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Abstract

Objective

To investigate if cortical auditory evoked potential (CAEP) measures can be used to verify
the cochlear implant (Cl) map and consequently improve Cl outcomes in adults with bilateral
hearing loss.

Design

CAEPs were measured in Cl recipients using the speech tokens /m/, /g/, /t/ and /s/. If CAEP
responses were present for all speech tokens, the participant’s map was considered “satis-
factory”. If CAEP responses were absent, the Cl map was considered “unsatisfactory” and
therefore adjusted and CAEP measures repeated. This was repeated until auditory poten-
tials were seen in response to all four speech tokens. Speech testing was conducted pre-Cl,
as well as before and after CAEP-guided map adjustments.

Results

108 adult unilateral Cl users participated, whose sound processors were previously pro-
grammed using subjective methods. 42 Cl users elicited a CAEP response to all four speech
tokens and therefore no further mapping adjustments were made. 66 subjected lacked a
CAEP response to at least one speech token and had their Cl map adjusted accordingly. Of
those, 31 showed a CAEP response to all four speech tokens, and the average speech
score significantly improved after Cl map adjustments based on CAEP responses.

Conclusion

CAEP’s are an objective tool that can be used to guide and verify Cl mapping in adults CI
users. Significant improvement in speech scores was observed in participants who had their
Cl map adjusted based on CAEP responses.
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Introduction

Cochlear implants (CI) are devices that bypass the inner ear and directly stimulate the auditory
nerve. The electrical stimulation induces a pattern of activity that differs from acoustic stimula-
tion but still mimics the tonotopic principles of the cochlea, allowing users to differentiate
speech sound and to interpret auditory input [1]. CI is currently the most effective method of
rehabilitation for hearing impaired individuals where amplification no longer provides mean-
ingful benefit. Initially, CI candidacy included only those with severe to profound hearing loss.
However, clinical research has led to a change in this perspective, broadening candidacy to
include individuals with more residual hearing and focusing on speech understanding rather
than the audiogram [2].

CI programming in adults relies heavily on subjective input provided by the patient. For
instance, a CI is programmed through measuring the lowest current stimulation level that a
patient can hear consistently (T levels) and the maximum comfortable level (C or MCL).
MClLs are set with a minimal amount of current stimulation and gradually increased until the
patient reports the sound is “loud but comfortable”, thereby creating an electrical dynamic
range (DR) for each CI electrode [3]. However, this programming method is not standardized,
with techniques varying widely both between individual clinicians and between CI clinics
[4,5]. Vaerenberg et al., 2014 demonstrated that 31% of clinics around the world measured T's
only, and that 24% of clinics measured MCLs only, while 45% of clinics measured both T's and
MCLs. The study included clinics from Australia, Belgium, Canada, France, Germany, India,
Italy, Lebanon, Morocco, Norway, Poland, Romania, Spain, The Netherlands, Turkey, United
Kingdom, and USA.

It is also more challenging to elicit reliable subjective responses from paediatric patients or
individuals with cognitive impairment [6], patients with tinnitus [7] or those with pre-lingual
deafness [8]. Pierzycki et al., 2019 reported that 80% of audiologists and 45% of patients found
that the presence of tinnitus made it more problematic to measure Ts, and that 26% of patients
with tinnitus set their C/MCLs more conservatively, as they were concerned that louder stimu-
lation would increase their tinnitus [7]. Duration of deafness can also be a factor, with Polak
et al., 2006 demonstrating that prelingually deafened adults are more likely to have a smaller
dynamic range than post lingually deafened patients, and also demonstrate greater variability
for Ts and C/MCLs measurement.

It is possible that subjective CI programming can create a suboptimal mapping which
favours comfort over speech perception, which can lead to a delay in language development in
children [9]. CI programming based on objective measures may increase the reliability of
responses, while also saving clinicians’ time [10].

Objective measures currently used to establish the T and C/MCL during CI map fitting
include eSRT (electrically evoked stapedius reflex threshold), electrically evoked compound
action potentials (eCAP) and electrically evoked auditory brainstem responses (eABRs). eSRT
has been shown to correlate well with subjectively set MCLs in both paediatric and adult CI
users [8,11-13]. However, it may be absent in as many as 30% of CI users, limiting its use for
CI fitting and verification [14-18]. eCAPs have also been studied as an objective measure to
find the electrical DR in CI users. However, eCAP thresholds correlate weakly with subjective
Ts and MCLs [6,11] and are not deemed as good predictors of speech discrimination [19].
Similarly, eABRs have also been investigated as an objective tool for CI map fitting and verifi-
cation, however they also correlate poorly with Ts and C/MCLs [20-22].

Numerous studies have investigated the use of Cortical Auditory Evoked Potentials
(CAEPs), particularly the P1-N1-P2 complex, to verify speech detection in children and in
adults receiving amplification [23-29].
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The presence of CAEPs in response to a speech signal may indicate that speech is audible to
the individual [27,30]. Oviatt & Kileny (1991) showed that CI users with good speech under-
standing exhibited similar amplitudes and latencies of the N1-P2 complex compared to nor-
mal hearing individuals. Likewise, Rance, Cone-Wesson, Wunderlich & Dowell (2002)
demonstrated a clear relationship between speech perception scores and the presence of
CAEPs. Further studies have investigated the potential benefits of using the P1-N1-P2 complex
as an objective tool to verify CI performance [31]. CAEP Ts have been found to strongly corre-
late to behavioural Ts [19,32] giving significance to the presence/absence of the response dur-
ing CI fitting or map verification.

In the present work, we sought to ascertain whether CAEPs can be used to verify the CI
map and consequently improve CI users’ performance. This may help to mitigate the potential
over- or under-stimulation of the auditory cortex that could occur with a map based on a sub-
jective loudness perception scale.

Methods
Ethics

Ethics approval was obtained from the South Metropolitan Health Services Human Research
Ethics Committee (reference number: 3258). Participants have given their written informed
consent to participate in this study.

Subjects

A total of 108 adult (68 males; 40 females) unilateral CI users with bilateral deafness were
recruited from the audiology department at a tertiary teaching hospital. The demographic and
clinical characteristics of the participants are summarized in Table 1. Mean age at testing was
65.9 * 16.1 years. Mean duration of deafness was 23.2 + 18.5 years (range 0.5-72 years) and CI
experience 7 + 2.9 years (range 0.4-16 years).

All participants were implanted with MED-EL electrode arrays (MED-EL, Innsbruck, Aus-
tria). All participants had their CI programmed using the subjective method of measuring T's
and C/MCLs prior to taking part in this study.

Review of data logging and/or self-report of usage indicated that they used their speech pro-
cessor during all waking hours.

Table 1. Participant demographics and clinical characteristics.

Gender Implanted Ear
Male 68 Right 62
Female 40 Left 46
Pure Tone Average (dB HL) Aetiology
Implanted Ear 92.5+18.9 Autoimmune Disease 6
Contralateral Ear 70.4 £27.9 Congenital 9
ISSNHL 27
Type of Implant Meniere’s Disease 12
CONCERTO 19 Noise Induced Hearing Loss 9
SONATA Presbycusis 12
SONATAti100 2 Middle Ear Infection 18
SYNCHRONY 85 Other 15

ISSNHL = idiopathic sudden sensorineural hearing loss. Aetiology of ‘Other’ includes meningitis, vascular, stroke and neuropathy.

https://doi.org/10.1371/journal.pone.0274643.t001
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Institutional ethics approval was obtained (reference number 3258). Written informed con-
sent was obtained from all subjects.

Cortical auditory evoked potentials

Subjects were awake during the procedure. CAEPs were recorded using the HEARLab™ System
(Frye Electronics, Tigard, Oregon) which applies an automatic statistical analysis to determine
the presence or absence of CAEPs. It applies an automatic statistical analysis to determine the
presence or absence of CAEPs. HEARLab relies on the Hotellings’s T* test [33] which calcu-
lates the probability that the mean value of any linear combination of the bin variables is signif-
icantly different from noise, with a p-value < 0.05 indicating a significant result. The
HEARLab System has been used to record CAEPs generated by acoustic stimulation [12,34]
and can be used for testing normal hearing individuals or hearing aid or CI users. CAEPs can
be elicited by presenting speech tokens with differing characteristic frequencies and pre-deter-
mined stimulation levels. This token presentation can be used to objectively evaluate if the
stimulus activates the auditory cortex. Carter et al. (2013) demonstrated that the automated
statistical detection of cortical responses used in the HEARLab system is as accurate as visual
detection by three expert CAEP examiners [30]. Electrode impedance was kept below 5kQ and
the residual noise level below 3.2 pV. The number of accepted epochs in a test run was pre-set
to 200 epochs per speech token. Recording electrodes placement is shown in Fig 1.

Testing was performed in free field using the HEARLab in-built speech tokens /m/, /g/, /t/
and /s/ presented at the soft level of 55 dB SPL with the speaker located at 0° azimuth. The

Soundproof booth

speaker processor ®

Acoustic Speech

- HEARLab '

PC

Fig 1. Electrode montage for CAEP recording. Active electrode at the vertex (Cz), reference on the mastoid
contralateral to the CI and the ground placed at the forehead. Electroencephalogram (EEG) electrodes were used for
the experiment.

https://doi.org/10.1371/journal.pone.0274643.9001
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frequency ranges of the tokens were /m/: 200-500 Hz, /g/: 800-1600 Hz, /s/: 2000-8000 Hz
and /t/: 3000-8000 Hz. This was verified by FFT spectrum analysis.

Data was exported in.txt format for further analysis using Python 3.5 and the average for
participants’ CAEP recording was obtained.

Speech perception testing

The Consonant-nucleus-consonant (CNC) word test [35] was used to measure the ability to
hear speech in quiet. A single speaker setup in free field was used with the speaker placed 1
metre away at 0° azimuth. Speech perception scores were obtained immediately before CAEP
measurement and acutely after adjusting the CI map and CAEP recorded for all speech tokens.
Different CNC word list was used for Pre- and Post-CAEP to account for any learning effects.
Pre-Op results were obtained from medical records.

Test procedure

The test procedure is summarized in Fig 2. An implant audiologist programmed the implant
and performed the CAEP recordings. To evaluate subjective based mapping, speech scores
were tested for each participant prior to the CAEP guided mapping session. The CI user then
underwent CAEP measurement for each speech token. If the HEARLab software indicated a
cortical response (p-value < 0.05), visual inspection of the P1-N1-P2 complex was performed
by two experienced audiologists, with one audiologist being blinded to the programming of
the implant and to the HEARLab results.

The CI map was considered “satisfactory” if CAEP responses were computationally
detected (p-value < 0.05) for all four speech tokens, and the waveform was considered to be a
cortical response by at least one audiologist. In this case, no further adjustments or speech test-
ing were performed. This sub-group of participants are referred to as subjectively optimised.

If, however, no CAEP responses were detected for one or more speech tokens and/or the
two reviewing audiologists were unsure about the waveform, the CI map was modified by
adjusting the MCLs for the cochlear implant electrode contacts corresponding to the fre-
quency of the speech token(s) that did not evoke a cortical response. This sub-group is referred
to as subjectively non-optimised group.

Subjects in subjectively non-optimised group were instructed to alert the audiologist if the
new levels became uncomfortable or provoked non-auditory stimulation. CAEP measurement
was performed after each adjustment, and subsequent adjustments were made until a CAEP
was evoked or the patient rejected more changes due to discomfort or non-auditory percep-
tion. If CAEPs were recorded for all four speech tokens after MCLs adjustment, these partici-
pants were classified as objective optimised group and their post-CAEP speech perception
scores were obtained. If CAEPs were still not recorded for one or more speech tokens, the par-
ticipants were classified as incompletely optimised group and not further testing was
performed.

Statistics

Statistical analyses were conducted using R statistics and R Studio software [36]. Results were
analysed using the ‘anova’ function and follow-up pairwise comparisons were conducted
using the emmeans fucntion from the ‘emmenas’ package [37]. This function was used to
examine the difference between group speech perception scores as well as comparison of pre-
CAERP to post-CAEP speech perception scores within groups 3. A p- value of < 0.05 was con-
sidered statistically significant. The speech perception scores are shown as the

mean + standard deviation.
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Speech perception
testing

(n=108)

CAEP measurement

CAEP present

(Subjectively
optimised group)

CAEP absent

(Subjectively non-
optimised group)

No further testing

CI map adjustment

CAEP measurement

CAEP present

(Objectively
optimised group)

CAEP absent

(Incompletely
optimised group)

Speech perception

testing

Fig 2. Visual representation of the testing protocol and the participants breakdown forming the four groups.

https://doi.org/10.1371/journal.pone.0274643.g002
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Table 2. Distribution of participants who had absent CAEP for each speech token.

Groups Participants (n) Participants with CAEP response absent (n)
Subjectively optimised 42 0
Subjectively non-optimised 66 /m/ -25
/gl - 26
It - 36
/sl - 57
Objectively optimised 31 0
Incompletely optimised 35 /m/ -5
/gl -6
t/-11
/sl - 30

https://doi.org/10.1371/journal.pone.0274643.t1002

Results
CAEP by HEARLab

CAEPs were recorded for all four speech tokens in 42 (39%) participants and therefore map
adjustments were not required (subjectively optimised). CAEPs were not recorded for at least
one speech token in the remaining 66 (61%) participants and therefore had their CI map
adjusted (subjectively non-optimised group). Of the 66, 31 (47%) participants obtained CAEP
responses from each speech token after adjustments to their map (objective optimised group).
In the remaining 35 participants (53%), CAEP responses could not be elicited for at least one
speech token despite CI map adjustment (incompletely optimised group). This is detailed in
Table 2. The number of participants who had absent CAEP response for one, two, three or
four speech tokens in each group are shown in Table 3. The mean and standard deviation of
the CAEP waveform for all participants who had CAEPs elicited by all four speech tokens (sub-
jectively optimised and objectively optimised) are shown in Fig 3.

Within the group of 66 participants who did not have CAEP responses elicited by at least
one speech token (subjectively non-optimised group), they were most often absent for /s/ (86%
of the participants) followed by /t/ (55%), /g/ (39%) and /m/ (38%) (Fig 4A and Table 2). After
CI adjustments, CAEP responses remained absent for /s/ in 53% of the participants, for /t/ in
31%, for /g/ in 23% and for /m/ in 20%. A summary of which speech tokens could elicit a
CAEP responses are shown in Fig 4B.

Details of the number of participants who did not show CAEP response for a certain num-
ber of tokens in each group are depicted in Table 3.

Speech outcome improvement

Speech perception scores were obtained for all participants prior to CAEP measurement. The
group average scores for the entire group improved from 14% =+ 18 pre-CI to 63% + 21 post-CI
(t(70) = 11.2, p < 0.001)). The average for the subjectively optimised group significantly
improved from 10% + 15 pre-CI to 70% = 15 post-CI (£(29) = 19, p < 0.001)); and for the

Table 3. Distribution of participants who had CAEP response absent for one, two, three or four speech tokens.

Tokens missing Subjectively optimised Subjectively non-optimised Objectively optimised Incompletely optimised
1 token 0 24 0 25
2 tokens 0 19 0 7
3 tokens 0 11 0 0
4 tokens 0 12 0 3

https://doi.org/10.1371/journal.pone.0274643.t003
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Subjectively Optimised Group — average CAEP waveform Objectively Optimised group — average CAEP waveform
B
Speech token /m/ Speech token /g/ Speech token /m/ Speech token /g/
Speech token /t/ Speech token /s/ ) Speech token /t/ Speech token /s/

Fig 3. Average waveforms for the four speech tokens for the subjectively optimised and objectively optimised groups. The black line represents the group
average waveform. The light grey lines represent group mean + standard deviation.

https://doi.org/10.1371/journal.pone.0274643.9003

subjectively non-optimised group significantly improved from 17% =+ 21 pre-CI to 50% + 19
post-CI (t(31) = 6.84, p < 0.001). A comparison between the subjectively optimised group and
the subjectively non-optimised group showed that the subjectively optimised group achieved a
higher group average speech perception score than the subjectively non-optimised group which
was statistically significant (t(44.6) = 17.3, p < 0.001) shown in Fig 5A.

Withing the subjectively non-optimised group, those who had CAEP responses elicited by all
speech tokens following the map adjustment (objective optimised group) had an improvement
in speech perception scores from 19% + 19 pre-CI to 54% = 17 post-CI (t(20) = 9.6, p < 0.001).
After CAEP measurements and map adjustments there was a further increase from 54% + 17
pre-CAEP to 70% + 13 post-CAEP which was statistically significant (t(23) = -5.668,

p < 0.001) shown in Fig 5B. Only one participant in the objective optimised group did not show
any improvement in speech perception scores from pre-CAEP to post-CAEP.

A Percentage of speech tokens requiring B Optimisation success rate for each speech token
Tt optimisation in subjectively non- 100%
optimised group
o 90% 90% 20% P
ES 31%
g— 80% 86% 80%
Il 53%
> 70% 8 0%
2 @
é 60% g 60%
g 50% 55% g 50%
§ 40% 2 20% 80% P
> 38% 39% £ 69%
T 30% § 30%
_51 20% 20% 47%
=
“ 10% 10%
0% o
m g t s m g t 5

Successfully optimised Could not be optimised

Fig 4. (A) Percentage of CAEP responses for the four speech tokens obtained from the subjectively non-optimised group.
(B) Percentage of CAEPs obtained for each speech token post-CAEP guided mapping.

https://doi.org/10.1371/journal.pone.0274643.9004
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1001

Subjectively Optimised vs Subjectively non-Optimised B Objectively Oprimised: Pre vs Post Optimisation

1001

L4 04

Subjectively Optimised Subjectively non-Optimised Pre Optimization Post Optimization

Fig 5. (A) Difference in speech perception scores between the subjectively optimised group and the subjectively non-optimised
group. (B) Difference in speech perception scored between the objective optimised group pre-CAEP to post-CAEP.

https://doi.org/10.1371/journal.pone.0274643.9005

Those who continued having a CAEP response absent for at least one speech token (incom-
pletely optimised group) had an improvement in speech perception scores from 17% + 20.6
pre-CIto 49% =+ 17.4 post-CI (t(26) = 4.454, p < 0.001). No speech test was performed after
incomplete optimisation.

There was an improvement in speech scores regardless of duration of CI experience. CI
users with less than 12 months experience showed a significant improvement in speech scores
(t(24) = 2.480, p < 0.021) and CI users with greater than 12 months experience also experi-
enced a significant improvement in speech scores (t(20) = 2.767, p < 0.012). There was no sig-
nificant difference in the average improvement in speech scores between the two groups (t(22)
=0.594, p < 0.559).

Discussion

Several studies have investigated the use of CAEPs, particularly the P1-N1-P2 complex, to ver-
ify speech detection in children and in adults receiving amplification [23,24,26,28,29,38,39]. In
line with this, this study investigated the use of CAEPs to verify CI fitting and consequently
improve hearing outcomes in a wide population of adult CI users.

CAEPs responses were present for all four speech tokens in 42 (39%) participants, suggest-
ing that their CI map, which was based on subjective loudness perception, was capable of elicit-
ing CAEPs responses and no map adjustments were needed. In contrast, 66 of the participants
(61%) required CI map adjustments before CAEPs responses could be elicited. This suggests
that the behavioural CI programming method was not effective for a large proportion of par-
ticipants and might contribute to the variability of CI outcomes. From these 66 individuals
almost half (n = 31) had CAEP responses elicited by the four speech tokens after CI map
adjustments. These findings suggest that a CI map could be more accurate when using objec-
tive measurement as previously suggested [40].

It has been previously established that the presence of a CAEP response reflects the arrival
and perception of sound at the higher levels of the brain [31,41]. If a CAEP response is elicited
by a speech signal, it means that speech is audible and available for processing at a cortical
level [30,39]. Considering this, when a speech token did not elicit a CAEP response it is possi-
ble that the CI user was unable to detect sound at the frequency range specific to that speech
token. To verify this, our study looked at the speech perception scores of our entire group as
well as each subgroup.
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Regardless of CAEP measurement, the entire cohort achieved a significant improvement in
speech scores from pre-CI to post-CI. When divided into two sub-groups, both subjectively
optimised group and subjectively non-optimised group showed a significant improvement from
pre-CI to post-CI speech scores. However, the subjectively non-optimised group had an average
speech perception score substantially lower compared to the subjectively optimised group. It is
well established that several factors can affect CI outcomes. However, absent CAEPs could
indicate that the CI map was not providing enough stimulation to the higher orders of the
brain involved in CAEP responses to speech sound, resulting in a “unsatisfactory” electrical
stimulation and consequently compromised CI outcomes.

When CI map adjustments resulted in CAEP responses being present (objective optimised
group), a significant improvement in speech scores from before to after adjustments was
found. This finding provides valuable evidence that the use of objective measures in CI pro-
gramming, specifically CAEPs, may be used to verify CI fitting and provide improved CI per-
formance. Furthermore, mapping adjustments made to elicit CAEP responses to all four
speech tokens in the objective optimised group resulted in an average speech score very similar
to those in the subjectively optimised group. This further highlights the advantage of verifying
CI map using an objective tool. It is important to note that all participants were seen regularly
for CI programming based on loudness perception methods prior to being enrolled in this
study. Therefore, it is unlikely that the same improvement could be achieved using subjective
methods.

It is worth noting that in this study only those who had CAEPs elicited by all four speech
tokens were included in the objective optimised group. As demonstrated in Table 3, the number
of speech tokens that did not elicit a CAEP response decreased from the subjectively non-opti-
mised group to the incompletely optimised group. It is reasonable to expect that improvement
would be seen in speech perception scores. Nevertheless, this study did not investigate that as
no speech perception scores were obtained for the incompletely optimised group. Therefore,
further studies would benefit from investigating whether the presence of P1-N1-P2 complex
for less speech tokens (incompletely optimised group) would improve speech perception scores.

Although investigation whether CI experience would affect the CAEP recording in adults
was not part of the initial plan for this study, it was thought that CI users with long CI experi-
ence could potentially find difficult to adapt to CI map adjustments based on presence/absence
of CAEP responses. The participants in this study had different CI experience. However, due
to the limited number of participants within the 6-12 months bracket, we divided the group
into >12 months and <12 months of CI experience, with 61 participants having less than 12
months, and 47 having more than 12 months of CI use. Our results demonstrated an improve-
ment in speech scores regardless of duration of CI experience. There was no significant differ-
ence in the average improvement in speech scores between the two groups. This raises an
important question regarding when a CI user’s improvement plateaus. While it has generally
been considered that long term CI users reach a plateau in their speech discrimination scores,
our results would suggest that in some cases there is room for further improvement regardless
of user experience and time post-implantation.

Analysis of which speech token was more or less likely to elicit a CAEP response demon-
strated that /m/ and /g/ were the most common ones followed by /t/, with CAEP elicited by /s/
remaining absent for more than 50% of those who had their CI map adjusted. It is also
observed that the poorest CAEP morphology was obtained for /s/. Although direct comparison
cannot be made due to different population (adult vs children), these findings differ from
those reported by Kosaner et al., 2018 who showed that CAEP responses were mostly elicited
by /t/ followed by /g/ and /m/ (/s/ was not tested in their study). Kosaner used an objective
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method (eSRT) to create the CI map and then CAEP to verify the audibility, therefore there
was no subjective behavioural method involved contrary to our study [42].

Anecdotally, in our clinical experience, it is a common observation that CI users tend to
have low tolerance to high frequency electrical stimulation and might request lower C/MCLs
during behavioural map adjustments. It is also possible that within our adult population sev-
eral had progressive hearing loss with the high frequencies being the first affected and there-
fore longer deprivation to high frequency sounds, making the adaptation to these sounds
longer. It is also possible that CAEPs are affected by the bandwidth and duration of the stimu-
lus. According to the HEARLab manual, /s/ has the stimulus duration of 50ms, /g/ 20 ms, /t/
30 ms, and /m/ 30 ms. As reported by Tavora-Vieira et al. (2021), the artifact of the HEARLab
recordings starts from 0 ms onwards, and it is larger for the speech token /s/, probably due to
the longer stimulus duration [43]. Nevertheless, clinicians might consider working with these
CI users to gradually improve their acceptance to high frequencies sounds to see if a CAEP
response can be elicited. In other words, it is important to consider not only comfort but also
audibility with CAEPs being a useful tool to guide this output.

In our study none of the participants who had their map fully adjusted based on the CAEP
measures have requested to return to the previous subjectively set CI map. Many patients
reported they were pleased to see that there was an objective method to check if the brain was
detecting the sound and were more accepting of programming changes, particularly when
their comfort levels were being increased. This was also true for the incompletely optimised
group. Although no speech scores post-CAEP were obtained for the incompletely optimised
group, it is reasonable to infer that they found some subjective benefits from the partial optimi-
sation as they all accepted the CI map modifications.

One of the main barries for using CAEP responses to verify CI mapping is the additional
time taken for the procedure, which varied from 15 to 45 minutes based on how many times
the MCLs had to be adjusted before CAEPs responses were obtained. While this was a time-
intensive process, the time savings attainable in the future could be considerable. At CI activa-
tion, many patients are given successively louder maps to adjust to. Using a CAEP guided map
as the foundation for these initially fitted maps could significantly decrease programming time
required in subsequent sessions. This is particularly useful for patients living in remote loca-
tions and for those not willing or able to attend regular programming and rehabilitation
sessions.

This study has provided evidence that CAEPs can be utilised to verify CI fitting and
improve CI users’ speech perception scores. However, an important limitation of this study is
that only speech perception in quiet scores were evaluated, while speech perception in noise
would provide a better indication of how the CI users are performing in real life situation. Fur-
ther research is necessary to investigate the most adequate time during the rehabilitation pro-
gram post-CI that CAEP can be used, whether it is useful during first fitting and factors
influencing the presence/absence of CAEPs, and the cost-effectiveness of early optimisation. A
randomised study with a group receiving the conventional subjective mapping method and
another group receiving objective mapping method and evaluating the effect P1-N1-P2 ampli-
tude on CI outcome would be of great value for future research.

Conclusion

CI use provides a significant improvement on speech perception scores for bilateral deaf recip-
ients. However, speech outcomes may be further enhanced by ensuring that each patient’s CI
map is delivering a “satisfactory” auditory signal to the auditory cortex. CAEPs are a useful
objective tool to verify and improve CI fitting.
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