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a b s t r a c t

In the present article, we review the studies on the use of the mismatch negativity (MMN) as a tool for an
objective assessment of cochlear-implant (CI) functioning after its implantation and as a function of time
of CI use. The MMN indexes discrimination of different sound stimuli with a precision matching with that
of behavioral discrimination and can therefore be used as its objective index. Importantly, these mea-
surements can be reliably carried out even in the absence of attention and behavioral responses and
therefore they can be extended to populations that are not capable of behaviorally reporting their
perception such as infants and different clinical patient groups. In infants and small children with CI, the
MMN provides the only means for assessing the adequacy of the CI functioning, its improvement as a
function of time of CI use, and the efficiency of different rehabilitation procedures. Therefore, the MMN
can also be used as a tool in developing and testing different novel rehabilitation procedures. Impor-
tantly, the recently developed multi-feature MMN paradigms permit the objective assessment of
discrimination accuracy for all the different auditory dimensions (such as frequency, intensity, and
duration) in a short recording time of about 30 min. Most recently, such stimulus paradigms have been
successfully developed for an objective assessment of music perception, too.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. The cochlear implant (CI)

The cochlear implant (CI) is an electronic device that allows
individuals with severe to profound hearing loss to gain or regain
the sense of hearing. Over the last decades, the speech perception
performance of adult CI recipients has progressed from poor open-
set word or sentence recognition to interactive conversation relying
on audition alone (Gaylor et al., 2013; Fu and Galvin, 2008). A
general rise in bilateral implantation and recent technological re-
finements have further improved implant outcomes, allowing not
only postlingually deafened adults to restore speech comprehen-
sion but also children with profound congenital hearing loss to
acquire spoken language (Limb and Rubinstein, 2012). Corre-
spondingly, the number of CI surgeries has risen exponentially and
today more than 350,000 CI recipients use the device in their daily
communication. As candidacy criteria continue to expand, it is
likely that the number of CI recipients will increase into the fore-
seeable future (Carlson, 2015).
1.2. CI functionality

The principle of a CI includes 1e3 microphones which direct the
sounds from the environment to a sound processor in which the
incoming signal undergoes a spectral analysis and is decomposed
into different frequency bands or channels. In the next phase, in-
formation about each frequency band is conveyed by a radio-
frequency transmitter, via a receiver, to an electrode array
implanted within the cochlea. This way different auditory nerve
fibers can be stimulated at different places in the cochlea. In
accordance with the place coding mechanism, electrodes near the
base of the cochlea are stimulated with high-frequency signals,
while electrodes near the apex are stimulated with low-frequency
signals (Wilson and Dorman, 2008; Nogueira et al., 2009; Hu and
Loizou, 2008; Loizou 1999).

An essential element in this process is the processing strategy
which handles the conversion of acoustic sound signals into elec-
trical impulses. This involves components such as stimulation
pattern, rate and pulse-width of the signal, filtering, stimulation
thresholds and distribution of specific frequencies to the appro-
priate electrodes. These settings are determined in a programming
procedure and are referred to as the patient's MAP or program,
typically stored in user-selectable presets. In contemporary CIs
three strategies are frequently used: 1) continuous interleaved
sampling (CIS) (Wilson et al., 1991), 2) the advanced combinational
encoder (ACE) (Kiefer et al., 2001) and 3) high resolution (HiRes)
(Koch et al., 2007).

The CIS strategy provides continuous sampling of the envelope
signals by rapidly presented pulses that are interleaved in time
across electrodes. This interleaving eliminates a principal compo-
nent of electrode interaction that is produced by summation of the
electric fields in the cochlea from simultaneously stimulated elec-
trodes (Wilson, 2015). The ACE strategy is similar to CIS with the
main difference being that the number of electrodes stimulated is
smaller than the total number of analysis channels. Using the
spectral-maxima principle, ACE strategy continuously estimates
the outputs of the filters and selects the 8e10 envelopes with the
largest amplitude for stimulation (Loizou, 2006). The HiRes strategy
is a close variation of CIS designed to increase the spectral and
temporal resolution provided by the CI. It uses relatively high rates
of stimulation, relatively high cutoff frequencies for the envelope
detectors and up to 16 processing channels and associated stimulus
sites (Nogueira et al., 2009; Wilson and Dorman, 2008). The more
recent HiRes120 uses current steering to control the electrical
interaction. When two (or more) neighboring electrodes are stim-
ulated in a suitable manner, intermediated channels, also known as
virtual channels, are created between the electrodes (Koch et al.,
2007). Other strategies used by different companies include the
“fundamental frequency modulation” (F0mod) strategy (Francart
et al., 2015; Milczynski et al., 2009; Laneau et al., 2006) and the
“fine structure processing” (FSP) strategy (Hochmair et al., 2006;
Arnoldner et al., 2007).
1.3. Technical limitations of the CI

Despite these technological advances and the fact that the de-
vice is designed such that it mimics the tonotopic organization of
the healthy cochlea, electric hearing is not comparable to normal
hearing. First, CIs are restricted to 12e22 electrodes that can hardly
compensate for the functional loss of 3500 inner hair cells (Limb
and Roy, 2014). Second, due to the spread of electric current from
the active electrode to adjacent places, the electrodes do not
function independently which limits the representation of the ac-
curate place code for frequencies and spectral cues (Abbas et al.,
2004; Chatterjee and Shannon, 1998). In many cases, this leads to
mismatches between electrode place maps and optimal cochlear
loci. In addition, the CI-signal typically lacks temporal fine struc-
ture, resulting especially in poor pitch perception (Ciocca et al.,
2002; Oxenham, 2008).

Moreover, because of necessary compression of the sound
signal, the dynamic range of the CI signal is limited to 6e30 dB,
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compared to the potential NH range of 120 dB (Shannon, 1983;
Moore and Moore, 2003; Zeng, 2004). Whereas many CI users
achieve stunning speech perception in quiet listening conditions
(Friesen et al., 2001; Wilson and Dorman, 2007), these technical
limitations represent a number of challenges in less favorable
conditions. In particular, many CI listeners have difficulties with the
perception of speech in background noise (Drennan and
Rubinstein, 2008, for a review; regarding children, Asp et al.,
2012; Caldwell and Nittrouer, 2013) and consonant and vowel
perception (Geers, 2003 Donaldson and Kreft, 2006).

Finally, the poor perception of pitch and intensity has negative
consequences for the perception of prosody (question vs. statement
intonation, Peng et al., 2008; word and sentence stress, Torppa
et al., 2014a; emotional prosody, Hopyan-Misakyan, 2009; Nakata
et al., 2012) and for the perception of music (Limb and Roy, 2014;
Torppa et al., 2014b; Agrawal, 2013; Timm et al., 2012; Petersen
et al., 2012; Cooper et al., 2008; Gfeller et al., 2007; Olszewski
et al., 2005; Mc Dermott and Looi, 2004; Leal et al., 2003;). The
poor perception of prosody and the problems in the perception of
phonemes can be detrimental, especially during language acquisi-
tion (Torppa et al., 2014a). These aspects may partially underlie the
findings that for children with CIs (CI children), several aspects of
language tend to develop less accurately than for NH children
(Geers et al., 2016).

1.4. Additional factors having an influence on the CI outcome

An important aspect of cochlear implantation is the fact that a
considerable variability remains in individual patient outcomes,
with performance ranging from simple sound detection to the
ability to converse on the phone (Fu and Galvin, 2008). The source
of this heterogeneity lies in the number of different factors that
may influence the post-operative performance. These include
onset, duration and severity of the hearing loss, differences in the
survival of the peripheral neural elements, residual acoustic hear-
ing and device-related effects such as the position of the electrodes
relative to neurons, design and form of the electrodes and sound
processing strategy (Kral et al., 2016; van Dijk et al., 1999; Gantz
et al., 1998; Wilson et al., 1993). Furthermore, factors such as cen-
tral brain processing, cross-modal reorganization (recent review
e.g. Lazard et al., 2014) and cognitive and language skills may exert
a significant influence on outcome variability (review e.g. Kral and
O'Donoghue, 2010; Kral et al., 2016). In the context of electro-
physiological measures in cochlear implantation, this is particularly
relevant since one of the main objectives is the possibility to
differentiate auditory vs. non-auditory influences on the outcomes.

Importantly, as opposed to prelingually implanted children, in
postlingually deafened CI-users, the auditory development has
been shaped by prior hearing experience, helping them to process
auditory information from the CI (Vavatzanidis et al., 2015; Torppa
et al., 2012; Petersen et al., 2012; Caposecco et al., 2012). Thus, the
limitations of CIs can be particularly critical for congenitally deaf
children with CIs. However, if they receive their CIs before the first
3e5 years of life, the central auditory areas have the capacity to
develop well after implantation (Kral and Sharma, 2012; Sharma
et al., 2002, 2009).

With the exception of a few studies (Vavatzanidis et al., 2015;
Torppa et al., 2012, 2014b), all MMN studies on CI children
reviewed here involve older children or adolescents with a pro-
longed period (more than 3e5 years) of deafness (Table 1). The
current practice, however, is to implant the children at around 1
year of age which may further promote their language skills (for a
review see Vlastarakos et al., 2010). There is also evidence of
bilateral cochlear implantation favoring near-normal spoken lan-
guage development in CI children (Boons et al., 2012; Wie, 2010).
Furthermore, bimodal stimulation (hearing aid þ CI) might, ac-
cording to tentative results (Lammers et al., 2014; Looi and Radford,
2011), promote spoken language skills.

1.5. Outcome measures

The CI outcome is typically measured by behavioral methods
such as sentence or word recognition and the identification of
speech in background noise (e.g., Holden et al., 2013). Whereas
these methods are compulsory in terms of measuring CI func-
tioning and user outcome, they provide limited information
regarding the cortical changes which underlie the recovery of
hearing after cochlear implantation. For that purpose, objective
neuroimaging methods such as the fMRI, the PET, the EEG and the
MEG are in demand. Historically, CIs were not considered
compatible with the powerful magnetic fields generated by MR
scanners, representing potential risks of patient injury. Recent
technological advances, however, have made it possible to perform
diagnostic MRI with CI patients, typically for the purpose of sur-
veillance of intracranial and spinal tumors (Hassepass et al., 2014;
for a review, see Carlson, 2015).

Whereas the structural MRI is possible for patients with newer
implants, the functional MRI cannot currently be carried out,
mainly because the speech processor contains metal parts which
are not compatible with MR scanners. Similarly, the MEG works by
magnetism making acquisition of data from CI users hazardous, for
CI users and scanners alike. The PET has been used in several
studies with CI users, particularly for the study of neural plasticity
(e.g., Lee et al., 2003; Naito et al., 2000; Strelnikov et al., 2010;
Mortensen et al., 2006; Petersen et al., 2013). While PET provides
excellent information of localization and lateralization, PET mea-
surements are generally limited with respect to the spatial and
temporal resolution and the invasiveness of the procedure, which
requires the injection of radioactive ligands.

The EEG, in turn, is a non-invasive, silent and objective method
which also enables one to record event-related brain potentials
(ERPs). Hereby, the neural basis of perception and cognition can be
investigated with a high temporal resolution. The ERPs do not
reveal as accurate information as PET on the loci of the activated
brain areas. They do, however, provide temporally precise infor-
mation at the level of milliseconds on the various stages of infor-
mation processing and the neural components associated with
perception and behavior. Although the recording of EEG in CI users
represents many challenges in data acquisition as well as in data
analysis, it has proven to be a feasible and reliable method for the
measurement of auditory functioning. The Mismatch Negativity
(MMN) response in particular, has been proven a strong tool for
measuring the capability of the auditory system.

1.6. What is the MMN and what can be studied with the MMN?

The MMN (N€a€at€anen et al., 1978) is a component of the auditory
event-related potential (ERP) recorded with electroencephalog-
raphy (EEG) or magnetoencephalography (MEG). It has been
related to the violation of expectancy in sound features such as
phonemes, pitch, timbre, location of sound source, intensity,
rhythm or to deviations in speech sounds or abstract auditory rules
(N€a€at€anen, 1992; N€a€at€anen et al., 2001). The MMN peaks around
100e200 ms from violation onset (Fig. 1). The amplitudes and la-
tencies of theMMN signal are related to themagnitude of deviation
and to the perceptual discriminability, such that larger deviations
yield MMN components with a larger amplitude and shorter peak
latency (N€a€at€anen and Picton, 1987). The amplitude and latency of
theMMN correlate with auditory behavioral measures, for example
with reaction time and hit rate in pitch discrimination tasks (Sams



Table 1
MMN studies with CI children. N ¼ number; ISI ¼ interstimulus interval: SOA ¼ stimulus onset asynchrony; 1)Within-block MMN ¼ the difference wave resulting from
contrasting deviant stimuli within one block; across-blockMMN¼ the differencewave resulting from contrasting the deviant stimulus of one blockwith its physically identical
counterpart of the another block where it is presented as a standard stimulus. Not reported in the Table: Petersen et al., 2015 (see Table 3); Ponton and Eggermont, 2001;
Titterington et al., 2003; Torppa et al., 2012 (see Table 3); Torppa et al., 2014b (See Table 3); Vavatzanidis et al., 2016.

Authors N of CI children
(uni/bilateral);
age; age at CI

Stimuli for the MMN Duration of
std/deviant
(ms); ISI (ms)

Total N of
electrodes (those
used for MMN
analyses); Across/
within-block1

CI Artifact
reduction
method

Other ERPs and
behavioral
methods

Standard Deviants

Ponton and Don 1995 4 (unilateral);
6 -12 years
Age at CI not
reported

CI: Pitch: One electrode pair in
basal and one in apical region
was activated with biphasic
current pulses. Duration: N
of electric pulses was altered.
NH: Pitch and duration:
Altered acoustic clicks.

Longest
stimulus20
ms; ISI 760

30 (subset of 16
electrodes)
Visual inspection of
MMN)
Across-block

Not reported

Kileny et al., 1997a,b 14 (unilateral);
4-12 years;
ca. 3e9 years

1) 1500 Hz tone burst
presented at 75 db
2)''heed'' (loudness roving)

1a) 1500 Hz tone
burst, 90 db,
1b) 3000 Hz tone
burst, 80 dB,
2)''who'd''
(loudness roving)

? ?;
Within-block

Not reported N1, P2, N2, and
P3. Speech
recognition.
Language score?

Ponton et al., 2000 12 (unilateral);
6e18 years;
identified up to
5.1 years

Same as in Ponton and Don (1995) Longest
stimulus
20 ms;
ISI 760

?;
Across-block

Not reported

Singh, 2004 35 (unilateral);
7 to 17 years;
2e15 years

Synthesized/ba/ Synthesized/da/ 275;
ISI 1000

21 (Fz, F3, F4, C3,
C4);
Across-block

Described in
Singh, 2004
(see Table N)

P1, N1, P2, N2,
CAP, SIR

Watson et al., 2007 15 (not reported);
7e13 years;
2.7e6 years

500 or 2500 Hz tone bursts 500 or 2500 Hz
tone bursts
(frequency as
standard in one
condition became
deviant in
the other
condition/
vice versa)

50;
ISI 550

5 (C3, Cz, C4, T5, T6)
Across-block

Not reported. Digit Span tests
WISC-III
NWR Test
(repetition of
non-words of
increasing syllable
length).

Ortmann et al., 2013 18 (unilateral);
7e19 years;
<5 years
(except one)

The easiest pair (/bu/vs./ba/,/bu/
vs./bo/, bu/vs./pu/) was identified
for each CI user and used as
stimulus./bu/was standard (run 1)
and deviant (run 2)

420-451 ms;
ISI 900 ms
(with jittering
of ±200 ms)

32
MMN quantified/
localized
with BESA (32).
Across-block MMN

By subtracting
standard from
deviant

Phoneme
discrimination

Liang et al., 2014 18 (unilateral);
1 to 6 years;
1.3e6.1 years

Pure tone 1000 Hz Pure tone
1500 Hz

50;
ISI 900

128;
Within-block

Not reported/poor
channels amps
exceeding 75 mV
excluded

CAP
Children were
sedated

Vavatzanidis
et al., 2015

17 (bilateral)
11 to 45
months/right
after implantation

/ba/with a short or with a long
vowel (202 and 341 ms.).
Short syllable was standard and
long syllable deviant/vice versa

202 and 341;
ISI 855

9 (Fz, Cz, Pz).
Within-bock and
across-block

19 children were
excluded due to
CI artifact.

e
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et al., 1985; Lang et al., 1995; Tiitinen et al., 1994; Novitski et al.,
2004). Furthermore, the MMN is sensitive to discrimination
learning (N€a€at€anen et al., 1993) and hereby also to musical exper-
tise (Tervaniemi, 2009).

TheMMN provides an objective measure of auditory capabilities
since it is pre-attentively elicited, requiring neither the subject's
behavioral response nor attention towards the sounds (N€a€at€anen
et al., 1978; Alho, 1992; Paavilainen et al., 1993). Thereby, the
MMN elicitation is free from confounding factors such as the fa-
miliarity with, and motivation in relation to performance in audi-
tory tasks. Moreover, the MMN can be measured in individuals
from whom it is difficult or even impossible to obtain reliable
behavioral measures, for instance from aphasic (Csepe et al., 2001;
Ilvonen et al., 2004) and comatose patients (Kane et al., 1993;
Chausson et al., 2008), newborns (Partanen et al., 2013; Alho
et al., 1990; Winkler et al., 2009), and fetuses (Cheour-Luhtanen
et al., 1996; Draganova et al., 2005).

Hence, the MMN represents a potentially useful tool for an
objective, clinical evaluation of auditory discrimination functions at
the group level (Ponton et al., 2000). In individuals, however, the
reliability of the MMN still has to be improved. Bishop and
Hardiman (2010), found a significant MMN in 14 (82%) of in-
dividuals, indicating that despite good behavioral discrimination, a
few subjects show noMMN. For a review of the clinical applications
of the MMN, see Duncan et al. (2009); Kujala et al., 2007; N€a€at€anen,
2003; N€a€at€anen and Escera, 2000; Csepe and Molnar, 1997). In the
following, wewill discuss how the MMN can be used for examining
the auditory perception in CI users.

1.7. Source localization

One approach to study the source localization of ERP-responses
from EEG-signal is distributed source analysis method (Beam-
former, Loreta, sLoreta and Minimum-Norm Estimates(MNE)).
Another approach is discrete source analysis (dipole modeling). In
CI users, several EEG source localization approaches have been used
(e. g., dipole modeling, Debener et al., 2008; Sandmann et al., 2009;
Linear Beamforming, Senkowski et al., 2014; sLORETA, Schierholz



Fig. 1. Schematic illustration of the mismatch negativity (MMN). A) ERP waveforms
evoked at a frontal scalp location by the standard and deviant sounds superimposed on
the difference waveform in which the ERP to the standard has been subtracted from
that to the deviant. The MMN appears as an enlarged negativity to the deviant sound
as compared with the standard sound, following the N1 peak. B) Illustration of the
supratemporal bilateral sources in the left and right hemispheres of the MMN response
to the deviant sound. Modified from Tervaniemi and Brattico (2004). The figure is from
Professor Elvira Brattico's academic dissertation (2006). Reprinted with permission of
the author.
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et al., 2017; L2-MNE, Ortmann et al., 2013, 2017). It is not yet clear
which method is the best one even for NH subjects. Evidently, it
would be beneficial to compare the results from different ap-
proaches (Mahjoory et al., 2017).

For source modeling of the brain responses of young children,
individual head models are essential to get reliable results. The
reason for this is that the brain and its surrounding structures
undergo large anatomical and histological changes in childhood,
the time course of these changes evidently differing between in-
dividuals. These changes lead to changes in electrophysiological
activity (see for example, Ortiz-Mantilla et al., 2012). Unfortunately,
in CI children, individual head models cannot be acquired because
magnetic resonance imaging (MRI) is not possible for them. Future
studies should address this problem.
2. MMN, speech perception and language development in CI
users

Objective, non-behavioral measures of auditory discrimination
such as the MMN remain a potentially powerful, but as yet under-
utilized, application for this patient population (Ponton et al.,
2000). Thus, in the following, we will propose that the MMN can
be used as a viable and objective measure for auditory capabilities,
progress and training efficiency in CI recipients. In particular, we
will review the potential of theMMN as an instrument for assessing
the functioning of the CI, for monitoring the gradual improvement
of auditory discrimination after the CI switch-on, for evaluating the
effectiveness of different training programs and rehabilitation, for
assessing the preserved memory traces during the period of
deafness preceding the CI installation, and for evaluating the per-
formance of CI users in the perception of music, in both adults and
children. Finally, we will give an overview of the practical issues in
MMN recording and analysis in CI recipients.

2.1. Pioneering studies

The pioneering MMN recordings from CI users conducted by
Kraus et al. (1993) employed syllable contrasts (standard/da/vs.
deviant/ta/) as their stimuli. They showed that the MMN elicited in
CI users was remarkably similar to the MMN obtained from a group
of age-matched NH control subjects. Thus, despite the major dif-
ferences in the peripheral input, the brain of the CI users seemed to
process basic speech units in a fashion very similar to that of NH
controls, leading to the conclusion that the MMN shows promise as
a measure for the objective evaluation of the cochlear implant
function, and for the study of central neurophysiological processes
underlying speech perception. Consistent with this, Ponton et al.,
(2000; see also Ponton and Don, 1995, 2004) found that the
MMNs for contrasts in simple stimulus duration delivered directly
to the CI electrodes were rather similar for CI-users and age-
matched NH adults.

In a detailed investigation, Groenen et al. (1996) reported that
whereas the individuals classified as good CI performers (based on
behavioral speech-perception measurements) disclosed an MMN,
the poor performers failed in generating a comparable response.
The authors concluded that there seems to be a relation between
speech perception ability and the quality of the MMN signal.
Furthermore, the authors advocated for a refinement of the MMN
paradigms for studying the different aspects of auditory processing
to fundamentally understand the effects of electrical stimulation of
the inner ear and to clinically adjust rehabilitation (Groenen et al.,
1996, p. 112).

2.2. MMN development in adults with CIs

The improvement of vowel discrimination in the early post-
implant period was investigated in the afore mentioned study by
Kraus et al. (1993). Subsequently, tracking the changes in language
function in a group of deaf adults after receiving their CIs, Lonka
et al. (2004, 2013) found that while the MMN was absent for
approximately 12 months post-surgery, the MMN response sub-
sequently emerged first for a large vowel contrast, and then later
for a more subtle vowel distinction. A converging behavioral per-
formance improvement was also observed during the follow-up
period. According to Lonka and her colleagues, their results sug-
gested that plastic changes occurred in the auditory cortex of these
patients while the discrimination of the speech sounds improved
(Fig. 2). Importantly, one of these changes might be the re-
activation of cortical phoneme traces (N€a€at€anen et al., 1997) that
were formed before the period of deafness.

In line with these findings, in the light of the results obtained by
Salo et al. (2002), it seems plausible that the neural memory traces
once developed for the mother tongue speech sounds remain quite
stable even in a total deprivation from supportive stimulation.
These authors studied the MMN responses to the frequency
changes of the second formant (F2) of the Finnish/i/in CI listeners.
The participants also completed a task where they were asked to
adjust the F1 and F2 parameters of a vowel synthesizer to produce
Finnish vowels. It was found that the CI subjects exaggerated the
contrasts between the vowel categories and further, that an MMN
could be identified from that patient who adjusted the F1 and F2
parameters closest to the prototypical Finnish vowels, suggesting
that the memory traces for the vowels had remained stable during
the period of deafness.



Fig. 2. Top: Grand-average (five CI users) event-related potentials (ERP) difference waves at the frontal scalp site (Fz) to frequency changes (ERPs to standard-frequency tones
subtracted from the ERPs to deviant-frequency tones) for the different frequency ranges 1 year and 2.5 years after CI activation. MMN, mismatch negativity. Bottom: MMN
amplitude at Fz for each participant (P1eP5) for the different frequency ranges 1 year and 2.5 years after CI activation. From Lonka et al. (2013). Permission to use requested from the
publisher.
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The stability of these memory traces probably explains the fact
that the post-lingually deafened patients benefit from the CI soon
after the implantation. The information delivered through the CI
seems to activate neural phonetic memory traces underlying the
generation of theMMN. Consistent with this, Perkel et al., 1992who
studied the speech of post-lingually deafened patients before and
after the activation of the CI suggested that gains in productionmay
be governed at least as much by prior linguistic experience as by
perceptual gains. However, some higher aspects of linguistic pro-
cessing such as that of syntax may be affected even in proficient CI
users (Hahne et al., 2012).
2.3. Auditory development in children with CIs indexed by the MMN

The first results on the development of the MMN of CI children
were reported by Ponton et al. (2000). The age of the children
ranged from five to 20 years and the age at implantation was fairly
high, with the average age at the detection of deafness being one to
two years and the average period of deafness being 3,5 years
(Ponton and Eggermont, 2001). The aim was to study whether the
MMN can be used to assess the extent to which a CI provides
discriminable information to the user. This would be extremely
useful, especially for young implanted children who still have
restricted language skills. The MMNs were evoked by a duration
difference in a click train (for NH children) or in a pulse train (for CI
children), with the stimulus being monaural. It was found that an
MMNwas present in a group of implanted childrenwho have good
spoken language perception through their CI. Furthermore, the
authors found differences in the MMN scalp distribution between
the CI and NH children. TheMMNamplitudewasmore symmetrical
over both hemispheres in CI children whereas it was initially much
larger over the contralateral hemisphere in NH children. These
findings suggest that, compared to, for example, obligatory re-
sponses like N1, the MMN is a better measure of basic auditory
processes necessary for the development of spoken language
perception skills in profoundly deaf children listening with the aid
of a CI.

Liang et al. (2014) conducted a longitudinal study of the
auditory-cortex functional development using the MMN. Their
participants were one to six years old, pre-lingually severely-to-
profoundly hearing-impaired children. Recordings were conducted
in sedation at different time points from one to six months post-
operation. The standard stimulus was a pure tone of 1000 Hz
while the deviant stimulus was a pure tone of 1500 Hz, presented in
free field. It was found that the individual MMN incidence gradually
increased during the follow-up period. Moreover, the MMN peak
latency decrement from Month 3 to Month 6 correlated signifi-
cantly with the increment of the CAP scores (with the CAP assessing
auditory ability development in children; Archbold et al., 1995).

The authors concluded that “MMN incidence increment and
latency decrement are likely to be the objective and noninvasive
indicators for evaluating auditory central development at the early
stage in children after CI power-up” (p. 13). Moreover, they pointed
out that the MMN peak-latency decrement fromMonth 3 to Month
6 that correlated significantly with the increment in the CAP scores
indicated a fast maturation period, which might be a key period for
auditory rehabilitation.

In their study on music perception in children with a CI, Torppa
et al. (2012) inspected the maturation of MMN responses in CI
children aged from four to 13 years, who already had long-term
experience in hearing with a CI (see Table 1). The CI children
were divided in repeated measures analysis of variance to two age
groups (children younger/older than six years and nine months).
Results indicated a non-significant tendency to a longer latency of
the MMN in younger children for the gap of 40 ms and to larger
MMN amplitudes in older children to changes in f0. The MMN
amplitude for change from piano tone to cymbal tone was signifi-
cantly larger in older compared to younger children (Fig. 3). The
results indicated that thematuration of MMN by agewas similar for
the CI and NH control children.

An important aspect of children's perception of speech is the
perception of word stress and their patterns which convey infor-
mation about word boundaries in rhythmic languages like German,
English, French, Hebrew (for a review, Vavatzanidis et al., 2016) and
Finnish (word stress perception in Finnish CI children, see Torppa
et al., 2014a). Using this cue, young children are able to derive



Fig. 3. On the left, the ERP waveforms for standard tones and for musical instrument deviants at Fz-electrode in NH- and CI children. On the right, the subtraction signals (deviant-
standard) showing MMN and P3a respectively. From Torppa et al. (2012). Permission to use requested from the publisher.
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and learn newwords from continuous speech. The acoustic cues for
word stress are changes in pitch (f0), intensity and duration (for a
review, Torppa et al., 2014a).

Vavatzanidis et al. (2015) followed the development of theMMN
for vowel duration (length) right after the implantation in young CI
children (age at CI activation from 11 to 45 months) and in the NH
control group. In their MMN paradigm,/ba/was presented either
with a short or with lengthened vowel. In one of two stimulus
blocks, the short syllable was the standard and the long syllable the
deviant and vice versa, and correspondingly, theymeasured the so-
called within-block and across-block MMNs (see Section 5.1). They
conducted six measurements, one preoperatively and five during
the first eight months of implant use. Only two months after the
first auditory input, these early-implanted children differentiated
between the long and short syllables. Further, the CI children
reached MMN amplitude values similar to those of the NH group
only four months after their first auditory experience. The authors
stated that “this is remarkable, considering that being congenitally
deaf they are lagging behind at least 1 year from their NH age peers
in terms of hearing experience.” (p. 2437).

Vavatzanidis et al. (2016) followed the development of theMMN
for changes in syllable stress patterns in CI children (age at first
activation of the CI, 9e50 months) during first six months after CI
activation and in the NH control group. In one of the two stimulus
blocks, the trochaic pattern (the first syllable stressed, e. g.,/ba:ba/)
was the standard stimulus and the iambic pattern (the second
syllable stressed, e. g.,/baba:/) the deviant stimulus or vice versa.
The stress patternwas cued with changes in duration, but also with
changes in intensity and the 1st-4th formants (as exact changes in
pitch or f0 are not reported).

Vavatzanidis and colleagues found that the ERP curves of the
implanted children were very similar to those of their NH peers.
The negative, MMN-like response to the iambic stimulus was
visible at two months and significant at four months after the CI
activation (for the subgroup of congenitally deaf children after 6
months of CI use). In all child groups, an MMN-like mismatch
response was present for the iambic deviant, but not for the
trochaic stimulus typical for the native language of the participants.
Vavatzanidis and colleagues stated that this is consistent with the
findings of Friederici et al. (2007) showing that NH infants strongly
respond to the non-native stress pattern but not to the native stress
patterns. According to the authors, their results demonstrate that
the CI allows the differentiation between native and foreign stress
patterns and thus transmits word stress cues for language
acquisition.

2.4. MMN as an indicator for good vs. poor CI speech performance

In their long-term assessment of patients with CIs using the
MMN, Singh (2004) observed that initially, there were MMN re-
sponses in 80e85% of good performers in speech perception but
only in 15e20% of poor performers. Reassessing after two years,
50% of the poor performers, in whom MMNs were elicited, had
become good performers, whereas only 25% of poor performers
with no MMN became good performers. The authors concluded
that presence of an MMN could be a good indicator for evaluating
the cortical status after cochlear implantation.

Consistent with this, a recent study by Turgeon (2014) investi-
gated MMN responses elicited by speech-sound contrasts. In their
paradigm, the standard stimulus was/da/, while the deviant stimuli
were syllables/ba/and/ga/. The authors reported that in the good
performers, the MMN in fact resembled in amplitude that of the
normal healthy control subjects. Moreover, a bivariate binomial
correlation analysis showed a positive correlation between the
MMN amplitude and the speech-recognition score. The authors
concluded that the MMN can distinguish between CI users who
have good versus poor speech-recognition ability as assessed with
conventional tasks. Furthermore, they suggested that the MMN can
be used to assess speech-recognition proficiency even in CI users
who cannot be tested with regular speech-recognition tasks, e.g., in
infants and other non-verbal populations, raising the possibility
that the MMN could be used “to evaluate speech recognition and to
assess improvement following implantation and intervention in
infants and non-verbal adults” (p. 834). Consequently, these results
indicate that the clinical use of the MMN is “feasible and infor-
mative” (p. 832).

This conclusion is also supported by the results of Kelly (2005).
These authors observed that the MMN for tone-frequency change
was absent or degraded in CI patients with poor speech scores. It
was concluded by the authors that the MMN is a useful tool for
objectively assessing auditory discrimination in patients with CIs.

In addition, Kelly, 2005 reported a similar failure to record an
MMN from CI users defined as poor performers on the basis of their
speech scores. Moreover, Zhang, 2011 found that good CI per-
formers displayed MMNs with a large peak amplitude whereas
moderate-to-poor performers showed small or absent MMNs. An
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analogical data pattern can also be observed in children with CIs. It
was found by Kileny et al. (1997a,b) that in children with CIs be-
tween the ages of four and twelve years, the MMN and P3 ampli-
tudes for a tone-frequency change correlated significantly with the
results of tests evaluating speech-recognition skills. These two tests
were The Glendonald Auditory Speech Perception (GASP), assessing
the child's ability to identify familiar words and sentences in an
open-set format, and The Word Intelligibility by Picture Identifi-
cation Test (WIPI) which assesses the identification of one-syllable
words in a closed set of 6 words.

The authors concluded that the clinical use of cognitive evoked
potentials in children with CIs is feasible and informative. Further,
“given the strong relationship between some of the measures of
cognitive evoked potentials and traditional speech recognition
scores, this procedure holds promise as a clinically useful technique
for evaluating young children with cochlear implants. In particular,
this measurement allows us to evaluate central auditory processing
skills of young children in whom behavioral measurement may be
difficult or unreliable. In addition, this technique has the potential
of providing insight into auditory learning and auditory memory in
this patient population.” (Kileny et al., 1997a,b, p. 168). See also
Watson et al. (2007).

Importantly, Ortmann et al. (2013) aimed at determining the
central factors accounting for developing satisfactory speech per-
formance in children and adolescents with prelingual hearing loss.
In their study, two groups of CI users, one with ”very good” and the
other with “very bad” speech performance, were matched ac-
cording to the hearing age and the age at implantation. It was
assessed whether these two CI groups differed from each other
with regard to their phoneme-discrimination ability and auditory
sensory-memory capacity. These functions were measured behav-
iorally and by using the MMN. It was found, that the behaviorally
measured phoneme-discrimination ability was comparable in the
group of good CI-performers and matched healthy control partici-
pants, which were both better than that of the bad performers.
Further, source analyses revealed a larger MMN activity (at
155e225 ms) in good compared with bad performers, which was
generated in the frontal cortex and positively correlated with
behavioral measures of working memory. These results indicate,
according to the authors, that the two CI groups developed
different auditory speech-processing strategies and emphasize the
role of phonological functions of auditory sensory memory and the
prefrontal cortex in positively developing speech perception and
production.

Kraus et al. (1993) proposed that the MMN could provide a
neurophysiologic basis for the design of CI rehabilitation programs,
since it is an effective neurophysiological index of fine acoustic
stimulus processing. To assess this aspect, Trautwein et al. (1998)
and Ponton et al. (2000) who assessed patients with CI by using
non-speech stimuli, obtained results that relate back to both speech
performance and training. Trautwein et al. (1998) found that while
the psychophysical thresholds were superior to the MMN-
estimated discrimination thresholds for duration contrasts in the
control group, the opposite held true for the group of adult CI users.
Thus, in a number of patients, there was neurophysiological evi-
dence for discrimination based on the MMN, without the patient
being able to behaviorally discriminate the difference. Based on the
apparent separation of discrimination at the level of sensation
versus perception, Ponton et al. (2000) developed a protocol based
on pre-training MMN evaluation to determine whether there was
neurophysiological evidence for discrimination in the absence of
perceptual discrimination. This knowledge was then used to
develop a training protocol which resulted in significant improve-
ments in frequency discrimination as well as in combined conso-
nant and vowel discrimination in a single profoundly trained adult
CI user. Important background information for this kind of devel-
opmental work was very recently provided by Moberly, 2016 MMN
study on acoustic cue weighing in adults with CIs.

3. MMN in clinical testing and training e refinement of the
methodology

As noted by Roman et al. (2005a), there is a clear application of
theMMN in clinical testing and training of CI populations. However,
refinements are needed in methods and recording technique to
optimize protocols for these purposes. These authors studied post-
lingually implanted adult patients and found that frequency-
discrimination ability (between tones of 1000 and 1500 Hz) could
be demonstrated in all but one of their patients with CI. An inter-
esting, and commendable, methodological aspect of their investi-
gation was to average the MMN from 8 fronto-central electrodes,
covering the scalp area with the highest MMN amplitudes, which
revealed, according to the authors, the MMN more precisely (see
also section NN “Electrodes used for recording and quantification of
MMNs” in the end of the present review).

3.1. MMN in individual CI users

The MMN is typically recorded at the group level. This is not
optimal for clinical purposes, where it is essential to judge and
follow the auditory capacity of individuals. Consistent with this,
many studies, especially the pioneering ones, have looked at the
MMN in individual CI listeners (Tables 1 and 2).

In the study by Kraus et al. (1993), the latency was determined
for the onset, offset, and peak (the point of the maximum nega-
tivity) of the MMN for syllable contrasts (standard/da/vs. deviant/
ta/), using the grand average difference waveforms from individual
subjects. T-tests were performed on the deviant/ta/(in oddball
paradigm) and deviant minus/ta/-alone difference waveforms
comparing the amplitudes at these same three latency points. An
MMN was considered to be present for an individual if the ampli-
tude of the peak was significantly different from the onset or offset
amplitudes of the MMN in both the deviant minus standard and
deviant minus/ta/-alone conditions.

Ponton et al. (2000) developed a statistic named the “MMNi”, or
the MMN-integrated, in which the averaged evoked potentials for
the standard and deviant stimuli are integrated and compared with
the individual's own variability for the standard stimulus across
randomized, multiple trials. Based on their findings, Ponton et al.
(2000) promoted using the MMNi as a clinical tool for examining
individual differences in speech perception, short-term auditory
memory, and speech-discrimination skills (for a review, see
Johnson, 2009).

Singh, 2004 identified MMN (standard/ba/, deviant/da/, syn-
thesized stimuli) from difference waves of individual CI subjects.
The MMNwas the visually identified negativity deflecting from the
baseline in the difference waveform between approximately 100
and 350 ms from stimulus onset. The reproducibility of the MMN
was assessed by comparing averages constructed from equal
numbers of random epochs, and odd and even averages were
extracted from the complete data sets. If the MMN identified in the
difference waveform was not reproducibly present in the sub-
averages in any of the above-described averages, then it was not
regarded as a true MMN. The parameters from the Fz electrode site
were used for all statistical analyses. The results indicated that an
MMN was much more likely present in patients who had better
behavioral performance scores, namely in the Categories of Audi-
tory Performance (CAP) and Speech Intelligibility Rating (SIR). The
authors concluded that the presence of an MMN in these patients
may serve as a valuable positive prognostic marker indicating



Table 2
MMN studies with adult CI users. N ¼ number; ISI ¼ interstimulus interval: SOA ¼ stimulus onset asynchrony; ICA: independent component analysis; 1)Within-block
MMN ¼ the difference wave resulting from contrasting deviant stimuli within one block; across-block MMN ¼ the difference wave resulting from contrasting the deviant
stimulus of one block with its physically identical counterpart of the another block where it is presented as a standard stimulus.

Authors N of CI users
(uni/bilateral);
age; age at
CI/strategy

Stimuli for
the MMN

Duration of
std/deviant
(ms)/ISI or SOA

Total N of electrodes
(those used for MMN
analyses);
Across/within-block1

CI Artifact
reduction
method

Other ERPs and
behavioral methods

Standard Deviants

Kraus et al., 1993 8/not reported /da/ /ta/ 100; ISI 1000 2 (Fz); Within and
across-block

Not reported Monosyllable words
subjective satisfaction

Groenen et al., 1996 7/MPeak /ba/ /da/ 175 Antwerp-Nijmegen test battery
Salo et al., 2002 4

22 Nucleus
/i/, F2
2230 Hz

F2
D1 2313 Hz
D2 2400 Hz
D3 2488 Hz
D4 2578.Hz

500; SOA 850 20 (Fz); Within-block Not reported Word recognition scores
Speech reception thresholds
Speech production analyses

Lonka et al., 2004 5
SPEAK

/e/ D1/ø/
D2/o/

400;
SOA 900

Finnish bisyllabic words

Roman et al., 2005a,b 7
SPEAK

1 kHz D1 2 kHz
D2 1.5 kHz

30; ISI 1030 32 or 64 (F3, Fz, F4, FC1,
FC2, C3, C4, Cz); Within
and across-block

Not reported N1 e P2
Pure tone audiogram
Word discrimination

Kelly, 2005 12
SPEAK

1 kHz D1 1.5 kHz
D2 1.25 kHz

60; ISI 600 3 (Fz, Cz, Pz);
Within-block

Not reported MLR, CAEP, P3
Word tests
Sentence test

Zhang, 2011 5 good
5 mod-bad
ACE

1 kHz 2 kHz 60;
ISI 700

40 (F3, Fz, F4, C3, Cz,
C4, FC3, FCz, FC4);
Within and across-block

ICA N1 e P2

Obuchi et al., 2012 3
ACE

1 kHz D1 1.5 kHz
D2 2 kHz
D3 4 kHz

Rate 1 per
second

3 (?); Within-block Not reported P300
Japanese Speech
Intelligibility test

Lonka et al., 2013 5
SPEAK

S1: 500 Hz
S2: 1000 Hz
S3: 2000 Hz
S4: 4000 HZ

D1: 400
D2: 800
D3: 1600
D4: 3200

100;
SOA 600

2 (Fz);
Within-block

Not reported Finnish bisyllabic words

Turgeon, 2014 20
not reported

/da/ D1/ba/
D2/ga/

225;
ISI 1000

128 (AFz, Fz, and FCz);
Within-block

ICA French word lists
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favorable prognosis in the long run. However, a large percentage of
these CI listeners did not disclose an MMN. Therefore, according to
the authors, an absent MMN should be interpreted with caution,
since a poor signal-to-noise ratio for reasons such as a too short
duration of recording may be the reasonwhy a MMN is not evident
in some patients.

A rather similar method for identifying individual MMN re-
sponses has been used by Zhang et al. (2013a) who tested the
melodic interval contour identification behaviorally and neurally
using MMN responses. The ‘standard’ stimuli were the rising and
falling contours with 1- or 5-semitone spacing. The ‘deviant’ stimuli
were the rising-flat and falling-flat contours with 1- or 5-semitone
spacing. An MMN was a visually identified negativity deflecting
from the baseline in the difference waveform between approxi-
mately 100 and 350 ms from stimulus onset. To further judge the
presence of the MMN, a point-by-point t-test of the two averaged
waveforms (standard and deviant) was performed over the latency
range where the MMN was visually identified. The MMN was
regarded as being valid if the two waveforms were significantly
different from each other. It was found that an MMNwas present in
individual CI subjects only in the easier condition where the con-
tours had a five-semitone spacing.

Previously, a methodologically interesting contributionwas also
provided by Wable et al. (2000) who analyzed the MMN in CI pa-
tients to assess electrode discrimination in these patients,
following the example given by Ponton and Don (1995). The latter
authors comparedMMN responses in an electrode-pair stimulation
paradigm of patients with CI to tone-burst stimulation in NH con-
trols and found MMN responses with shorter peak latencies with
electrical stimulation which may be explained, according to the
authors, by amore synchronized activation of neurons in the case of
electrical stimulation. Consistent with this, Wable and associates
found that an MMN can be elicited when stimulating two different
CI electrodes, with one for the standard stimuli and the other for
the deviant stimuli.

In line with this, Nager et al. (2007) found that adult CI users are
impaired in the pre-attentive registration, indexed by a greatly
attenuated P3a response to novel sounds in the passive oddball
condition, an index of automatic orienting of attention. In contrast,
in the active condition, the patients and controls did not differ from
one another with regard to hit rates and RTs. Furthermore, the ERPs
elicited by novel stimuli were characterized by enhanced N2b and
P3b components that did not differ in amplitude between the two
groups. The authors concluded that the finding involving the
clearly diminished P3a response is of note because it provides the
first direct evidence demonstrating that auditory novel events
outside the attentional focus fail to automatically capture attention
in cochlear implantees, which may make it more challenging for
these patients to navigate in environments that rely on the ability
to reorient the attentional focus when encountering unexpected
sounds (Nager et al., 2007, p. 395). This might e.g. have important,
unless fatal, implications to traffic safety (see N€a€at€anen and
Summala 1982).

4. MMN in relation to music perception in CI recipients

While the first aim of the CI rehabilitation was just to allow the
perception of speech, developing the perception of music has
recently become an important aim of CI development and reha-
bilitation. This need may have partially arisen from the increasing
amount of scientific evidence for the positive impact of one's fa-
vorite music in humans (for example, arousal: Carr and Rickard,
2015; pleasure and award: Zatorre and Salimpoor, 2013), from a
growing body of evidence on the common processing between
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music and speech perception, and from results suggesting that
speech perception and underlying aspects (like pitch and duration
perception, attention and memory) can be rehabilitated with
musical activities or training (Besson et al., 2011; Strait et al., 2012;
Patel, 2014). The many MMN studies on the neural basis of music is
one outcome of these developments.

4.1. Results from odd-ball paradigms eneural responses for changes
in musical syntax, timbre, attack time and melodic contour

Koelsch et al. (2004), in a pioneering study, found that the MMN
and P3a elicited by timbre deviants (e. g., chords played with piano
vs. trumpet or organ) were present in adult CI recipients. Moreover,
music-syntactic violations in chord sequences elicited an early right
anterior negativity (ERAN) which had amplitude and latency
similar to the MMN but more frontally located sources (Garza
Villarreal et al., 2011; Leino et al., 2007). All these responses were
considerably smaller in amplitude in CI-recipients than those eli-
cited in controls, indicating, according to the authors, that the
amount of sensory information received through a CI is smaller
compared to an intact natural cochlea. Nevertheless, this demon-
strated that the neural mechanisms for detecting irregularities in
physical (timbral) and syntactic changes in music are activated
even through the CI.

Consistent with the findings from Koelsch et al. (2004), Zhang
et al. (2013b) reported that the MMN for changes in musical in-
struments (timbre) was elicited in all adult control-group in-
dividuals but only in approximately half of the adult CI-recipients
studied. Moreover, in those CI-users that displayed MMN re-
sponses, the MMN peak amplitude was smaller and duration
shorter than those of the NH controls. As Zhang et al. (2013b) point
out, the results of the timbre MMN are consistent with behavioral
results showing poorer timbre perception in CI-recipients
compared to that of NH-listeners. Hence, the MMN can provide
an objective tool not only in studying the neural coding of timbre
but also in the future efforts of improving CI design and speech
strategy.

Temporal and feature perception in relation to musical timbre
perception in post-lingually deafened CI users was studied by
Timm et al. (2012). They manipulated the first 60 ms of a cornet
sound in order to determine whether these differences in the
temporal envelope of the sounds, in particular the attack time, are
detected by CI-users. Timm and her colleagues found that theMMN
was elicited in the NH control participants only. Consequently, the
authors concluded that small differences in temporal envelope are
difficult to perceive for CI users and that further research is needed
to determine the minimal and maximal borders of this altered
perception. Moreover, the authors encouraged musical training in
CI users since it has been shown to strongly affect ERPs, in partic-
ular the MMN, an index of sound discrimination (see Tervaniemi
et al., 1997).

Quite recently, Zhang et al. (2013a) used the MMN to compare
the ability of CI and NH adults to neurally and behaviorally detect
the changes in melodic contours, presented with complex tones (f0
and two harmonics). Several EEG oddball paradigms were pre-
sented to the participants, with the pitch interval between the
tones in melodies being either one or five semitones. The MMNwas
present for CI recipients with the 5-semitone spacing but not when
the interval was only one semitone. Even though the MMN dura-
tions, amplitudes and latencies (with five semitone spacing) were
diminished in CI recipients compared to those in the NH subjects,
the differences between groups were not statistically significant
even though these results were in line with the findings from
behavioral assessments.

According to the authors, the results suggest that larger changes
in pitch (five semitones) may be sufficiently perceived by some CI
users, despite of the degraded input from CIs. The authors also list
other confounding factors such as less recruitment of the auditory
cortex in CI subjects than in NH listeners when processing sounds
due to the period of deafness, and deficiencies in working memory
and auditory attention in CI recipients. Further, they propose that
theMMNmay be used: “(1) to assess neurophysiological processing
of pitch contours and melodies, (2) to assess deficits in the central
auditory system for sensory encoding and (3) to explore the effects
of music training on brain plasticity in CI users” (p. 10). They also
suggest that with multi-feature paradigms (see Section 4.2 below),
more systematic informationmay be obtained about the processing
of pitch contour changes in CI users.

4.2. Multi-feature MMN paradigms

The MMN studies reviewed above report cortical activity in the
so-called ‘oddball’ paradigm in which an occasional deviant is
randomly introduced into sequences of standards (N€a€at€anen,1992).
These paradigms are time-consuming (often exceeding an hour)
which is impractical for clinical purposes, such as when studying
MMN in children with attention deficits (Huttunen-Scott et al.,
2008) or CIs (Torppa et al., 2012). Furthermore, these paradigms
test only for one type of sound deviant at a time, and thus present
the deviants in a relatively simplified context. Thus, the studies
conducted with oddball paradigms may not reflect the true
discrimination capabilities of CI users in relation to more complex
stimuli such as continuous speech or music, limiting the ecological
validity of the results.

This is important, especially since recent MMN studies of
auditory expertise indicate that to disclose fine-grained processing
differences between participants, the stimuli need to consist of
realistic, complex musical material. For example, in an oddball
sequence, Koelsch et al. (1999) presented for NH violinists and non-
musicians slightly mistuned tones in the context of simple sinu-
soidal tones or perfect major chords. When the frequency differ-
ence was small, the difference between the subgroups was found
only for the chord stimulus, where the slightly impure chords eli-
cited an MMN in professional musicians only. Moreover, MMN re-
sults differ between different kinds of NH musicians depending on
the complexity of musical stimulus (Sepp€anen et al., 2007).
Importantly, in several types of disorders characterized by atypical
perception, such as autism, schizophrenia or congenital amusia,
stimulus complexity is a crucial factor (For a review see N€a€at€anen
et al., 2011), which is also expected for CI recipients. All these as-
pects emphasize the need for new, complex and short paradigms
especially when the neural music perception of CI recipients is
studied.

As a solution to these challenges, N€a€at€anen and colleagues have
introduced a new multi-feature paradigm in which MMNs are
recorded for five different feature changes in less than 20 min
(N€a€at€anen et al., 2004). In the traditional oddball MMN paradigm,
there are normally 80e90% repetitive standard stimuli and 10e20%
deviants whereas multi-feature paradigms can use 50% standard
sounds and 50% deviants. The standards alternate with different
types of deviants. The assumption is that the deviant stimuli rein-
force the expectations for those features that they share with the
standard. This allows for several MMNs to be independently eli-
cited for different auditory attributes, making the duration of the
experiment considerably shorter. Importantly, no difference is
observed between the MMNs recorded with multi-feature para-
digms and the ones obtained in the traditional ‘oddball’ paradigm
(N€a€at€anen et al., 2004; Pakarinen et al., 2007).

The first multi-feature paradigm used for adult CI listeners was
introduced by Sandmann et al. (2010: see Table 2). In this paradigm,
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every other tone was a standard which was a synthesized clarinet
tone. Every other tonewas one of the deviants (change in f0 (pitch),
intensity or duration). There were four magnitudes of changes for
each deviant type, leading to 12 deviants altogether. Sandmann
et al. (2010) found, that adult CI users had difficulties in discrimi-
nating small changes in the acoustic properties of musical sounds,
judging from the small MMN amplitudes elicited. The authors
concluded that an impaired discrimination ability in different
acoustic dimensions may, at least partly, account for the poor
musical sound perception in CI users. Hence, this type of paradigm
could be of substantial clinical value by providing a comprehensive
profile of the extent of the restored hearing in CI users.

An inverse relationship was found between theMMN amplitude
and the duration of profound deafness; nevertheless, therewas also
evidence for experience-related plastic cortical changes as a func-
tion of the duration of CI use (Sandmann et al., 2010). Importantly, a
relationship between speech intelligibility (tested by The Old-
enburg Sentences Test) and the MMN amplitudes for frequency and
intensity deviations was also found. Thus, MMN responses could be
used as an objective marker for assessing auditory rehabilitation in
different acoustic dimensions following cochlear implantation. An
objective marker would be particularly helpful for young children
who receive implants before language acquisition by indicating
whether the CI provides sufficient stimulation to allow the normal
development of the central auditory functions (Sharma, 2006).
4.3. Musical multi-feature paradigm e distinct MMNs for several
musical features

In their subsequent study on the residual neural processing of
musical sound features in adult CI users, Timm et al. (2014) used an
adapted version of the recently developed musical multi-feature
MMN paradigm of Vuust et al. (2011), enabling them to deter-
mine auditory discrimination of 6 different types of sound-feature
changes inserted within a musically enriched stimulus setting
lasting for 20 min only. The musical multi-feature paradigm is an
extension of the “optimal paradigm” (N€a€at€anen et al., 2004) but
with a richer musical context and higher complexity obtained by
presenting standards and deviants within an “Alberti bass”
configuration. This configuration is commonly used in the Western
musical culture in both classical and improvisational music genres.
In the musical multi-feature paradigm, deviant sound features
(such as pitch, timbre, intensity and rhythm) are embedded in the
“Alberti bass” where 3 different pitches alternate in a 4-note
pattern changing over the 4 keys (Fig. 4). The stimuli therefore
provide a more musical context than the original multi-feature
paradigm. Indeed, the musical multi-feature paradigm has shown
MMNdifferences between different kinds ofmusicians, whichwere
closely related to the style-specific aspects of the music practiced
(Vuust et al., 2012).

Timm and her colleagues found five significant MMNs in the CI
users, while obtaining significant results for all the six different
deviant categories in NH control participants. The MMNs of the CI
users were lower in amplitude and their peak latency was longer
Fig. 4. “Alberti bass” patterns alternating between standard sequence and a deviant sequenc
with an interval of six bars. Each tone is 200 ms in duration, with an inter-stimulus-interv
between the third note of the standard sequence and the third note of the deviant seque
D3 ¼ guitar sound, D4 ¼ saxophone sound, D5 ¼ 12 dB reduction, D6 ¼ 60 ms earlier. The
than those of the control subjects for feature deviations of pitch and
guitar timbre, whereas no differences were found for intensity and
saxophone timbre (Fig. 5). Furthermore, the MMNs in the CI users
reflected the behavioral scores. These results indicate, according to
the authors, that even though the CI users are not performing on
the same level as the control subjects they have potential pro-
cessing abilities for music listening. However, MMNs in CI users for
rhythm were absent, indicating diminished feature detection abil-
ity for rhythmic changes within a melodic pattern under passive
conditions.

The results of Timm and her colleagues extend the view of the
neural abilities for musical feature processing in the adult CI users
who were implanted after their childhood. Importantly, this study
showed that, in a music-like stimulation paradigm, the brains of CI
recipients are able to extract more information from sound than
previously reported, as indexed by the distinct MMNs for several
musical features. This indicates the existence of residual encoding
abilities in the brains of adult CI users which provide a ground for
possible effective rehabilitation programs. The authors further
propose that this short multi-feature MMN paradigm implemented
in their study may be adopted for clinical routine as it may yield
objective data of the capability of the current implants in an every-
day listening situation. However, future research in the ERPmethod
needs to reach sensitivity at the single subject level “to enhance
reliability of individual multi-attribute profiles of sound discrimi-
nation abilities” (p. 9).
4.4. Cortical processing of musical sounds in children with CIs

Torppa et al. (2012) studied for the first time the cortical pro-
cessing of musical sounds in children with CIs. The participants
were 24 early-implanted children (mean age 6 years 10 months)
who had had their unilateral implants for at least 22 months prior
to the ERP recording. The standard stimulus was a natural piano
tone D4 in the Western musical scale (295 Hz) with a duration of
200 ms. The deviant stimuli differed from the standard stimuli
either in pitch (with all harmonics changing with the fundamental
frequency), duration, intensity, gap (a short gap in themiddle of the
tone), or musical-instrument sound (timbre). For all deviants, the
deviation was presented at three magnitudes of change. In the
stimulus blocks, the standard and deviant stimuli alternated, with
the deviant stimuli being presented in a random order in every
other stimulus position (see N€a€at€anen et al., 2004). The authors
found that this multi-feature MMN paradigm yielded significant P1,
MMN, and P3a responses in a short recording time of 36 min. They
concluded that with natural sounds presented in the multi-feature
paradigm, it is possible to obtain new information about the
development and plasticity of the cortical processing of musical
stimuli. Further, in these early-implanted CI children, the MMN
responses indicated less accurate change detection than that in
age-matched NH children which probably reduced involuntary
attention shifts for changes in musical instruments. Importantly, it
was proposed by the authors that these difficulties might be alle-
viated or abolished with appropriate, multisensory auditory
e played with a piano sound. Patterns are periodically transposed to four different keys
al of 5 ms, yielding a tempo of approximately 140 beats/min. Comparisons are made
nce. S ¼ standard, D ¼ deviant. D1 ¼ 2 semitones higher, D2 ¼ 4 semitones higher,
figure is from Timm et al. (2014). Licensed under CC-BY.



Fig. 5. Topographies and grand-average difference-waves of CI users and NH controls. (A) EEG voltage isopotential maps of the difference between the responses to deviants and
standards averaged in an interval of 20 ms around maximal peak amplitudes. (B) Grand-average difference-waves of CI users and NH controls. The figure is from Timm et al. (2014).
Licensed under CC-BY.
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rehabilitation.
In addition, according to the authors, their results suggest that

despite the different sensory informationprovided bya CI, early and
unilaterally implanted CI users process the acoustic properties of
piano tones with natural harmonics and a fast presentation rate
with the same neurocognitive mechanisms as the NH control chil-
dren, as indexed by the MMN and P3a responses. These similar
neurocognitive mechanisms may allow CI children to derive from
music the same self-regulatory, emotional and arousing effects as
the NH population, which is an extremely important factor in
attracting them into theworld ofmusic and sound - andmayexplain
why early-implanted children enjoy music (Trehub et al., 2009).

4.5. MMNs in CI children who sing

In their subsequent study on music perception in children with
CI, Torppa et al. (2014b) aimed at determining whether singing
could facilitate auditory perception and attention in children with
CI. The ERPs were recorded twice: at T1 and T2, 14e17 months
apart. The ERP indices of discrimination (the MMN) and attention
shift (P3a) were recorded to a number of different sound changes
(see Torppa et al., 2012; above). The study showed that the duration
MMN became larger in amplitude from T1 to T2 in the control
group only. Importantly, the CI group with singing showed
enhanced P3a types of responses across all the types of stimulus
change at T2. In contrast, the non-singing CI group had an enlarged
pitch MMN with no P3a enhancement, and their P3a became
smaller and later over time. According to the authors, their results
imply an augmented development of neural networks for attention
and more accurate sound discrimination associated with singing:
singing may enhance perceptual and attentional functions related
tomusic and, possibly, sounds in general. This suggests that singing
which requires no expensive musical instruments and is thus
available for everyone, might be most beneficial for the rehabili-
tation and the quality of life of children with CIs (Fig. 6).
4.6. MMN for music in adolescent CI users

Recently, Petersen et al. (2015) studied the behavioral and
neural correlates of music perception in the new generation of
prelingually deaf adolescents who grew up with CIs. The MMNwas
recorded using a musical multi-feature paradigm (Timm et al.,
2014) in adolescent CI users and in NH mates. The authors re-
ported significant MMNs in the adolescent CI users for deviations in
timbre, intensity, and rhythm, indicating the presence of residual
neural prerequisites for musical feature processing. By contrast,
only one of the two pitch changes used elicited an MMN in the CI
users. This pitch-discrimination deficit was supported by behav-
ioral measures, in which the CI users scored significantly below the
level of the NH control participants. Overall, the MMN amplitudes
were significantly smaller in the CI users than those in the controls,
suggesting a poorer music discrimination ability. This shows sig-
nificant brain responses to musical feature changes in prelingually
deaf adolescent CI users and their associations with behavioral
measures, implying the presence of neural predispositions for at
least some aspects of music processing.

5. Practical issues in MMN recording and analysis in CI
recipients

When recording the ERPs from CI recipients, there are a number
of challenges relating to the fact that the implant transmits sound
to the cochlea using electrical impulses. Belowwe summarize these
challenges and review the available methods for removing arte-
facts, averaging data and determining the amplitude and latency of
the signal.

5.1. Within-block MMN vs. across-block MMN

Several paradigm types and designs for MMN quantification
have been used in previous MMN studies in CI listeners. Kraus et al.



Fig. 6. The subtraction (deviant - standard) ROI waveforms averaged across F3, Fz, F4, C3, Cz and C4 electrodes for normally hearing children (NH group), CI children who sang at
home regularly (CI singers) and CI non-singers for (A) timbre changes, (B) pitch changes, (C) gap changes and (D) duration changes. The ERP waveforms are given for two time points
of the measurements (T1 and T2 on the left and right in each panel, respectively). The Figure is from Torppa et al. (2014b). Licensed under CC-BY.
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(1993) quantified the MMN by subtracting the grand average ERP
response to standard (computer-generated/da/) from response to
deviant (computer-generated/ta/), both obtained from the same
presentation sequence (block), here called the within-block MMN
(see also Vavatzanidis et al., 2015). This procedure is the most
common for the MMN studies in adult CI listeners (see Table 2).

Kraus et al. (1993) also presented deviant/ta/alone, which they
called a control condition, because the MMN should occur in
response to the deviant stimulus only when it is presented in the
oddball paradigm and not when the deviant stimulus is presented
alone. They quantified the MMN by subtracting the ERP response to
the/ta/in the control condition from the response to the deviant/ta/.
Hence they quantified the MMN across two different presentation
sequences (here called across-block MMN). They stated that
because the MMN was seen in the control condition also, the dif-
ference waveform truly represents a neurophysiological mismatch
response to stimulus differences and that the MMNwas not simply
a response to the peripheral processing of acoustic differences.

A variation of this across-block MMN quantification was
introduced by Ponton and Don (1995; see also Wable et al., 2000).
They elicited a pitch change by stimulating one pair of electrodes in
basal and one pair in apical electrodes. Duration change was eli-
cited by altering the number of electrical pulses contained within a
stimulus train (for NH subjects, the MMN was elicited with corre-
sponding trains of acoustic clicks). The standard from the first block
became the deviant for the second block, and the deviant from the
first block became the standard for the second block. TheMMNwas
quantified based on the subtraction of responses evoked by a same
stimulus, but presented as the standard in one presentation block
and as the deviant in the next presentation block. The authors
chose this procedure to minimize the magnitude of the physical
components related to theMMN, which was important because the
physical components may be more prominent for short-duration
acoustic stimuli or for brief electrical pulses than for long-
duration tone-bursts or acoustically complex signals. In general,
the waveforms and the MMN responses acquired with across-block
design should reflect activity related purely to contextual differ-
ences and not activity related to physical differences in the stimuli.
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5.2. Dealing with electric artefact from the CI

A major challenge with measuring MMN and other ERP re-
sponses with CIs is electrical artefacts. Electrical artefacts from a
brief stimulus (up until 40ms) can be separated from the ERP signal
because the artefacts precede the response in time (Ponton and
Don, 2004; Friesen and Picton, 2010). However, for longer,
ecologically valid musical or speech stimuli, the CI artefact usually
continues through the response (see Fig. 1 in Gilley et al., 2006).
This is the case especially for the new generation of CIs. In the
pioneering CI MMN studies (up until years 2002e2005), the CI
subjects typically used devices running with bipolar electrodes
(bipolar stimulation mode). This stimulation mode produces sub-
stantially smaller artefacts as compared to the now commonly used
monopolar-coupled electrodes. Moreover, the remote return elec-
trode placement for monopolar stimulation varies across devices,
causing variation in the distribution of the artefacts (Gilley et al.,
2006). It is worth to note, that the artefact was not “a big deal” in
studies carried over before year 2006 or so, not even for the studies
with speech stimuli: the subjects in whom the artefact overlapped
with brain activity could just be excluded from the analysis or were
not discussed at all (see Tables 1 and 2).

If one has access to multi-channel ERP recording systems, one
possible technique for artefact removal is the principal components
analysis (PCA) (Casarotto et al., 2004; Croft&Barry, 2002; Jung et al.,
2000a) which has been used in at least one study on CI participants
(Rahne et al., 2014; Table 2). This statistical technique decorrelates
data into a series of factors (PCs) based upon the amount of variance
explained. The first PC explains the largest amount of variance in
the original dataset, the second PC the second largest amount of
variance, and so forth. However, the PCA may not completely
differentiate the biologic artefacts from the neural responses.
Moreover, some loss of EEG data may occur when using this
approach. Ideally, a decomposition of underlying activity should
maximize the independence of the sources contributing to the EEG
activity and minimize the loss of EEG data, which is important in
the further statistical analyses after the removal of the unwanted
signals (Gilley et al., 2006; for a review).

Therefore, the most popular artefact-reduction technique used
nowadays, requiring multi-channel recordings, is Independent
Component Analysis (ICA) (Jung et al., 2000a, b; Delorme and
Makeig, 2004; Makeig et al., 2004). The ICA both decomposes the
data unmixed into temporally independent and spatially fixed
components and minimizes the loss of EEG data. Each ICA
component corresponds to a scalp topography which represents
the relative projection strength of the component at each scalp
sensor (Gilley et al., 2006). Based on the findings by Gilley et al.
(2006), the four principles as follows are typically used to identify
the CI artefact: (1) the scalp projections of the component's activity
revealed a centroid on the side of the implanted device; (2) the
onset of the component's activity occurred at the onset of the
auditory stimulus; (3) the offset of the component's activity
occurred at the offset of the auditory stimulus; and (4) the duration
of the component's activity was constant throughout the duration
of the auditory stimulus.

In addition, the saw-tooth like spectral distribution of activity in
the IC power spectrum is used to identify the artefact (see Torppa
et al., 2012; Supplementary Figure S3). The ICA preserves ERP
components in CI subjects well, andmakes it possible to use stimuli
with high frequency resolution, complexity and ecological validity,
such as musical sounds (Viola et al., 2011). Viola et al. (2011) also
found in their work with CI subjects that the ICAwell preserves the
individual differences of ERP responses, and further, that peak la-
tencies of the ICA-corrected responses correspond well to uncor-
rected responses from NH subjects in the 100e300 ms window.
Artefact-reduction with the ICA has been successfully used in
several MMN studies on CI listeners (Sandmann et al., 2010; Zhang,
2011, Zhang et al., 2013a, b; Timm et al., 2012, 2014, Torppa et al.,
2012, 2014b; Petersen et al., 2015; see Tables 1 and 2). Artefact
reduction with the ICA can be very time-consuming. However,
Viola et al. (2012) have developed an ICA-based semi-automatic CI
Artefact Correction (CIAC) algorithm (provided as an open source
plugin to be used with the EEGLAB toolbox).

Unfortunately, many researchers or CI clinics may not have ac-
cess to multi-channel recording systems. If this is the case, one
option is to use a short stimulus, for which the neural response
follows the artefact as described above. However, also other
methodologies have been developed. The subtraction technique
might be one method to eliminate electrical artefact (Friesen and
Picton, 2010). This technique is based on the findings that the
neural response increases in amplitude with an increasing ISI,
reaching a maximum when the ISI is 10 s on average (for a review
see, N€a€at€anen et al., 2007). When the ISI is two seconds or longer,
the response is several times larger in amplitude than when the
interval is 0.5 s. Given that there is only an amplitude difference and
that there is little if any latency change, then this procedure should
then remove the artefact and leave a difference waveform that is
similar to the unsubtracted response.

The authors (Friesen and Picton (2010) found this methodology
promising. However, they bypassed the patient's sound processor
and stimulated the implant directly and suspected that this tech-
nique may not work as well for responses collected in the sound
field. Nevertheless, very recently, Vavatzanidis et al. (2016) sug-
gested that subtracting physically similar responses (like sub-
tracting a stimulus as a standard in one block from that being a
deviant in another block) should ensure that the CI artefact is
eliminated from the signal. Indeed, using this approach,
Vavatzanidis et al. (2016) found no hint of the artefact in the
resulting difference signals, even though the stimulus was pre-
sented in free field.

Singh, 2004 have introduced a method where they reposition
the electrode leads away from the CIs, and remove residual artefact
mathematically offline. First they created an average of the artefact
from one of the contaminated recording channels. Then they sub-
tracted this from all the channels and all epochs proportionally,
after first calculating their transmission coefficients. Using these
techniques, theymanaged to improve the quality of their recording.

One possible method for the CI-artefact reduction is to optimize
the differential reference (ODR). Gilley et al. (2006) found that the
electrical activity generated by the electrode array is broadly
distributed on the scalp and generally has a dipole distributionwith
peak amplitude levels near the active stimulation electrode(s)
located within the cochlea and a common extra-cochlear return
electrode remotely located beneath the scalp. The authors recorded
auditory ERPs at Cz relative to a remote reference electrode and
tried to minimize the artefact (differentially measured at Cz) by
selecting an optimal reference electrode site. They assumed that
artefact seen at a specific electrode location (e.g., Cz) would be
cancelled by placing the reference electrode at a location with the
same artefact as that at Cz. Results from this experiment indicated
that with this technique, the artefact could beminimized. However,
future studies are needed to confirm whether this procedure is
optimal for reducing the CI artefacts.

Recently, Mc Laughlin et al. (2013) introduced a new technique
for artefact removal. To this end, they used a single-channel, high-
sample rate (125 kHz), and high-bandwidth (0e100 kHz) acquisi-
tion system. At first, they identified a high-frequency artefact
reflecting the stimulation pulse rate (HFA), and a direct current
artefact showing a time-varying relationship to the pulse ampli-
tude (DCA). A hardware or software low-pass filter with a cutoff
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frequency at around 50 or 35 Hz reduced the HFA. The DCA was
reduced with a randomization procedure. Mc Laughlin et al. (2012)
and Beynon et al. (2008, 2012) have developed a systemwithwhich
late AEPs can be measured in CI subjects using the CI itself as a
recording device, removing the need to attach scalp electrodes or to
have a dedicated acquisition system. As Mc Laughlin et al. (2013)
state, combining this CI recording technique with a single-
channel artefact-cancellation approach is an interesting possibil-
ity to record MMN responses in the future.
5.3. Electrodes used for recording and quantification of the MMN

In several studies, only one electrode has been used for the
recording and quantification of anMMN (see Tables 2 and 3). While
this is beneficial from the perspective of clinical recordings, this is
not always the optimal way if there is a possibility for multi-
channel recordings. One technique for MMN quantification that
reduces noise is to form a region of interest (ROI) channel by
averaging ERP signals for each subject across several electrodes for
MMN quantification. Typically, the fronto-central electrodes are
used because there the MMN reaches the largest values (Lang et al.,
1995). For example, Roman et al. (2005a,b), averaged the ERP-
signals from 8 fronto-central electrodes (F3, FZ, F4, FC1, FC2, C3,
C4 and CZ). Koelsch et al. (2004) formed frontal, parietal, and left
and right frontal ROI signals (frontal: Fz, F3, F4, FC3, and FC4; pa-
rietal: Pz, P3, P4, CP5 and CP6; frontal left: F3, F7, FC3, FT7; frontal
right: F4, F8, FC4, FT8). Sandmann et al. (2010) averaged (after ICA)
the ERP signals from F1, Fz, F2, FC1, FCz and FC2 and Torppa et al.
(2014b) from the F3, Fz, F4, C3, Cz, and C4 electrodes (see also
Zhang et al., 2013a). As Roman et al. (2005a,b) state, these indi-
vidual ROI waveforms may reveal the MMN more precisely.
Table 3
Multi-feature paradigm studies.

Authors N of CI users
(uni-/bilateral);
age; age at CI

Stimuli for the MMN

Standard Deviants

Sandmann
et al. (2010)

12 (8 uni-lateral/
4 bilateral);
38-70 years;
37-64 years

A clarinet tone,
f0 ¼ 440 Hz
(synthesized)

Pitch, intensity (decrem
duration (decrement).
4 levels of magnitude.

Torppa et al.,
2012, 2014b

22 (unilateral);
4 to 13 years;
�3 years

A natural piano
tone, f0 295 Hz

Every other tone a chan
in F0 (pitch), timbre,
intensity (decrement o
increment), duration
(decrement) or a gap in
the middle of the tone.

Timm et al.,
2014

12 (unilateral);
21e56 years;
13-53 years

Alberti bass figure
with piano sound.
4 different major keys

Pitch: 2 semitones;
4 semitones
Timbre: saxophone, gu
Intensity: 12 dB
Rhythm: 60 ms

Petersen
et al., 2015

11 (9 bi-lateral/2
bimodal);
15.6e18.8 years;
2.2e14.9 years

Same as Timm et al. Same as Timm et al.

N ¼ number; ISI ¼ interstimulus interval: SOA ¼ stimulus onset asynchrony; ICA: indep
from contrasting deviant stimuli within one block; across-block MMN ¼ the difference w
identical counterpart of the another block where it is presented as a standard stimulus.
5.4. Averaging

Traditionally, the average of the ERP signals is calculated for
further ERP analyses. However, there is evidence that calculating
the median instead of the average is optimal in cases where the
data are of high quality in general, but some overlapping noise seen
as extreme values is expected, which is typical when studying
young children (Yabe et al., 1993). Based on this, Torppa et al. (2012,
2014b) chose to use this median method. When using this pro-
cedure, first the trials of each individual are grouped by stimulus
type. As a second step, the median value of the signal-amplitude
values of one sample point are taken as representative of that
sample point. Here, the resulting curve from an individual consists
of the samples having the median amplitude over the accepted
trials. This median method is theoretically better than the normal
averaging method. At least when using the ICA for reducing arte-
facts related to eye blinks, muscular activity and electric artefact
caused by the functioning of CIs, the median and averaged signals
are rather similar as shown by Torppa et al. (2014b; Supplements 2
and 3).

5.5. MMN-amplitude quantification

In the first MMN study involving CI users (Kraus et al., 1993), the
MMN magnitude was quantified from the grand averages by
measuring the amplitude from the preceding peak to the midpoint
of the MMN (onset-to-peak) and from the midpoint to the end of
theMMNwaveform (peak-to-offset) as well as the area of theMMN
waveform. In recent studies, the individual MMN amplitudes are
computed as the mean amplitudes in group and deviant-specific
intervals at a certain time window (48 ms in Sandmann et al.,
2010; 30 ms in Torppa et al., 2014a) around the respective grand-
Duration of
std/deviant
(ms); ISI or
SOA (ms)

Total N of
electrodes (those
used for MMN
analyses)/Across/
within-block1

Artifact
reduction
method

Other ERPs and
behavioral methods

ent), 150;
ISI, SOA?

60; (ROI signal from
F1, Fz, F2, FC1, FCz,
FC2)/within-block

ICA 3 alternative forced
choice (AFC):
stim ¼ EEG stim.
Clinical data:
Freiburg, monosyllabic
words test (%)
Oldenburg SIN (dB)

ge

r

200;
SOA 480

64
(MMN ampl: the
mean from F3, Fz,
F4, C3, Cz and C4;
For latencies: Fz)/
within-block

ICA 2012: P1 P3a
2014b: P3a, the singing
accuracy of the CI
children was evaluated
(rhythm, pitch, lyrics).

itar

200;
ISI 5

30
(MMN ampl: mean
across all electrodes
in 40 ms time
windows; MMN
significance
analysis against
0 baseline on Fz/
within-block

ICA Musical multi-feature
discrimination test

Same as
Timm et al.

30 (Fz)/within-
block

ICA Musical multi-feature
discrimination test,
Dantale II tests

endent component analysis; 1)Within-block MMN ¼ the difference wave resulting
ave resulting from contrasting the deviant stimulus of one block with its physically
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average negative peak amplitude in the difference signal in the
time window where the MMN is expected. A measure of the
duration of the MMN has also been used (for example, Singh, 2004;
Table 1).

5.6. MMN peak latency quantification

The peak latencies of the MMN responses are usually analyzed
from the differencewaveforms, where the peak latency of theMMN
is measured as the most negative peak after stimulus onset or more
usually, at a specified timewindow. TheMMN peak latencies can be
calculated from one channel where the MMN is the largest in
amplitude, typically from Fz, or from the ROI-signal (for example,
Petersen et al., 2015; Torppa et al., 2014b). When the peak latencies
of individuals are calculated in a specified time window, in optimal
cases, the time window for calculation is the same as the time
window for the MMN mean-amplitude calculation (for example,
Petersen et al., 2015). However, sometimes an inspection of the
data suggests that the time window for amplitude analysis is not
optimal for peak latency analyses (peak latencies of some in-
dividuals lie outside of this time window resulting from polarity
changes at the mastoid or for example at PO8; see Sandmann et al.,
2010). In this case, it can be relevant to use different time windows
for latency and amplitude analyses (for example, Torppa et al.,
2012). The peak latencies of the duration- and gap-MMNs are
corrected in relation to deviation onset, while the peak latencies of
other MMNs are determined in relation to stimulus onset.

The jackknife-based approaches can sometimes provide more
accurate estimates of latency differences than the approach of
analyzing single-subject evoked potentials (Miller et al., 2009).
Here, the MMN peak latencies are measured by using the jackknife-
based approach (Kiesel et al., 2008) combined with the latency
measurement of the most negative peak in the difference waves
after stimulus onset. In the procedure of jackknifing, the peak la-
tencies are measured for each of n grand average waveforms, with
each of the grand average waveforms computed from a subsample
of N - 1 of the N individual participants. This approach has been
used for instance by Sandmann et al. (2010).

6. Summary and conclusions

In the present paper, we have reviewed the existing literature
regarding EEG recording of the Mismatch Negativity Response in
persons with severe to profound hearing loss who listen by means
of a cochlear implant. The literature strongly indicates that the
MMN provides an objective and quantitative assessment of the
functioning of the CI in children, adolescents and adults. MMN
measurements hence pinpoint the potential problem areas for at-
tempts at remediation. Furthermore, the MMN can be used for
monitoring the gradual improvement of auditory perception,
particularly speech discrimination, after the CI implantation. The
similarity of the MMN in CI users with that of control subjects
suggests that despite the major differences in peripheral input, the
brains of CI users process basic speech units in a very similar way.

Particularly in infant and child patients, an objective method for
the assessment of the functioning of the CI is an absolute necessity.
This can be realized by using the MMN since it does not require the
understanding of task instructions or cooperation and can also be
used as an index of these patients' sensory memory necessary for
different cognitive performances. The MMN may also be used to
evaluate the effectiveness of different training programs and
rehabilitation intended for the improvement of the CI function of a
patient. An additional advantage by the MMN is that it enables one
to assess the preserved memory traces during the period of deaf-
ness preceding the CI installation.
Several studies have used the MMN to objectively assess the
discrimination of different features of music such as pitch, timbre
and rhythm. This has relevance for the future development of CI
sound representation since the ability to appreciate music is an
emerging criterion both for existing CI users and for CI candidates.
In addition, it is relevant because of the shared resources in music
and language, suggesting that speech perception and underlying
aspects can be rehabilitated with musical activities or training.
Implementing both odd-ball paradigms and the recently developed
multi-feature paradigms, these studies suggest that the MMN is a
valid and reliable tool for the evaluation of the CI performance with
musical stimuli and in music listening.

This review also summarizes the practical issues linked to the
recording and analysis of the MMN in CI recipients. In particular,
the removal of electrical artefacts from the implant is challenging
with a potential risk of data loss. Recent studies have successfully
implemented Independent Component Analysis (ICA) and single
channel artefact cancellation, which have reduced artefact noise
and in general significantly improved the analysis of MMN re-
cordings from CI users.
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