between the insertion angle of the most apical electrode and the results of disyllables, speech reception threshold (SRT), and quality of life (HISQUI19) assessments.

Normality was assessed by the Kolmogorov–Smirnov test and Q–Q plots.

A significance level of p ≤ 0.05 was considered.




Results


Demographics

Five women and three men with a mean age of 44 ± 14 years were enrolled. They underwent cochlear implantation using a standard facial recess approach between December 2020 and September 2021. Table 1 shows demographic data.


TABLE 1 Demographic data of the patients included in the study.

[image: Table 1]



Cochlear parameters

A complete insertion of the Flex 28 electrode array in the scala tympani was intraoperatively documented in all patients.

Table 2 displays the cochlear parameters of the eight patients, along with the electrodes (E) that were deactivated during the course of the study. At the end of the study four patients (50%) had 12 active electrodes (#2, #3, #5, #8), three (37.5%) had 11 (#1, #4, #7), and one (12.5%) had 10 (#6).


TABLE 2 Summary of the active and disabled electrodes among the patients of the study.

[image: Table 2]

The median angular insertion depth was 594° (IQR 143°). The maximum insertion depth of the most apical active electrode was reached in patient #7 (629°), and the calculated frequency of this electrode was 188 Hz. Patient #4, who had E1 disabled due to high impedance, had the minimum angular insertion depth with a value of 486° (465 Hz).



ABF and default maps

Figure 1 shows the central frequencies and the bandwidth, defined by the lower and upper frequency of each electrode, both for the LogFS maps and for the ABF maps, and the position frequencies.


[image: Figure 1]
FIGURE 1
 Plotting of the LogFS and ABF maps with the central frequencies and their respective bandwidths of each electrode for the eight subjects included in the study. Lower, Upper, and Center frequencies for LogFS maps (black triangles and vertical bar) and ABF maps (red triangles and vertical bar) and position frequencies (green dot).




Frequency-to-place mismatch
 
ABF mismatch per electrode

Figure 2 displays the mismatch per electrode for ABF, represented as absolute relative differences (ARD). The corresponding numerical medians are provided in Table 3. Notably, the medians of electrodes three–nine are all below 10%. These values do not reach zero due to variations in insertion angles among patients, electrode deactivations, and certain technical limitations (see Section 4). A maximum median mismatch of 36% appears on electrode one (the most apical one). The second highest mismatch of 32% is present on electrode 12 (the most basal one).


[image: Figure 2]
FIGURE 2
 Mismatch of ABF per electrode is shown. Median values of mismatch for ABF per electrode, presented as absolute relative differences, are depicted.



TABLE 3 Numeric medians of the mismatches for anatomy-based fitting.

[image: Table 3]



LogFS mismatch per electrode

Figure 3 illustrates the mismatch per electrode for the default fitting, presented as ARD. The associated numerical medians are detailed in Table 4. Notably, the medians for electrodes E7 through E12 demonstrate a mismatch of ~25%. A maximum median mismatch of 48.5% appears on E1. The second highest mismatch of 37.1% is present on E3, followed by 36.8% on E2.


[image: Figure 3]
FIGURE 3
 Mismatch of LogFS fitting per electrode is shown. Median values of mismatch for LogFS fitting per electrode, presented as absolute relative differences, are depicted.



TABLE 4 Numerical medians of the mismatches for LogFS fitting.

[image: Table 4]



Comparison of mismatches

As depicted in Figures 2, 3, ABF shows lower mismatches for each individual electrode than LogFS. Upon calculating the mean mismatch across all electrodes for all patients (i.e., the mean ARD of each patient), the data for ABF demonstrates a statistically significant lower mismatch by 0.207 (equivalent to 20.7 percentage points) compared to LogFS (p < 0.001, T-test one-sided). On average, the resulting mismatch in ABF is less than half of that in LogFS frequencies, as depicted in Figure 4.


[image: Figure 4]
FIGURE 4
 Mean mismatch per patient for ABF and LogFS. Median (IQR) and mean ± SD values are also given.





Frequency-to-place mismatch and insertion angle of the most apical electrode

Table 5 displays the median values of the ARD to the OC-frequencies in each patient for both ABF and LogFS. The paired t-test reveals that LogFS exhibited a higher mismatch than ABF across all patients in the study (all p ≤ 0.01, T-test one-sided).


TABLE 5 Median values of the absolute relative differences to the Organ of Corti-frequencies both for anatomy-based fitting and default fitting (LogFS) in each patient of the study.

[image: Table 5]

Figure 5 illustrates the ARD values for both ABF and LogFS plotted against the insertion angle of the most apical electrode. Each subject contributes a maximum of 12 ARDs (matching the number of activated electrodes) for each map (default LogFS and ABF). The figure highlights that the ARDs for the LogFS map surpass those for the ABF maps within each subject. Refer to Table 5 for statistical significances. The discrepancy between LogFS and ABF diminishes with a deeper insertion angle of the most apical electrode.


[image: Figure 5]
FIGURE 5
 Box plots of the absolute relative differences of ABF (gray) and LogFS (black) with the insertion angle of the most apical electrode. It shows that the ABF maps have a lower mismatch compared to the LogFS map. The mismatch of the LogFS map becomes lower with deeper insertion but never as low as the ABF map.




Speech results
 
Speech discrimination score: disyllables in quiet

In four patients the scores were higher with the ABF, while in three patients they were lower and one patient achieved the same score with both strategies.

The mean SDS with the ABF and the default fitting was 73 ± 11% and 72 ± 16% respectively, the difference not being significant (p = 0.672; Figure 6).


[image: Figure 6]
FIGURE 6
 Percentage (0–100%) of disyllables in quiet comparing the ABF (light gray) with the default fitting (dark gray) for the eight patients included in the study.




Matrix test: sentences in noise

In five patients (#1, #2, #4, #5, #7) the scores were lower (better) with the ABF, while in three patients (#3, #6, #8) they were higher (worse), the differences not being significant. A lower SRT means better hearing.

The mean SRT with the ABF and the default fitting was 3.6 ± 3.4 dB and 4.2 ± 5.0 dB, respectively, the difference not being significant (p = 0.401; Figure 7).


[image: Figure 7]
FIGURE 7
 SRT in adaptative noise comparing the ABF (light gray) with the default fitting (dark gray) for the eight patients included in the study.





Subjective outcomes

In three patients the HISQUI19 scores were higher with the ABF (#1, #4, #5), while in four patients they were lower (#3, #6, #7, #8).

Prior to implantation patients rated their sound quality as poor (HISQUI19 score: 50 ± 30). This sound quality improved significantly after implantation in all cases (p = 0.043, and p = 0.025). Post implantation, the mean HISQUI19 scores with the ABF and the default fitting was 77 ± 25 and 76 ± 24, respectively, the difference not being significant (p=0.866). Both correspond to a moderate sound quality (Figure 8).


[image: Figure 8]
FIGURE 8
 HISQUI19 scores with ABF and default fitting of each patient.


Patients' choice. Following 1 month of use of the default fitting seven out of the eight patients preferred the ABF to the default fitting and were shifted again to the ABF. The main reason given for their preference was that ABF sounds less high-pitched (patients #3, #5, #8), the remaining subjects were unable to give us a reason despite their preference for the ABF. The patient who preferred the default fitting (#1) was also unable to give a convincing reason for her preference.



Objective and subjective outcomes and insertion angle of the most apical electrode

In Figure 9 is shown the influence of the insertion angle of the most apical electrode in both the objective and subjective outcomes with both ways of fittings. The correlation coefficient was calculated, and it shows no correlation neither in the disyllables in silence, Matrix test, or HISQUI19 scores both with ABF and default fitting.


[image: Figure 9]
FIGURE 9
 Scatter plots of the association between insertion angle of the most apical electrode (°) and (A) % of disyllables in silence, (B) SRT values obtained with MATRIX test, and (C) HISQUI19 scores for ABF (gray line) and default fitting (LogFS) (black line). R is the Pearson correlation coefficient, R2 is the coefficient of determination, k is the inclination of the line fit, d refers to the offset of the line fit, and p is the probability value.





Discussion

In the present study we confirmed that ABF maps have a lower frequency-to-place mismatch than default (LogFS) fitting maps. All except one subject preferred the anatomy-based map over the default fitting map for the daily hearing settings. No significant differences were found between the ABF and the default map in disyllable tests, speech tests or HISQUI19 questionnaire. To our knowledge this is the first prospective study comparing an ABF in its default MAESTRO implementation and default fitting in new CI users.


ABF maps have lower tonotopic mismatch than default maps

There is still debate about the ideal shape and length of the electrode array in cochlear implantation, some authors proposing that a deep insertion with a tonotopic stimulation of the spiral ganglion and dendrites of the auditory nerve would lead to a better audiological outcome (Rak et al., 2021). As there is a large variation in the cochlear duct length (25–45 mm) (Rask-Andersen et al., 2012), it may be useful to align the frequency map of the CI to the tonotopic frequency map, which is the basis of the ABF.

Initially, image-guided fitting was performed to decrease channel interactions causing overlapping stimulation to neurons within the cochlea (Noble et al., 2013, 2014). Recently, ABF fitting has been focused on reducing the frequency-to-place mismatch. In the present study, ABF showed a lower mismatch than default fitting, both considering each individual electrode or considering the median mismatch of all electrodes. While it might be intuitive to assume that ABF fitting would result in a complete elimination of mismatch, minor deviations from zero persist due to technical constraints. The auditory processor's frequency range spans from 70 to 8,500 Hz, with the least pronounced mismatch observed within the tonotopic range spanning 950–3,000 Hz. To address specific technical considerations, a logarithmic distribution is implemented between 70 and 950 Hz. This choice aims to avoid the necessity of implementing filters covering a wide frequency band in scenarios where fewer than 4 electrodes are present in this frequency span. Likewise, a logarithmic distribution is adopted between 3,000 and 8,500 Hz to prevent the need for deactivating channels with frequency positions exceeding 8,500 Hz.

In a recent study, Lambriks et al. (2023) analyzed 14 adults receiving a HIRes Ultra implant (Advanced Bionics) to compare standard vs. imaging-based fitting. Median mismatch across the array was 1.50 octaves with the most apical electrode showing the highest mismatch (1.84 octaves), and the basal electrode showing the lowest mismatch (0.84 octaves). The authors reported a significant decrease in the frequency-to-place mismatch after imaging-based fitting.



Correlation between the insertion angle of the most apical electrode and the mismatch

In the present study, all patients underwent cochlear implantation with a Flex 28 electrode, a 28 mm lateral wall straight electrode with 12 electrodes and an active stimulation range of 23.1 mm. According to the default fitting method, the center frequency of the frequency band assigned of the first electrode E1 corresponds to 149 Hz (100–198 Hz). However, depending on the cochlear size, a complete insertion of the Flex 28 electrode may lead to >630° in small cochlea and <540° (1.5 turns) in large cochlea. In the present study, the insertion depth of the first active electrode ranged from 629° (patient #7) to 486.5° (patient#4), which led to a tonotopic frequency of 188 and 465 Hz respectively. Interestingly, patient#4 had E1 deactivated, so the insertion angle was calculated with the first active electrode which was E2. We are aware that including patients with deactivated electrodes may have an impact on the results. Other studies about ABF have included only cases with all active electrodes (Dutrieux et al., 2022; Mertens et al., 2022). However, as deactivation of channels due to different reasons is not unusual in daily practice (Warren and Atcherson, 2023) we preferred to perform the study in the most real clinical setting. This is why the mismatches are not zero in the central electrodes (E4–E8), as it hypothetically would be if the tonotopic alignment were perfect.

Irrespective of the fitting method, the deeper the insertion angle of the most apical electrode, the smaller the mismatch. Dutrieux et al. (2022) analyzed the relationship between cochlear length, insertion angle, and tonotopic mismatch in 106 cochleas implanted with a Flex-28 array. The authors reported a tonotopic mismatch in all cochleas between −10 and −16 semitones according to the Greenwood map. The mismatch was smaller in small and medium-sized cochlea than in large cochlea, not because the length of the cochlea per se, but because the length of a cochlear in relation to electrode length. As in our study, Dutrieux et al. described that tonotopic mismatch was greater at the apical contacts and the last basal contact. In our study, an increased insertion angle of the most apical electrode was associated to a lower difference between default and ABF mismatch. However, within each subject ABF maps always had a lower mismatch than default fitting. The range of insertion depth in which ABF may be useful remains to be established. ABF appears to work better with insertions between 540° (one and a half turns) and 740° (two turns) so that E1 is located between 340 and 85 Hz. With shallower insertions, lower frequencies may not be correctly stimulated despite adjusting the CI map to a tonotopic map. On the other hand, deeper insertions as 720° (two turns) usually lead to less mismatch and so best outcomes, which may be harder to improve by modifying the default fitting to ABF.



Previous studies about impact of mismatch on performance

The impact of frequency-to-place mismatch on the CI performance has been previously reported with varying results. Jiam et al. (2016) reported an 83% of 260 electrode contacts being deviated from their theoretical programmed frequencies. Canfarotta et al. (2020) demonstrated a reduction in the monosyllable scores which was significantly correlated with the frequency-to-place mismatch at 1,500 Hz up to 6 months. In a similar way, Mertens et al. (2022) retrospectively studied the effect of frequency-to-place mismatch on the speech discrimination in noise in 39 CI users with normal cochlear anatomy. They found a significant correlation between the mismatch, which ranged from 0.469 to 1.604 octaves and the speech discrimination in noise after 6 months, although the significant effect disappeared after 12 months CI experience. While the theoretical detrimental effect of mismatch on speech discrimination is well understood, it is still unclear how and when auditory neural adaptation may compensate for this deviation in each subject.

Note that unlike other authors that evaluated mismatch in semitones or octaves, we used ARD because (1) the great majority of the semitone values are below zero, therefore the effect of the direction should be practically irrelevant, and (2) additionally the interpretation of a percent difference appears to be more straightforward that semitone or octave differences.



Subjects prefer ABF maps despite similar hearing results

The basis of ABF is that a more optimally frequency-to-place map of each electrode matching with the corresponding frequency to be stimulated for each tonotopic location may enhance CI performance. Seven of the eight subjects (87%) participating in the present study preferred the ABF to the default fitting. It is unclear the rationale of this preference, however, the main reason is that ABF sounds less high-pitched than default fitting, which could be related to the observed mismatch reduction.

On the other hand, HISQUI19 and audiometric results showed no significant difference between both fitting strategies. The small number of patients and the absence of standardized hearing tests to demonstrate the subjective benefit of ABF may be some reasons to explain these findings. While tonotopic fitting may lead to an improvement in speech perception, the specific test to prove this fact remains unclear. Conventional speech tests such as SDS or SRT may not be sensitive enough. In this study we used an adaptative speech test in noise as the Matrix, which showed a tendency toward better results with the ABF, the difference not being significant. An additional advantage of using sentence tests in noise is that they represent a more realistic conversational situation than speech in quiet or isolated words. In contrast to everyday sentences, matrix sentences do not differ syntactically from each other and are semantically unpredictable; in this way they show low redundancy, and a word cannot be predicted based on context.

Kurz et al. (2022) reported the benefit of ABF in two bilateral CI users and a unilateral SSD CI recipient, all of them showing an improvement in speech perception in quiet and noise, with a trending preference for the ABF mapping. Both bilateral users had unequal electrode insertion depths one because of different arrays (Standard and Flex 26), and the other one because of different insertion depths with the same arrays (Flex 28 and Flex 28). Improvement in these cases may be related to enhancing the interaction between both sides. Di Maro et al. (2022) reported the benefit of ABF fitting in a retrospective study including 10 users with a previous CI experience of between 9.8 and 61.3 months. PTA and speech audiometry were performed on average 41.6 days after changing the default to the ABF mapping resulting in a significant improvement of the SRT (61.25 dB vs. 51.25 dB), while the PTA values did not change significantly. All patients stated that their perception of sounds was low-pitched while half of them reported an immediate subjective improvement after the ABF mapping. In the study by Lambriks et al. (2023) with Advanced Bionics cochlear implants only two out of 14 subjects preferred the imaging-based to the standard fitting. The shorter electrode array used in this study (18.5 mm) may not be comparable with other studies using longer arrays.



Limitations and future directions

Image-guided fitting is an exciting and challenging approach to CI users that requires more time and resources than the default fitting, including postoperative imaging, importing the data with a specific software, and creating a personalized map. Although the concept of this tailored fitting leading to a better outcome is easy to understand, there are still several limitations which preclude from showing an undeniable benefit of this tonotopic fitting for every CI user.

This study as well as most reported studies about image-guided fitting have a small sample size which may limit the results. In addition, variables that may influence hearing outcomes as age at implantation, duration of hearing loss, duration of hearing aid use, of cognition status are not controlled, all of them possibly having an impact on the CI performance irrespective of the fitting method used.

The Greenwood function, which correlates the frequency of a pure tone and the spatial location in the Organ of Corti was used in this study. Although, CIs can also stimulate the central axons near the spiral ganglion, which implies a modified tonotopy (Stakhovskaya et al., 2007), we believe that the Greenwood has been proved to be a reliable method to estimate the correlation between the frequency assigned to a determined electrode, especially in insertions below 600° (Kurz et al., 2023).

The effect of adaptation over time to changes in any fitting method is well known (Zinfollino et al., 2020). In the present study we chose to have the ABF as the first fitting method for 9 months followed by the default fitting for 1 month. The duration of CI listening experience by the study endpoint is always a matter of controversy. Between 6 and 12 months post-initial activation is usually considered to be an interval where a plateau in speech perception abilities occurs with various signal coding strategies. This is the reason why we chose 9 months as the time with the first fitting (ABF) before testing and changing to the default setting. Although we believe that there is usually a preference for the most recent coding strategy, evaluating a “new” strategy in subjects with experience in a previous one could also influence preference for the initial coding strategy. Therefore, our next step is to switch the order, next subset of patients starting with the default fitting for 9 months and then changing to ABF. One of the key learnings from the present study is to also include a control group in future studies.

In this study all patients received the same electrode array (Flex 28) irrespective of their cochlear duct length, which showed a wide range. In future studies, a personalized array length may be selected according to preoperative measures. The effect of image-guided fitting in a previously tailored electrode array is yet to be determined. Since music enjoyment is one of the biggest challenges for CI users, it would be interesting to test how ABF impacts on music perception.




Conclusions

In the present study we confirmed that ABF maps have a lower frequency to place mismatch than default (LogFS) fitting maps. All except one subject preferred the anatomy-based map over the default map for the daily hearing settings. No significant differences were found between the ABF and the default fitting in speech tests or the HISQUI19 questionnaire. More data are necessary to corroborate the benefit of the imaging-guided fitting over default fitting in speech and subjective tests.
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