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Figure 15. Example Cortical Waveforms Elicited with the Ripple-Depth Paradigm: E40R. Waveforms obtained with the different 
experimental MAPs are displayed separately in each panel. Each waveform was elicited with the ripple depth indicated to the left of 
each trace. The waveforms are offset vertically, with the highest ripple depth (40 dB) at the top and the lowest ripple depth (10 dB) at 
the bottom. At least 200 sweeps were averaged. The gray areas indicate the time windows used to calculate the rms amplitude for the 
prestimulus baseline, onset and change responses. N1-P2 peaks are indicated by the plus signs.  
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Figure 16. Peripheral Spatial Resolution as a Predictor of Central Spectral Resolution: 
Quantification Options. Spectral ACC (ordinate) is plotted as a function of ECAP 
channel separation index (abscissa). Spectral ACC is quantified as threshold in the top 
two rows, and as the N1-P2 amplitude at 40 dB in the bottom rows. Channel separation 
index is quantified as the average across adjacent activated electrodes (right column), and 
the maximum (left column). Each panel contains 33 data points: MAP 1 (white), MAP 2 
(gray), MAP 3 (black). Coefficients for exponential fits (top two rows) and linear fits 
(bottom row) are shown in each panel.  
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Figure 17. Peripheral / Central Spatial Resolution as a Predictor of Central Spectral 
Resolution: Quantification Options. The layout of this figure is identical to Figure 16, 
except that spectral ACC responses are plotted as a function of predicted spatial ACC N1-
P2 amplitude. 
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Figure 18. Spatial Resolution as a Predictor of Spectral Resolution. Spectral ACC N1-P2 
amplitude is plotted as a function of ECAP channel separation (left columns) or as a 
function of the predicted spatial ACC N1-P2 amplitude (right columns). The top rows 
contain all 33 data points used for the mixed model analysis, and the bottom rows contain 
the data for MAP 3 only. The outlier is marked with an asterisk. Regression coefficients 
and p-values are indicated in each panel. 
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Figure 19. Vowel Confusion Matrices: Average Across All Participants. The stimulus is 
shown on the ordinate, and the response is shown on the abscissa. Confusions for each 
experimental MAP are shown in a different panel. Darker colors reflect higher 
percentages of responses. 
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Figure 20. Electrophysiological Measures as Predictors of Vowel Perception. Vowel perception (percent correct) is plotted as a 
function of the three electrophysiological measures: ECAP channel separation (left), predicted spatial ACC amplitude (middle) and 
spectral ACC amplitude at a 40 dB ripple depth (right). The top rows contain all 33 data points used for the mixed model analysis, and 
the bottom rows contain the data for MAP 3 only. The outlier is marked with an asterisk. Regression coefficients and p-values are 
indicated in each panel. Chance performance (10%) is indicated by a dotted horizontal line in each panel. 
 

Electrophysiological Measures

Vo
w

el
 (%

 C
or

re
ct

)

0

25

50

75

100 AIC: 257.2
p: <0.0001
b: 3.95
m: 434.11

AIC: 280.2
p: 0.0033
b: 19.88
m: 7.69

AIC: 262.0
p: <0.0001
b: 20.17
m: 7.48

0.00 0.05 0.10 0.15
0

25

50

75

100

Av Channel Separation Index

r2: 0.20
p: 0.189
b: 27.22
m: 242.52

0 2 4
Pred Spatial ACC Amplitude (microV)

r2: 0.45
p: 0.033
b: 36.33
m: 5.93

0 2 4 6 8
Spectral ACC Amplitude (microV)

r2: 0.65
p: 0.005
b: 33.63
m: 5.03



 

 

88 

 
Figure 21. Electrophysiological Measures as Predictors of Word Recognition in Noise. The signal-to-noise ratio required for 50% 
performance from the BKB-SIN test (dB) is plotted as a function of the three electrophysiological measures: ECAP channel separation 
(left), predicted spatial ACC amplitude (middle) and spectral ACC amplitude at a 40 dB ripple depth (right). The top rows contain all 
33 data points used for the mixed model analysis, and the bottom rows contain the data for MAP 3 only. The outlier is marked with an 
asterisk. Regression coefficients and p-values are indicated in each panel.  
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CHAPTER V 

DISCUSSION 

Summary of Results 

In this study, we evaluated CI users’ spatial and spectral resolution abilities using 

non-invasive electrophysiological measures of peripheral and central processing of 

simple and complex stimuli. We explored the relationships among these measures, and 

we evaluated whether they could be used to predict speech perception. We were 

interested in the ability both to predict changes in performance within an individual and 

to predict differences in performance across individuals. Our results are summarized 

below:  

(1.) Peripheral spatial resolution, quantified using ECAP channel interaction 

functions, was variable across the thirteen electrodes tested, and the across-

site pattern was unique for each person who participated in this study. 

(2.) Central processing of spatial excitation patterns, quantified by relating ECAP 

channel separation indices to ACC amplitudes for electrode pairs spaced 0 to 

9 electrodes apart, was also variable across CI users. 

(3.) The ECAP channel separation index was significantly predictive of our 

electrophysiological measure of spectral resolution (ACC amplitude at a 40 

dB ripple depth). 

(4.) Adding information about central processing to the ECAP channel separation 

index did not improve our ability to predict changes in spectral resolution 

ability within an individual. (Recall that within-subject changes of spatial 

resolution were imposed by varying the activated electrodes used in each 

experimental MAP.) However, information about central processing did 

improve our ability to predict differences in spectral resolution abilities 

across participants. With the ECAP channel separation index alone, we 

accounted for approximately 50% of the variability in performance observed 
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across participants, but when information about central processing was added 

to the ECAP measure, we were able to account for 87% of the variability. 

(6.) All three electrophysiological measures (ECAP channel separation index, 

predicted spatial ACC amplitude, spectral ACC) were significantly correlated 

with our two speech measures (vowels, BKB-SIN). 

(7.) The ECAP channel separation index was the best single predictor of changes 

in speech perception abilities within an individual as we varied the activated 

electrodes in the experimental MAPs. Predictions improved when the 

spectral ACC amplitude was added to the model. 

(8.) The spectral ACC was the best predictor of differences in speech perception 

abilities across the CI users who participated in this study and accounted for 

50-60 % of the variability. 

(9.) Although the ECAP channel separation index was not predictive of speech 

perception abilities across participants on its own, when combined with 

information about central processing (i.e. the predicted spatial ACC), it was 

predictive of vowel perception abilities. 

When considered together, these results appear to reflect an inherent hierarchy 

that exists across the outcome measures with regards to the complexity of the evoking 

stimulus and stages of auditory processing reflected in the response. This is illustrated in 

Figure 22 using the statistically significant results for the across-subject simple linear 

regression analyses. The schematic displays the outcome measures in order of stimulus 

complexity (left-to-right) and stages of processing from the periphery to the cortex 

(bottom-to-top). Lines begin at the independent variables and terminate with the arrows 

pointing to the dependent variables. The r2 values associated with each analysis are 

displayed on the lines for convenience. The double lines connecting the ECAP channel 

separation index with the spatial ACC are used to represent the predicted spatial ACC, 

which was calculated by combining the peripheral ECAP and central spatial ACC 
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measures together. Thus, the double lines extending from the spatial ACC indicate that 

the predicted spatial ACC was the independent variable in the regression analysis.  

The most peripheral response evoked with the simplest stimulus (ECAP CSI) was 

significantly correlated with a more central response evoked with a more complex stimuli 

(spectral ACC), but not with either measure of speech perception, which required more 

complex processing of more complex stimuli. When information about central processing 

was included (in the form of the predicted spatial ACC), more of the variability observed 

in the central measure of spectral resolution was accounted for, and a significant 

correlation was observed with vowels, but not with the most complex speech test used in 

this study (BKB-SIN test). The spectral ACC, evoked with a complex, speech-like 

stimulus, explained more of the variability in vowel performance than measures of spatial 

resolution and was correlated with speech perception in noise. These results support the 

rationale behind our study design, which included the two types of electrophysiological 

measures reflecting different stages of auditory processing, and the use of both simple 

and complex stimuli to evoke responses. 

General Caveat 

In this study we activated different electrodes in three experimental programs in 

order to change spatial / spectral resolution within each person and to evaluate the effects 

on speech perception abilities. The experimental programs were vastly different than each 

participants’ clinical programs (e.g. only 7 electrodes were activated using a CIS strategy, 

the frequency range represented in electrode output was 350-5600 Hz, and the monopolar 

stimulus reference was MP1). Because all three experimental MAPs were novel and 

participants were given minimal listening practice (~ 15 min per MAP), we expected 

speech perception measures to be poorer than if participants were allowed to use their 

clinical MAPs. This was acceptable because our primary interest was not absolute 

performance, but relative performance (i.e. differences across the three experimental 

MAPs for a given individual and differences across participants). Although we expected 
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differences in performance for a given individual to primarily reflect different degrees of 

spatial resolution, one concern about the study design is the similarity / dissimilarity 

between the frequency-to-electrode allocation of the experimental MAPs and that of the 

CI users’ everyday MAPs. Most participants used default frequency allocation tables 

(shown in Table 1C) or slightly adjusted frequency allocation from the default (Table 2). 

Shifting the place of stimulation from what a listener is accustomed to can be 

detrimental to acute performance (Fu and Shannon, 1999a,b). This is one advantage of 

using novel MAPs for all conditions. Nevertheless, because we shifted the place of 

stimulation by different amounts for the three experimental programs, the frequency-to-

place alignment is the most different from default settings for MAP 1, which is also the 

program with the poorest spatial resolution and poorest speech perception scores. MAP 3 

had the most similar frequency-to-place alignment to the default settings and also resulted 

in the best spatial resolution and best speech perception scores. Thus, the poorest speech 

perception abilities observed with MAP 1 may be influenced both by poor spatial 

resolution and lack of time to acclimate to different places of stimulation. We are not able 

to separate frequency-to-place shifts from spatial or spectral resolution for the mixed-

model analysis with speech perception, and our results should be interpreted with this in 

mind. However, Fu and Shannon (1999b) did demonstrate that the effects of frequency 

shifts were independent from the effects of spectral resolution (number of channels in 

their study). In this study, we included an objective measure of spectral resolution and 

saw improvements from MAP 1 to MAP 3. We found significant within-subject 

correlations between spatial and spectral resolution, and these results should not be 

confounded by frequency-to-place misalignment. These results also suggest that 

frequency shifts were not solely responsible for the observed relationships between 

spatial / spectral resolution and speech perception. Additionally, the regression analysis 

using only MAP 3 data was not confounded by frequency shifts. The fact that spatial and 
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spectral resolution were significant predictors of speech perception across participants, 

even with the small sample size, supports our interpretation of the within-subject effects. 

A second caveat is that even without the possible confounds of frequency shifts 

on our interpretation, we used a number of controls to explore the relationships of 

interest. The seven-channel MAPs were one control, but we also made an effort to reduce 

a few of the differences in stimulation parameters across the outcome measures. For 

example, we used a monopolar stimulation mode referenced to MP1 for all measures 

because this is what we used for the ECAP measures. We also set the processor 

bandwidth to 350 – 5600 Hz for speech perception measures to match what was used for 

the spectral resolution measures. We are not sure to what extent the relationships we 

observed between electrophysiological measures and speech perception were due to these 

controls or whether the results can be generalized to relationships with speech perception 

when listeners are using their everyday programs. 

ECAP Channel Interaction Functions 

This is one of several studies to demonstrate significant correlations between 

measures of spatial resolution and speech perception (e.g. Nelson et al., 1995; Collins et 

al., 1997; Throckmorton and Collins, 1999; Henry et al., 2000; Boex et al., 2003; Jones et 

al., 2013); however, it is the first study to show a direct relationship between ECAP 

channel interaction functions and speech perception. We attribute our significant results 

to the more extensive measures of peripheral processing (similar to Jones et al., 2013) 

and the use of the channel separation index (Hughes, 2008) to quantify the ECAP channel 

interaction functions. Additionally, in this study we found that ECAP measures were 

most strongly correlated with performance changes within an individual, and previous 

studies have focused on exploring effects across CI users (Cohen et al., 2003; Hughes 

and Abbas, 2006a; Hughes and Stille, 2008; Tang et al., 2011; but van der Beek et al., 

2012 also used mixed model analysis). Here we will discuss some of the limitations in 

this study specific to the ECAP measures that could be addressed in future research, 
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specifically research interested in across-subject applications. We will also suggest some 

potential clinical applications based on the strong correlations observed within 

individuals.  

Potential Limitations 

The ECAP channel separation index was not significantly correlated with 

differences in speech perception observed across participants when used by itself as a 

predictor, but our analysis was limited by a small sample size (N=10 or 11). The ECAP 

measures were significantly correlated with the different spectral resolution abilities 

observed across participants, and when the ECAP measures were combined with 

information about central processing, we also observed a significant correlation with 

vowel perception. These significant findings suggest that using ECAP channel interaction 

functions to predict differences in performance across CI users is worth exploring further. 

The fact that significant results were obtained in this study and not in previous ECAP 

studies suggest that the channel separation index may be a better way to quantify channel 

interaction functions than width or amount of masking (Cohen et al., 2003; Hughes and 

Abbas, 2006a; Hughes and Stille, 2008; Tang et al., 2011; van der Beek et al., 2012). 

However, there may be ways to improve upon the metric, specifically with respect to 

predicting perception of complex signals. 

Normalization: In this study, we normalized the ECAP amplitude to the largest 

amplitude observed across probe electrodes within each individual (Hughes, 2008). This 

normalization was preferred over normalizing each function to its own peak in order to 

retain relative amplitude differences. However, in one participant (F26L), the 

normalization was not ideal. For this individual, ECAP amplitudes were greater than 100 

µV across the entire set of probe electrodes, which suggests good neural survival across 

the length of the electrode array, but one apical electrode resulted in a peak amplitude 

greater than 600 µV. Normalizing to this large amplitude response resulted in small 

normalized ECAP amplitudes for the majority of the basal electrodes, even though the 



 

 

95 

non-normalized amplitudes were large compared to most other participants. The channel 

separation index is influenced by the overall spread of excitation, but in this individual, 

the normalized amplitudes suggested limited neural excitation for most of the electrodes, 

and many of the indices were small. It is not clear if the normalization procedure should 

be adjusted (e.g. perhaps based on a mean value instead of the maximum and allowed to 

extend beyond 1.0), but for this one individual, our normalization procedure did not seem 

to reflect the good neural survival that was indirectly suggested by the non-normalized 

amplitudes and by the good speech perception scores. 

Unweighted versus Weighted Average: A possible limitation in this study was our 

use of an unweighted, average channel separation index across adjacent electrodes to 

compare with the speech measures. Different frequency regions are more important than 

others for speech intelligibility, and the relative importance depends upon the speech 

materials (ANSI, 1997). We did not measure frequency-importance functions for the 

stimuli used in this study (/h/-vowel-/d/ and BKB-SIN), but previous studies have shown 

that normal-hearing listeners do not weigh all frequency bands equally when identifying 

vowels (e.g. Kasturi et al., 2002), or keywords within sentences presented in a noise 

background (SPIN; ANSI, 1997). We did not consider a weighting function a priori and 

did not apply weights from previous studies post hoc, as a number of approximations 

were required. The vowel weights reported by Kasturi and colleagues (2002) were 

obtained from normal-hearing individuals listening with a CI simulation, and only minor 

approximations would have been required to account for the different frequency ranges 

(350-5600 Hz in this study compared to 300-5500) and number of electrodes (seven-

electrode MAPs in this study compared to six-electrode MAPs). A complication arises 

from the use of the channel separation index in this study. Channel separation indices are 

calculated for pairs of electrodes, meaning that each of the six indices calculated for this 

study was associated with two frequency bands which overlapped. It was not clear how to 

apply the reported weights to the overlapping frequency bands used for the channel 
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separation index calculation. Applying the weights reported in ANSI (1997) for the SPIN 

test would require even more approximations, as they were not obtained under CI 

simulations, are reported for octave or third-octave bands, and were obtained with a 

different set of stimuli than used in this study (SPIN compared to BKB-SIN). 

Variability: Regardless of whether we had tried to apply weights or not, using the 

average channel separation index may not be ideal for predicting speech perception. 

Bierer (2007) measured behavioral thresholds using a highly focused, tripolar (TP) 

stimulation, in order to explore the electrode-neuron interface across the electrode array. 

She demonstrated that threshold differences across electrodes were significantly 

correlated with speech perception; specifically, individuals with greater threshold 

variability across the electrode array also tended to have to poorer performance. One 

option we haven’t explored with the channel separation index is some metric of 

variability (range, average differences, standard deviation) across adjacent activated 

electrodes for each MAP. For studies aiming to compare more than seven ECAP channel 

interaction measures to speech perception, it may be even more useful to consider using a 

metric that reflects variability across the electrode array. 

Internal Excitation Pattern: Any measure based on the channel separation index 

(average, maximum, standard deviation) may be fundamentally limited in its application 

to the perception of complex stimuli because the index is calculated for pairs of 

electrodes. One method used to evaluate the relationship between frequency resolution 

and speech perception in non-CI users involves calculating an “internal excitation 

pattern” or “internal spectrum” for a complex stimulus. For this procedure, auditory filter 

shapes are determined across a range of frequencies (i.e. across cochlear sites) for an 

individual using psychophysical forward-masking procedures. Complex signals are 

passed through these person-specific “filters” to calculate an internal spectrum, which is 

presumed to reflect the pattern of neural stimulation. The underlying assumption is that 

preservation of spectral differences for different stimuli at the periphery, which are 
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reflected in the internal spectra, are important for discrimination (Moore and Glasberg, 

1987). The technique has been used to relate frequency resolution to the discrimination of 

vowels (e.g. Turner and Henn, 1989) and to the discrimination of spectrally rippled 

versus flat spectrum noise (e.g. Summers and Leek, 1994), providing evidence that 

differences in internal spectra are related to the person’s perceptual discrimination 

abilities.  

In theory, the calculation of internal spectra for complex signals could be used to 

evaluate the relationship between peripheral spatial resolution and discrimination of 

complex signals in CI users. The forward-masked ECAP channel interaction functions, 

considered measures of auditory filters in CI users, are straightforward to elicit. The 

complication is determining the input signal. For non-CI users, the input is the acoustic 

signal. For CI users, it is necessary to transform the acoustic (or auxiliary) input into 

electrode output. Electrode output is person-specific and dependent upon a number of 

factors, including electrode impedance, T- and C- levels, frequency allocation, and 

processing strategy. Electrode output cannot be measured directly, but would require a 

model that includes the person-specific information in addition to processing algorithms 

specific to the cochlear implant companies. This modeling was beyond the scope of this 

study, and perhaps unnecessary since the channel separation index was sufficient to 

reveal some relationships between peripheral spatial resolution and the perception of 

complex signals. However, a method that can incorporate information across all channel 

interaction functions simultaneously likely would be more predictive of the perception of 

complex signals. 

Within-Subject Applications  

Although we are limited in the extent to which spatial resolution can be improved 

within an individual, there are ways in which information about peripheral spatial 

resolution could be used to adjust device stimulation patterns. One method is to 

deactivate electrodes that result in non-specific stimulation. Although perception can be 
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negatively affected by decreasing the number of electrodes (e.g. Friesen et al., 2001), a 

number of investigators have found improved performance on speech tests when 

selectively deactivating electrodes (Zwolan et al., 1997; Garadat et al., 2012; Noble et al., 

2013, preliminary results presented by Bierer, 2013). In three of these studies, measures 

suggesting poor peripheral spatial resolution were used as criteria for choosing which 

electrodes to deactivate. Zwolan and colleagues (1997) deactivated electrodes that were 

perceptually indiscriminable. Noble and colleagues (2013) deactivated electrodes 

assumed to result in overlapping neural stimulation based on location of the electrodes 

within the cochlear duct determined by computerized tomography. Bierer (2013) 

deactivated electrodes with relatively high thresholds for focused TP stimulation, as high 

thresholds suggest local regions of poor spatial selectivity (Bierer and Faulkner, 2010). 

There is likely a limit to how much improvement can be obtained with this procedure, 

and maybe more so for electrode arrays with few numbers of electrodes. However, based 

on the success of these studies, it would be worth examining whether deactivating 

specific electrodes associated with small channel separation indices would also result in 

improved performance.  

Another potential application of ECAP channel interaction functions is to use the 

information about peripheral spatial resolution to determine if a specific processing 

strategy or stimulation mode would be optimal for an individual CI user. Although some 

of the clinically available strategies are associated with better performance than others on 

average (ACE compared to CIS and HiRes with Fidelity 120 compared to HiRes), the 

best or most preferred strategy is person-specific (e.g. Skinner et al., 2002; Firszt et al., 

2009). Clinicians currently rely on their programming experiences and reports by patients 

to select the processing strategy / number of maxima, and often the default settings within 

the programming software are left unchanged. Sometimes speech perception tests are 

performed to compare across different processing strategies, but CI users often need time 

to acclimate to new listening conditions (e.g. Tyler et al., 1997), and a trial-and-error 
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method is not efficient. As new techniques are introduced to improve device 

transmittance of spectral content (see Bonham and Litvak, 2008 for a review of current 

focusing / steering), determining whether peripheral neural survival is sufficient to further 

transmit the detailed spectral content is needed in order to predict whether or not a 

strategy will benefit the individual. Spectral resolution measures have been used to 

validate processing strategies (Berenstein et al., 2008; Drennan et al., 2010); however, 

our results suggest that clinical decisions about how to change processor settings within a 

person might be better guided with peripheral measures of spatial resolution. The specific 

manner in which information about ECAP channel interaction functions can be used to 

help with these more complex decisions is less straightforward than deactivating 

electrodes with poor spatial selectivity. But, considering that ECAP measures are 

noninvasive reflections of peripheral neural excitation, they are worth further exploration. 

Clinical Feasibility 

Using ECAP measures to evaluate peripheral spatial resolution is faster and / or 

more cost effective than many of the psychophysical (e.g. electrode discrimination: 

Zwolan et al., 1997; forward-masked spatial tuning curves: Nelson et al., 2008; channel 

interaction: Jones et al., 2013) and objective (ABR thresholds using focused stimulation: 

Bierer et al., 2011; CT imaging: Noble et al., 2013) alternatives. Determining behavioral 

thresholds for focused TP stimulation across the array (Bierer, 2007) may be faster and 

cheaper than ECAP methods; however, behavioral methods require cooperation from 

participants and are not ideal for pediatric and difficult-to-test populations. In this study, 

we collected thirteen ECAP channel interaction functions in just under 1 hour. The 

number of intracochlear electrodes across standard-length implant arrays ranges from 12 

to 22 (Hughes, 2012), and it seems reasonable to estimate that channel interaction 

functions could be obtained for an entire set of intracochlear electrodes within 2 hours. 

This is information is relevant to consider relative to the extensive time requirements 
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necessary for psychophysical measures (e.g. Jones et al., 2013 reported 20 hours to obtain 

46 psychophysical channel interaction measures). 

A time-consuming portion of this study was the initial determination of 

stimulation levels. In this study, we measured T and C levels for 900 pps rate stimulation 

on all of the electrodes, and we based ECAP masker and probe stimulation levels on 

these measures. Although not tested directly, we assumed that it was important for ECAP 

stimulation levels to reflect MAP level variations across the electrode array since we 

were interested in comparing the electrophysiological responses with perception of 

stimuli presented through the processor. There are a number of options that can be 

explored for setting probe / masker stimulus levels without time-consuming 

measurements on all of the electrodes. One option is to use the same current level across 

electrodes (e.g. Cohen et al., 2003), although it would still be necessary to confirm that 

stimulation is not uncomfortable. For adults with clinical MAPs, it may be worth setting 

levels relative to clinical MAP levels, similar to the procedures used in this study. For 

children, perhaps a certain level above ECAP thresholds would be sufficient (e.g. Eisen 

and Franck, 2005). Exact stimulation level will have some effect on overall ECAP 

amplitude, and also may affect the shapes of the channel interaction functions; however, 

normalization reduces those differences (Hughes and Stille, 2010). Additionally, it is not 

certain how influential small differences in channel interaction function shapes will be in 

the calculation of the channel separation index or when compared to other measures. 

There may be additional ways to reduce the time requirements needed to obtain 

extensive channel interaction functions. First, it may be that collecting channel 

interaction functions for all of the electrodes is unnecessary. Jones et al. (2013) found that 

averaging psychophysical channel interaction measures at an electrode separation of three 

was significantly correlated with speech. Perhaps measuring channel interaction functions 

on half of electrodes in the array would be sufficient. In addition to reducing the number 

of probe electrodes, it may be worth exploring a reduced set of masker electrodes. Both 
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of these methods would make the ECAP measures even faster, and thus, more feasible to 

recommend for clinical use. 

Finally, clinical software is already available for performing these ECAP channel 

interaction functions, and recording / analyzing ECAPs is within the scope of practice of 

audiologists and does not require much if any additional training. These practical issues 

are not insignificant, especially if ECAP channel interaction functions prove to be as 

useful as the more time consuming psychophysical or objective alternatives. 

Cortical Auditory Evoked Potentials 

Initial evaluations of the ACC in CI users demonstrated feasibility of recording 

the response and described the sensitivity of the response to size / extent of the stimulus 

change (e.g. Friesen and Tremblay, 2006; Martin, 2007; Brown et al., 2008; Kim et al., 

2009). More recent studies have demonstrated that the electrophysiological response is 

correlated with behavioral measures of discrimination (Hoppe et al., 2010; Won et al., 

2011a). Complex phonemic contrasts and speech-like signals have been used to elicit the 

response (Friesen and Tremblay, 2006; Martin, 2007; Won et al., 2011a), but this is the 

first study to directly relate the ACC with speech perception abilities. 

Spatial ACC 

Sensitivity to Stimulus Changes: We used an electrode-discrimination paradigm 

to elicit the ACC (similar to Brown et al, 2008 and Hoppe et al., 2010). Consistent with 

the observations of Brown and colleagues, we generally saw increases in ACC amplitude 

as a function of electrode separation. Additionally, participants in both studies showed 

variability with regards to amplitude growth rates and nonmonotonic amplitude 

variations. However, an objective of the present study was not to simply describe 

differences across individuals, but to evaluate whether the differences observed across CI 

users were relevant to spectral resolution and speech perception abilities. 

Central Processing: Because we had ECAP channel separation indices as our 

measure of peripheral spatial resolution for each person, we used them in combination 
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with the spatial ACC responses to quantify differences in central processing across 

individuals. Based on ECAP measures for each electrode pair, we modeled the changes in 

spatial ACC amplitude as a function of channel separation index. The initial step was 

meant to separate central effects from peripheral spatial resolution; the following step 

added the information about peripheral spatial processing (ECAP channel separation 

index) and the information about central processing (model fit using spatial ACC data) 

back together. This combined measure, the “predicted spatial ACC”, was used to evaluate 

whether information about central processing was beneficial to consider when evaluating 

performance differences across individuals, or whether information about peripheral 

spatial resolution would be sufficient. Our results support the former; when comparing 

across individuals who use cochlear implants, information about central processing 

appears relevant. 

Relationship Between Spatial Resolution and Speech Perception: The importance 

of central processing may be one reason why studies to date have not been able to 

demonstrate a relationship between ECAP measures of spatial resolution and speech 

perception (Cohen et al., 2003; Hughes and Abbas, 2006a; Hughes and Stille, 2008; Tang 

et al., 2011; van der Beek et al., 2012). Even with the extensive measures of ECAP 

channel interaction functions and our quantification method (channel separation index), 

which differed from previous studies, we did not find that the ECAP measures by 

themselves were significantly related to speech perception abilities when we looked 

across participants. Adding information about central processing made the relationship 

between spatial resolution and vowel perception significant. In the previous section we 

suggested how the ECAP measures could be improved upon further, but it may be that 

considering differences in central processing (i.e. more central than the auditory nerve) is 

necessary if the goal is to predict perception, especially across individuals with different 

ages of onset, durations, and etiologies of hearing loss. 
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The MMN is another cortical potential that has been used to examine the 

relationship between electrode discrimination and speech perception (Wable et al., 2000). 

Like the ACC, the MMN reflects discrimination abilities and does not require active 

listening by the participant; however, it is a small, derived response, susceptible to noise, 

and is most often used to make group comparisons (e.g. Martin et al., 2008). The MMN 

was not significantly related to any of the four speech perception measures used by 

Wable et al (2000); however, the sample size (N=6) was even smaller than ours. In 

addition to the issues surrounding the use of the MMN as a measure of an individual’s 

perceptual abilities, these investigators only measured cortical responses using three 

electrode pairs, spaced 1, 3, and 5 electrodes apart. We performed more extensive 

measures of the spatial ACC (thirteen electrode pairs spaced 0 – 9 electrodes apart and 

included both basal and apical electrodes) to describe differences in central processing 

across individuals. We also focused our analysis on responses associated with adjacent 

electrode pairs activated in the experimental MAPs for the comparison with speech 

perception.  

Our finding of a significant relationship between the predicted spatial ACC and 

vowel perception across participants is consistent with a number of behavioral studies 

(e.g. Nelson et al., 1995; Collins et al., 1997; Throckmorton and Collins, 1999; Henry et 

al., 2000; Boex et al., 2003; Jones et al., 2013.) Even though these investigators used 

behavioral techniques and we used electrophysiological techniques for evaluating spatial 

resolution, there are a number of methodological similarities. First, like the ACC, 

behavioral measures of spatial resolution are affected by both peripheral and central 

processing. Additionally, the majority of studies listed above performed extensive 

measures of channel interactions. Our results, along with those listed here support two of 

our hypotheses: (1) extensive measures across the electrode array are necessary for 

relating spatial resolution with the perception of more complex stimuli and (2) 

differences in central processing are important to consider. These two factors may 
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explain why peripheral electrophysiological (Cohen et al., 2003; Hughes and Abbas, 

2006a; Hughes and Stille, 2008; Tang et al., 2011; van der Beek et al., 2012) and many 

behavioral (Hughes and Stille, 2008; Nelson et al., 2011; Anderson et al., 2011) measures 

of spatial resolution have not been found to be significantly related to speech perception.  

Spectral ACC 

Significant relationships between behavioral measures of spectral resolution 

ability assessed using rippled noise stimuli and speech perception have been observed 

across studies using various stimulus paradigms (e.g. ripple density versus depth) and 

speech perception measures (Henry and Turner, 2003; Henry et al., 2005; Litvak et al., 

2007; Won et al., 2007; Berenstein et al., 2008; Saoji et al., 2009; Anderson et al., 2011; 

Spahr et al., 2011; Won et al., 2011b). Also, Won and colleagues (2011a) demonstrated 

that the ACC could be evoked within a spectral ripple discrimination paradigm, and that 

electrophysiological responses were correlated with behavioral measures of ripple 

discrimination. Although we used a ripple depth detection paradigm to elicit the ACC, 

based on these studies, we were not surprised to find significant correlations between the 

spectral ACC and speech perception. 

Possible Confounds with Spectral Ripple Stimuli: Although spectral rippled noise 

is a popular stimulus to use for evaluating spectral resolution abilities, there are concerns 

that listeners may rely on other perceptual abilities for discrimination among the ripple 

stimuli, namely single-channel loudness cues or pitch perceptions associated with either 

the level presented on the lowest or highest electrode (edge effects) or the spectral 

centroid (Azadpour and McKay, 2012, further described in Arnoff and Landsberger, 

2013). Even though spectral ripple discrimination ability is correlated with speech 

perception, there are questions as to whether discrimination is actually a reflection of 

spatial / spectral resolution or some other perceptual ability. 

The concerns about possible confounds have been addressed in a number of 

studies. Anderson and colleagues (2011) created ripple stimuli with and without the 
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application of a Hanning window to the edge frequencies. Thresholds obtained with the 

two types of stimuli were no different, suggesting that edge effects were not a 

confounding factor, at least for the ripple density paradigm used by these investigators. 

Won et al. (2011c) examined ripple discrimination ability with and without a level rove. 

Performance was no different, suggesting that an intensity cue did not dominate ripple 

thresholds. This conclusion was further supported by their use of a model to predict 

performance based on single-channel intensity cues. The model performance and that of 

the CI listeners did not match. 

Won and colleagues (2011c) also demonstrated improved ripple discrimination 

abilities when increasing the spacing between activated electrodes, which indirectly 

provides evidence that ripple thresholds reflect spatial resolution. A number of studies 

have observed significant correlations between measures of spatial resolution and spectral 

ripple discrimination abilities (Anderson et al., 2011; Jones et al., 2013; this study). 

Despite the procedural differences between our study and Jones and colleagues (e.g. 

behavioral versus electrophysiological measures, use of spectral ripple density paradigm 

versus depth) both show strong correlations between spatial and spectral resolution 

abilities. The correlation between spatial resolution of adjacent electrodes and speech 

perception was 0.97 (Jones et al., 2013) compared with our correlation of 0.93 when we 

used predicted spatial ACC amplitude. Not only is the relationship between spatial and 

spectral resolution significant in both studies, but the majority of the variability in 

spectral resolution abilities observed across individuals is explained by the measures of 

spatial resolution abilities (r2= 0.94 and 0.87, respectively). Although factors other than 

spatial / spectral resolution may impact performance on spectral ripple discrimination 

tasks, these results suggest that confounding factors are likely minimal. Thus, the studies 

using spectral ripple stimuli with either density or depth paradigms are likely 

appropriately interpreted as demonstrating a relationship between spectral resolution and 

speech perception abilities in CI users. 
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Recently, Arnoff and Landsberger (2013) presented a modified rippled noise 

stimulus to use for spectral resolution measures that avoids the potential confounds 

altogether. The spectral-temporally modulated ripple keeps ripple density and depth 

constant while varying the amplitude of specific frequency components across time. Used 

within a phase-inversion paradigm, single-channel loudness cues, edge, and centroid 

effects are effectively eliminated. The authors demonstrated that the dynamic stimulus 

was sensitive to changes in spectral resolution ability; performance improved as the 

number of channels used in a CI simulation was increased. This stimulus has yet to be 

compared with speech perception. 

Because the spectral-temporally modulated ripple stimulus is time-varying, it 

would not work within an ACC stimulus paradigm. However, time-varying signals can be 

used within the oddball paradigm. McLaughlin and colleagues (2013b) used both oddball 

and ACC paradigms to explore spectral resolution abilities in CI users. A relatively fast 

stimulus repetition rate of one per second was used for the oddball paradigm. The 

amplitude of the standard response was small, possibly due to adaptation, but the 

response to the deviant was even larger than the ACC response evoked with identical 

stimuli. Because the stimulus change is presented every time with the ACC paradigm, a 

slow rate is necessary to avoid adaptation effects at higher rates. However, a deviant 

stimulus is by definition only presented a small fraction of the time, and it may be 

possible to increase the rate even further without affecting the size of the response to the 

deviant. A fast oddball paradigm deserves further exploration. 

Clinical Feasibility 

Although this study provides evidence that ACC responses evoked with both 

simple and complex stimuli may be useful for predicting perceptual abilities across 

individuals with CIs, there are some practical considerations. First, cortical measures are 

more time consuming to perform than ECAP measures. There may be ways to shorten 

test time from what was required for this study, and these would be worth exploring. For 
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example, for the spatial ACC paradigm, it is unclear whether it was necessary to record 

responses for thirteen electrode pairs (the protocol for this study) or if a subset would 

have been sufficient. It may be that shortening the test time by recording responses to few 

electrode pairs may have been more beneficial than extensive cortical measures, as noise 

levels tended to increase across the duration of the lengthy sessions or participants had 

difficultly staying awake. Alternatively, perhaps a completely different measure of 

central processing could be added to the ECAP measures of spatial resolution to improve 

predictions of performance across individuals. For the spectral ACC paradigm, although 

behavioral studies rely on threshold measures, we explored the use of the response 

amplitude at a single ripple depth in addition to finding an electrophysiological ripple 

depth threshold. Our results demonstrated that the single response was predictive across 

individuals in this study, suggesting that the more time-efficient method was adequate. 

Another disadvantage of recording cortical potentials is that they are typically 

recorded using far-field electrodes placed on the scalp. This takes time and adds material 

expenses (electrodes, conductive paste, cleaner, etc.). McLaughlin and colleagues 

(2013a) used the CI extracochlear electrodes to obtain cortical recordings. Although it is 

not possible to obtain long-latency responses with clinical software in a time-efficient 

manner at present time, the preliminary results are promising. Eliminating the need for 

scalp electrodes would be especially useful for obtaining measures on children; however, 

cortical measures, even those that can be obtained within a passive listening paradigm, 

require some cooperation. Listeners must sit relatively still while remaining alert. This 

combination is difficult to prompt in young children; however, the ACC has been 

successfully recording in 4-month old infants (Small and Werker, 2012). 

Lastly, although we focused on the benefits of using cortical measures to compare 

performance across individuals, there is some indication that these measures are 

beneficial for evaluating changes in auditory processing within an individual. Cortical 

measures reflect maturational changes and development of the auditory system (e.g. 



 

 

108 

Ponton et al., 1996; 2000; Wunderlich and Cone-Wesson, 2006), and can reflect 

perceptual changes within a person due to listening experience (e.g. Sharma et al., 2002) 

or training (e.g. Menning et al., 2000). Although these additional factors may make the 

response more difficult to interpret, they also indicate the potential for numerous 

applications. 

Temporal Processing 

This study focused on evaluating electrophysiological measures of spatial / 

spectral resolution abilities; however, temporal resolution is also important for speech 

perception. Won et al. (2011b) demonstrated that behavioral measures of spectral (ripple 

discrimination thresholds) and temporal (modulation detection thresholds) processing 

were independent, and that when combined, the two predictors accounted for an 

additional 13-25% of the variability than either measure alone. Thus, it appears useful to 

further explore time-efficient methods of evaluating both spectral and temporal 

processing abilities in CI users, especially if the goal is to predict speech perception 

abilities. Like spatial resolution, temporal resolution can be evaluated objectively at 

peripheral (e.g. Wilson et al., 1997) and central (e.g. Lister et al., 2007; 2011) levels.  

In addition to predicting performance, it would be useful to compare across-site 

patterns of temporal (Garadat et al., 2012) and spatial (Zwolan, 1997; Bierer, 2007) 

resolution. It would be interesting to determine whether an electrode associated with poor 

temporal processing also exhibits poor spatial resolution, or whether the two measures 

are independent even at a specific electrode level. As mentioned previously, there is 

evidence that deactivating electrodes associated with poor spatial selectivity (Zwolan, 

1997; Noble et al., 2013; Bierer, 2013) or temporal processing ability (Garadat et al., 

2012) improves performance. A combination of temporal / spatial measures across the 

electrode array may improve the selection of electrodes to deactivate. 
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Conclusions 

We were able to provide evidence that has been elusive in so many other studies: 

ECAP channel interaction functions do provide relevant information about perceptual 

abilities, including the perception of speech. Thus, ECAP channel interaction functions 

should not be disregarded. Instead, we recommend that effort be placed on determining 

what the measures can tell us about electrode location within the cochlea and neural 

survival / functioning across the electrode array, what quantity can capture the neural 

excitation patterns across the electrode array that are reflected in the functions, and how 

the information can be used to make clinical programming decisions.  

The general results from this study demonstrate that variability in performance 

observed across individuals with cochlear implants reflects differences in both peripheral 

and central processing. The central response evoked with the most complex, speech-like 

stimulus (spectral ACC) was the most predictive of speech perception abilities across 

participants. However, although the spectral ACC was most strongly correlated with 

speech perception, and although the single-point measure is more time-efficient than the 

numerous electrode pairs used for the spatial ACC paradigm and perhaps even faster than 

performing ECAP channel interaction functions on all available electrodes, we do not 

conclude that the spectral ACC is optimal for all situations. For example, although the 

ultimate goal may be to improve performance on complex listening tasks, the more 

specific measures of spatial resolution may be more useful for guiding programming 

decisions. And specifically, the ECAP channel separation indices were most predictive of 

performance changes within an individual. The best outcome measure or combination of 

measures obviously depends upon the specific application. In summary, our results 

indicate that electrophysiological measures of spatial and spectral resolution provide 

valuable information about underlying neural processing and resulting perception, and 

the specific clinical application of these measures deserves further attention.  
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Figure 22. Schematic of Across-Subject Regression Analysis. The outcome measures of 
this study are displayed in order of stimulus complexity (left-to-right) and in order of 
dependence upon processing at different stages along the auditory pathway, from the 
periphery (bottom) to more central structures (top). Lines with arrows connect single 
predictors with the dependent variable; the coefficient of determination is displayed for 
each comparison. Double lines represent our combined peripheral / central measure of 
spatial resolution: the predicted spatial ACC. Only statistically significant results are 
displayed. 
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APPENDIX A: CALIBRATION FOR DIRECT AUDIO INPUT 

Purpose 

 We presented complex stimuli via the direct audio input port of the CI speech 

processor instead of in a soundfield. With soundfield presentation of acoustic signals, the 

speech processor microphone converts sound pressure into voltage. We bypassed the 

microphone, making it necessary to determine what voltage to input to the processor for 

equivalent stimulation from the CI. We wanted our results with direct stimulation to be 

comparable to results obtained with soundfield presentation of stimuli, requiring us to 

specify voltage in terms of an equivalent sound pressure. To determine this equivalence, 

we measured electrode output for a stimulus presented acoustically across a range of 

stimulation levels, and then we measured electrode output using the same stimulus 

presented directly to the processor across a range of voltages. The steps below describe 

the procedure in more detail. 

Set-up 

For both acoustic and direct input stimulation modes, we used a laboratory 

FreedomTM speech processor coupled with a CI24RE implant emulator (SN: 036) and an 

implant load (S385). Load impedances ranged from 9.44 to 9.53 kOhms referenced to 

MP1. The processor was programmed with 7 channels (electrodes 9 through 15), 

although only the voltage across electrode 9 was monitored. Threshold levels were set to 

130 CL (resulting in a voltage measured across electrode 9 that was above the noise floor 

of the recording system) and C levels to 190 CL (below implant saturation due to 

compliance limits). All pre-processing features were disabled. Microphone sensitivity 

was set to 12 (default) for acoustic measurements and to 0 (off) for direct input 

measurements. The accessory mixing ratio was set to 10:1 for direct input measurements. 

Stimulation and Recording 

An 800-ms broadband noise stimulus with a bandwidth 350 – 5600 Hz (equal 

energy per octave) was generated in MATLAB® (MathWorks, 2012) and used to 
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determine equivalent levels for rippled noise and vowel stimuli. Rippled noise stimuli 

were digitally scaled to have equal rms amplitude as the flat-spectrum calibration noise, 

as were the vowel-portion of the /h/-vowel-/d/ stimuli. Speech-spectrum noise (available 

on the CD) was used to determine equivalent levels for the BKB-SIN test. Both 

calibration stimuli were presented acoustically between 40 - 70 dBA, inclusive, in 5 dB 

steps. The same calibration stimuli were presented via the direct input port, and an 

attenuator was adjusted in 2 dB steps. 

For both acoustic and direct input measurements, voltage output of electrode 9 

was recorded with LabVIEWTM software (National Instruments, 2009), using a sampling 

rate of 200,000 samples per second. Because amplitude of voltage pulses varied across 

time, we calculated the root mean square amplitude across a 760-ms time window. We fit 

functions to the acoustic and direct input data, and found that 55 dBA and 40 dB of 

attenuation were equivalent for the flat-spectrum calibration noise (rippled noise and 

vowel stimuli), and that 65 dBA and 26 dB of attenuation were equivalent for the speech-

spectrum calibration noise (BKB-SIN stimuli).  
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  APPENDIX B: ALTERNATE ANALYSES 

Peripheral Spatial Resolution: 𝐝𝐝′ calculations using  
ECAP Channel Interaction Functions 

We calculated 𝑑𝑑′ scores for pairs of channel interaction functions because this 

method is often used in psychophysical studies to quantify discriminability among stimuli 

(e.g. Nelson et al., 1995; Collins et al., 1997; Hoppe et al., 2010; Won et al., 2011a). The 

procedure for calculating 𝑑𝑑′ assumes that channel interaction functions can be modeled as 

normal distributions, which is not always the case and a potential limitation of this 

method. An example channel interaction function (probe 12) for participant E55R is 

shown in the top panel of Figure B1 to illustrate the first step of the 𝑑𝑑′ procedure. 

Normalized ECAP amplitudes for a given channel interaction function were first 

converted into a cumulative percent of masking (middle panel) and then into z-scores 

(bottom panel). This conversion forces the total amount of masking between 0 and 1 and 

effectively removes some of the relative differences in ECAP amplitudes across channel 

interaction functions within an individual, which is retained in the channel separation 

index. The masker electrode associated with a cumulative percent of 0.5, indicated by the 

middle vertical or horizontal dashed lines in each panel, was taken as the mean. The 

mean is expected to be the masker electrode associated with the peak of the channel 

interaction function if the normality assumption is correct. In the example shown here, 

the mean is offset approximately 1 electrode from the peak (top panel). A regression line 

was fit to the z-scores in order to estimate the slope, or standard deviation, associated 

with the function. In each panel, the two dashed lines on the sides are located one 

standard deviation above and below the mean. 

For a pair of channel interaction functions (𝑥𝑥 and 𝑦𝑦),  

 𝑑𝑑′ =   
 (3) 

where 𝑚𝑚 is the mean and 𝜎𝜎  is the variance.  
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 Using the 𝑑𝑑′calculation did not change our ability to model a relationship between 

peripheral and central spatial resolution within a person. Figure B2 is identical to Figure 

11, except that spatial ACC N1-P2 amplitude is plotted as a function of ECAP 𝑑𝑑′ rather 

than the channel separation index for thirteen electrode pairs. For some individuals, the 

exponential fit used to relate peripheral and central spatial resolution was better when 

using channel separation index (e.g. F8R), but for others, 𝑑𝑑′ resulted in a better fit (e.g. 

F2L). On average, the r2 values were no different (Table B1, which also contains 

information about other methods of quantifying the spatial ACC response). 

Although quantifying peripheral spatial resolution as 𝑑𝑑′ scores did not appear to 

affect our ability to model the peripheral-to-central processing relationship for simple 

stimuli within an individual, it did reduce our ability to identify relationships with more 

complex stimuli when we pooled results across participants. One obvious difference 

between 𝑑𝑑′ and the channel separation index is that the values spanned different ranges 

for a number of individuals. Specifically, participant E60 had the largest channel 

separation index (which would be interpreted as good spatial resolution) but the smallest 

𝑑𝑑′ scores (which would be interpreted as poor spatial resolution). Participant F19R tended 

to have smaller channel separation indices across electrode pairs, but had the largest 

𝑑𝑑′score across all participants.  

Figures B3 and B4 are scatter plots showing the relationship between spatial 

resolution quantified as 𝑑𝑑′with spectral resolution and with speech, respectively. In 

Figure B3, spectral resolution (ordinate) is quantified in terms of a ripple depth threshold 

(top two rows) or amplitude at a 40 dB ripple depth (bottom row). Both the average (left 

column) and maximum (right column) 𝑑𝑑′across adjacent activated electrodes were 

investigated. Figure B4 is a scatter plot showing the relationship between average or 

maximum 𝑑𝑑′and vowel perception (top rows) or BKB-SIN scores (bottom rows). There 

are no clear trends observed in the data shown in these two figures, especially when 

compared to the figures showing the same relationships but using the channel separation 
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index as the measure of peripheral spatial resolution (Figures 15, 19 and 20). The 

different results obtained when using channel separation indices instead of 𝑑𝑑  scores 

suggest that (1) the relative amplitude differences across the channel interaction functions 

were important to include in the measure of peripheral spatial resolution and (2) the 

spread of neural excitation (which impacted the standard deviation used to calculate 𝑑𝑑′) 

should not dominate the measure of peripheral spatial resolution when attempting to 

predict performance on complex tasks. 

Cortical Auditory Evoked Potentials: Normalization  
and rms Amplitude 

The ACC response can be quantified a number of ways. We focused our analysis 

on amplitude differences between the prominent negative and positive peaks (i.e. N1-P2 

amplitude), but also explored the rms amplitude over a specified time window because of 

the objective nature of the measure and the ability of rms amplitude to capture the 

breadth of the response. Additionally, we explored normalizing the ACC to the onset 

response, under the assumption that effects of attentional state might be reduced on the 

normalized ACC and comparisons across participants might be enhanced. 

For the electrode-discrimination paradigm, normalizing the ACC N1-P2 

amplitudes to the onset response enhanced the nonmonotonicities we observed in 

response amplitude as a function of electrode distance (e. g participants E68L and F18R 

in Figure B5 compared to Figure 11), which is opposite of the effect we anticipated. 

Quantifying the ACC objectively as a rms amplitude also appeared to enhance the 

nonmonotonicities in the spatial resolution data (e.g. participants F25R and F2L in Figure 

B6 compared to Figure 11). Our objective criterion that the rms amplitude of the change 

response had to be greater than the rms amplitude of the control condition was apparently 

stricter than our criteria for picking peaks, and there were a greater number of no-

response conditions for the rms calculations than occurred for peak-picking (e.g. 

participants F18R, F19R, F25R, and F2L). For the spatial ACC data, this information was 
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useful and allowed us to identify potentially noisy responses to discard when determining 

the relationship with spatial resolution. However, the lower sensitivity of the rms 

amplitude measure was a problem when attempting to establish threshold for the ripple-

depth paradigm. We had to extrapolate the ripple depth in a five instances because the 

rms amplitude criterion for threshold was not met at the highest ripple depth tested. 

For the spatial ACC data, we used the four quantification methods (normalized 

and absolute N1-P2 amplitudes and rms amplitudes) to establish the relationship with 

peripheral spatial resolution for each individual. Different quantification methods 

appeared to work best for different participants, but on average, there were no clear 

advantages of any one method (Table B1). The average r2 value is slightly higher when 

using the rms amplitude calculation than the others; however, ACC rms amplitudes were 

highly correlated with ACC N1-P2 amplitudes (r2=0.9; Figure B.7, top panel). As 

mentioned previously, the rms amplitude calculation was less sensitive than peak-picking 

for the ripple stimuli and required extrapolating threshold when peak-picking did not. 

This can be observed in the middle panel of Figure B7. Higher (i.e. poorer) thresholds are 

obtained when using the rms amplitude criterion than when using the N1-P2 amplitude 

criterion. Even so, the threshold measures are highly correlated (r2=0.75) The rms and 

N1-P2 amplitudes at a single ripple depth is even more highly correlated (r2=0.86; Figure 

B7, bottom panel). 

Because the rms and N1-P2 amplitudes were highly correlated, and because peak-

picking is a standard method of quantifying electrophysiological responses, we opted to 

use the N1-P2 amplitude to quantify both spatial and spectral ACC responses for 

consistency throughout the study. We did not normalize to the onset given that we did not 

see an advantage for doing so. 
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Table B1. Comparing Methods of Quantifying Peripheral and Central 
Electrophysiological Data: Average Coefficient of Determination Across 
Participants 
 
 Peripheral Spatial Resolution 

Central Spatial Resolution ECAP CSI ECAP 𝑑𝑑′ 

ACC N1-P2 Amplitude (microV) 0.68 0.63 

ACC N1-P2 Amplitude (Normalized to the Onset) 0.67 0.65 

ACC rms Amplitude (microV) 0.72 0.68 

ACC rms Amplitude (Normalized to the Onset) 0.67 0.67 
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Figure B1. Data Conversion for 𝑑𝑑′ Calculations: E55R. The channel interaction function 
for probe 12 is plotted in the top panel. This function was converted into a cumulative 
percent (middle panel). The masker electrode associated with a cumulative score of 0.5 
(mean) is indicated by the center dashed line in all three panels. The cumulative scores 
were converted into z-scores (bottom panel) to obtain a linear function. The slope of the 
regression line was used to determine the masker electrodes +/- 1 standard deviation on 
either side of the mean. These are indicated in each panel by the two remaining dashed 
lines. 
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Figure B2. Relationship Between Peripheral and Central Spatial Resolution Using 𝑑𝑑′. 
For each participant, ACC N1-P2 amplitude is plotted as a function of 𝑑𝑑′ for thirteen 
electrode pairs. The asterisks indicate data points that were not included in the analysis 
(explained in the body of the manuscript). A saturating exponential form was fit to each 
person’s data. Individually optimized coefficients are displayed in each panel. 
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Figure B3. Relationship Between Peripheral Spatial and Central Spectral Resolution 
Using 𝑑𝑑′. Spectral ACC (ordinate) is plotted as a function of ECAP 𝑑𝑑′ (abscissa). 
Spectral ACC is quantified as threshold in the top two rows, and as the N1-P2 amplitude 
at 40 dB in the bottom rows. 𝑑𝑑′ is quantified as the average across adjacent activated 
electrodes (right column), and the maximum (left column). Each panel contains 33 data 
points: MAP 1 (white), MAP 2 (gray), MAP 3 (black). Regression lines were not 
calculated for these data. 
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Figure B4. Relationship Between Peripheral Spatial Resolution and Speech Perception 
Using 𝑑𝑑′. Vowel perception (top row) and word recognition in noise (bottom row) are 
plotted as a function the average (left) or maximum (right) ECAP 𝑑𝑑′. Chance 
performance (10%) for the vowel perception test is indicated by a dotted horizontal line 
in the top row. Each panel contains 33 data points: MAP 1 (white), MAP 2 (gray), MAP 
3 (black). Regression lines were not calculated for these data. 
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Figure B5. Evaluating Normalization to the Onset: Central Spatial Resolution as a 
Function of Electrode Separation. For each participant, normalized ACC N1-P2 amplitude 
is plotted as a function of electrode separation between the pairs of sequentially 
stimulated electrodes. Electrode 12 (or 13 for F19R) was always one of the two 
electrodes stimulated. The 0 point on the abscissa is the no-response control condition 
(e.g. stimulation only on the center electrode). Negative numbers are used for basal 
electrode pairs and positive numbers for apical electrode pairs. 
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Figure B6. Evaluating rms Amplitude: Central Spatial Resolution as a Function of 
Electrode Separation. For each participant, ACC rms amplitude is plotted as a function of 
electrode separation between the pairs of sequentially stimulated electrodes. Electrode 12 
(or 13 for F19R) was always one of the two electrodes stimulated. The 0 point on the 
abscissa is the no-response control condition (e.g. stimulation only on the center 
electrode). Negative numbers are used for basal electrode pairs and positive numbers for 
apical electrode pairs.  
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Figure B7: Correlation Between ACC rms Amplitude and N1-P2 Amplitude. In the top 
panel, ACC N1-P2 amplitude is plotted as a function of ACC rms amplitude for all 
electrode pairs used in the electrode-discrimination paradigm. In the middle panel, ripple 
depth thresholds estimated using the N1-P2 criterion are plotted as a function of 
thresholds estimated using the rms amplitude criterion. In the bottom panel, ACC N1-P2 
amplitude is plotted as a function of rms amplitude for the 40 dB ripple depth condition. 
Data for all participants are included in all three panels. Regression lines and coefficients 
are also shown in each panel. 
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APPENDIX C: CHANNEL INTERACTION FUNCTIONS 
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Figure C1. Channel Interaction Functions: E40R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C2. Channel Interaction Functions: E51. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C3. Channel Interaction Functions: E55R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C4. Channel Interaction Functions: E60. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C5. Channel Interaction Functions: E68L. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C6. Channel Interaction Functions: F18R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C7. Channel Interaction Functions: F19R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C8. Channel Interaction Functions: F25R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C9. Channel Interaction Functions: F26L. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C10. Channel Interaction Functions: F2L. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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Figure C11. Channel Interaction Functions: F8R. For each probe electrode (marked by a 
vertical line), normalized ECAP amplitude is plotted as a function of masker electrode. 
The complete set of 13 channel interaction functions are displayed in the top panel, and 
the channel interaction functions associated with the seven active electrodes in each 
experimental MAP are displayed in the bottom three panels. 
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