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Abstract

Objectives—Formant Rise Time (FRT) and Amplitude Rise Time (ART) are acoustic cues
that inform phonetic identity. FRT represents the rate of transition of the formant(s) to a steady
state, while ART represents the rate at which the sound reaches its peak amplitude. Normal
hearing (NH) native English speakers weight FRT more than ART during the perceptual labeling
of the /ba/-/wa/ contrast. This weighting strategy is reflected neurophysiologically in the
magnitude of the mismatch negativity (MMN) — MMN is larger during the FRT than the ART
distinction. The present study examined the neurophysiological basis of acoustic cue weighting in
adult cochlear implant (CI) listeners using the MMN design. It was hypothesized that individuals
with Cls who weight ART more in behavioral labeling (ART-users) would show larger MMNs
during the ART than the FRT contrast, and the opposite would be seen for FRT-users.

Design—Electroencephalography (EEG) was recorded while twenty adults with Cls listened
passively to combinations of three synthetic speech stimuli: a /ba/ with /ba/-like FRT and ART; a /
wa/ with /wa/-like FRT and ART; and a /ba/" stimulus with /ba/-like FRT and /wa/-like ART.
The MMN response was elicited during the FRT contrast by having participants passively listen to
a train of /wa/ stimuli interrupted occasionally by /ba/"@ stimuli, and vice versa. For the ART
contrast, the same procedure was implemented using the /ba/ and /ba/"e stimuli.

Results—Both ART- and FRT-users with Cls elicited MMNs that were equal in magnitudes
during FRT and ART contrasts, with the exception that FRT-users exhibited MMNs for ART and
FRT contrasts that were temporally segregated. That is, their MMNs occurred significantly earlier
during the ART contrast (~100 ms following sound onset) than during the FRT contrast (~200ms).
In contrast, the MMNSs for ART-users of both contrasts occurred later and were not significantly
separable in time (~230 ms). Interestingly, this temporal segregation observed in FRT-users is
consistent with the MMN behavior in NH listeners.

Conclusions—Results suggest that listeners with Cls who learn to classify phonemes based
on formant dynamics, consistent with NH listeners, develop a strategy similar to NH listeners, in
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which the organization of the amplitude and spectral representations of phonemes in auditory
memory are temporally segregated.
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Introduction

During speech recognition, a listener’s brain organizes representations of spectral and
temporal “cues” into a phonetic code and, ultimately, into a speech percept. Listeners with
normal hearing (NH) rely on, or assign different weights to, distinct acoustic cues to classify
phonemes (Bailey & Summerfield, 1980; Best et al., 1981). Generally, NH adults of the
same primary language assign similar weights to a given acoustic cue during phonetic
judgments (Nittrouer & Miller, 1997; Ohde & Haley, 1997). This holds true even if cues are
equally discriminable (Holt & Lotto, 2006), most likely because those strategies support the
most efficient and accurate speech recognition in that language (Best, 1994; Jusczyk et al.,
1995; Nittrouer, 2005).

Previous studies have used simple acoustic manipulations, such as the /ba/-/wa/ consonant-
vowel (CV) contrast, to assess acoustic cue-weighting strategies. The onset and steady-state
formant frequencies are similar for /ba/ and /wa/, but both the time it takes to reach steady-
state values, the Formant Rise Time (FRT), and the time required to reach peak amplitude,
the Amplitude Rise Time (ART), differ for /ba/ and /wa/. Both FRT and ART are short for /
ba/ and longer for /wa/. This contrast could theoretically be perceived by weighting of
either the spectral cue (FRT) or the temporal cue (ART). However, NH native English
listeners predominately weight the FRT, compared to the ART, in labeling these CVs
(Nittrouer & Studdert-Kennedy, 1986; Nittrouer et al., 2012; Walsh & Diehl, 1991).
Interestingly, this perceptual effect was found to be reflected in the dynamics of the
mismatch negativity (MMN) (Moberly et al., 2014a). The MMN reflects a pre-attentive
auditory-evoked potential (AEP) that occurs 100-300 ms following sound onset and is
characterized by a fronto-central negativity elicited during any acoustically discriminable
“deviant” sound within a regular stream of “standard” stimuli (N&aténen, 2001; N&aténen et
al., 2007; Picton et al., 2000). The MMN is thought to represent the brain’s response to a
mismatch of a stimulus representation to a trace in short- or long-term auditory memory
(Naaténen et al., 2011; Pulvemller & Shtyrov, 2006). In the Moberly et al. (2014a) study,
the following stimuli were used: a /ba/ CV with /ba/-like FRT and ART; a /wa/ CV with /
wa/-like FRT and ART; and a /ba/"@ CV with /ba/-like FRT and /wa/-like ART. The MMN
response was found to represent the superposition of two components. The earlier
component (200-250 ms) reflected acoustic change detection while the later one (250-300
ms) represented the encoding of the more dominantly weighted cue. Specifically, the later
portion of the MMN was larger during the FRT (/ba/"@ versus /wa/, with constant ART but
different FRT) than ART (/ba/™ versus /ba/, with constant FRT but different ART) contrast.
Moberly et al. (2014a) concluded that the greater MMN elicited during the FRT contrast
reflected the weighting strategy or perceptual organization of these cues in auditory memory,
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such that the FRT representation is weighted more favorably (pushed to the foreground in
auditory memory) over the ART representation (pushed to the background).

Building on these neurophysiological results, this study sought to understand the
neurophysiological bases of acoustic cue weighting in listeners with cochlear implants (CIs).
In contrast to NH listeners, examining the MMN in CI users can be challenging for technical
and perceptual reasons. First, the signal from the CI contaminates the EEG signal, and
teasing the brain and ClI signals apart can be difficult. Second, substantial variability in
speech recognition remains among Cl users (Kiefer et al.,1998; Peterson et al., 2010; Shipp
& Nedzelski, 1995). As such, it cannot be assumed that all CI subjects are equally sensitive
(or have equal discriminative abilities) to the FRT and ART contrasts when speech is
delivered through their implants. A lack of MMN response could therefore simply be a
result of poor auditory discrimination of the tested contrast, which would limit encoding of
that cue in auditory memory (i.e., leading to weaker cue weighting). This concern was
addressed in a study by Moberly et al. (2014b), which examined discrimination abilities of
Cl users to non-speech synthetic FRT and ART contrasts and related these findings to cue-
weighting strategies. Wide variability was seen in cue-weighting strategies among the Cl
users (Figure 1, adapted from Moberly et al., 2014b), but the group as a whole showed equal
weighting of the two cues in the /ba/ and /wa/ labeling contrast. However, there were
several CI listeners who weighted FRT more than ART and others who favored ART more
than FRT in categorizing /ba/ and /wa/. These findings would suggest that participants, on
average, had relatively similar sensitivity to the spectral and temporal cues. This is
inconsistent with the premise that because the Cls deliver the temporal envelope (Friesen et
al., 2001) to a greater extent than the spectral structure (Wilson & Dorman, 2008), then their
perceptual reliance on ART should necessarily be dominant.

The authors are not aware of studies that used the MMN to examine amplitude and formant
cue weighting in CI listeners. However, using other designs, the MMN response has been
found with general success for individuals with Cls who exhibit relatively good speech
perception (Kraus et al., 1993; Ponton et al., 2000; Roman et al., 2005; Zhang et al., 2011).
Importantly, MMN responses have been observed for individuals with Cls listening to both
duration and frequency contrasts (Ponton & Don, 1995). In this study, the same synthetic
versions of the /ba/-/wa/ contrast documented in the study by Moberly et al. (2014a) were
used to elucidate the relationship between MMN and weighting strategies in CI users for
ART and FRT. Because the adults with Cls tested in the Moberly et al. (2014b) study
showed variable weighting strategies, with some relying on the spectral cue more than the
temporal cue, and vice versa, it was hypothesized that the group who weighted FRT more
heavily than ART (the “FRT group”) would show a larger MMN response for the FRT
contrast. Likewise, the group who weighted ART more heavily than FRT (the “ART group”)
would show larger MMN for the ART cue.

Materials and methods

Subjects

Subjects were tested at The Auditory Neuroscience Lab, Eye and Ear Institute, The Ohio
State University Wexner Medical Center. Informed written consent was obtained from all
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subjects in accordance with the ethical guidelines of the Institutional Review Board of The
Ohio State University. Subjects were recruited from a clinical pool of the Department of
Otolaryngology at The Ohio State University Wexner Medical Center, and they were paid
for their participation.

Participants were twenty adult, native English listeners with Cls who had severe-to-profound
sensorineural hearing loss and qualified for implantation after age 9 years and, thus, were
post-lingualy deafened. They were the same subjects who participated in the previous
labeling and discrimination behavioral study examining cue weighting and salience for the /
ba/-/wa/ contrast for adults with Cls (Moberly et al., 2014b). In data analysis for the current
study, participants were divided into two groups, the FRT-users and the ART-users, based on
the results of /ba/-/wa/ contrast labeling in the Moberly et al., 2014b, study. Those whose
computed weighting factor (a measure of the perceptual weight assigned to each cue, based
on logistic regression of responses during the labeling tasks) was larger for the FRT cue than
the ART cue (V= 9) were included in the “FRT-user” group. The “ART-user” group
consisted of those participants whose weighting factor was larger for ART than for FRT (N
=11) (Table 1). All subjects were right handed (Edinburgh Handedness Inventory) and
between the ages of 18 and 62. All had Cl-aided thresholds measured by audiologists within
one year prior to testing. Four (out of eleven) of the ART-users were implanted in the right
ear and six (out of nine) of the FRT-users were implanted in the right ear. Mean Cl-aided
pure-tone thresholds for the frequencies of 0.25 to 4 kHz were better than 35 dB hearing
level for all subjects. Five subjects had bilateral implants (4 in FRT-users group and 1 in
ART-users group), five typically used a hearing aid on the contralateral ear (3 in FRT-users
group and 2 in ART-users group), and ten did not use additional amplification. Audiometric
testing was performed on non-implanted and implanted ears using a Welch Allyn TM262
audiometer using TDH-39 headphones to measure residual hearing. This was done to
determine whether either ear needed to be plugged during screening and testing. None of the
participants had pure-tone average (PTA) thresholds for the frequencies of 0.5, 1, and 2 kHz
in either ear better than 68 dB HL. Therefore, ear plugging was not necessary during
screening and testing, which were performed at around 68 dB sound pressure level.

For subjects with two Cls, only the first-implanted CI was used during testing. Nineteen
subjects used Cochlear Nucleus devices, stimulated using monopolar stimulation, and using
the ACE coding strategy. One subject used an Advanced Bionics device with the Harmony
strategy. Eleven subjects performed testing using Cls on their right ears, and nine subjects
used Cls on their left ears. Before testing, participants completed questionnaires regarding
hearing history. Demographics for the subjects are shown in Table 2.

Three synthetic versions of /ba/ and /wa/ from Nittrouer et al. (2013) were used (Figure 2,
reprinted from Moberly et al., 2014a): 1) a synthetic /ba/ stimulus with a /ba/-like FRT (30
ms) and ART (10 ms) (termed the /ba/); 2) a /wa/-like FRT (110 ms) and ART (70 ms)
(termed the /wa/); and 3) a /ba/-like FRT (30 ms) and a /wa/-like ART (70 ms) (termed the /
ba/"8). For natural speech, fundamental frequency can differ between /ba/ and /wa/
contexts, and this could serve as a confounding cue. By using synthetic stimuli, fundamental
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frequency was held constant. Thus, these stimuli allow examination of MMN responses to
spectral and temporal changes. Stimuli were created with a Klatt synthesizer (Sensyn), with
sampling rate of 10 kHz. The token durations were 370 ms, with fundamental frequency
constant at 100 Hz. The first two formant starting and steady-state frequencies were the
same for all stimuli, but the time to reach steady-state frequencies varied. F1 started at 450
Hz and rose to 760 Hz at steady state. F2 started at 800 Hz and rose to 1150 Hz. F3 was
constant at 2400 Hz. More details about the creation of stimuli are found in Nittrouer et al.
(2013).

We should note that all three sounds are distinguishable from one another. The /ba/ and /
ba/Ve are clearly distinguishable from /wa/ due to differences in their formant transitions.
However, /ba/ and /ba/™2 are also distinguishable from one another. /ba/™2 is slightly softer
than /ba/. However, as previously reported, NH listeners rely mainly on formant dynamics to
classify these CVs. If the question were related to amplitude or intensity sensitivity as
opposed to classification, one may expect different results.

Procedures

Subjects underwent EEG testing while listening to a passive oddball auditory task. A series
of “standard” stimuli were presented and interrupted by occasional “deviant” stimuli.
Standard and deviant stimuli were pseudo-randomly presented with Presentation software
(Neurobehavioral systems, Albany, CA). Stimuli were delivered using free-field stimulation
with two Tannoy Precision 8D (TANNOY, Scotland, UK) speakers 1.5 meters from the
participant at 45 degrees off center. Loudness was calibrated at 68 dB at subject distance but
was then adjusted (< £ 5 dB) to the participants” level of comfort and kept constant across
the experiment. Continuous EEG data were recorded with a 64-channel cap (10-20 system,
Ag-AgCl electrodes, 512 A/D conversion rate, BioSemi ActiveTwo system, Amsterdam,
Netherlands) in a sound-attenuated room. Common Mode Sense (CMS) and Driven Right
Leg (DRL) passive electrodes served as grounds.

The task consisted of eight oddball blocks, with two identical blocks for each of the four
conditions, and one control block of /ba/ only stimuli. In each oddball block, the /ba/"2
served as either a standard or deviant stimulus. This design created four conditions: (1)
standard /ba/, deviant /ba/™8, an ART contrast; (2) standard /ba/"8, deviant /ba/, an ART
contrast; (3) standard /wa/, deviant /ba/"@, an FRT contrast; and (4) standard /ba/",

deviant /wa/, an FRT contrast. Importantly, blocks were set up to incorporate a “flip-flop”
design in which a stimulus acted as the standard in one block and as the deviant in another
block. Using a “flip-flop” design largely eliminated responses that were due to differences in
the obligatory potentials, the N1-P2, sustained field responses (Hall, 2007; Wunderlich &
Cone-Wesson, 2001).

In each oddball block, participants listened to 300 stimulus trials containing 15% deviants
(45 trials) and 85% standards (255 trials). For the control block, listeners were presented
with 200 stimulus trials of the /ba/ only stimulus. For all blocks, the Inter Stimulus Interval
(1S1) was 1000 ms. The nine blocks were randomized across participants. During testing,
stimuli were presented in a pseudo-random sequence, with at least 3 standard stimuli
presented prior to each deviant stimulus. Throughout the blocks, subjects watched a silent

Ear Hear. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Moberly et al.

Page 6

movie of their choice on a 24-inch LCD computer monitor, which was placed 1 meter in
front of them. Listeners were instructed to ignore auditory stimuli. Testing duration was 10
minutes per block with one-minute breaks between blocks. The full testing session lasted
around 2 hours.

Data analysis

EEGLAB (Delorme & Makeig, 2004) and in-house MATLAB code (The MathWorks, Inc.,
Natick, MA) were used to process EEG. First, the continuous EEG files were combined for
each of the nine blocks into one grand continuous file for each individual. Grand files were
then epoched from —100ms to +500ms around the stimulus marker. Epoched data were then
referenced to the Nazion (NZ) electrode and baselined to the pre-stimulus interval (-100ms
to Oms). Independent component analysis (ICA), using the infomax algorithm of EEGLAB
(runica.m function), was then performed, with 64 ICA components generated for each
individual. Principal component analysis (PCA) was applied as a pre-filtering step to the
ICA, in which the data was sorted to 64 principal components. Visual inspection of
topographies and waveforms of the ICA components was performed, and components
representing ocular artifacts, muscle activity and CI artifact were rejected (mean 12.5/64
components per subject, range 4-20). Not surprising, the number of ICA components
rejected was significantly larger than that in NH individuals (Moberly et al., 2014a). Most of
the subjects exhibited 2-3 clear ICA components that represented the CI artifact while in a
few subjects the CI artifact was observed in several ICA components. Following ICA
correction, data were further subjected to additional artifact cleaning. Trials containing
amplitudes of = 50 uV or greater in any channel were rejected. This low rejection threshold
was feasible given the ample number of trials. Bad channels (above the implant) were then
interpolated by replacing the channels’ activity with an average of the surrounding
electrodes. The data were average-referenced (without the Nz channel) and bandpass filtered
between 0.1 and 30 Hz using a zero-phase FIR filter. Trials were separated to generate a set
of standard trials and deviant trials for each of the ART and FRT conditions for each
individual. Auditory evoked potentials (AEPs) for each standard and deviant condition were
computed by averaging all trials separately for each condition, producing one standard and
deviant pair for each subject, channel, and condition. The final number of trials included for
each condition (across the flip-flop conditions and following artifact rejection) was 874

+ 104 standard and 153 + 19 deviant trials for each of the ART and FRT contrasts.

MMN analysis was performed for the mean AEP waveforms of the fronto-central electrodes
Fz, F1, F2, F3, F4, Fz, FC1, FC2, FC3, FC4, FCz, C1, C2, C3, C4, and Cz, which were
computed for each of the standard and deviant pair, condition, and participant. For each
individual, the standard and deviant waveforms (collapsed across the “flip-flop” conditions)
were submitted to two-tailed sliding £test to assess whether a statistically significant (p <
0.05, Bonferroni corrected) MMN response had been elicited. This £test method is similar
to the MMN identification technique used by Kraus, McGee, Carrell, and Sharma (1995)
and also similar to the method used by Bishop and Hardiman (2010) who performed a #test
on single-trial analysis of difference waveforms. The test compared the period between 0 ms
and 350 ms by sliding a 15 ms segment every 1 sample point (2 ms) and performing the #
test between the deviant and standard waveforms. Note that this time period began earlier
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than is typically used for analyzing MMN responses in individuals with NH. Extending the
analysis period was performed based on previous results of MMN with CI users, in which
MMN latencies tended to occur earlier for Cl users than individuals with normal hearing
(Ponton and Don, 1995). The MMN onset was taken as the latency at which the #test
(Bonferroni corrected for the number of executions) became significant, and the MMN
offset was taken as the latency at which the #test was no longer significant. Thus, the MMN
duration was determined to be the duration between the onset and offset time points, as long
as a region of negativity was visibly confirmed on the MMN (deviant minus standard)
waveform. The MMN peak values were determined to be the time-points at which the
largest negative deflection in the difference waveform coincided with a significant p-value.
Because this method could conceivably lead to multiple noncontiguous regions of significant
negativities in the difference waveforms, this analysis was supplemented with a topographic
analysis. That is, topographies were evaluated for the MMN amplitude peaks noted on the
MMN waveforms within the statistically significant MMN time periods. Individual
topographic plots were examined visually to verify or rule out the presence of MMN,
defined as a significant fronto-central to mastoid negativity. Therefore, the combination of a
significant difference between the standard and deviant waveform amplitude on the sliding &
test, a visible negativity on the difference (deviant minus standard) waveform, and a
confirmatory topography was used to verify or exclude the presence of a MMN response for
each individual subject. An MMN was not identified for 3 out of 20 subjects (15%) in one of
the conditions (FRT or ART “flip-flop” averaged waveforms) using the sliding #test. For
these subjects an MMN was picked as the negative going waveform with zero crossing
between 50 and 350 ms (even though it did not reach significance with the sliding #test). If
the #test, visible difference waveform negativity, and topographic criteria revealed more
than one peak as consistent with an MMN response, the peak with the most MMN-like
topographic response was taken as the true MMN response. This process ensured a
conservative verification and measurement of true MMN responses.

Subsequently, the MMN was determined to be the area under the curve (potential x time
points spanning the onset and offset window), as long as a region of negativity was visibly
confirmed on the MMN (deviant minus standard) waveform and its peak was consistent with
an MMN topography (fronto-central negativity with reversals in lower temporal-posterior
channels). MMN area has frequently been used as a measure of MMN magnitude (Kraus et
al., 1995; Tremblay et al., 1997, 1998; Ylinen et al., 2009). The MMN area is a useful way
to assess MMN, because the response may have a variable latency and duration as well as a
shallow peak. The MMN area was calculated as the area under the curve for the difference
waveform (deviant minus standard) from the MMN onset to the MMN offset, based on the
results of a sliding #test. The MMN latency was determined to be the time point that
corresponded to the 50% of the area under the curve (Luck and Hillyard 1990). This latency
identification method was chosen instead of the traditional peak latency values to circumvent
the multiple and broad peak problem associated with these data.

The ninth control condition of /ba/ only stimuli was used in order to evaluate if spuriously
significant negativity would be found using the same analysis on the average of 100
permutations, each of which had 85% randomly labeled “standard” and 15% randomly
labeled “deviant” stimuli. This helped validate the analyses used for identifying true MMN
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responses. The analysis did not show any MMN-like responses, validating that the
negativities observed for the deviant stimuli in the main analyses represented true responses.

Analysis

Differences between MMN areas under the curve or differences between MMN latencies
were assessed using a two-way analysis of variance (ANOVA, general Linear Model of
Statistic v. 9.1, StatSoft, OK), with independent variables being Cl-group and the dependent
variable being cue (ART or FRT).

Duncan’s test for post hoc analyses was used to account for multiple comparisons. Statistical
tests were considered significant for p < 0.05. Sphericity violations were corrected using
Greenhouse-Geisser method.

Figure 3A presents the ART-user and FRT-user groups’ results, showing the deviants (grey)
and standards (black) waveforms for the ART and FRT contrasts. Figure 3B shows the group
average MMN waveforms (deviants minus standards) for the ART (black) and FRT (grey)
contrasts.

under the curve and latency analyses

An ANOVA contrasting MMN areas with variables being Cl-group and cue (ART, FRT)
revealed no main effects or interactions between the variables (F < 0.5). AN ANOVA
contrasting the MMN latency with variables being Cl-group and cue revealed no main
effects (F < 3) between groups or conditions, as well. However, there was an interaction
between the variables (F(y, 1g) = 4.5, p = 0.05; npz = 0.2). This effect can be interpreted in
two ways: First, during the ART contrast, shorter MMN latencies occurred in the FRT-users
compared to ART-users (p < 0.02, Duncan’s test, Figure 3B). This was not the case during
the FRT contrast (p > 0.4). Second, for the FRT users, shorter MMN latencies occurred for
the ART than FRT contrast (p < 0.02, Duncan’s test). This was not the case for the ART
users, in which the MMNs for ART and FRT contrasts overlapped in time (Figure 3B).

In short, this MMN area analyses did not reveal magnitude differences between ART- and
FRT-users or between ART and FRT contrasts. However, there were MMN latency effects.
Mainly the MMNSs for ART and FRT contrasts were significantly segregated in time
(occurring earlier for the ART contrast) in the FRT-users but not in the ART-users.

of the existence of the MMN response

The ninth condition which included /ba/ only stimuli (the control condition) was examined
to evaluate if any significant negativity would be found while performing the same analysis
on an average of 100 trial permutations. In this case, 85% trials were randomly labeled as
“standard,” while 15% were randomly labeled as “deviant” stimuli, even though all stimuli
in the ninth condition were identical. This helped to validate the analyses used to identify
true MMN responses in the trial blocks. The analysis for the control block did not reveal any
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MMN-like responses, which validated that the negativities observed for the deviant stimuli
during the trial blocks represented a true MMN response effect.

Discussion

In the present study, the neurophysiological basis (MMN response dynamics) of temporal
(ART) and spectral (FRT) cue-weighting was examined during the /ba/-/wa/ contrast for
adults with Cls. According to results of the previous study (Moberly et al., 2014a) and prior
reports (Lipski et al., 2012; Tuomainen & van der Lely, 2007; Ylinen et al., 2009) on NH
listeners showing larger MMNSs for more heavily weighted cues, it was expected that ClI
listeners who weight ART more (ART-users) would show larger MMNSs during the ART than
the FRT contrast, and vice versa for FRT-users. These expectations were not realized for the
current group of CI users. However, Cl listeners who weighted FRT more than ART during
phonetic classifications, which is the strategy predominantly favored by NH listeners,
showed latency segregation of the ART and FRT MMNSs similar to NH listeners (Moberly et
al., 2014a). These results contend that while the neurophysiological mechanisms informing
perception in individuals with hearing loss diverge from those of NH users on the whole, a
subset of CI users are able to adapt to some NH strategies, as reflected in their behavior and
neurophysiology.

Perhaps the fact that the MMN magnitude did not reflect weighting strategies in the current
data should not be surprising. Even though all CI individuals favored one cue over the other
during classification (see Moberly et al., 2014b), about half of these subjects used the two
cues in close proportions (Figure 1). Thus, the degree of dominance for one cue over the
other (ART or FRT) is not as conclusive in the current Cl population as in NH listeners
(Carpenter and Shahin, 2013; Moberly et al., 2014a), which may explain the lack of MMN
magnitude differences.

What distinguished the two groups of CI users, however, is that the FRT-user group
exhibited MMNs that were temporally segregated for the ART and FRT contrasts. ART
MMN occurred much earlier (~100 ms) than the FRT MMN in the FRT-users. On the other
hand, ART-users exhibited the MMNs of the different cues within close temporal proximity
(Figure 2b). This temporal segregation for cue labeling reflected by the MMN behavior in
FRT-users is consistent with the NH MMN behavior reported previously (Moberly et al.,
2014a). In that study, it was posited that the early MMN response represented change
detection, with the later MMN response potentially representing cue weighting. That is, the
later MMN indexed a process whereby the dominant cue (FRT) representation is brought to
the foreground in auditory memory, while representations of less useful cues (i.e., ART) are
pushed to the background in auditory memory. For the FRT-users, a similar strategy appears
to apply, with FRT-users processing ART changes earlier than FRT changes, allowing for the
temporal segregation of the two processes along the auditory stream. This suggests that
some ClI users can adapt to strategies similar to NH behavior; albeit this adaptation is in the
timing, not magnitude, of the MMN.

Perhaps demographic or language measures of the two groups, FRT-users and ART-users,
might explain why the temporal segregation of the MMN response pattern was seen for the
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FRT-users but not the ART-users. Examination of demographic and language measures for
the individuals of these two groups revealed no differences between groups on measures of
vocabulary, socioeconomic status, years of education, years of deafness, age at time of
testing, or age at time of implantation. However, interestingly, the FRT-user group
demonstrated a significantly higher word recognition score than the ART-user group (66%
versus 39%, {14y = —2.33, p=.035). These findings suggest that the CI users with better
speech recognition abilities may be more likely to perceptually weight speech cues like
adults with NH, and this is represented neurophysiologically in the temporal segregation of
the MMN responses to ART and FRT distinctions.

As has previously been found, the MMN responses for adults with Cls listening to different
stimulus manipulations occurred earlier than those of adults with NH (Ponton and Don,
1995). The NH adults previously tested (Moberly et al., 2014a) showed the largest overall
MMN responses during the 201-250 ms time window, with a predominance of the MMN
response to FRT over ART occurring during the 251-300 ms time. For the adults with Cls
presented here, the FRT-users showed a similar finding, but the MMN occurred earlier
during the ART distinction. It might be argued that the early response could represent a N1
obligatory potential. However, the use of a “flip-flop” protocol design should, for the most
part, eliminate differences between the deviant and standard waveforms due solely to N1
differences. Therefore, these early ART responses are most likely true MMN responses, and
their behavior is consistent with the explanation given earlier, whereby the early MMN
represents change detection and the later one represents organization in auditory memory.

It is likely that for some of our adults with Cls, the brain’s reliance on ART may have been
increased over its typical reliance on FRT, because FRT was relatively degraded by the
implant’s processing and signal delivery. However, the presence of MMN responses in most
subjects to both the FRT and ART contrasts, along with data from the previous study
showing relatively similar average discrimination for the FRT and ART contrasts (Moberly
et al., 2014b), would suggest that both cues had similar salience for our listeners. The
finding of the existence of late MMN responses to FRT for both groups of CI listeners
during the 201-300 ms time window, lends further support to the theory that MMN
represents a level of pre-attentive perceptual organization, not just change detection.

It should be noted that the current results do not provide convincing evidence that the MMN
can be used as a valuable tool for assessing perceptual differences of speech cue weighting
at the individual level in clinical populations, in line with the conclusions of several previous
studies that have attempted to identify the MMN response in individual subjects (Bishop &
Hardiman, 2010; McGee et al., 1997; N&atanen et al., 2004; Pakarinen et al., 2007; Picton et
al., 2000; Ponton et al., 1997). Therefore, MMN may be a valuable tool for examining cue-
weighting strategies in groups of subjects, but less so for evaluating individuals. Further
investigations of ClI listeners are warranted to improve the use of the MMN response,
perhaps in combination with other electrophysiological measures, as an investigatory
method for assessing perceptual cue weighting.

Finally, we should note that one caveat of the current experimental design was the use of two
speakers for sound presentation. The phase misalignment of the two sound waves may have
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caused destructive interference, albeit minute, of sound waves at the ear. This issue may be
especially relevant in CI research and should be considered in future studies.

Conclusion

The findings of this study provide evidence that in adults with cochlear implants, the
perceptual weighting of ART and FRT cues distinguishing the /ba/-/wa/ CVs and the
neurophysiological mechanisms supporting these strategies diverge from those seen in NH
listeners. However, a subset of CI users with relatively good speech recognition skills
showed MMN response quality, temporal segregation of ART and FRT MMNSs that was
consistent with the MMN response dynamics of adults with normal hearing. This was in
contrast to a second subset with poorer speech recognition, whose MMN responses did not
mirror those seen in normal hearing adults. These findings suggest that some CI users may
learn or relearn to adapt to the cue weighting strategy of NH listeners and this adaptation can
be indexed by the dynamics of MMN.
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Figure 1.
ART and FRT weighting factors for individual participants. Adapted from “Do adults with

cochlear implants rely on different acoustic cues for phoneme perception than adults with
normal hearing?,” by A.C. Moberly et al., 2014, JSLHR, 57, 566-82, ASHA. Adapted with
permission.
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Figure 2.

Waveforms (above) and spectrograms (below) for synthetic /ba/, /ba/™?, and/wa/ stimuli.
Reprinted from “Neurophysiology of spectrotemporal cue organization of spoken language
in auditory memory,” by A.C. Moberly et al., 2014, Brain Lang, 130, 42-49, Elsevier.
Reprinted with permission.
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Figure 3.
A) Group average standard and deviant auditory evoked potential (AEP) waveforms for the

ART-user group and FRT-user group to the spectral contrast (FRT) and the temporal (ART)
contrast, collapsed across “flip-flop” conditions. B) Group average MMN waveforms
(deviant — standard) for the ART-user group and FRT-user group to the spectral contrast
(FRT) and the temporal (ART) contrasts. Topographic plot of the group average MMN peaks
with corresponding time points are shown in below the MMN waveforms.
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