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Abstract

Objective—Nucleus Hybrid CI users hear low-frequency sounds via acoustic stimulation and 

high frequency sounds via electrical stimulation. This within-subject study compares three 

different methods of coordinating programming of the acoustic and electrical components of the 

Hybrid device. Speech perception and cortical auditory evoked potentials (CAEP) were used to 

assess differences in outcome. The goals of this study were to determine (1) if the evoked potential 

measures could predict which programming strategy resulted either in better outcome on the 

speech perception task or was preferred by the listener, and (2) whether CAEPs could be used to 

predict which subjects benefitted most from having access to the electrical signal provided by the 

Hybrid implant.

Design—CAEPs were recorded from 10 Nucleus Hybrid CI users. Study participants were tested 

using three different experimental MAPs that differed in terms of how much overlap there was 

between the range of frequencies processed by the acoustic component of the Hybrid device and 

range of frequencies processed by the electrical component. The study design included allowing 

participants to acclimatize for a period of up to 4 weeks with each experimental program prior to 

speech perception and evoked potential testing. Performance using the experimental MAPs was 

assessed using both a closed-set consonant recognition task and an adaptive test that measured the 

signal to noise ratio that resulted in 50% correct identification of a set of 12 spondees presented in 

background noise (SNR-50). Long-duration, synthetic vowels were used to record both the 
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cortical P1-N1-P2 “onset” response and the auditory “change” or ACC response. Correlations 

between the evoked potential measures and performance on the speech perception tasks are 

reported.

Results—Differences in performance using the three programming strategies were not large. 

Peak-to-peak amplitude of the AAC response was not found to be sensitive enough to accurately 

predict the programming strategy that resulted in the best performance on either measure of 

speech perception. All 10 Hybrid CI users had residual low frequency acoustic hearing. For all 10 

subjects, allowing them to use both the acoustic and electrical signals provided by the implant 

improved performance on the consonant recognition task. For most subjects, it also resulted in 

slightly larger cortical change responses. However, the impact that listening mode had on the 

cortical change responses was small and again, the correlation between the evoked potential and 

speech perception results was not significant.

Conclusions—CAEPs can be successfully measured from Hybrid CI users. The responses that 

are recorded are similar to those recorded from normal hearing listeners. The goal of this study 

was to see if CAEPs might play a role either in identifying the experimental program that resulted 

in best performance on a consonant recognition task or documenting benefit from use of the 

electrical signal provided by the Hybrid CI. At least for the stimuli and specific methods used in 

this study, no such predictive relationship was found.

Keywords

Cochlear implant; Hybrid cochlear implant; Cortical auditory evoked potential; Auditory evoked 
potential; Acoustic change complex

INTRODUCTION

For individuals with profound bilateral sensorineural hearing loss the benefits of cochlear 

implantation can be (and often are) substantial (e.g., Shannon et al. 2004; Spahr & Dorman 

2004; Wilson & Dorman 2007). Loss of residual acoustic hearing is not typically a major 

concern for these individuals. For those with good low-frequency hearing, the decision to 

pursue cochlear implantation is considerably more difficult. These individuals are often are 

very concerned about losing their residual acoustic hearing. Hybrid cochlear implants (CI) 

are designed specifically for this population.

The Nucleus Hybrid CI has an internal electrode array designed that is shorter and thinner 

than the standard intracochlear electrode array. It also has fewer electrode contacts. It was 

designed specifically to maximize the chance that residual acoustic hearing in the implanted 

ear could be preserved. Preliminary results suggest that not only is hearing preservation 

possible with this device, but most Hybrid CI users are able to successfully fuse the 

information presented acoustically with information presented electrically. There is a 

growing body of literature that suggests that word recognition in the acoustic plus electric 

(A+E) listening mode is better than either the acoustic alone (A-alone) or electric alone (E-

alone) modes (e.g., Turner et al. 2008; Lenarz et al. 2009; Gantz et al. 2009; Woodson et al. 

2010). Results like this have led to an increase in the number of clinics offering the Hybrid 
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device to their hearing impaired clients and it seems reasonable to assume that children may 

also soon be considered candidates for the Hybrid CI.

Compared to a traditional CI, programming a Hybrid CI is somewhat more complicated. 

Hybrid CI users present with varying amounts of low-frequency hearing and most need 

some degree of amplification. The Nucleus Hybrid CI has both an acoustic component (i.e., 

a traditional hearing aid) and electric component (i.e., the speech processor of the CI). 

Clinicians are required to program both the acoustic and electrical components. There are 

several different approaches that could be used to do this (for review, see Incerti et al. 2013). 

In the Hybrid Desk Reference Guide Cochlear Corporation suggests starting by identifying 

the highest audiometric frequency where prescriptive targets for gain can be achieved using 

the acoustic component of the Hybrid device. The speech processor of the CI is then 

programmed so that only information in the signal above that point (often referred to as a 

“cross-over frequency”) is processed electrically. This can be achieved either by turning off 

apical electrodes or by adjusting the boundaries of the frequency allocation table. Karsten et 

al. (2013) referred to this programming strategy as the “Meet” strategy. We will use the 

same label in this report. This is also an approach to programming advocated by Wolfe and 

Schafer (2015) in a widely used textbook.

Karsten et al (2013) also describes two other general approaches to coordinating 

programming of the acoustic and electrical components of the Hybrid device. One approach 

suggests that the entire acoustic spectrum be divided across all of the available intracochlear 

electrodes. This method creates redundancy or “overlap” between the range of frequencies 

processed via the acoustic component and the range of frequencies that are conveyed via 

electric stimulation. It could be argued that such redundancy in the input signal could prove 

useful for the listener. However, depending on the length of the intracochlear electrode array 

and the extent of the residual acoustic hearing, this method of programming could also 

introduce distortion. A third alternative may be to construct a program that includes a 

separation (or “gap”) between the highest frequency that can be successfully amplified using 

the acoustic component of the Hybrid device and the lowest frequency that is conveyed 

electrically. This approach to programming could help minimize potentially negative 

interactions between the information processed by the two transducers in the Hybrid 

implant. Karsten et al. (2013) report that speech perception in noise was better for a group of 

10 Hybrid CI recipients tested using the “Meet” programming strategy as opposed to the 

“Overlap” strategy. This is also the strategy that was preferred by the majority of 

participants in the Karsten et al. (2013) report.

There is, of course, no reason to believe that any of these three experimental strategies will 

result in optimal levels of performance. Also, it may be that, despite group trends, a 

programming method that works well for one individual may not work as well for others. 

Creating several different programs and asking the CI user to evaluate each program is time 

consuming and may not be possible for pediatric implant recipients. This is an example of a 

situation where it may be helpful to have an objective method of determining how to 

approach programming the speech processor of the Hybrid device. One of the goals of this 

study is to explore the feasibility of using cortical auditory evoked potentials (CAEPs) for 

this purpose.
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There are several different evoked potentials that could be used to help assess benefit from 

use of a HA or specific CI processing strategy. For an excellent review of the relative 

strengths and weaknesses of each, the interested reader is referred to Martin et al (2008). 

This study was modelled after one published several years ago by Martin and Boothroyd 

(2000). Like Martin and Boothroyd (2000), we opted to use long duration, synthetic vowels 

presented in the sound field. Each vowel contained a change in the formant structure 

midway through the vowel that resulted in a shift in the way the vowel was perceived. That 

is, the 2nd and 3rd harmonics are shifted such that perception of the vowel changes from /u/ 

to /i/ or from /i/ to /u/. We elected to use vowel stimuli and a stimulation/recording paradigm 

similar to those described by Martin and Boothroyd because we knew vowels would be 

easily processed by either acoustic or electrical components of the Hybrid device and 

because the paradigm that these investigators used allowed us to record both an N1-P2 

response at the onset of the vowel as well as a second N1-P2 response (the ACC) following 

the change in formant frequency. We reasoned that the low-frequency information in the 

vowel (e.g., F0) would be continuous and largely transmitted via the acoustic component of 

the Hybrid implant. However, amplitude of the ACC would most likely be related to the 

ability of the listener to detect a change in the second and third formant frequencies. 

Perception of a change in the higher frequency content in the acoustic signal was likely to 

depend on the ability of the listener to detect a change in the electrical signal. We wanted to 

test the assumption that better performance with a specific program would depend on the 

ability of the Hybrid CI user to integrate information processed acoustically and electrically 

and reasoned that the ACC might provide an objective metric with which to assess that 

interaction.

We opted to focus on the N1-P2 response, as opposed to another evoked response, precisely 

because this evoked potential can be recorded from children using a passive listening 

paradigm (e.g., Ponton et al. 2000; Sharma & Dorman 2006; Small & Werker 2012) and 

from cochlear implant users (e.g., Friesen & Tremblay 2006; Sharma & Dorman 2006; 

Brown et al. 2008). Additionally, the N1-P2 onset response has been well-studied and the 

impact of factors like maturation, attention, sleep, the choice of recording electrode montage 

and training are known (e.g., Hyde 1997; Tremblay & Kraus 2002; Wunderlich & Cone-

Wesson 2006; Nikjeh et al. 2009). We also reasoned that since previous investigators had 

related amplitude of the ACC to salience of the perceived change in an ongoing stimulus, 

this response might prove to be an index that could help drive decisions about how to 

program the processor for an individual Hybrid CI user. While all three experimental 

programs might be expected to evoke an onset response, a programming method that 

resulted in improved discrimination of the two vowels or made detection of the electrical 

information used to code the shift in formant frequencies easier, might be expected to evoke 

a more robust change response than a less effective programming strategy.

Our goal was also to assess whether or not this method was sensitive enough to be useful on 

an individual level. The amplitude of the N1-P2 onset response can vary significantly across 

listeners. Therefore, we opted to use a method that provided for within-subject comparison 

of onset and change response amplitudes. While somewhat time consuming, this method 

allows for normalization of the change response amplitude and, as a result, facilitates 

comparison across listeners.
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We were also interested in contrasting results obtained in the A+E listening mode with the 

A-alone listening mode. We reasoned that most individuals who consider the Hybrid device 

will do so because they have reasonably good low frequency acoustic hearing. The subjects 

included in this study did not lose that hearing after surgery. They exhibited a range of 

different levels of performance on measures of speech perception and we wanted to know if 

the response that we were able to record might predict which of the group of Hybrid users 

benefited most from having access to the electrical input. Others have compared 

performance of Hybrid CI users in the electric alone listening mode either to performance 

using both the acoustic and electrical input or to the performance levels observed in standard 

long electrode CI users (e.g., Gstoettner et al. 2004; Gantz et al. 2006; Dorman & Gifford 

2010; Incerti et al. 2013). Those studies are particularly important if the goal is to 

characterize the impact that the potential loss of residual acoustic hearing may have on 

performance. That was not, however, the focus of this study. We also found that it was 

difficult to eliminate all acoustic cues when testing in the sound field. Thus, our choice was 

to focus on obtaining within-subject comparisons of CAEPs recorded using both the A-alone 

and A+E listening modes.

If CAEPs are to play a role in clinical practice, evidence is required that demonstrates that 

the evoked potential used is sensitive enough to predict either the programming option that 

results in the best outcome on a behavioral measure of performance or alternately, help 

explain variance in outcome. Toward that end, the experiments described in this report 

address two hypotheses:

1. The experimental program (Meet, Overlap or Gap) that results in the most robust 

AAC responses will be the program that also results in the best performance on 

behavioral measures of consonant or word recognition.

2. The difference in peak-to-peak amplitude of the N1-P2 change response recorded in 

the A+E and A-alone listening modes will be related to the amount of benefit an 

individual Hybrid CI user receives from having access to the electrical signal 

provided by the device.

MATERIALS AND METHODS

Participants

Ten hearing-impaired individuals (8 female, 2 male) who participated previously in the 

Karsten et al. (2013) study also participated in this study. All ten had had significant, high-

frequency sensorineural hearing loss bilaterally and were native speakers of American 

English. They used a Hybrid CI in one ear and in most cases, a conventional hearing aid in 

the other ear during most of their waking hours. All ten were implanted at the University of 

Iowa Hospitals and Clinics at least a year prior to enrolling in this study. Seven used the 

Nucleus Hybrid S8 device. Three used the Nucleus Hybrid S12 device. Both implants have a 

10 mm intracochlear electrode array. The S12 device has 10 intracochlear electrodes. The S8 

device has 6 intracochlear electrodes. All study participants used the Nucleus Freedom 

Hybrid sound processor with the acoustic component (HA) and were programmed using the 
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ACE programming strategy. Table 1 (adapted from Karsten et al. 2013) includes relevant 

demographic information about the subjects.

Audiograms for the implanted ear of each study participants are shown in Figure 1. Several 

of these individuals lost some of their acoustic hearing sensitivity during the first few 

months following surgery. However, audiometric thresholds had stabilized by the time the 

studies described in this report began and the thresholds shown in Figure 1 were collected 

immediately prior to their participation in this study. Karsten et al. (2013) divided the 

subjects into two groups (High or Low) based on the amount of high frequency acoustic 

hearing that they retained. That information as well as information about the program they 

used on a daily basis and the program that they preferred after completing the Karsten et al. 

study is also included in Table 1.

For comparison, we also recruited ten NH individuals (3 male, 7 female) who ranged in age 

from 21 to 43 years (mean age = 29, SD = 7.53) to participate. All were native speakers of 

American English and had audiometric thresholds lower than 20 dB HL for octave 

frequencies between 250 and 4000 Hz. They were tested using the same stimuli and 

recording equipment used to test the Hybrid CI users. The goal of including data from this 

group of subjects, who were younger than the experimental group and who had normal 

hearing, was to provide an optimal or best case control.

The Institutional Review Board at the University of Iowa approved this research project and 

participants were both paid for their time and reimbursed for costs associated with travel.

Programming procedures and parameters

Three different strategies for programming the speech processor of the CI were compared 

(For details, see Karsten et al. 2013). Briefly, the fitting process began by making real ear 

measures of the output of the acoustic component of the Hybrid CI (i.e., the HA) using an 

AudioScan Verifit System. Adjustments in the acoustic output were made if necessary to 

ensure optimal fit to targets derived using NAL-NL1 guidelines (Byrne et al. 2001). The 

highest frequency in the acoustic filter band where the real-ear measures came within 7 dB 

of NAL-NL1 targets was designated the “upper edge of hearing” and the HA was set such 

that no gain was provided above that frequency. The frequency response characteristics of 

the acoustic component of the Hybrid device were then held constant and three different 

experimental programs were created by systematically altering the frequency allocation 

table used to divide the acoustic frequency range across the available intracochlear 

electrodes. The three experimental programs are referred to as Meet, Overlap and Gap. In 

the “Meet” condition, the lowest acoustic frequency processed by the CI was selected to 

equal the frequency designated as the “upper edge of acoustic hearing”. In the “Overlap” 

condition, the lowest frequency conveyed electrically was 50% below the upper edge of 

acoustic hearing for each of the individual study participants. In the “Gap” condition, the 

lowest frequency processed by the CI was 50% higher than the frequency designated as the 

“upper edge of acoustic hearing”.

Once the frequency allocation table of the CI speech processor was set, electrical thresholds 

(T-levels) and maximum comfortable levels (C-level) were measured using standard clinical 
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programming methods. All ten Hybrid CI users were experienced with making these 

loudness judgments. T- and C-levels were modified further if a sweep across the electrode 

array revealed individual electrodes that were either too loud or too soft relative to the 

others. Finally, the overall loudness of the three experimental MAPs and the balance 

between the acoustic and electric stimulation modes was verified and modified as necessary 

using live speech. The general speech processing strategy used for all subjects was the 

Advanced Combination Encoder (ACE) strategy. The pulse duration and number of spectral 

maxima selected for use varied across listeners but was based on the settings in the MAP 

they used for everyday listening prior to starting this study and was kept the same for all 

three experimental programs.

Each subject participated in a series of four data collection sessions. During the first session, 

speech perception data were collected using their everyday MAP. One of the three 

experimental programs (Meet, Gap or Overlap) was then randomly selected and saved to the 

user’s personal speech processor. Subjects were instructed to use the experimental program 

exclusively during all of their waking hours and to switch back to their clinical program only 

if absolutely necessary and only for short periods of time during the 3–4 week 

acclimatization period. Data logging was not available, but subjects were asked to complete 

a program use log and estimate the number of hours per day that they used the experimental 

MAPs. They also were encouraged to record their impressions about sound quality. At the 

end of this period of acclimatization, they returned to the lab for evoked potential and 

speech perception testing and were asked to rank the program they had been using on a scale 

from 1 (very unfavorable) to 10 (very favorable). This process was repeated for each of the 

three experimental programs. The order of testing for the three experimental conditions was 

randomized across subjects. Study participants were blinded to specific program type until 

the completion of the study. At the end of the data collection period, subjects were asked to 

indicate which of the three experimental MAPs they preferred. That information is provided 

for reference in Table 1 and discussed in more detail in Karsten et al. (2013).

Evoked Potential Measures

Stimulation parameters—The stimuli used to record the CAEPs were pairs of synthetic 

vowels presented at 70 dBA SPL from a loudspeaker located approximately 4 feet from the 

subject at 0 degrees azimuth. One stimulus pair was presented every 2.8 to 3.8 seconds. This 

relatively slow stimulation rate and the addition of some jitter in the timing between 

consecutive stimuli helped minimize the effects of adaptation. MATLAB software 

(MathWorks, Inc. US R2011b) was used to control stimulus timing and trigger the averaging 

computer.

The vowel stimuli were generated using a Klatt synthesizer with Sound Designer software. 

Two vowel sounds were created: a synthetic version of /u/ and /i/. Each vowel sound was 

400 ms in duration. The formant frequencies for the /u/ vowel sound were: 400 Hz (F1), 

1300 Hz (F2) and 2400 Hz (F3). The formant frequencies used to create the /i/ stimulus were 

400 Hz (F1), 2600 Hz (F2) and 3000 Hz (F3). The two vowels were RMS balanced to 

minimize level effects and spliced together digitally to create two 800-ms stimuli: an /u/ that 
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changed to an /i/, and an /i/ that changed to an /u/. The transition between the two vowels 

was edited manually to eliminate discontinuities.

Recording Parameters—Standard disposable disc electrodes were applied to the scalp 

and used to record the ongoing EEG activity. In order to minimize contamination of the 

recording by electrical stimulus artifact, the recording electrode sites were located on the 

midline or the side of the head contralateral to the CI. Six differential recordings were 

obtained simultaneously: vertex Cz (+) to contralateral mastoid Mc (−); contralateral 

temporal lobe Tc (+) to Mc (−), Fpz (+) to Mc (−), Cz (+) to Oz (−); Tc (+) to Oz (−); and 

Fpz (+) to Oz (−). Two additional recording electrodes placed above and lateral to the eye 

contralateral to the stimulated ear were used to record eye blinks. An electrode placed off 

center on the forehead was used as a ground for all of the recording channels. Ongoing EEG 

activity was amplified (gain = 10,000) and digitally filtered (1–30 Hz) using an optically 

isolated, Intelligent Hearing System differential amplifier (IHS 8000). A National 

Instruments Data Acquisition board (DAQ Card-6062E) was used to sample the ongoing 

EEG activity at a rate of 10,000 samples per second per channel. Custom-designed 

LabVIEW™ software (National Instruments Corp.) was used to compute and display the 

averaged waveforms. Two recordings that represented the average of 100 trials were 

obtained for each stimulus pair. These two recordings were combined offline creating a 

single evoked potential composed of 200 trials before being down-sampled to a 1 kHz 

sampling rate and smoothed using a 3-point moving window average. Finally, online artifact 

rejection was used to eliminate trials containing artifact from eye-blinks or voltage 

excursions greater than 0.8 mV in any of the recording channels.

Recording Procedures—The evoked potential data collection was completed in 2–3 

hour blocks. During testing, study participants were seated in a comfortable chair inside a 

double-wall sound booth. No active listening task was required, but subjects were asked to 

stay awake and were allowed to read or watch captioned videos during data collection. 

Subject state was monitored carefully using both audio and video recording systems, and 

frequent breaks were provided.

The CI users were tested twice. Once using both the acoustic and electrical components of 

the Hybrid CI (A+E) and once using only the acoustic component of the device (A-alone). 

NH listeners were tested only once. Test ear was selected randomly. For both subject 

groups, the non-test ear was plugged and muffed during evoked potential testing. The order 

in which the CAEP responses were recorded was randomized across and within testing 

sessions. Peak latencies, as well as N1-P2 peak-to-peak amplitudes, were measured offline 

for each subject and test condition.

Data Analysis—Figure 2 shows a set of evoked potential recordings obtained from an NH 

listener and an individual Hybrid CI user (SE27). Both subjects were tested using the same 

stimuli and recording equipment. Vertical dashed lines mark the onset and offset of the 

stimulus as well as the point where the formant frequencies in the vowel changed. The 

active and reference electrodes used for each recording are indicated. Typically the largest 

amplitude responses were recorded from either Cz-Mc or Cz-Oz. The bold waveform at the 

bottom of each set of recordings is the average of those two recording electrode montages. 
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This composite recording was used to establish the presence or absence of a response, to 

pick peak latencies, to measure peak-to-peak amplitudes, and to compute normalized 

amplitude values.

Figure 2 shows a set of typical waveforms that illustrate the difference in amplitude between 

onset and change responses, and allows comparison of results from a single Hybrid CI user 

and “best case” results from a single, younger, NH control subject. Results recorded from 

the Hybrid CI user are typical in that there is little evidence of contamination of the 

responses by electrical artifact. The general morphology of the responses from the NH 

listener and CI users are also similar.

Speech Perception Measures

Results from speech perception testing were reported previously by Karsten et al. (2013). 

Consonant recognition was assessed in quiet using a closed-set /a/-consonant-/a/ format with 

16 consonants spoken by four talkers (two male and two female) (Turner et al. 2004). The 

individual speech tokens were randomized creating a total of 128 test items and presented in 

the sound field at a comfortable listening level for each participant. Consonant recognition 

was assessed in the A+E listening mode as well as in both the A-alone and E-alone listening 

modes.

Speech recognition in babble was also measured using a closed set of 12 randomized 

spondees spoken by a female talker in the presence of a competing-talker background noise 

(2 talkers: one female and one male). The speech and babble were presented from the same 

speaker. The signal-to-noise ratio required for each subject to achieve a score of 50% correct 

(SNR-50) was determined using an adaptive procedure in which the level of the speech 

stimulus was fixed at 69 dB SPL and the level of the background noise was systematically 

varied (Turner et al. 2004). Participants completed a practice test and then three replications 

of the test were recorded and averaged together. Feedback was not provided. Performance 

on this speech in noise task was only completed in the A+E listening mode.

Statistical Analyses

A series of ANOVAs were used to evaluate the effect of programming strategy (Meet, Gap 

and Overlap), hearing status (NH vs CI user), listening mode (A+E vs A-alone), stimulus 

type (/u/ vs /i/) and evoked potential response type (Onset vs Change) on measures of N1-P2 

amplitude. Repeated measures ANOVAs were used to account for within-subject 

correlations when appropriate. Depending on the comparison of interest, paired or unpaired 

T-tests were used to evaluate statistical significance and direction of the changes observed. 

Post hoc comparisons were computed using a Tukey-Kramer adjustment (α = 0.05) as 

necessary to adjust for multiple comparisons. Linear regression analysis was used to 

compare evoked potential peak-to-peak amplitudes with scores on the consonant recognition 

task and with the SNR-50 score. All of the statistical analyses were computed using SAS 

version 9.3.
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RESULTS

Our first goal was to assess the effect that programming strategy (Meet, Gap, Overlap) had 

on the evoked potential recordings. The study was designed to test the hypothesis that the 

experimental programming strategy that resulted in the largest amplitude change responses 

would be the programming strategy that also resulted in the best performance on the speech 

perception tasks. The panel on the right in Figure 3 shows grand mean waveforms recorded 

from the 10 Hybrid CI users. These grand mean recordings were obtained using the A+E 

listening mode. The /u-i/ and /i-u/ stimuli have been combined. Clearly, the effect of 

programming strategy on the grand mean waveforms was minimal.

The bar graphs on the left side of Figure 3 show mean latency and peak-to-peak amplitude 

measures for both the onset and change responses. Error bars give an indication of the 

variance in the individual data. The choice of programming strategy did not have a 

significant effect on N1-P2 amplitude for either the onset (F(2,9) = 0.23, p=0.798) or change 

(F(2,9) = 0.12, p=0.888) responses. Regardless of programming mode, onset responses were 

found to have significantly larger peak-to-peak amplitudes (F(1,9) = 51.91, p < 0.0001) and 

shorter peak latencies (F(1,9) = 5.93, p = 0.0377) than change responses.

Figure 4 shows the relationship between normalized change response amplitude and 

performance. In both graphs, the independent variable is the change response amplitude 

measured from N1 to P2 divided by the peak-to-peak amplitude of the onset response. A 

normalized amplitude of one indicates that the peak-to-peak amplitude of the change 

response is the same as that of the onset response. Panel A shows the relationship between 

the normalized amplitude of the change response and score on the consonant recognition 

task. Panel B shows the relationship between the normalized evoked potential amplitude 

measures and SNR-50. Note that positive SNRs indicate worse performance. The speech 

perception scores are from Karsten et al. (2013) and in this figure results from all three 

programming strategies have averaged. Similarly, the change response amplitudes that are 

plotted reflect the average of the results obtained using each of the experimental MAPs.

Linear regression analysis was used to assess the relationship between the normalized 

change response amplitudes and these two measures of speech perception. There is one 

outlier point in both graphs (SE21). If that subject’s data is eliminated, the correlation 

between normalized change response amplitude and performance on each speech perception 

task was not statistically significant (i.e., p > 0.05).

Karsten et al. (2013) found significant performance differences for the “Meet” vs “Overlap” 

programming strategies. Paired t-tests were used to determine if these two programming 

strategies also resulted in significant differences in the normalized change response 

amplitudes and whether responses recorded in the preferred programming strategy were 

significantly larger in amplitude than responses recorded using the experimental strategy 

they ranks lowest. Neither comparison revealed a significant difference in normalized 

change response amplitude measures (p > 0.05).

Karsten et al. (2013) also grouped the subjects based on their residual acoustic hearing (High 

vs Low). Table 1 lists the four study participants that were considered to have less acoustic 
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hearing and those that had residual acoustic hearing thresholds for higher frequency stimuli. 

It also shows which subjects used the shorter (S8) electrode array and which used the longer 

(S12) array. Neither method of grouping the subjects resulted in significant differences in 

performance (Karsten et al. 2013) nor did t-tests reveal significant differences in mean 

normalized change response amplitude for either method of dividing the subject group (p > 

0.05).

Our second goal was to determine whether the change response could be used to provide an 

estimate of how much benefit that an individual Hybrid user received from having access to 

the portion of the auditory signal that was processed electrically. We hypothesized that 

CAEP recordings obtained using the A+E listening mode would be larger than similar 

measures obtained using the A-alone listening mode and that the difference in amplitude 

between these two listening modes would be correlate with the performance difference on 

the speech perception measures. The grand mean waveforms on the right side of Figure 5 

were recorded using the “Meet” programming strategy and show how differences in the 

listening mode affected the overall morphology of the onset and change responses. 

Recordings obtained using /u–i/ are plotted separately from recordings obtained using /i–u/. 

For comparison, similar measures obtained from a group of 10 younger and normal hearing 

listeners are also shown. The comparison data represents a best-case scenario against which 

to evaluate the data recorded from the CI users.

The grand mean waveforms obtained from the NH and Hybrid CI users share many of the 

same morphologic features and show no evidence of significant contamination by electrical 

stimulus artifact. When the /i-u/ stimulus was used, onset responses recorded from both the 

CI users and from the younger, NH control group are very similar. This is likely because 

the /u/ is dominated by low-frequency energy. When the /u-i/ stimulus was used, grand 

mean waveforms recorded from the Hybrid CI users are slightly smaller than similar 

recording obtained from the NH control group regardless of the stimulation mode (A+E vs 

A-alone). Additionally, the change responses recorded from Hybrid CI users in response to 

the /u-i/ stimulus pair were very small. . However, to the extent that the grand mean data 

represents relevant trends in the group data, the impact of having access to the electrical 

signal provided by the CI is most notable in this condition (i.e., compare change response 

amplitude in the A+E vs A-alone listening mode for the /u-i/ stimulus pairing in Figure 5).

The bar graph on the left side of Figure 5 shows mean N1-P2 peak-to-peak amplitude data 

for the NH listeners and for the CI users tested both in the A+E and A-alone listening 

modes. Error bars reflect variance in the individual data. These results are grouped 

according to the response type (onset vs change) and according to which vowel was used to 

evoke that response (/u/ vs /i/).

The results shown in Figure 5 were analyzed using a series of ANOVAs that confirmed the 

trends illustrated in the grand mean waveforms. When the dependent variable was peak-to-

peak amplitude and comparisons were made between results obtained from the NH subjects 

and similar recordings from the CI users tested in the A+E listening mode, significant main 

effects were found for response type (onset vs change). That is, onset responses were found 

to be significantly larger than change responses for both subject groups (Hybrid CI users: 
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F(1,9) = 64.3, p<0.0001; NH listeners: F(1,9) = 44.21, p< 0.0001) and for both vowels (/i/: 

F(1,19) = 45.54, p < 0.0001; /u/: F(1,19) = 68.51, p < 0.0001). Peak-to-peak onset response 

amplitudes recorded from the CI users (tested in the A+E listening mode) were not found to 

be significantly different from onset response N1-P2 amplitudes recorded from the NH 

subjects (F(1,18) = 1.5, p=0.2370). Change response amplitudes, however, were significantly 

different (F(1,18)=4.88, p=0.0403): larger change response amplitudes were obtained from 

NH listeners than from Hybrid CI users (t = −2.21, p = 0.0403). Further testing showed that 

there was no group difference in change response amplitude for the /u-i/ stimulus (p > 0.05). 

There was a significant difference in change response amplitude measures recorded using 

the /i-u/ stimulus pair (F(1,18)=6.22, p=0.0226).

For the CI users, N1-P2 amplitudes evoked using the two different listening modes were 

also compared using ANOVA. When the /i/ stimulus was used to elicit either the onset 

response (e.g., in the /i-u/ pairing) or the change response (e.g., in the /u-i/ pairing), 

significant differences in amplitude were found between results obtained in the A+E and A-

alone listening modes (Onset /i-u/: F(1,9) =10.19, p = 0.011; Change /u-i/: F(1,9) =6.54, p = 

0.0308). Post-hoc tests revealed that response amplitudes were larger for the A+E listening 

mode compared to the A-alone listening mode (Onset /i-u/: t = 3.19, p = 0.0110; Change /u-

i/: t = 2.56, p = 0.0308).

When the /u/ stimulus was used, no significant difference was found between the peak-to-

peak amplitude of either the onset or change responses when testing was conducted in the A

+E listening mode compared to the A-alone listening mode (p > 0.05).

Figure 6 allows comparison of the relative benefit that Hybrid CI users received by having 

access to the electrical signal provided by the cochlear implant. The panel on the left side of 

Figure 6 shows the difference in the consonant recognition scores measured in the A+E and 

A-alone listening modes for all ten study participants and for each of the three experimental 

MAPs. Positive values indicate that the A+E mode resulted in improved performance on the 

consonant recognition task when compared to the A-alone listening mode. These data are 

derived from the speech perception data initially reported as group data by Karsten et al. 

(2013). Differences across subjects are apparent. For example, participants SE37 and SE26 

experience an improvement in overall performance of less than 10% regardless of the 

program used. For SE27, however, that addition of the electrical signal provided by the 

cochlear implant resulted in an improvement in performance on the same consonant 

recognition task of about 30%. Unfortunately, the SNR-50 data was only collected in the A

+E listening mode, making it impossible to compute “benefit” based on this measure of 

speech recognition.

The panel on the right in Figure 6 shows the difference in perception of consonants in these 

two listening modes measured in percent correct plotted on the y-axis and the difference in 

peak-to-peak amplitude of the N1-P2 cortical change response in the two listening modes (A

+E minus A-alone) plotted on the x-axis. Karsten et al. (2013) reported that programming 

strategy did not have a significant effect on performance measured using the consonant 

recognition test. Results from the current study did not reveal a significant effect of 

programming strategy on the evoked potential data. Therefore, in constructing Figure 6 we 
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opted to combine the results obtained using all three programming strategies. A positive 

correlation (r = 0.42) between the evoked potential and speech perception data was found 

and the slope of the regression line is positive, however, the results of the regression analysis 

were not found to be statistically significant (p > 0.05).

DISCUSSION

This report describes CAEPs recorded from Nucleus Hybrid CI users. This is a growing 

population of individuals and while currently Hybrid CIs are primarily used for adults, is it 

likely that the technology will soon be available for children. The stimuli were pairs of 

synthetic vowels that were concatenated and presented in the sound field and the study was 

designed to parallel an earlier study by Martin and Boothroyd (2000). This report was also 

based on evoked potential data recorded from the same subjects who participated in the 

Karsten et al. (2013) study. Our focus was on exploring the feasibility of using an objective 

measure of neural response to a speech stimulus to assess the benefit from the use of a 

Hybrid CI. Our goals were to determine whether these evoked potentials could be used 

either to help predict which of the three experimental methods of programming the speech 

processor of the Hybrid CI system would result in optimal performance and/or to determine 

if these evoked responses might serve as a measure of overall benefit derived by individual 

hybrid CI users from the combination of acoustic and electric hearing in the same ear.

Several investigators have described recordings of electrically evoked potentials in CI users 

(e.g., Friesen & Tremblay 2006; Martin 2007; Brown et al. 2008). What is novel about this 

study is the focus on how individuals with residual acoustic hearing are able to combine 

acoustic and electric information presented to the same ear. We are not aware of another 

study that reports CAEPs recorded using a combination of acoustic and electrical 

stimulation. We were able to record both N1-P2 onset and change responses from this 

population and we report comparisons between these measures and similar measures 

obtained from a group of younger, normal hearing control subjects.

The results of this study generally did not support our stated hypotheses. Karsten et al. 

(2013) reported small but statistically significant differences in performance between the 

“Meet” and “Overlap” strategies but the evoked potential data obtained from listeners tested 

using these two programming strategies did not show significant differences. Also, 

correlations between normalized change response amplitudes and overall performance with 

the Hybrid CI were not statistically significant (see Figure 4). While disappointing, in 

retrospect, this is not particularly surprising given the small differences in perception among 

programming strategies. Perhaps programming strategies that resulted in more extremes in 

performance would have resulted in significant differences on the evoked potential tests. 

However, if the ACC is only sensitive to differences in programming strategies that result in 

large differences in the outcome, the clinical utility of the measure could also be called into 

question.

It is rare that any evoked potential accurately predicts speech perception test results. 

Additionally, the stimuli used to evoke the CAEP measures consisted of a single pair of 

synthetic vowel contrasts (e.g., /u-i/ and /i-u/) and the evoked potential recordings were 
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obtained without a competing background noise. In retrospect, a study design that included a 

measure of evoked responses presented in noise and/or using a wider range of stimuli might 

have been preferable.

Figures 5 shows the relatively small effect that the choice of listening mode had on the 

evoked potential data and Figure 6 contrasts results obtained using the evoked potential 

methods with perceptual measures. The speech perception data illustrate the variance across 

subjects in terms of how much they benefit from having access to the electrical signal 

provided by the Hybrid device. Unfortunately, having access to that same electrical signal – 

while enhancing the amplitude of the cortical change responses for the majority of subjects - 

was not found to be predictive of the magnitude of benefit they received on the consonant 

recognition test when results obtained in the A+E vs A-alone listening modes were 

compared.

We know that evoked responses recorded using acoustic stimuli presented in the sound field 

and processed either by a hearing aid or a cochlear implant can be problematic. For example, 

Billings et al. (2011) and Tremblay et al (2006) have demonstrated that hearing aids can 

introduce noise and that amplitude of the N1-P2 response is more dependent on the signal-

to-noise ratio than signal intensity and the differences in CAEPs recorded using stimuli that 

have been processed by either a hearing aid or a cochlear implant may be level dependent. 

Clearly, these are valid concerns that impose limitations on the how we might interpret the 

results. For that reason we attempted to maintain similar processing for comparisons. We 

used a study design where the acoustic component used for all three programs was identical 

and the only difference in the way signals were processed electrically was related to how the 

frequency allocation table was configured. Also, we did not modify any of the compression 

characteristics or otherwise change the input or output dynamic range of either the acoustic 

or electrical components of the Hybrid device. Furthermore, review of the literature also 

provides examples of studies where comparison of measures obtained with and without use 

of a hearing aid or cochlear implant did seem to inform clinical practice – even if just on a 

fairly macro level (e.g., Sharma et al. 2002; Purdy et al. 2005; Souza & Tremblay 2006; 

Golding et al. 2007; Pearce et al. 2007).

CAEPs will not (nor should they) replace behavioral measures. However, that does not mean 

there is not a role for CAEPs in clinical practice. In this report, our focus was on exploring 

whether the ACC could help support the choice of programming strategy for an individual 

Hybrid CI user or alternately, help confirm benefit from use of the electrical component of 

the device. The results suggest that the ACC, evoked using the stimulation and recording 

parameters tested, is not sensitive enough to accomplish that goal. Despite generally 

negative findings, results of this study do provide normative data and explore a method that, 

at least on the surface, seems to provide a viable means of assessing more than simple 

detection of sound, but perhaps something closer to discrimination. Won, Clinard, Kwon, et 

al. (2011) used rippled noise stimuli to record N1-P2 change responses from CI users. They 

report significant correlations between the CAEP data and behavioral measures of spectral 

ripple discrimination and between spectral ripple discrimination thresholds and speech 

perception. While our focus has been on Hybrid CI users, the techniques we describe have 

and could be adapted to address a wide range of potentially clinically relevant questions. For 
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example, Kirby and Brown (in press) report measures of the ACC evoked using ripple noise 

stimuli with contrasting spectra, similar to those described by Won and colleagues (2011). 

They showed that AAC amplitude measures were affected by the use of frequency 

compression in a hearing aid and that changes in the frequency compression ratio directly 

influenced the amplitude of the ACC recorded using rippled noise stimuli. While the current 

study describes essentially negative findings, our hope is the techniques similar to those 

used in this report and in the Won et al. (2011) and the Kirby and Brown (in press) studies 

will serve as a small step toward identifying a larger role for CAEP in clinical practice.
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Figure 1. 
Audiometric thresholds for the implanted ear of each of the 10 study participants are shown.
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Figure 2. 
CAEPs recorded from a NH listener and a Hybrid CI user are shown. The stimulus is an /u/ 

that changes to an /i/ and is presented in the sound field. Vertical dashed lines indicate 

stimulus onset, the point where the vowel formant frequencies changed, and the stimulus 

offset. N1 of the onset response is indicated with a short vertical line. N1 of the change 

response is indicated with the caret. The parameter is the recording electrode montage.
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Figure 3. 
Grand mean waveforms constructed using data from all 10 Hybrid CI users are shown. The 

parameter is the programming strategy: Meet, Overlap, Gap. The bar graphs show mean 

peak latency and peak-to-peak amplitude values (+ 1 SE) for both the onset and change 

responses. The results reflect the average of responses recorded using both the /u-i/ and /i-u/ 

stimulus pairs.
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Figure 4. 
The relationship between normalized amplitude of the change response and performance on 

the two different measures of speech perception is shown. Panel A shows CNC word 

recognition scores measured in quiet. Panel B shows SNR that results in 50% correct 

performance on a spondee recognition task. In both graphs, the speech perception and 

evoked potential results reflect the average of results measured using the three experimental 

programs (Meet, Overlap, Gap).
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Figure 5. 
Grand mean waveforms constructed using data from all 10 Hybrid CI users tested while 

using the “Meet” programming strategy are shown alongside similar recordings obtained 

from NH listeners. For CI users, results obtained in the A+E and A-alone listening modes 

are shown. The upper panel shows grand mean waveforms recorded using /i-u/. The lower 

panel shows results obtained using /u-i/. The bar graphs show mean peak-to-peak amplitude 

measures (+1 SE) recorded from NH listeners and from CI users tested in both listening 

modes (A+E and A-alone).
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Figure 6. 
The left panel shows the difference between consonant recognition scores for each Hybrid 

CI user tested in quiet using the A+E listening mode and the A-alone listening mode. The 

bars show results obtained using each of the three experimental programs. The scatterplot on 

the right shows the relationship between average benefit in percent correct on the consonant 

recognition task and mean change response amplitude that resulted from subtraction of the 

recordings made in the A-alone listening mode from similar measured obtained using the A

+E listening mode.
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