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Abstract

Objectives—Channel interaction, the stimulation of overlapping populations of auditory neurons 

by distinct cochlear implant (CI) channels, likely limits the speech perception performance of CI 

users. This study examined the role of vocoder-simulated channel interaction in the ability of 

children and adults with normal hearing to recognize spectrally degraded speech. The primary aim 

was to determine the interaction between number of processing channels and degree of simulated 

channel interaction on phoneme identification performance as a function of age for children with 

normal hearing (cNH), and to relate those findings to adults with normal hearing (aNH) and to CI 

users.

Design—Medial vowel and consonant identification of cNH (age 8-17 years) and young aNH 

were assessed under six (for children) or nine (for adults) different conditions of spectral 

degradation. Stimuli were processed using a noise-band vocoder with 8, 12, and 15 channels and 

synthesis filter slopes of 15 (aNH only), 30 and 60 dB/octave (all NH subjects). Steeper filter 

slopes (larger numbers) simulated less electrical current spread and therefore less channel 

interaction. Spectrally degraded performance of the NH listeners was also compared to the 

unprocessed phoneme identification of school-aged children and adults with CIs.

Results—Spectrally degraded phoneme identification improved as a function of age for cNH. 

For vowel recognition, cNH exhibited an interaction between the number of processing channels 

and vocoder filter slope, whereas aNH did not. Specifically, for cNH, increasing the number of 

processing channels only improved vowel identification in the steepest filter slope condition. 

Additionally, cNH were more sensitive to changes in filter slope. As the filter slopes increased, 

cNH continued to receive vowel identification benefit beyond where aNH performance plateaued 

orreached ceiling. For all NH participants, consonant identification improved with increasing filter 

slopes, but was unaffected by the number of processing channels. Although cNH made more 

phoneme identification errors overall, their phoneme error patterns were similar to aNH. 
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Furthermore, consonant identification of adults with CIs was comparable to aNH listening to 

simulations with shallow filter slopes (15 dB/octave). Vowel identification of earlier-implanted 

pediatric ears was better than that of later-implanted ears, and more comparable to cNH listening 

in conditions with steep filter slopes (60 dB/octave).

Conclusions—Recognition of spectrally degraded phonemes improved when simulated channel 

interaction was reduced, particularly for children. cNH showed an interaction between number of 

processing channels and filter slope for vowel identification. The differences observed between 

cNH and aNH suggest that identification of spectrally degraded phonemes continues to improve 

through adolescence, and that children may benefit from reduced channel interaction beyond 

where adult performance has plateaued. Comparison to CI users suggests that early implantation 

may facilitate development of better phoneme discrimination.
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Introduction

Cochlear implants (CIs) are highly successful neural prostheses that can restore auditory 

perception for individuals with severe-to-profound sensorineural hearing loss. Despite this 

success, children and adults with CIs exhibit substantial variability in speech perception and 

spoken language outcomes (e.g.,Niparko et al. 2010; Holden et al. 2013). One factor that 

likely contributes to this variability is reduced spectral resolution resulting from a limited 

number of implanted electrodes. Moreover, although modern CIs transmit acoustic 

information using 12 to 22 electrical contacts, speech perception performance of high-

performing adults with CIs (aCI) does not improve beyond stimulation of 7-8 channels 

(Dorman and Loizou, 1997; Fishman et al. 1997; Friesen et al. 2001; Nie et al. 2006).

On the other hand, acoustic simulations of CI processing show that enhancing the degree of 

spectral resolution can improve speech perception performance of adults with normal 

hearing (aNH) beyond where aCI performance plateaus (e.g., Shannon et al. 1995; Dorman 

et al. 1997; Dorman and Loizou, 1997; Fishman et al. 1997; Loizou et al. 1999; Friesen et al. 

2001; Shannon et al. 2004; Nie et al. 2006). For instance, while sentence recognition 

asymptotes around four channels for aNH, identification of spectrally degraded speech in the 

presence of background noise can continue to improve as the number of channels is 

increased up to twenty (Shannon et al. 1995; Dorman et al. 1998; Friesen et al. 2001; 

Shannon et al. 2004).

Overall, this evidence from adult listeners suggests that many CI recipients cannot take 

advantage of all the spectral information provided by the implant and that a small number of 

implanted electrodes is not the only factor that contributes to spectral smearing. Another 

likely contributor to poor spectral resolution with an implant is channel interaction, which 

occurs when electrical current from distinct implant channels stimulates overlapping 

populations of auditory neurons. Channel interaction theoretically limits the number of 

independent channels of information available to a listener, smearing the spectral detail 

provided by a CI (for review, see Bierer 2010). Accordingly, several investigations have used 

Jahn et al. Page 2

Ear Hear. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



noise-band vocoder processing to assess how simulating varying degrees of electrical current 

spread impacts the speech perception performance of aNH (Fu and Nogaki 2004; Litvak et 

al. 2007b; Bingabr et al. 2008; Stafford et al. 2014).

In those studies, the attenuation slopes of the vocoder synthesis filters were manipulated to 

simulate different degrees of electrical current spread. Specifically, steeper filter slopes 

represented less spectral overlap between adjacent vocoder filters and therefore less channel 

interaction. Results showed that reducing the simulated spread of neural excitation led to 

improved sentence-in-noise and phoneme identification for aNH (Fu and Nogaki 2004; 

Litvak et al. 2007b; Bingabr et al. 2008; Stafford et al. 2014), as long as spectral resolution 

was adequate (>8 channels; Bingabr et al. 2008). Further, extremely steep filter slopes (>100 

dB/octave) were often detrimental to speech perception (Warren et al. 2004; Healy and 

Steinbach 2007; Bingabr et al. 2008), especially when there were a small number of 

processing channels (Bingabr et al. 2008). This evidence supports the idea that the 

interaction between electrical current spread and the number of processing channels can 

affect transmission of spectral information and, consequently, speech perception outcomes.

While spectrally degraded speech perception of aNH has been studied extensively, less is 

known about the ability of children with normal hearing (cNH) to process CI-simulated 

speech. To date, vocoder studies with cNH have primarily focused on the number of spectral 

channels needed to achieve high levels of speech perception. Like adults, vocoded speech 

perception performance of cNH improves as the number of channels increases (Eisenberg et 

al. 2000; Dorman et al. 2000; Nittrouer and Lowenstein 2009; Nittrouer et al. 2010; 

Newman and Chatterjee 2013; Warner-Czyz et al. 2014; Newman et al. 2015). Perhaps more 

importantly, however, these investigations have shown that the ability to recognize spectrally 

degraded speech improves with age for cNH, and that young children require more channels 

than older children and adults to achieve asymptotic speech perception performance 

(Dorman et al. 2000; Eisenberg et al. 2000, 2002; Vongpaisal et al. 2012; Roman et al. 

2017).

Because children require greater spectral resolution than adults to accurately recognize 

vocoded speech (e.g., Eisenberg et al. 2000; Dorman et al. 2000), channel interaction might 

be more detrimental to the speech perception performance of children than it is for adults. 

Furthermore, a pre-lingually deafened child must rely upon the degraded auditory signal 

from a CI to develop spoken language, and spectral smearing from channel interaction may 

further limit speech and language development. It is crucial, then, to understand how 

channel interaction impacts speech perception in children. To date, the effects of varying the 

degree of CI-simulated channel interaction by changing the vocoder filter slopes has not 

been investigated in cNH, and little is known about the effects of channel interaction in the 

pediatric CI population.

Accordingly, the primary goal of the present study was to characterize the perceptual 

implications of simulated channel interaction in school-aged cNH, and to relate those 

findings to aNH. Specifically, the interaction between the number of processing channels 

and filter slope on phoneme identification performance was evaluated using a noise-band 

vocoder technique similar to that adopted in prior investigations with adults (e.g., Litvak et 
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al. 2007b; Bingabr et al. 2008). Based on previous evidence, it was expected that phoneme 

identification performance would improve for NH listeners as the vocoder filter slopes 

increased, and that this improvement would be more pronounced in conditions with more 

processing channels. Moreover, because children rely more on spectral information than 

adults in vocoder studies, it was hypothesized that children would show more phoneme 

identification improvement than adults in response to increases in filter slope. We also 

expected that spectrally degraded phoneme identification performance would improve with 

age for the cNH, in accordance with the development of higher-order auditory and executive 

processes that extends into adolescence (Gomes et al. 2000; Moore 2002; Roman et al. 

2017).

Of note, previous vocoder studies with cNH have used monosyllabic words and sentences 

with preschool-level vocabulary as the target speech stimuli (Dorman et al. 2000; Eisenberg 

et al. 2000, 2002; Roman et al. 2017). Spectro-temporally complex stimuli such as words 

and sentences are less susceptible to spectral degradations than simpler stimuli, as they can 

be identified using a variety of acoustic-phonetic cues or top-down lexico-semantic 

processes (Shannon et al. 2004; McGettigan et al. 2007). Thus, phoneme identification (i.e., 

medial vowels and consonants) was selected as the speech perception outcome of interest in 

the present study for several reasons. First, spectral manipulation of vowels and consonants 

can be well-controlled (DiNino et al. 2016), which is of particular interest to the current 

investigation. Specifically, accurate vowel identification depends strongly on an individual's 

ability to resolve formant frequency information, making vowel perception particularly 

vulnerable to spectral degradation (Xu et al. 2005; Nie et al. 2006; Gaudrain et al. 2007; 

DiNino et al. 2016). Consequently, in vocoder studies, adult listeners require a larger number 

of channels to reach asymptotic vowel identification performance relative to more complex 

stimuli such as words and sentences (Dorman et al. 1998; Friesen et al. 2001; Shannon et al. 

2004).

On the other hand, a listener can use both spectral and temporal cues to achieve accurate 

consonant identification (Xu et al. 2005; Nie et al. 2006; DiNino et al. 2016). Despite 

consonants being more robust to spectral distortion than vowels, perception of consonant 

place of articulation depends primarily on spectral cues, whereas manner and voicing 

features can be distinguished by temporal cues (Rosen 1992; Xu et al. 2005; Nie et al. 2006; 

DiNino et al. 2016). Importantly, temporal cues that are important for conveying voicing and 

manner information are preserved in noise-band vocoder processing (e.g., Shannon et al. 

1995). This distinction allows for analysis of how the transmission of specific consonant 

acoustic-phonetic features is uniquely distorted by spectral degradation, a process that has 

not yet been evaluated in vocoder studies with cNH.

Accordingly, the present study will also assess how spectral degradation affects phoneme 

confusions and the transmission of consonant features for cNH. Consistent with prior 

studies, it was expected that consonant place of articulation would be the most vulnerable 

feature to spectral degradation, and that consonants would be confused most often with 

others of the same manner and voicing, but different place of articulation (Miller and Nicely 

1955; Johnson 2000; Xu et al. 2005; DiNino et al. 2016). Further, it was expected that lax 

vowels would be more susceptible to the spectral degradation than cardinal vowels, as they 
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have more neighbors in acoustic space for which to be confused (DiNino et al. 2016). We 

did not expect differences in phoneme error patterns across experimental conditions, as the 

vocoder manipulations were designed to globally alter the spectral information in the signal, 

rather than selectively distort information in specific frequency regions.

Additionally, it was hypothesized that vowel and consonant confusions would be similar for 

children and adults, but that children would make more errors overall. This is consistent with 

phoneme feature analyses that have been conducted with cNH under other listening 

conditions that were designed to distort signal information (i.e., noise and reverberation; 

Johnson 2000). If phoneme confusions are similar across age groups, this could suggest that 

differences in non-sensory cognitive processing might account for any observed differences 

in overall performance.

Finally, because the ultimate goal of this research is to understand factors limiting speech 

and language outcomes for individuals with CIs, a preliminary comparison between NH 

listeners and CI users was conducted. The CI users in this study completed phoneme 

identification tasks while participating in other experiments in our laboratory. Since many 

lines of research suggest that channel interaction limits speech outcomes for CI listeners, it 

was predicted that the CI users' phoneme identification performance would be comparable to 

that of NH participants listening in conditions with relatively shallow vocoder filter slopes, 

representing relatively high levels of simulated channel interaction. This would corroborate 

the spirit of the noise-band vocoder technique as a tool for assessing how spectral 

manipulations relate to CI performance.

Materials and Methods

A. Participants

Twenty-eight cNH initially enrolled in the study, but one child (age 10 years) was ultimately 

excluded due to an inability to accurately identify the phonemic stimuli (see Procedures for 

further detail). Participants with NH included 12 adults (5 males) between the ages of 21 and 

35 years (M = 27.35 years, SD = 4.58 years) and 27 children (13 males) between the ages of 

8 and 17 years (M = 12.96 years, SD = 3.08 years). To ensure similar representation across 

age, at least two cNH were recruited from each year between age 8 and 17. A hearing 

screening was performed on all NH participants to verify thresholds at 20 dB hearing level 

(HL) or better at octave frequencies 250 to 8000 Hz bilaterally (ANSI 1996).

Participants with CIs included 10 children (5 males) between the ages of 13 and 17 years (M 
= 14.34 years, SD = 1.82 years) and 14 adults (8 males) between the ages of 37 and 84 years 

(M = 61.53years, SD = 12.78 years). The cCI were pre-lingually deafened, with onset of 

severe-to-profound bilateral sensorineural hearing loss prior to three years of age, except for 

one subject (subject P05). That subject's second-implanted ear was diagnosed with profound 

hearing loss at age 5. Each cCI was bilaterally implanted, and each child received his or her 

first CI by age 4 years. The aCI were all post-lingually deafened, except for one peri-

lingually deafened subject (self-report onset of severe-to-profound hearing loss at age 4). All 

but one adult were unilaterally implanted. Each ear of the bilaterally implanted participants 

was tested separately, yielding an effective sample size of N = 15 aCI ears and N = 20 cCI 
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ears. Each CI participant used an Advanced Bionics HiRes 90K device. Demographic 

information for the cCI and aCI is shown in Tables 1 and 2, respectively.

Participants were recruited from the University of Washington campus in Seattle, 

Washington and the surrounding community, were native speakers of American English, and 

used spoken language to communicate. All cCI were enrolled in a mainstream educational 

setting. All but one participant had no self-report history of neurological impairments or 

developmental delay. One cCI (subject P01) reportedly had mild Asperger's syndrome. Each 

adult participant provided written informed consent. Children gave informed written assent 

and their parents or guardians provided informed written consent. Participants were paid for 

their time. Experimental procedures were approved by the University of Washington Human 

Subjects Division.

B. Speech stimuli

Phoneme identification was assessed with medial vowels and consonants. Vowel stimuli 

consisted of a closed set of ten recorded vowels presented in /hVd/ context(/i/, “heed”; /ɪ/, 
“hid”; /eɪ/, “hayed”; /ε/,”head“; /æ/,“had”; /a/, “hod”; /u/, “who'd”; /ʊ/, “hood”; /oʊ/, 

“hoed”; /Λ/, “hud”) that were recorded from one female talker native to the Pacific 

Northwest region of the United States. Consonant stimuli consisted of a closed set of sixteen 

recorded consonants presented in /aCa/ context (/p/, “aPa”; /t/, “aTa”; /k/, “aKa”; /b/, 

“aBa”; /d/, “aDa”; /g/, “aGa”; /f/, “aFa”; /θ/, “aTHa”; /s/, “aSa”; /ʃ/, “aSHa”; /v/, “aVa”; /z/, 

“aZa”; /dʒ/, “aJa”; /m/, “aMa”; /n/, “aNa”; /l/, “aLa”) that were recorded from one male 

talker (consonant stimuli were the same as those used by Shannon et al. 1999, which were 

created by Tyler, Preece, and Lowder at the University of Iowa Department of 

Otolaryngology, 1989). Speech stimuli were presented to NH participants under various 

vocoder-manipulated conditions, using a technique described in the following section. The 

CI users listened to unprocessed speech stimuli through their personal sound processors.

C. Vocoder signal processing

For NH listeners, CI processing was simulated acoustically using a noise-band vocoder 

technique adapted from Litvak et al. (2007), which was designed to model the Fidelity 120 

signal processing strategy employed in current Advanced Bionics devices (Advanced 

Bionics Corp., Valencia, CA). Acoustic speech stimuli were digitally sampled at 17,400 Hz 

and, depending on the experimental condition, bandpass filtered into 8, 12 or 15 pseudo-

logarithmically-spaced frequency bands spanning a frequency range of 250-8700 Hz. The 

analysis filters were FFT-based, similar to those used in Advanced Bionics speech 

processing strategies (Litvak, personal communication). The output of each filter was input 

into an envelope detector with a low-pass filter cutoff of 68 Hz. The extracted envelopes 

were used to modulate a broadband noise with a center frequency identical to that of the 

corresponding analysis band. The slope of the attenuation of the noise-band filters was either 

15, 30 or 60 dB/octave, depending on the experimental condition. The modulated noise 

bands were summed and presented to NH listeners via a loudspeaker.

Spectral information was manipulated in two ways to create a total of nine possible 

experimental vocoder conditions. The number of processing channels, either 8, 12 or 15, was 
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changed to simulate varying degrees of spectral resolution, with a smaller number of 

channels (i.e., 8) representing poorer spectral resolution. Table 3 outlines the frequency 

allocations for each channel in each spectral resolution condition. Additionally, the slope of 

the synthesis filter outputs was manipulated to simulate varying degrees of channel 

interaction; that is, a steeper filter slope (larger number; i.e., 60 dB/octave) represented less 

spectral overlap between adjacent channels and therefore less channel interaction, whereas a 

shallower filter slope (smaller number; i.e., 15 dB/octave) represented greater spectral 

overlap between adjacent channels and therefore more channel interaction. These channels 

and filter slopes were selected to achieve a difficulty level appropriate for both children and 

adults, based on parameters used in our lab and in prior vocoder studies (e.g., Eisenberg et 

al. 2000; Fu and Nogaki 2005; Litvak et al. 2007b; Bingabr et al. 2008; DiNino et al., 2016). 

Consequently, the filter slopes were not designed to necessarily mimic the intracochlear 

excitation patterns observed in response to broad or more spatially-restricted CI electrode 

configurations. Adults were tested in all nine experimental conditions (3 processing channel 

conditions × 3 filter slope conditions). To avoid floor effects and significant fatigue, the 

children did not complete testing in the 15 dB/octave filter slope condition, yielding a total 

of six experimental conditions for the cNH (3 processing channel conditions × 2 filter slope 

conditions).

D. Procedures

Testing was performed in a double-walled sound-treated booth (IAC RE-243). Stimuli were 

played through an external A/D device (SIIF USB SoundWave 7.1) and a Crown D75 

amplifier and were presented at a calibrated level of 60 dB-A through a Bose 161 speaker 

placed at 0° azimuth and 1 meter from the participant's head. Custom software (ListPlayer2 

version 2.2.11.52, Advanced Bionics, Valencia, CA) was used to present the stimuli and to 

record participant responses. Following presentation of each speech token, a graphical user 

interface with the possible /hVd/ or /aCa/ choices was displayed on a computer screen in 

front of the participant, and he or she selected his or her response using a computer mouse.

Vowels and consonants were presented in separate blocks, and the order of blocks was 

randomized for each participant. Prior to each experimental block, the participants 

completed at least one, and a maximum of three, practice lists consisting of one presentation 

of each unprocessed vowel or consonant token. To demonstrate understanding of the stimuli 

and the ability to accurately read the answer choices prior to testing, NH participants were 

required to achieve 100% correct in the unprocessed condition before moving forward with 

the study. As previously stated, one cNH (age 10 years) could only achieve 67% correct 

across three unprocessed practice runs and was therefore unable to complete the study. 

Following the unprocessed practice runs, participants completed one vocoded (with 15 

channels and a 60 dB/octave filter slope) practice list consisting of one repetition of each 

vowel or consonant token. To familiarize participants with the vocoded stimuli and the task 

prior to experimental testing, they could repeat the practice tokens as many times as desired, 

and performance feedback was provided.

Experimental runs were initiated following the unprocessed and vocoded practice runs. Each 

vowel and consonant speech token was repeated six times, allowing collection of six data 
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points per token per experimental condition. Children completed two runs of three 

repetitions each. As adults participated in three more experimental conditions than the 

children, they completed three runs consisting of two repetitions to avoid fatigue. However, 

during pilot testing, three children completed three runs consisting of two repetitions each, 

and three adults completed two runs consisting of three repetitions each. A technical error 

led to one child completing all six repetitions of vowels within the same run. Despite these 

differences, the participants' data fell within the range of scores for their respective age 

groups. Furthermore, removing those data from statistical analyses did not change the 

results.

Within each block, stimuli were pseudo-randomly interleaved to minimize systematic 

confounding effects of order, fatigue, and practice across experimental conditions. A percent 

correct score was calculated for each experimental condition for both vowels and 

consonants. Feedback was not provided during the experimental runs and participants were 

not allowed to repeat presentations of any of the speech tokens. Participants were provided 

with ample breaks and refreshments as needed throughout testing.

CI listeners completed testing with the same sound-booth set-up, stimulus level (60 dB-A), 

and computer interface as the NH listeners. However, the CI users only listened to the 

speech stimuli in the unprocessed condition using their personal sound processors. To 

familiarize the participants with the testing procedure and the stimuli, each CI user 

completed at least one practice run prior to experimental testing. The cCI only completed 

vowel identification testing because they were participating in a larger study of spectral 

resolution in our lab, for which vowels were the speech stimuli of interest. Due to time 

constraints, we could not add a consonant identification task to the cCI test battery. The aCI 

completed both vowel and consonant identification testing. Bilateral CI listeners were tested 

with one implant at a time. For unilateral CI users, an earplug was placed in the non-

implanted ear to avoid possible contribution from any residual hearing.

E. Analyses

Statistical analyses were performed using IBM SPSS Statistics (IBM Corp., 2016). Data for 

the NH participants were analyzed using a repeated measures analysis-of-variance 

(ANOVA), with a 3 (filter slope) × 3 (channel) design for the adults and a 2 (filter slope) × 3 

(channel) design for the children. Because many aNH performed near ceiling and because 

the CI data were highly variable, percent correct scores were converted to rationalized 

arcsine units (RAUs) for statistical analyses to normalize the variance across groups and 

across conditions (Studebaker 1985). After converting to RAUs, the assumption of 

homogeneity of variance was still violated when comparing NH to CI data, so equal 

variances were not assumed for those analyses. Planned follow-up simple effects t-tests with 

Dunn-Sidak adjustments for multiple comparisons were implemented to assess differences 

in overall phoneme identification across conditions (adjusted α = 0.0057 for 9 comparisons 

and α = 0.0085 for 6 comparisons). Separate analyses were conducted for vowel and 

consonant identification measures for each age group. In cases where Mauchly's test of 

sphericity was significant, Greenhouse-Geisser adjusted F-tests are reported. Mean 
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performance (in percent correct) and standard deviations for all NH conditions are reported 

in Table 2. ANOVA results are reported in Table 3.

In addition to comparing average performance across conditions, phoneme confusions and 

the identification of consonant acoustic-phonetic features were assessed for cNH and adults. 

To perform these analyses, phoneme error patterns were compared across age groups using 

confusion matrices, sequential information analysis (SINFA; Wang and Bilger 1973) and 

perceptual distance (Zaar and Dau 2015). Together, these analyses provide a quantitative and 

qualitative comparison of the phoneme error patterns of children and adults.

Sequential information analysis (SINFA)—Identification of the consonant acoustic-

phonetic features of voicing, manner, and place of articulation was quantified for each 

experimental condition using SINFA (Wang and Bilger 1973). SINFA, which is based on the 

analyses described by Miller and Nicely (1955), uses participants' phoneme confusions to 

determine the percent of information transmitted for each phonetic feature. Because the 

contributions of each feature to overall consonant identification are not independent from 

one another (e.g., since all nasal consonants are voiced, there is redundancy of the voicing 

feature across all nasal phonemes), SINFA implements an iterative analysis procedure to 

eliminate this internal redundancy. For example, in the first iteration of SINFA, percent of 

information transmitted is quantified for the feature with the most perceptual importance for 

identification. Then, in the second iteration, the effect of that feature is held constant while 

the feature with the second-highest perceptual importance is identified and quantified, and 

so on, until the contributions of all specified features have been determined.

In the present study, three iterations of SINFA were performed, one for each of the three 

consonant features of voicing, manner, and place of articulation. Consonant feature 

transmission was quantified for each filter slope for the NH participants and the aCI. SINFA 

was not performed on vowel identification, as vowel features (F1, F2, duration) are not 

independent of each other, and thus SINFA results are much less accurate for vowel 

confusion patterns than for consonant confusions (DiNino et al. 2016). The consonant 

feature classification criteria were adapted from Xu et al. (2005) and Miller and Nicely 

(1955) and are outlined in Table 4.

Phoneme confusions—To assess whether children and adults make similar phonemic 

errors under spectrally-degraded listening conditions, phoneme confusion matrices were 

quantitatively compared across age groups using a perceptual distance analysis (e.g., Zaar 

and Dau 2015; DiNino et al. 2016). In this analysis, each cell of two confusion matrices is 

compared to determine the difference in confusion patterns across phonemes. Differences 

can range from 0% to 100%. A perceptual difference of 0% indicates that the responses to a 

presented token were the same between matrices. Conversely, a perceptual difference of 

100% means that the responses to a presented token were entirely different between 

matrices. To determine whether a difference between matrices is meaningful, the perceptual 

distance results are compared to a baseline value. Meaningful differences between matrices 

are defined as perceptual distance values that are higher than the baseline value. The 

baseline for this study was calculated as the perceptual distance between each subject's 

confusion matrices from the first three stimulus repetitions and the second three stimulus 
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repetitions in the 15-channel, 30 dB/octave filter slope condition. These values presumably 

represent listener uncertainty and this method has been used in other investigations that have 

employed the perceptual distance analysis (e.g., Zaar and Dau 2015; DiNino et al. 2016).

Results

A. Individual phoneme identification performance

Individual phoneme identification performance as a function of age is shown in Figures 1 

and 2. Figure 1 shows the relationship between phoneme identification and age for two 

conditions that have the same number of channels (15 channels), but different filter slopes 

(30 dB/octave versus 60 dB/octave). Alternatively, Figure 2 shows this relationship for two 

experimental conditions that have the same filter slope (30 dB/octave) but differ in the 

number of channels (8 channels versus 15 channels).

The statistical significance of the relationship between phoneme identification and age was 

assessed for the condition with 15 channels and a 30 dB/octave filter slope only, since 

individual phoneme identification performance across conditions was highly correlated. This 

experimental condition was chosen because it has been used as a control condition in 

previous investigations, allowing for across-study comparisons (Litvak et al. 2007b; DiNino 

et al. 2016). Age significantly predicted vowel identification (R2 = 0.50, F(1, 25) = 25.20, p< 

0.001) and consonant identification (R2 = 0.26, F(1, 24) = 8.32, p = 0.008) performance for 

cNH, but not for aNH (ps > 0.05). Specifically, phoneme identification performance of the 

cNH improved with age.

B. Assessing the interaction between number of channels and filter slope

The main effects of number of processing channels and filter slope on phoneme 

identification performance, and the interaction between those variables, were assessed for 

three age groups: younger cNH (age 8-12 years; N = 14, M = 10.34 years, SD = 1.50 years), 

older cNH (age 13-17 years; N = 13, M = 15.77 years, SD = 1.24 years), and aNH. The age 

cut-off between younger and older children was selected as the age where the largest 

difference in phoneme identification performance occurred (again, in the 15-channel, 30 dB/

octave filter slope condition). Specifically, performance for each pair of sequential years was 

averaged together and compared to the performance for the next pair of years. The largest 

difference in phoneme identification performance occurred between the 11-12-year-olds and 

the 13-14-year-olds, with differences of 11.4% (vowels) and 12.0% (consonants). On the 

other hand, the largest difference for any of the other comparisons was 6.4%. Please refer to 

Table 5 for the means and standard deviations in each condition for each age group and 

Table 6 for the ANOVA data. Tables 7 and 8 show the mean differences in overall phoneme 

identification scores between filter slopes for each number of channels, and between 

processing channel conditions within each filter slope, respectively.

Vowel identification performance

Adults with normal hearing: Average vowel identification performance in each condition 

for aNH is plotted in Figure 3A. For aNH, there were significant main effects of filter slope 

and number of channels on vowel identification performance, but the interaction between the 

Jahn et al. Page 10

Ear Hear. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two variables was not statistically significant (Table 6). The planned multiple comparisons 

(adjusted α = 0.0057) showed that vowel performance was significantly better with 12 

channels than with 8 channels for the 15 dB/octave and 30 dB/octave filter slopes (ps < 

0.0057). The difference between 8 and 12 channels in the 60 dB/octave filter slope condition 

was not significant after adjusting for multiple comparisons. Furthermore, regardless of filter 

slope, vowel recognition plateaued at 12 channels; that is, performance did not improve 

when the number of channels was increased from 12 to 15.

Additionally, significantly poorer vowel identification performance was observed in the 15 

dB/octave filter slope condition compared to 30 dB/octave, for 8, 12 and 15 channels (ps < 

0.0057). Performance plateaued in the 30 dB/octave filter slope condition; that is, across all 

numbers of channels tested, additional improvement in vowel identification performance 

was not observed when filter slope was further increased from 30 dB/octave to 60 dB/octave. 

While the aNH may have reached a performance ceiling at 12 channels in the 30 and 60 dB/

octave filter slope conditions, note that performance also plateaued at 12 channels in the 15 

dB/octave filter slope conditions, where scores were not at ceiling.

Comparison to adults with cochlear implants: Average vowel identification performance 

of the aCI (M = 80.67%, SD = 18.67) is plotted in Figure 3A alongside the aNH data. Vowel 

performance of the aCI was better than that of aNH listening in the 15 dB/octave filter slope 

conditions, and comparable to aNH performance in the 30 and 60 dB/octave filter slope 

conditions, irrespective of the number of vocoded processing channels (ps > 0.05). Figure 4 

shows individual vowel identification performance for the CI users. Note that vowel 

identification performance of the aCI is highly variable.

Children with normal hearing: Figure 3(B-C) plots average vowel identification 

performance for the older (Figure 3B) and younger (Figure 3C) cNH. For both age groups, 

there were significant main effects of filter slope and number of channels on vowel 

identification performance (Table 6). There was also a significant interaction between filter 

slope and number of channels for the older cNH, and this interaction approached 

significance for the younger cNH (p= 0.056). The interaction was ordinal in nature, 

suggesting that cNH's vowel identification performance depended on both the number of 

channels and the filter slope, and that the distinct effects of each of those factors was 

dependent upon the other.

Specifically, vowel identification performance of younger cNH did not improve as the 

number of channels was increased in the 30 dB/octave filter slope condition. However, when 

filter slope was steeper (60 dB/octave), vowel identification performance did improve when 

the number of channels increased from 8 to 15 (p< 0.0085), but not from 8 to 12. For older 

cNH, vowel performance was significantly better for 15 channels than for 8 channels (p 
<0.0085) in the 30 dB/octave filter slope condition, but there was no difference in vowel 

identification performance between 8 and 12 channels. When filter slope was steeper (60 

dB/octave), vowel identification of older cNH improved when the number of channels 

increased from 8 to 12 (p<0.0085), and did not change when the number of channels 

increased from 12 to 15. Like the adults, it is possible that the older cNH reached a 

performance ceiling in the 12-channel, 60 dB/octave filter slope condition; however, vowel 
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identification also plateaued at 12 channels in the 30 dB/octave filter slope condition even 

though performance was not at ceiling. Furthermore, both younger and older cNH showed 

better vowel identification performance in the steeper filter slope condition (60 dB/octave) 

compared to the shallower filter slope condition (30 dB/octave) for 12 and 15 channels (ps < 

0. 0.0085), but not for 8 channels.

Comparison to children with cochlear implants: Vowel identification performance of the 

cCI is shown in Figure 3B alongside the data of the age-matched older cNH. A paired t-test 

was used to compare vowel identification performance of the first-implanted ears to the 

performance of the second-implanted ears. Vowel identification performance of the first-

implanted ears (M = 85.60%, SD = 15.90) was significantly better than that of the second-

implanted ears (M = 70.10%, SD = 31.83), t(9) = 2.30, p = 0.047, d = 0.61. Additionally, the 

average age of implantation of the first-implanted ears (M = 2.23 years, SD = 1.13) was 

significantly earlier than that of the second-implanted ears (M = 8.14 years, SD = 3.70), t(9) 

= 6.23, p< 0.001, d = 2.46.

Furthermore, the first-implanted ears of the cCI performed similarly to age-matched cNH 

listening in the 12-channel, 60 dB/octave filter slope condition (p> 0.05). On the other hand, 

vowel identification performance of the second-implanted ears was most comparable to that 

of cNH listening in the 8-channel, 30 dB/octave filter slope condition (p> 0.05). Figure 4 

shows individual phoneme identification performance for the pediatric CI ears. Each cCI is 

represented by a unique symbol. Like the aCI, vowel identification performance of the cCI 

was highly variable. All but three cCI performed worse with the second-implanted ear 

compared to the first-implanted ear. Finally, vowel identification performance of the first-

implanted and second-implanted cCI ears was not significantly different than performance of 

the aCI (ps > 0.05).

Consonant identification performance

Participants with normal hearing: One child with NH (age 9.72 years) withdrew from the 

study prior to completing consonant recognition testing, yielding a sample size of N = 13 for 

the younger children for consonant analyses (mean age = 10.39 years). Figure 5(A-C) shows 

the consonant identification data for the NH participants. For consonant identification, there 

were significant main effects of filter slope for all age groups. There were also significant 

main effects of number of channels for adults and older children. The interaction between 

filter slope and number of channels was not significant for adults and younger children; 

however, this interaction was significant for older children (see Tables 5 and 6 for 

descriptive statistics and ANOVA results, respectively).

Follow-up comparisons showed that the pattern of consonant recognition performance 

across conditions was essentially the same for all age groups. Specifically, for all 

participants, consonant recognition improved for all numbers of channels when the filter 

slope was increased from 30 dB/octave to 60 dB/octave (ps < 0.001). For adults, consonant 

identification also improved for all numbers of channels when filter slope was increased 

from 15 dB/octave to 30 dB/octave (ps < 0.001). Additionally, consonant recognition did not 

improve as the number of channels increased from 8 to 12 or from 12 to 15 for any groups.
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Comparison to adults with cochlear implants: Individual consonant identification 

performance of the adult CI users is shown in Figure 4. Like vowel recognition, their 

consonant identification performance was highly variable. Figure 5A plots overall consonant 

performance for the adult CI users (M = 72.20%, SD = 21.01), which was comparable to 

aNH in the 15 dB/octave filter slope condition, irrespective of number of processing 

channels (ps > 0.05).

C. Sequential information analysis (SINFA)

Figure 6 and Table 9 show the results of the SINFA for the NH participants and the aCI. 

Because number of processing channels did not impact overall consonant identification, 

percent of information transmitted was collapsed across processing channels within each 

filter slope condition. The amount of information transmitted for the manner feature was 

high in all conditions and across all age groups, consistent with relatively good preservation 

of temporal envelope cues that are important for discriminating consonants on the basis of 

manner (Xu et al. 2005). For the place and voicing features, the amount of information 

transmitted increased as the filter slope increased for all age groups. Of the three features, 

transmission of place of articulation was most affected by the vocoder manipulations, 

especially for the cNH. Similarly, transmission of the place of articulation feature was 

poorest for aCI and was comparable to the aNH listening in the shallowest filter slope 

condition (15 dB/octave). However, transmission of the manner feature was not as high for 

the aCI as it was for the NH listeners.

D. Phoneme confusions

Phoneme confusions of the NH listeners were evaluated quantitatively via perceptual 

distance analysis (e.g., Zaar and Dau 2015). The within-subject baseline perceptual 

distances, represented by dashed lines in Figure 7, were 18.61% for vowels and 15.10% for 

consonants. Within each age group, perceptual distances across conditions did not exceed 

the baseline values, suggesting that phoneme errors were not affected by the number of 

channels or the filter slope. Because of this, between-group comparisons were made in the 

condition with 15-channels and a 30 dB/octave filter slope (Figure 7). Again, this condition 

was selected to allow for across-study comparisons. For each age group comparison, the 

perceptual distance was less than the baseline perceptual distance. This suggests that the 

overall phoneme confusion patterns of the children and adults were quantitatively similar.

To qualitatively assess phoneme error patterns for one condition, confusion matrices for the 

15-channel, 30 dB/octave filter slope condition are presented in Figures 8 (vowels) and 9 

(consonants). In each figure, the ordinate shows the phoneme that was presented, and the 

abscissa shows the phoneme was perceived by the listener. Cells with darker shading 

received a higher percentage of responses than cells with lighter shading. Shading along the 

diagonal indicates correct responses, whereas off-diagonal shading represents incorrect 

responses. In Figure 8, adjacent vowels have similar second formant frequencies, while 

vowels on opposite ends of the matrix have similar first formant frequencies. Listeners made 

the most identification errors for the vowels /eɪ/, /Λ/, and /ʊ/ (i.e., the speech tokens 

HAYED, HUD and HOOD, respectively). Specifically, the vowel /eɪ/ was often confused 

with /i/ and /I/, whereas /Λ/ and /ʊ/ were often confused with each other.
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In Figure 9, consonants are ordered by manner of articulation. Consonant confusions tended 

to cluster around the diagonal, indicating that confusions occurred between tokens that were 

most similar in manner. Listeners made the most confusions for the consonants /p/, /b/, /

k/, /g/, and /θ/ (i.e., the speech tokens APA, ABA, AKA, AGA, and ATHA, respectively). 

Specifically, /p/ and /k/ were often confused with /t/, /b/ was often confused with /p/, /g/ was 

often confused with /d/, and /θ/ was often confused with /v/. Although phoneme confusion 

patterns were similar across age groups, children made more errors overall than adults.

E. Test-retest comparisons

Finally, test-retest data were analyzed to assess the possible contribution of learning or 

fatigue effects to overall vocoder performance. The difference between performance on the 

first three and second three repetitions of the stimuli, in percent correct, was calculated. 

Overall, there was a slight improvement in phoneme identification performance over time 

for the NH participants. For vowels, the average difference between the first and second 

repetitions was 4.31% (SD = 5.69) for the younger cNH, 5.95% (SD = 3.51) for the older 

cNH, and 4.98% (SD = 3.91) for the aNH. For consonants, the average difference between 

the first and second repetitions was 1.90% (SD = 5.87) for the younger cNH, 2.53% (SD = 

4.22) for the older cNH, and 2.92% (SD = 2.15) for the aNH. One-way ANOVAs revealed 

that there was no difference in test-retest performance between age groups for either vowel 

identification (F(2, 36) = 0.45, p = 0.642) or consonant identification (F(2, 35) = 0.17, p = 

0.844).

Discussion

In this study, the effects of changing the noise-band vocoder filter slopes and the number of 

processing channels on vowel and consonant identification performance of school-aged 

children and adults with NH were assessed. The vocoder parameters were designed to 

simulate different degrees of CI channel interaction (i.e., filter slopes) and spectral resolution 

(i.e., number of processing channels). Phoneme identification performance was compared 

across degraded conditions within each age group to examine the interaction between filter 

slopes and number of processing channels. Phoneme confusion analyses were also 

conducted to assess whether cNH make the same phonemic errors as aNH under spectrally-

degraded listening conditions. Finally, phoneme identification performance of the NH 

listeners was compared to that of children and adults with CIs.

Interaction between Filter Slope and Number of Channels

As expected, phoneme identification scores improved with age for the cNH, consistent with 

prior studies of spectrally-degraded speech perception in cNH (e.g., Dorman et al. 2000; 

Eisenberg et al. 2000, 2002; Roman et al. 2017). Further, as predicted, cNH were more 

sensitive to increases in filter slope than aNH for vowel identification performance. 

Although all NH listeners benefitted from increasing filter slope to some extent, the vowel 

identification scores of cNH continued to improve beyond the filter slope where adult 

performance reached ceiling (30 dB/octave). Of note, this occurred for both the younger 

cNH and the older cNH, suggesting that this difference between children and adults persists 

through late adolescence. While it cannot be concluded that the children received more 
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vowel identification benefit from increasing filter slopes than adults, they did experience a 

larger improvement in performance when filter slope increased. So, cNH's vowel 

identification performance can continue to benefit from reductions in simulated channel 

interaction even when adults have reached a performance plateau or ceiling.

A second major hypothesis was that there would be an interaction between number of 

processing channels and filter slopes on phoneme identification performance. This 

hypothesis was confirmed for the vowel identification performance of cNH, but not for aNH. 

Specifically, the effect of vocoder filter slope on children's vowel identification was 

mediated by the number of available processing channels. While children received vowel 

identification benefit from steeper filter slopes, this only occurred when the number of 

processing channels was relatively high (12-15 channels); conversely, children tended to 

benefit from more processing channels when filter slope was relatively steep (60 dB/octave), 

but not when the filter slope was shallow (30 dB/octave). These findings suggest that 

children may not be able to take full advantage of reduced spectral smearing unless there is 

both a high number of processing channels and a small amount of spectral overlap between 

adjacent channels. On the other hand, aNH were able to take advantage of additional 

processing channels (up to 12) for vowel identification even when simulated channel 

interaction was relatively high (i.e., shallow filter slopes).

Although previous work by Bingabr and colleagues (2008) showed an interaction between 

the number of processing channels and filter slope on the speech perception performance of 

aNH, they included a condition with fewer processing channels (4 channels) and a much 

steeper filter slope (110 dB/octave) than was used in the current study. Thus, an interaction 

between the variables may have emerged for the adults in the present investigation if we 

were able to include more experimental conditions. Considering the findings of Bingabr et 

al. (2008), our results suggest that the interaction between number of processing channels 

and filter slope might emerge for cNH under different conditions than what is expected for 

aNH.

Furthermore, vowel identification for adults improved from 8 to 12 channels regardless of 

the filter slope. This plateau in vowel identification performance at 12 channels for aNH is 

consistent with prior evidence from adult vocoder studies (Xu et al. 2005; Nie et al. 2006). 

The present study further demonstrates that adults' ability to use additional processing 

channels for vowel identification is unaffected by the degree of simulated channel 

interaction for the filter slopes assessed here. The interaction observed in this study for cNH 

shows that children's vowel identification performance may similarly plateau around 12 

channels, but only when vocoder filter slopes are relatively steep.

In contrast to vowel identification, the effects of number of processing channels and filter 

slope on consonant identification performance were similar for all three age groups. All NH 

listeners demonstrated improvement in consonant identification performance as filter slope 

increased, and the number of processing channels (beyond 8) did not significantly affect 

consonant identification scores. This observation is consistent with many prior studies on 

adult consonant identification performance under spectrally degraded conditions, showing a 
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plateau in consonant scores around 7-8 channels (Shannon et al. 1995; Dorman et al. 1997; 

Dorman and Loizou, 1997; Fishman et al. 1997; Friesen et al. 2001; Nie et al. 2006).

However, in the present study, aNH and older cNH showed a non-significant trend for scores 

to improve with increasing numbers of processing channels in the steepest filter slope 

condition (60 dB/octave). Further, there was a significant interaction between number of 

processing channels and filter slope for the consonant identification scores of older cNH, 

though this interaction was not significant for any other group. Because consonant 

identification tends to plateau around 8 channels, it is possible that an interaction between 

number of processing channels and filter slope may have emerged for all NH listeners if we 

included an experimental condition with fewer than 8 processing channels. Regardless, the 

present study demonstrates that spectrally degraded consonant identification performance of 

school-aged cNH plateaus before or at 8 spectral channels, though scores may slightly 

improve with additional channels if the filter slope is relatively steep.

Of note, we did not attempt to directly compare consonant and vowel identification 

performance to each other; rather, we have assessed how the experimental parameters 

independently influenced performance within each set of phonemes. Evidently, for the 

parameters assessed in this study, differences between cNH and aNH are more pronounced 

for vowel identification than for consonant identification. These differences are not 

surprising, as consonant identification was expected to be more robust overall to spectral 

degradation than vowels, and prior studies with adults show that consonant identification 

performance plateaus with fewer spectral channels than vowel identification (e.g., Xu et al. 

2005; DiNino et al. 2016). However, another important consideration is that the speaker and 

the gender of the speakers differed for the vowel (female) and consonant (male) stimuli in 

this study. It is well-established that female and male speakers differ in vocal fold size and 

length, which influence the fundamental frequency and the formant frequencies, respectively 

(e.g., Peterson and Barney 1952; Klatt and Klatt 1990; Hillenbrand et al. 1995; Hillenbrand 

et al. 2009). Consequently, speech perception performance for NH and CI listeners depends 

on the speaker and his or her gender (e.g., Fu et al. 2004; Schvartz and Chatterjee 2012; 

Meister et al. 2016; DiNino et al. 2016). Thus, direct comparisons between the vowel and 

consonant stimuli in this study were inappropriate and were not performed.

Overall, the present data show that spectrally degraded phoneme identification and the 

ability to optimally use additional spectral information is immature through late 

adolescence. Previously, Eisenberg and colleagues (2000) found that spectrally degraded 

recognition of pediatric words and sentences, with vocabulary appropriate for 3-5-year-olds, 

was mature by 12 years of age. The results of the present study extend upon those findings 

to show that recognition of spectrally-degraded phonemes, which rely heavily on intact 

spectral information and less on top-down lexico-semantic processes, might mature later 

than the speech tasks used in Eisenberg et al. (2000). Indeed, our data are consistent with 

previous evidence suggesting that phoneme recognition in challenging listening 

environments such as noise and reverberation continues to mature through at least age 15 

years (Neuman and Hochberg 1983; Johnson 2000; Talarico et al. 2007). Furthermore, 

difficult listening tasks such as voice emotion (Chatterjee et al. 2015) and emotional prosody 

recognition (Tinnemore et al. 2018) continue to mature through age 17-19 years in cNH 
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when the signal is vocoded. Importantly, the present data also show that reducing spectral 

smearing can improve the phoneme identification of children, who may be at a 

developmental disadvantage when the spectral resolution of the signal is poor.

The present findings are also consistent with the literature showing that temporal resolution 

(e.g., Hall and Grose 1994; Stuart 2005; Hall et al. 2012; Buss et al. 2014; Buss et al. 2017) 

and spectral resolution (e.g., Allen and Wightman 1992; Peter et al. 2014; Rayes et al. 2014; 

Kirby et al. 2015; Landsberger et al. 2017; Horn et al. 2017a, b) are poorer for younger 

children and mature gradually into adolescence. Although temporal cues are preserved in the 

vocoder simulations, it is possible that younger children may not be able to take advantage 

of these cues to the same extent as older children and adults. A combination of immature 

spectral and temporal resolution would unsurprisingly limit spectrally degraded phoneme 

recognition relative to adults and could lead to greater improvements in performance when 

more spectral information is introduced. Indeed, this was observed in the present study.

Furthermore, the perception of spectrally degraded speech reflects contributions of 

peripheral and central auditory processes, as well as executive functioning. In cNH, the 

auditory cortex (e.g., Ponton et al. 2000; Moore 2002; Moore and Linthicum 2007) and 

auditory selective attention (e.g., Doyle 1973; Gomes et al. 2000; Werner and Boike 2001) 

continue to develop through late adolescence. Young children's non-sensory executive 

functioning may also be limited by immature short-term memory capacity, the use of less 

effective listening strategies, reduced motivation, and/or higher internal noise levels relative 

to adults (e.g., Olsho 1985; Schneider et al. 1989; Allen and Wightman 1994; Gomes et al. 

2000; Buss et al. 2006; Buss et al. 2009; Buss et al. 2012). These higher-order executive 

processes are likely mediated by development of the pre-frontal cortex, which extends into 

early adulthood (e.g., Gomes et al. 2000). Each of these higher-order processes may 

influence development of spectrally degraded speech perception abilities.

In fact, a recent investigation by Roman and colleagues (2017) showed that measures of 

auditory attention and short-term memory were significantly correlated with cNH's ability to 

recognize vocoded words and sentences. Specifically, children who had better speech 

perception scores also had better auditory attention skills and short-term memory capacities 

than children with poorer speech perception scores. Thus, because acoustic-phonetic 

information is distorted by vocoder processing, a cNH must rely on non-sensory 

neurocognitive processes to accurately identify spectrally degraded speech. Thus, in this 

study, higher-order auditory and executive function may have been immature in the children 

relative to the adults, leading to greater cognitive demands of spectrally degraded phoneme 

identification for the cNH. Accordingly, future investigations may wish to explore the 

relation of non-sensory factors such as listening effort or reaction time to vocoded speech 

perception in cNH.

Similar Phoneme Confusions for Children and Adults with Normal Hearing

A secondary aim of the present study was to assess the phoneme confusion patterns of cNH 

compared to aNH under spectrally degraded listening conditions. As expected, phoneme 

error patterns were similar across age groups, even if overall accuracy differed. For example, 

listeners made the most identification errors for the lax vowels /eɪ/, /Λ/, and /ʊ/. In 
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perceptual vowel space, lax vowels have many acoustic neighbors with similar formant 

frequencies. This suggests that, when frequency information is degraded, lax vowels have a 

larger number of confusable pairs than tense vowels. Accordingly, NH listeners made very 

few errors for tense vowels such as /i/, /a/, and /u/. The finding that lax vowels were more 

prone to errors under spectrally degraded listening conditions than tense vowels is consistent 

with previous adult vocoder studies (DiNino et al. 2016).

Furthermore, as predicted, NH listeners most often confused consonants that differed by 

place of articulation. For example, /p/, /k/, /t/ were often confused with each other, as 

were /g/ and /d/. It was uncommon for listeners to confuse vocoded consonants with 

different manners of articulation, consistent with robust encoding of the temporal envelope 

with vocoder processing (e.g., Shannon et al. 1995). Further, it is well-established that 

identification of consonant place of articulation relies on robust spectral information, 

whereas voicing and manner are more dependent upon temporal cues (e.g., Shannon et al. 

1995; Xu et al. 2005; Nie et al. 2006; DiNino et al. 2016).

Consonant confusions were consistent with the results of the SINFA analysis, which 

quantified the amount of feature information transmitted for place of articulation, voicing, 

and manner. That is, transmission of place of articulation was most impacted by the vocoder 

manipulations and drove overall consonant performance. Manner information was relatively 

robust to spectral degradation, whereas voicing fell in between. Additionally, transmission of 

place of articulation improved as the vocoder filter slope increased, consistent with a 

reduction in spectral smearing and enhanced transmission of spectral information. This 

finding is consistent with prior adult vocoder studies (e.g., Shannon et al. 1995; Xu et al. 

2005; DiNino et al. 2016), and with Johnson (2000), who showed that place of articulation 

was the feature most impacted by noise and reverberation for cNH. Thus, we show that, even 

though spectral degradation reduces phoneme identification scores of cNH more than those 

of aNH, they make the same types of phoneme confusions when the signal is distorted. 

These findings support the previous argument that protracted maturation of cognitive 

processes such as auditory attention and short-term memory may impact children's overall 

performance. Because NH listeners made similar errors, but the children made more errors 

overall, it is possible that listening to the spectrally-degraded stimuli was more cognitively 

demanding for the children compared to the adults.

Clinical Implications and Comparison to Cochlear Implant Users

If spectrally degraded phoneme identification and non-sensory cognitive factors continue to 

mature through the late teenage years in cNH, it is reasonable to expect delayed maturation 

of these abilities in children with congenital hearing loss. On top of this, spectrally degraded 

input from a CI may further hinder development of these sensory and non-sensory abilities. 

In this study, we compared phoneme identification performance of a small group of CI users 

to our NH data. This preliminary data suggested that phoneme identification performance of 

the second-implanted cCI ears was comparable to cNH in conditions with relatively shallow 

filter slopes, representing high simulated channel interaction. On the other hand, 

performance of the first-implanted cCI ears was comparable to cNH listening in conditions 

with steeper filter slopes (less simulated channel interaction). This finding suggests that 
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early access to CI stimulation may facilitate development of better spectral resolution 

abilities in children. Though beyond the scope of the present investigation, a subsequent 

study from our laboratory will further analyze the relationship between demographic 

variables and several measures of spectral resolution in cCI.

For aCI, vowel identification performance was like that of aNH listening in conditions with 

relatively steep filter slopes. On the other hand, consonant identification performance of the 

aCI was comparable to aNH in conditions with very shallow filter slopes (15 dB/octave), 

representing a high degree of simulated channel interaction. Because the aCI were older than 

the aNH (mean age = 61.53 years), it is possible that age-related deficits in temporal 

processing led to an inability to capitalize on available temporal cues for consonant 

identification (for review, see Walton 2010). In fact, the SINFA analysis revealed that the 

percent of information transmitted for manner was much lower for aCI than for aNH, 

corroborating the idea that the aCI were unable to resolve the relatively robust temporal cues 

for manner.

Overall, this preliminary comparison to CI listeners suggests that CI channel interaction may 

play a role in speech perception outcomes, especially for late-implanted cCI. Data from the 

NH listeners suggest that, unless simulated channel interaction is low, children may not be 

able to take advantage of the number of channels provided by the implant, and this finding 

persists through the teenage years. If cNH require a larger reduction in simulated channel 

interaction in conjunction with a high number of processing channels to achieve asymptotic 

phoneme identification performance throughout adolescence, a child relying full-time on 

degraded input from a CI may be expected to have a similar, if not greater, need for reduced 

spectral smearing.

Thus, the evidence presented here has important implications for programming CIs in the 

pediatric population. Children who are congenitally deafened must rely upon the degraded 

input from a CI to develop spoken language. It is therefore essential to design programming 

strategies that are tailored to the unique needs of congenitally deafened children to facilitate 

the development of age-appropriate oral language skills. For example, modern CI processing 

strategies use a spatially broad monopolar (MP) electrode configuration, which results in 

substantial overlap of electrical stimulation between adjacent channels (Jolly et al. 1996; 

Kral et al. 1998). This presumably leads to a large amount of channel interaction, and it is 

possible that this is not the optimal stimulation mode for pediatric CI listeners. Instead, a 

more spatially-focused electrode configuration such as partial tripolar (Litvak et al. 2007a) 

might enable cCI to use spectral information from more of their available processing 

channels. Although speech perception outcomes of aCI with spatially-focused programming 

strategies are mixed (e.g., Berenstein et al. 2008; Srinivasan et al. 2013; Bierer and Litvak 

2016), our findings suggest that these results may not be generalizable to children. Thus, it 

may be worth exploring the speech perception outcomes of cCI using current focusing in an 

attempt to limit channel interaction and improve spectral resolution.
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Conclusions

Overall, the present results are consistent with prior evidence showing that spectrally 

degraded speech perception improves with age for cNH. We also present evidence that 

phoneme identification of cNH can improve when the degree of simulated channel 

interaction is reduced, and that improvement is observed beyond the level at which adult 

performance plateaus or reaches ceiling (vowel identification). Furthermore, the ability of 

cNH to achieve vowel identification benefit from reduced simulated channel interaction 

depends on the number of available processing channels, whereas this interaction is not 

observed in aNH. Even when overall identification levels are poorer, children make similar 

phonemic confusions to adults for both consonants and vowels under spectrally degraded 

listening conditions. Comparison to CI listeners suggests that channel interaction may play a 

role in the speech perception performance of some children and adults with CIs. These 

findings highlight the importance of investigating methods to reduce spectral smearing for 

CI listeners, and especially for children.
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Abbreviations/Acronyms

cNH children with normal hearing

aNH adults with normal hearing

cCI children withcochlear implants

aCI adults with cochlear implants

RAUs rationalized arcsine units

ANOVA analysis of variance

SINFA sequential information analysis
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Figure 1. 
Phoneme identification scores (in percent correct) as a function of chronological age and 

filter slope for children with normal hearing. Average scores for adults with normal hearing 

are also presented. A) Vowel identification scores. B) Consonant identification scores. In 

each panel, scores are shown for two experimental conditions that have the same number of 

processing channels (15 channels), but different filter slopes (30 dB/octave and 60 dB/

octave). For the adult data, error bars represent ± 1 standard deviation.
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Figure 2. 
Phoneme identification scores (in percent correct) as a function of chronological age and 

number of processing channels for children with normal hearing. Average scores for adults 

with normal hearing are also presented. (A) Vowel identification scores. (B) Consonant 

identification scores. In each panel, scores are shown for two experimental conditions that 

have the same filter slope (30 dB/octave), but different number of processing channels (8 

channels and 15 channels). For the adult data, error bars represent ± 1 standard deviation.
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Figure 3. 
Vowel identification scores (in percent correct) across all filter slope and processing channel 

conditions for (A)Adults with normal hearing (NH) and adults with cochlear implants (CIs), 

(B)Children with NH and children with CIs age 13-17 years, and (C) Children with NH age 

8-12 years. Error bars represent ±1 standard error of the mean.
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Figure 4. 
Phoneme identification scores (in percent correct) for individual children and adults with 

cochlear implants (CIs). Data from each pediatric CI user is presented with a unique symbol 

for comparison between ears within an individual.
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Figure 5. 
Consonant identification scores (in percent correct) across all filter slope and processing 

channel conditions (A) Adults with normal hearing (NH) and adults with cochlear implants 

(CIs), (B) Children with NH and children with CIs age 13-17 years, and (C) Children with 

NH age 8-12 years. Error bars represent ±1 standard error of the mean.
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Figure 6. 
Results of the sequential information analysis (SINFA), showing consonant acoustic-

phonetic feature transmission (in percent) for all filter slope conditions, collapsed across 

processing channels for (A) place of articulation, (B) voicing, and (C) manner of 

articulation. Data for each normal hearing age group and the adults with cochlear implants 

are shown.
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Figure 7. 
Perceptual distance (in percent) between the vowel and consonant confusion matrices in the 

15-channel, 30 dB/octave filter slope condition. Comparisons are made between each normal 

hearing age group. Dashed lines indicate the baseline (within-subject) perceptual distances.
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Figure 8. 
Vowel confusion matrix for the 15-channel, 30 dB/octave filter slope condition for younger 

children with normal hearing (NH), older children with NH, and adults with NH. Percent 

response for each cell is indicated via a color gradient, with black representing 100% 

responses and white representing 0% responses. Adjacent vowels have similar formant 

frequencies and vowels on opposite ends of the matrix have similar first formant 

frequencies.
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Figure 9. 
Consonant confusion matrix for the 15-channel, 30 dB/octave filter slope condition for 

younger children with normal hearing (NH), older children with NH, and adults with NH. 

Percent response for each cell is indicated via a color gradient, with black representing 

100% responses and white representing 0% responses. Consonants are ordered by manner of 

articulation.
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