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Background: Cochlear implant (CI) outcomes can be assessed using objective measures that reflect
the integrity of the auditory pathway. One such measure is the middle latency response (MLR), which
can provide valuable information for clinicians.
Purpose: Traditional stimuli for evoking MLRs, that is, clicks or tone bursts, do not stimulate all parts of
the cochlea simultaneously, whereas chirp stimuli compensate for the cochlear neural delay and,
therefore, produce more synchronous responses from the different neural elements of the cochlea.
The purpose of the present study was to determine whether chirp stimuli can elicit reliable MLRs
in CI users and whether those responses correlate with clinical outcomes and with deprivation-related
factors.
Research Design: We presented 2,000 free-field optimized chirp stimuli to CI and control participants
while their electroencephalography (EEG) was being recorded.
Study Sample: Twenty-four adult CI users and 24 matched normal-hearing (NH) individuals (age range
from 18 to 63 years) participated in this study.
Data Collections and Analysis: The EEG was recorded from 64 active electrodes placed on the scalp.
EEG signals were processed using EEGLAB and ERPLAB toolboxes. We characterized the latencies
and amplitudes of the different MLR components in both groups.
Results: Chirp stimuli reliably evoked qualitatively similar MLRs across all NH and CI participants with a
couple of differences observed between the NH and CI group. Among the different MLR components, the
Na latency was significantly shorter for the CI group. A significant amplitude difference was also found
between groups for the Pa–Nb complex, with higher amplitudes observed in the NH group. Finally, there
were no significant correlations between MLR latencies (or amplitudes) and clinical outcomes or deprivation-related measures.
Conclusions: Free-field–presented optimized chirp stimuli were shown to evoke measurable and reliable MLRs in CI users. In this experiment, the MLR morphology in CI users was similar to those observed
in NH participants. Even though we did not replicate here a significant relationship between MLR and
speech perception measures, we were able to successfully collect acoustically evoked MLRs, which
could constitute an important supplemental measure to the standard behavioral tests presently being
used in postoperative clinical evaluation settings.
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Abstract

INTRODUCTION

C

ochlear implants (CIs) can restore the lost sense
of hearing by electrically stimulating the cochlear nerve. CIs can, therefore, provide the essential auditory inputs to the brain and promote
cortical plasticity within its language-related areas
(Moore and Shannon, 2009). Furthermore, CIs have
been shown to significantly increase the quality of life
and speech comprehension abilities in both children
and adults (Svirsky et al, 2000; Vermeire et al, 2005).
However, the clinical outcomes of CI users vary
greatly. The improvement in speech perception abilities
appears to depend on a variety of factors including the
etiology and the duration of hearing loss, the age of implantation, and other factors specific to the CI device
(Blamey et al, 2013; Gama and Lehmann, 2015). A
growing body of research is using auditory evoked potentials (AEPs) to objectively measure CI outcomes because they reflect the integrity of the auditory pathway
(Shallop, 1993). AEPs are generally divided into three
major classifications based on their latency: auditory
brainstem responses, middle latency responses (MLRs),
and finally, late AEPs (Picton, 2010).
MLRs are characterized by a series of sequential
peaks and troughs within a poststimulus latency of
10–60 msec and are composed of the P0, Na, Pa, Nb,
and Pb components (McGee and Kraus, 1996). There
are some advantages related to measuring MLRs over
shorter latency AEPs. First, it has been shown that earlier evoked responses are more prone to stimulus artifact contamination than MLRs (Firszt et al, 2002). This
susceptibility to stimulus artifacts might be due to stimulus length; for instance, it is more prudent to not let
the offset of the stimulus overlap with the evoked response epoch. However, there are controversies in the
literature regarding what constitutes the ideal stimulus length. For instance, a recent late AEP study
showed that a stimulus length longer than the expected
evoked potential can reduce stimulus artifact and prevent waveform peak corruption (Presacco et al, 2017).
Contrary to this, Purdy and Kelly (2016) drew a different conclusion in their MLR study, where they found
more artifacts in the responses evoked by long tonal
stimuli in comparison to those elicited by brief stimuli
used by Firszt et al (2002).
MLRs also constitute a reliable measure of neural
survival (Jyung et al, 1989), can demonstrate the presence of central auditory processing disorders (Musiek
et al, 2010), and can reveal plastic changes following
CI (Gordon et al, 2005; Purdy and Kelly, 2016). Finally,
MLRs have been successfully measured using acoustic
and electrical stimuli in individuals with normal hearing (NH), severe to profound hearing loss, and also in
CI users (Kileny and Kemink, 1987; Kileny et al, 1989).

Several studies have examined the relationship between MLRs and clinical outcomes after implantation
in adult and pediatric CI users (Pelizzone et al, 1989;
Groenen et al, 1997; Makhdoum et al, 1998; Firszt
et al, 2002; Gordon et al, 2005; Kelly et al, 2005; Kurnaz
et al, 2009; Purdy and Kelly, 2016). However, the evidence suggesting a significant relationship is modest
at best. For instance, Groenen et al (1997) found a significant relationship between electrically evoked MLRs
and speech perception abilities in adult CI users,
whereas other studies found no significant correlation
(Makhdoum et al, 1998; Kelly et al, 2005; Kurnaz
et al, 2009; Purdy and Kelly, 2016).
Findings regarding the relationship between objective
measurements and CI experience or hearing loss duration
vary significantly across studies. In a study on adult CI
users, Kurnaz et al (2009) found no significant correlation
between CI experience and MLR amplitudes/latencies,
whereas Kelly et al (2005) indicated a negative correlation
between the duration of hearing loss and the Na amplitude measured at the Cz electrode. In the pediatric population, Gordon et al (2005) showed an adverse effect
of hearing loss duration on electrically evoked MLR
changes. The authors concluded that MLR latencies
decrease with increasing CI experience. However, the
authors also highlighted the impact of age on the presence of MLRs in children, where evoked responses were
more robust in older children, even in those with longer
durations of hearing loss (Gordon et al, 2005).
One potential explanation for these inconsistent results in MLR studies with CI users may lie in the choice
of auditory stimulus used to elicit the MLRs. Generally,
MLRs in most studies have been obtained by using click
or tone burst stimuli (Atcherson and Moore, 2014). Nevertheless, there are controversies regarding the MLR
amplitudes evoked by such stimuli and the ability to reliably detect waveform components elicited by them
(Woods et al, 1995; Nelson et al, 1997). For instance,
a stimulus such as a click with an abrupt onset and a
very short duration stimulates the different portions
of the cochlea at different time points, beginning at
the basal end of the cochlea and ending at its apex.
Hence, click stimuli evoke temporally asynchronous
neural cochlear responses that are unequal and out
of phase (Atcherson and Moore, 2014).
To maximize the reliability of MLR responses and to
overcome the problems associated with these stimuli, recent studies have begun to favor a different stimulus,
known as a chirp stimulus (Dau et al, 2000; Elberling
and Don, 2010). Chirp stimuli are designed to compensate for the temporal dispersion in the cochlea related
to the traveling wave delay because the higher frequency
components are delayed relative to lower frequency
components (Dau et al, 2000; Elberling and Don, 2010;
Atcherson and Moore, 2014). As a result, chirp stimuli
produce larger amplitudes and more robust waveforms.
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Table 1. Demographic Data of Participants in the CI
Group
Hearing
CI
Loss
Age Duration Experience
(Years)
Code (Years) (Years)
S01
S02
S03
S04
S05

22
22
43
51
19

22
30
37
14
12

14
18
7
12
10

S06
S07
S08
S09
S10
S11
S12

29
63
23
35
49
56
33

27
23
23
11
7
3
33

7
3
21
9
6
3
17

S13

53

20

7

Participants

S14

43

13

5

Twenty-four CI users, with a mean age of 43.50 6
14.63 years (17 female), and 24 paired NH individuals
who were age and gender matched (mean age of 43.25 6
14.94 years) participated in this study (Table 1). The
age range was from 18 to 63 years for both groups. Participants in the control group were tested for hearing
acuity using tonal audiometry.
CI users were recruited through the Raymond-Dewar
Institute and the MAB-MacKay Rehabilitation Center,
two centers offering rehabilitation programs for the hearing impaired. Participants with self-reported neurological
or psychological disorders were excluded from the study
sample. All participants provided written informed consent before participating in the study. The study was approved by the Research Ethics Board of the Centre for
Research in Rehabilitation of Greater Montreal.

S15

65

34

2

S16
S17

47
51

14
44

9
17

S18

41

20

17

S19
S21

57
20

37
19

4
1

S22
S23
S24
S25

58
58
54
52

10
18
12
27

3
3
7
1

MATERIALS AND METHODS

Stimuli Characteristics and Delivery
Two thousand optimized chirp stimuli, with a frequency range of 200–8500 Hz and a duration of 7.2
msec, were presented to each participant with a mean
stimulus onset asynchrony of 115 msec (90–140 msec,
uniformly jittered presentation). These chirp stimuli
were designed based on a linear cochlea model and approximated the optimized chirp developed by Dau et al
(2000). The starting and ending amplitudes for these frequency-sweeping and broadband chirps were zero. The
stimuli were calibrated at 70-dB SPL using a SoundPro
sound level meter (model DL 1/3 Octave Datalogging RTA;
Quest, Bensenville, IL) and a fast rate mode with an Aweighting frequency filter. The speech processor of CI participants was kept on the ‘‘on position’’ and the magnet was
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Device
Cochlear
Cochlear
Cochlear
Cochlear
Advanced
Bionics
Cochlear
Neurelec
Cochlear
MED-EL
MED-EL
MED-EL
Advanced
Bionics
Advanced
Bionics
Advanced
Bionics
Advanced
Bionics
Cochlear
Advanced
Bionics
Advanced
Bionics
Neurelec
Advanced
Bionics
Cochlear
Neurelec
Cochlear
Cochlear

Speech
Recognition
Scores (%)
56
62
34
76
72
34
84
33
33
52
44
52
68
34
56
56
56
58
78
36
90
80
14
80

in place. Stimuli were presented from a single free-field
loudspeaker positioned at the ear level 1.2 m away from
participants, facing the implanted side (the proportion of
right/left side presentations was matched across groups).
Even though the sound-attenuated electroencephalography (EEG) room was not very reverberant, we took
this step to ensure that the acoustic signal reached
the participant’s ear in the most direct manner, similar
to our previously validated approach used for free-field
brainstem recording protocols (Gama et al, 2017).
EEG Recording
The EEG was recorded from 64 active Ag–AgCl electrodes (easy cap) placed over the scalp according to
the international 10–10 electrode placement system
(ActiveTwo; Biosemi B.V., Amsterdam, Netherlands),
whereas participants were sitting comfortably in a
chair in a sound-attenuated and electromagnetically
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Whether these optimal stimuli for MLRs are appropriate for CI users is presently unknown. If this were
the case, then having a more robust response evoked
by a standardized stimulus could shed light on the current controversy regarding the alleged relationship between MLRs and clinical outcomes in CI users. To date,
no prior research has assessed the feasibility of using
chirp stimuli to record MLRs in CI users. Therefore,
the purpose of the present study was twofold: (a) to examine whether chirp stimuli can elicit reliable MLRs in
adult CI users, as compared with NH matched controls,
and (b) to determine whether those responses correlate
with clinical outcomes (e.g., speech recognition scores)
and/or deprivation-related measures (e.g., duration of
hearing loss [HL] and CI experience). We used a freefield optimized chirp acoustic stimulus paradigm. Both
adult CI users and NH controls were recruited to participate in the study.

shielded room. Participants were instructed to remain
awake and immobile to minimize muscle artifacts.
Horizontal and vertical eye movements were recorded
from bipolar electrodes placed on the lateral canthi and
from periocular electrodes placed on the superior and inferior orbits. The ActiveTwo system provides impedance
transformation on the electrode, thus allowing low-noise
recordings free of interference currents. There was no
need to control electrode impedances because the common
mode sense active electrode and the driven right-leg passive electrode loop maintain the average potential close to
the voltage of the analog to digital converter reference
in the AD box (www.biosemi.com). Direct-current
offsets were kept near zero when placing the electrodes. Reference-free electrode signals were amplified
using an ActiveTwo amplifier (BioSemi) and sampled at
8192 Hz. The signal was recorded and stored for offline
analysis using BioSemi ActiView software.
MLR Analysis
EEG processing was carried out using EEGLAB
(Delorme and Makeig, 2004) and ERPLAB (LopezCalderon and Luck, 2014) toolboxes, running under
MATLAB 2016b (The MathWorks, Inc., Natick, MA).
The signal was referenced to the average mastoids, and
then resampled at 2048 Hz for further processing. EEG
recordings were filtered using the ERPLAB plugin, with
a 15–200 Hz cutoff IIR Butterworth filter (24 dB/octave,

4th order). Continuous EEG was segmented into epochs
from 220 to 190 msec relative to stimulus onset. Epochs
containing artifacts were removed based on both visual
inspection and EEGLAB’s automatic iterative rejection
procedure, with a threshold of five standard deviations
(SDs). The mean rejected epoch percentages for the CI
and NH groups were 6.7 6 3.6 and 10.3 6 4.4, respectively. Components containing CI-related artifacts were
rejected using independent component analysis (‘‘runica’’
algorithm implemented in the EEGLAB).
The peak latency of the three positive MLR components (P0, Pa, and Pb) and of the two negative components (Na and Nb) measured at FCz were marked for
further analysis. MLR components were defined automatically using the ERPLAB measurement tool, based
on the following time windows: 18–23 msec poststimulus
onset for P0, 21–26 msec for Na, 25–29 msec for Pa, 29–36
msec for Nb component, and, finally, 49–65 msec for Pb.
Peak-to-peak amplitudes were calculated based on the
difference between the trough and the following positive
peaks for Na–Pa, Pa–Nb, and Nb–Pb complexes.
Speech Recognition Test
A validated list of 50 phonetically balanced French
words was used to test speech recognition (Picard,
1997). This test was selected based on its availability in
International French and its ease of administration. An
open set of prerecorded monosyllable words was presented

Figure 1. (A) MLR waveforms of three CI users (B) MLR waveforms of three NH participants.

399

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.

MLRs to Optimized Chirps in Adult CI Users/Alemi and Lehmann

Journal of the American Academy of Audiology/Volume 30, Number 5, 2019

in the free field with a fixed presentation rate. After each
word, participants were asked to repeat what they heard
as quickly and as accurately as possible. No visual cues
were provided during this part of the experiment. This behavioral test was performed during a separate session
from the EEG recording, in the same sound-attenuated
room, and presented at 70-dB SPL. The scores were calculated based on the percent of correctly repeated words.
Only the CI users underwent the speech recognition test
because we anticipated a ceiling effect in the NH group.

son correlations. For all statistical tests, the significance
criterion was set at 0.05, with Bonferroni adjustment of
p-values for multiple testing.
RESULTS

C

hirp stimuli elicited typical and sizeable MLRs in
all NH and CI participants. Although there were
some waveform morphology variations within participants, the morphology was found to be similar in
MLR peaks and troughs across groups (Figure 1).

Statistical analyses were performed using SPSS software (IBM Corp. 2015, V. 23.0; Armonk, NY). For quantitative measures, data are expressed as the mean 6 SD.
MLR latencies and amplitudes were compared between
the two groups using multivariate analysis of variance
(MANOVA) analyses. The relationship between different
component latencies/amplitudes and clinical outcomes/
deprivation-related variables was assessed using Pear-

Comparison of MLR Component Latencies
between Groups
Comparison of component latency values revealed a significant difference between groups [F(5, 42) 5 2.93, p 5
0.023, Figure 2]. The MANOVA’s between-subject effects
(pairwise comparisons), using Bonferroni as an adjustment for multiple comparisons with an alpha level of
0.01 (0.05/5, as the number of comparisons for five

Figure 2. Comparisons of peak latencies in different MLR components across individuals in CI and NH groups in FCz. Below the graph
are the means (6SD) of different MLR components across individuals in both groups. The error bar depicts the 95% confidence interval.
***p # 0.001.
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Statistical Analysis

components), revealed a significantly shorter Na component latency for CI users (p 5 0.001). However, there were
no other significant MLR latency differences (P0 component: p 5 0.128; Pa component: p 5 0.819; Nb component: p 5 0.160; Pb component: p 5 0.196).
Comparison of MLR Component Amplitudes
between Groups
Similar to what was observed for MLR latencies, the
comparison of the Na–Pa, Pa–Nb, and Nb–Pb complexes showed an overall significant group effect
[F(3, 44) 5 5.47, p 5 0.003, Figure 3]. Pairwise comparisons
using a Bonferroni correction with an alpha value of
0.01 (0.05/3, as the number of comparisons for three
complexes) showed a significant group difference for
the Pa–Nb complex ( p 5 0.004). The highest amplitude

for the Pa–Nb complex was observed in the NH group.
Although the NH group showed higher amplitudes for
the Na–Pa and Nb–Pb complexes, none of these differences were statistically significant (Na–Pa complex: p 5 0.38,
Nb–Pb complex: p 5 0.02).
As a complementary step, another MANOVA was
conducted on the individual component amplitudes.
Comparison of individual component amplitude values
revealed a significant group difference [F(5, 42) 5 6.410,
p 5 0.000, Figure 4]. Pairwise comparisons of betweensubject effects, with an alpha level of 0.01 (0.05/5, as the
number of comparisons for five components), showed a
significant group amplitude differences for P0 ( p 5
0.000) and Nb ( p 5 0.001). The highest amplitude values for P0 and Nb components were observed in the NH
group. CI group showed higher amplitude value for Na
component, yet contrary to Na component’s latency,

Figure 3. Comparisons of the amplitudes of different MLR complexes across individuals in CI and NH groups in FCz. Below the graph
are the means (6SD) of different MLR complexes across individuals in both groups. The error bar depicts the 95% confidence interval.
***p # 0.004.
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Figure 4. Comparisons of individual amplitudes of different MLR components in CI and NH groups in FCz. The error bar depicts the 95%
confidence interval. Below the graph are the means (6SD) of different MLR components in both groups. ***p # 0.001.

this difference was not significant ( p 5 0.688). No other
significant group differences were found (Pa component: p 5 0.285; Pb component: p 5 0.164).
Correlation between MLR Amplitudes/Latencies
and Clinical Outcomes/DeprivationRelated Factors
Pearson correlations were performed to evaluate the
relationship between MLRs and clinical outcomes or
deprivation-related factors. Results revealed that there
were no significant correlations between the complex
amplitudes and the speech recognition scores, the HL

duration, or the time elapsed since implantation, all
p . 0.05 (Table 2). Similarly, there were no significant
correlations between the different peak latencies and
the speech recognition scores, the HL duration or the
time since implantation, all p . 0.05 (Table 3).
DISCUSSION
General Statement
The current experiment has indicated that it is possible to use optimized chirp stimuli delivered in the free
field to elicit reliable MLRs in CI users. We also showed

Table 2. The Correlation between the Amplitude of MLR Complexes and Speech Recognition Scores, HL Duration, and
CI Experience in the CI Group
Na–Pa

Speech recognition scores
HL duration
CI experience
p . 0.05.
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Pa–Nb

Nb–Pb

r

p-Value

R

p-Value

r

p-Value

0.299
20.178
0.078

0.213
0.417
0.723

0.122
20.319
0.087

0.619
0.138
0.691

20.049
0.037
20.088

0.841
0.869
0.690
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Table 3. The Correlation between the Latencies of Different MLR Components and Speech Recognition Scores, HL
Duration, and CI Experience in the CI Group
P0

Speech recognition scores
HL duration
CI experience

Na

Pa

Nb

Pb

r

p-Value

r

p-Value

r

p-Value

r

p-Value

r

p-Value

0.011
20.178
20.013

0.961
0.416
0.954

20.372
0.376
0.386

0.081
0.077
0.069

0.295
20.168
20.266

0.172
0.442
0.221

0.286
20.196
0.280

0.186
0.370
0.196

20.066
0.098
20.395

0.766
0.656
0.062

that the morphology of the MLR components evoked by
chirp stimuli in adult CI users is similar to that measured in NH individuals (Figure 1). However, some individual MLR-based components significantly differed
between CI users and NH controls. For instance, the
Na component latency was significantly shorter in
the CI group, whereas this difference was not significant for other components (Figure 2). Contrary to our
current results, Kurnaz et al (2009) indicated a longer
latency for the Na component in CI users. This discrepancy might be due to the significantly smaller number
of participants in their study (6 versus 21 postlingual
participants in the present study; Table 1). Interestingly, our CI group showed higher Na amplitudes than
the NH group; nevertheless, this difference was not statistically significant (Figure 4). Conversely, we found a
significant amplitude group difference for the Pa–Nb
complex, with larger amplitudes observed in the NH
group (Figure 3).
Finally, in contrast to the findings of Groenen et al
(1997), we did not observe any significant correlations
between MLR latency/amplitude measures with speech
recognition scores, and between MLR latency/amplitude
measures and deprivation-related characteristics. These
results are in-line with the bulk of literature (Makhdoum
et al, 1998; Kelly et al, 2005; Kurnaz et al, 2009; Purdy
and Kelly, 2016) (Tables 2 and 3).

for the evaluation of CIs in clinical settings. However,
more studies are needed to properly determine the clinical
value of the measures obtained with the chirp stimulus.

Chirp Stimuli as a Reliable Alternative to Click
Stimuli for Eliciting MLRs

Study Limitations

Chirp stimuli have the advantage of being able to
stimulate the different regions of the basilar membrane
at the same time, thus increasing temporal synchrony
and evoking larger response amplitudes (Elberling and
Don, 2010; Atcherson and Moore, 2014). This stimulus
feature has led to the widespread use of chirp stimuli for
recording auditory brainstem responses and MLRs in
NH participants (Dau et al, 2000; Atcherson and Moore,
2014). In the present study, we showed that it is also
feasible to record MLRs in CI users elicited by chirp
stimuli presented under free-field listening conditions.
Because most studies have used electrical stimulation
to record MLRs from CI users (Hoth and Dziemba,
2017), the present findings demonstrated the significant potential of the free-field presented chirp stimuli

Evaluating the Relationship between MLRs and
Speech Recognition Abilities
Although it has been documented that experience
with CI leads to a significant improvement in speech
perception ability, especially during the first year of
CI use (Blamey et al, 2013; Moberly et al, 2017), it does
not imply that objective MLR measures are necessarily
directly related to this ability. To our knowledge, only
one study to date has shown a significant correlation between interelectrode amplitude variations (and latency
measures) with speech perception scores (Groenen et al,
1997). By contrast, we did not find a significant correlation between MLR features and speech recognition
abilities in the present study. Speech perception relies
on an interactive process between linguistic, cognitive,
and social information, where a vast neural network
contributes to the analysis of the different aspects of
the speech stimulus (Moberly et al, 2017; Alemi et al,
2018). Therefore, it is perhaps not surprising that we
could not find any evidence linking speech perception
abilities to a single electrophysiological metric that is
likely driven by a minority of these processes.

This study’s main goals were to determine whether
chirp stimuli can elicit reliable MLRs in CI users and
to ascertain whether those responses correlate with
clinical outcomes and with plasticity-related factors.
One limitation of the present study was that we
did not measure speech recognition scores or MLRs
longitudinally.
Another limitation of the present study was related to
CI processors strategies. Preprocessing strategies used
in CI sound processors take advantage of statistical
rules to promote overall sound clarity and increase
speech intelligibility in the presence of background
noise and challenging listening environment. These
strategies apply a combination of signal processing
and noise reduction algorithms, along with microphone
gain compression and sensitivity control. Yet, there are
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CONCLUSION

C

ompared with other stimuli typically used to elicit
MLRs in NH listeners, chirp stimuli take into account the cochlear traveling wave delay and generate
higher temporal synchrony within neural structures.
In the present study, we demonstrated the feasibility
of recording MLRs elicited by free-field chirp stimuli
in CI users. Although we established that MLRs
could be reliably recorded in CI users, we did not find
evidence that they could be used as neural markers
of speech recognition abilities. MLRs are critical for
the postoperative monitoring of auditory pathway function, whereas individuals learn to adapt to the new auditory inputs. Consequently, acoustically evoked MLRs
could constitute an essential supplement to the standard
behavioral tests presently being used in postoperative
clinical evaluation settings.
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