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Abstract

Hypothesis—Image-guided cochlear implant (CI) programming can improve hearing outcomes 

for pediatric CI recipients.

Background—CIs have been highly successful for children with severe-to-profound hearing 

loss, offering potential for mainstreamed education and auditory-oral communication. Despite this, 

a significant number of recipients still experience poor speech understanding, language delay, and, 

even among the best performers, restoration to normal auditory fidelity is rare. While significant 

research efforts have been devoted to improving stimulation strategies, few developments have led 

to significant hearing improvement over the past two decades. Recently introduced techniques for 

image-guided CI programming (IGCIP) permit creating patient-customized CI programs by 

making it possible, for the first time, to estimate the position of implanted CI electrodes relative to 

the nerves they stimulate using CT images. This approach permits identification of electrodes with 

high levels of stimulation overlap and to deactivate them from a patient’s map. Prior studies have 

shown that IGCIP can significantly improve hearing outcomes for adults with CIs.

Methods—The IGCIP technique was tested for 21 ears of 18 pediatric CI recipients. Participants 

had long-term experience with their CI (5 months-13 years) and ranged in age from 5-17 years 

old. Speech understanding was assessed after approximately 4 weeks of experience with the 

IGCIP map.

Results—Using a two-tailed Wilcoxon signed-rank test, statistically significant improvement 

(p<0.05) was observed for word and sentence recognition in quiet and noise as well as pediatric 

self-reported quality of life (QOL) measures.

Conclusion—Our results indicate that image-guidance significantly improves hearing and QOL 

outcomes for pediatric CI recipients.
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Introduction

Cochlear implants (CIs) are surgically implanted neural prosthetic devices used to treat 

severe-to-profound hearing loss (1). CIs use implanted electrodes to stimulate spiral 

ganglion (SG) cells to induce hearing sensation. CIs have been highly successful for children 

with severe-to-profound hearing loss, offering potential for mainstreamed education and 

auditory-oral communication. Despite this, a significant number of recipients still experience 

poor speech understanding and language delay, and, even among the best performers, 

restoration to normal auditory fidelity is rare (2-3). This is due, in part, to several well-

known issues with electrical stimulation that prevent CIs from accurately simulating natural 

acoustic hearing. Electrode interaction is an example of one such issue that, despite 

significant improvements made by advances in hardware and signal processing, remains 

challenging (e.g., (4-5)). In natural hearing, a nerve pathway is activated when the 

characteristic frequency associated with that pathway is present in the incoming sound. 

Neural pathways are tonotopically ordered by decreasing characteristic frequency along the 

length of the cochlear duct, and this finely tuned spatial organization is well known (6). CI 

electrode arrays are designed such that each electrode should stimulate nerve pathways 

corresponding to a pre-defined spectral bandwidth. In surgery, however, the array is blindly 

threaded into the cochlea with its insertion path guided only by the walls of the spiral-shaped 

intra-cochlear cavities. Since the final positions of the electrodes are generally unknown, the 

only option when programming has been to assume the electrodes are situated in the correct 

scala with relatively uniform and independent electrode-to-neuron activation patterns across 

the array. However, many experiments, such as those involving varying the number of active 

channels (7-8), have indicated that electrode activation patterns are not independent, and that 

electrode interaction indeed limits or hinders outcomes for most if not all CI patients. 

Several techniques have been proposed to assess patient-specific electrode interactions, e.g., 

by using electrically evoked compound action potentials (9) or focused stimulation strategies 

(10), but programming strategies that account for interactions measured using such 

techniques have not come into widespread clinical use.

Recently, image processing techniques have been introduced that make it possible, for the 

first time, to estimate the position of implanted CI electrodes relative to the spiral ganglion 

nerves they stimulate in CT images (11-12). These methods permit identifying electrodes 

that are likely to be causing high levels of electrode interaction. Once identified, these 

electrodes can be deactivated them from a patient’s map. We refer to this process as Image-

Guided Cochlear Implant Programming (IGCIP) (13). IGCIP has been shown to lead to 

significant improvement in hearing outcomes for adults with CIs (14). IGCIP could be even 

more significant for pediatric implant recipients who are developing speech and language 

and are therefore more reliant on bottom-up processing than postlingually deafened adults 

(e.g., (15)). Any new techniques or technologies that can improve hearing outcomes at an 
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earlier age have the potential to significantly improve a child’s development of speech, 

language, literacy, academic performance, and overall quality-of-life (QOL) for children 

with profound hearing loss (16-18). In this article, we report the results of the first study 

quantifying the effect of IGCIP techniques in the pediatric population.

Materials and methods

Demographic information about the research participants is shown in Table 1. Participants 

were 18 pediatric CI recipients ranging in age from 5-17 years old (mean 10 years) with a 

mean duration of CI experience of 4.5 years. Fifteen of 18 children were bilaterally 

implanted (Bil) with the remaining 3 children utilizing a bimodal (Bimod) hearing 

configuration. Three of the bilateral recipients underwent experimentation for each ear 

sequentially for a total of 21 ears. Speech understanding and auditory function was assessed 

using monosyllabic words from the Lexical Neighborhood Test (LNT) words (19), BabyBio 

sentences in quiet, +10 dB signal-to-noise ratio (SNR), and +5dB SNR (20), BKB-SIN (21), 

and spectral modulation detection (SMD) using the quick SMD (QSMD) test (22). All 

measures were administered using both the clinical map and with the IGCIP map after 

approximately 4 weeks experience with the IGCIP experimental map. Analysis of the 

change in performance between the two time points characterizes the benefit of the IGCIP 

vs. clinical map. Statistically significant group differences in hearing performance scores 

between the pre- and post-remapping conditions were measured by detecting significant 

change in group median using the two-tailed Wilcoxon signed rank test (23) at p<0.05.

The IGCIP maps were created with the process reported in (13) using a software suite that 

implements the series of automated image analysis techniques. In brief, the positions of 

implanted electrodes relative to the modiolus are detected using pre- and post-implantation 

CT scans. The electrodes are localized in post-implantation CT using the approach described 

in (13). Using the automated image analysis techniques proposed in (11), the modiolus is 

localized with the pre-implantation CT, where, in contrast with post-implantation CT, 

anatomical structures are not distorted by image reconstruction artifacts created from the 

metallic electrode array. The pre- and post- implantation CTs are then aligned so that 

positions of the electrodes can be quantified relative to the modiolus. This approach for 

quantifying electrode position has been validated in histological studies (24). The spatial 

relationship between the electrodes and the modiolus is analyzed to determine both the 

spread of excitation of each electrode, where electrodes positioned further from the 

modiolus are assumed to create greater spread, and the resulting areas of stimulation overlap 

across electrodes. The active electrode configuration is then selected as the one that that 

includes the largest number of active electrodes that avoids deleterious levels of stimulation 

overlap as described in (13). This strategy has since been formulated as an automated 

objective function (25). With this approach, there are parameters used to describe the 

amount of spread of excitation that occurs for an electrode based on its distance to the 

modiolus. There are also parameters that define how much stimulation overlap is deleterious. 

In previous and the present studies, these parameters were chosen subjectively by the 

authors and fixed for all experiments. Ongoing work aims to find optimized values for these 

parameters. Electrodes not included in the selected configuration are subsequently 

deactivated from the patient’s map. Conveniently, this approach does not conflict with 
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existing signal processing strategies, and thus reprogramming does not require major 

processing changes. In our experiments, after identified electrodes are deactivated, the sound 

spectrum is automatically reallocated to the remaining active electrodes. Further, the 

stimulation rate is manually adjusted to remain constant with the patient’s original clinical 

map—2 of the 3 FDA approved devices would otherwise automatically increase the rate 

with the deactivation of electrodes.

In our experiments, all speech and non-speech stimuli were presented at a calibrated 

presentation level of 60 dBA using a single loudspeaker presented at 0° azimuth at a distance 

of 1 meter. Estimates of spectral resolution were obtained using the QSMD task, which is a 

non-speech based hearing performance metric that provides a psychoacoustic estimate of 

spectral resolution, i.e., the ability of the auditory system to decompose a complex spectral 

stimulus into its individual frequency components (21, 26-29). To measure performance 

qualitatively, participants and their primary caregiver each completed the parent or child 

version of the Pediatric Quality of Life Inventory or PedsQL version 4.0 core scales (30). 

The PedsQL is a standardized measure of generic quality of life composed of four subscales: 

(1) Physical functioning, 2) Emotional functioning, 3) Social functioning, and 4) School 

functioning. To complete the PedsQL questionnaire, each child and his/her primary 

caregiver were asked how much of a problem each item has been over the past month. Study 

data were collected and managed using the REDCap (Research Electronic Data Capture) 

secure data management tools (31).

Results

In Figure 1, the bar-graphs show the average and standard error of hearing performance 

scores across all study subjects in the pre- and post-remapping conditions when testing the 

remapped ear alone in (a) and when testing in the best aided condition in (b). Below each 

bar-graph, the number of scores in the dataset (N) is shown, and scores found to have a 

statistically significant difference between the pre- and post-remapping conditions are 

indicated with an asterisk. The dataset size, N, differs from plot to plot since some 

participants could not complete all testing due to time constraints or inability to understand 

the task. For example, one participant did not understand the QSMD task despite training 

and thus did not complete testing for either ear. Since the BKB-SIN measure is scored in 

terms of the dB signal-to-noise ratio (SNR) yielding approximately 50% correct, or SNR-50, 

units for BKB-SIN benefit (in dB) are shown along the right ordinate. The remaining 

measures were scored in terms of percent correct, and these units are displayed along the left 

ordinate.

As shown in Figure 1a, performance for five of the six speech recognition metrics improved 

on average when listening with the remapped ear alone. Improvements in LNT word 

recognition and three measures of sentence recognition in noise (BabyBio +10dB SNR, 

BabyBio +5dB SNR, and BKB-SIN) were statistically significant. Little change was seen for 

LNT phonemes as well as QSMD at 0.5 and 1 cycle/oct. Scores for the best-aided, bilateral 

CI or bimodal, condition are shown in Figure 1b. Improvement in sentence recognition in 

quiet (BabyBio quiet) and in noise (BabyBio +5dB SNR) were statistically significant. From 

both panels we saw little change in word and phoneme recognition but significant 
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improvements in sentence recognition ability in quiet and in noise. When the new IGCIP 

map was used in conjunction with the contralateral ear, benefit to overall hearing 

performance especially in noise was clear, even in this relatively short 4-week time frame.

In Figure 2, the pre- and post-remapping value of individual scores are shown in scatter plots 

for the LNT (panel a), BabyBio (panel b), and BKB-SIN (panel c) speech recognition tests, 

respectively, in both the unilateral (Uni.) listening condition with the remapped ear alone and 

bilateral (Bil.), best-aided listening condition. The red lines in the plots indicate the known 

confidence intervals for individual scores (20, 32-33). Data points falling above the upper 

line are scores that significantly improved on an individual level, those below the lower line 

significantly declined, and those between represent no significant difference. Four LNT 

word scores in panel a significantly improved and one declined, five BKB-SIN scores in 

panel c significantly improved with no scores significantly declining, and 33 BabyBio 

sentence scores in panel b significantly improved and 4 significantly declined post-

remapping in both quiet and noisy conditions. Table 1 includes for each patient the number 

of scores shown in Figure 2 that improved (Imprv) and declined (Declin) as well as the 

number of those improvements and declines that were significant in parentheses. As shown 

in Table 1, out of all 169 tests performed across all subjects, a total of 103 (60.9%) scores 

improved with 42 (24.9%) indicative of significant improvement. On the other hand, 47 

(27.8%) scores declined, though only 5 (3.0%) scores declined significantly. Across all 21 

ears tested, 18 (85.7%) had at least one score that improved significantly; in contrast, 4 

(19.0%) of the ears had at least 1 score that significantly declined. Significant improvements 

were observed for participants across the range of ages and CI experience and also across 

the range of the number and percentage of electrodes deactivated.

Qualitative benefit measured using the PedsQL parent-child questionnaire is shown in 

Figure 3. Parental data showed little qualitative change, with only one sub-scale 

demonstrating significant improvement. In contrast, each sub-scale for the pediatric data 

improved with two of the four sub-scale scores as well as the overall total score reaching 

statistical significance. Thus there was a significant subjective preference for the 

experimental IGCIP map amongst the children who participated in this study.

At the end of the study, participants elected to keep their experimental maps as their primary 

map with no changes for 18 out of 21 ears (85.7%), with many of these strongly opposed to 

returning to their old maps. Many subjects who did not exhibit an individually significant 

benefit for speech did, in fact, report improved sound quality and this is reflected here in the 

85.7% rate of experimental map retention. When patients made comments about the map, 

these were recorded and are shown in Table 2.

Discussion

The results of our experiments show that the IGCIP approach leads to significantly improved 

speech recognition and subjective hearing quality in quiet and in noise, and thus could 

improve hearing and QOL, for many pediatric CI recipients. Improvement in performance in 

background noise is especially significant considering that speech recognition in noise is one 

of the most common problems even among the best performing CI users (8). It is also of 
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note that the improvement in sentence recognition in quiet and in noise generally agrees with 

the results of using IGCIP in the adult population reported previously (13). Improving 

performance in noise for pediatric CI recipients may hold greater impact than for adult 

recipients for several reasons. Children are rarely in quiet listening environments. In fact, 

occupied classroom noise ranges from 48 dBA to 69 dBB with mean levels approximating 

65 dBA for an early elementary classroom (e.g., (29-32)). Also, Clark and Govett (33) 

reported that children’s equivalent continuous sound level, or Leq 24-hour level ranges from 

87.3 dBA for all students and are as high as 95.5 dBA for fifth graders. Despite the high 

levels of noise experienced in the school-aged child’s listening environment, FM systems are 

rarely utilized outside the classroom, thereby rendering improved speech understanding in 

noise more valuable.

It is clear that the information provided by image-guidance is critical for the improvements 

in speech recognition seen in our results since electrode deactivation performed using other 

criteria has been studied by many groups without significantly affecting performance. For 

example, some groups have experimented with deactivating different numbers of electrodes 

in regular patterns and found little effect on average speech recognition performance as long 

as more than 4-8 electrodes are active (7-8, 39). Other groups have deactivated electrodes 

based on psychoacoustic criteria, resulting in increases in certain aspects of speech 

recognition and decreases in others (40-41). Our results clearly demonstrate the impact this 

IGCIP deactivation strategy can have on pediatric CI users.

Because the reprogramming strategy we use only requires deactivating electrodes, it is 

simple to integrate with existing sound processing strategies using the existing clinical 

software provided by CI manufacturers. Typically when changes to a program are made, 

quantitative and qualitative hearing scores tend to favor the original program (42-44). Thus, 

it is remarkable that the majority of the participants in our experiments noted substantial 

improvement in sound quality immediately after reprogramming, and these improvements 

are reflected in our quantitative results. These results have further significance as any 

advancement that improves speech recognition from an earlier age has the potential to 

significantly improve the long-term QOL for children with severe-to-profound hearing loss, 

and it is likely that long-term experience with the new program would result in further 

improvements in hearing performance. Future studies will explore the possibility that using 

the IGCIP map from the point of initial activation might permit better outcomes with a 

steeper trajectory to asymptotic performance for pediatric subjects. We believe that the 

benefit of IGCIP could be greatest with children who are still developing speech and 

language and who are more reliant on bottom-up processing.
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Figure 1. 
Pre- and post-remapping hearing performance scores when testing with the re-mapped ear 

alone (a) and with both ears in the best aided condition (b). Each bar and whisker indicate 

the average and standard error. Asterisks indicate significantly different results.
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Figure 2. 
Pre- vs. post-remapping individual scores for the LNT (a), BabyBio (b), and BKB-SIN (c) 

measures. Confidence intervals are indicated by red lines.
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Figure 3. 
Pre- and post-remapping PedsQL parent-child qualitative survey results for N=18 

experiments. Each bar and whisker indicate the average and standard error. Asterisks 

indicate significantly different results.
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Table 2

Subject comments immediately following the change to the IGCIP experimental map and at the follow up 

visit. Note that subjects were not required to give a comment regarding the change and, thus, comments were 

only recorded when provided.

Exp. # Immediate comments Comments after long-term use

1 It's better. I hear more like this. It's better. I want to keep it.

2 It sounds the same. No difference reported.

3 It's good. I hear better. I like it. It's good.

4 You don't sound like you. It's ok if they are
both on. It doesn't sound good. I like my other program.

5 You sound like a tricky little girl. You sound
like a mouse.

6 This is clearer. I like it. It's good. It's a better sound.

7 It seems louder. Please don't take this program away.

8 It is definitely clearer. I can hear everything
you are saying without looking.

It has been like night and day with this program change. I
used to hear static and noise all the time. Now it's almost
completely gone. I love it.

9 It's different. It's okay now that I am used to it but I think I like the old
one better.

10 It sounds like a horn. Everyone sounds like boys.

11 I like it! It sounds good!

12 It sounds silly. Now my left ear is my favorite ear

13 It's different, but I like it. Speech is clearer.

14 I hear like other kids now! It sounds a lot better.

15 It sounds funny. I don't like it. It doesn't
sound normal. It sounds normal.

16 It's good. I like it.

17 It sounds better when I'm singing.

18 I like the new program better.

19 I like it. My voice sounds different. Clearer
different. I like it

20

21 I think it sounds better. It helped, but I think my left CI is now too soft.
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