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Abstract: There is substantial variability in speech recognition ability across patients with cochlear
implants (CIs), auditory brainstem implants (ABIs), and auditory midbrain implants (AMIs). To better
understand how this variability is related to central processing differences, the current electroencepha-
lography (EEG) study compared hearing abilities and auditory–cortex activation in patients with electri-
cal stimulation at different sites of the auditory pathway. Three different groups of patients with
auditory implants (Hannover Medical School; ABI: n 5 6, CI: n 5 6; AMI: n 5 2) performed a speeded
response task and a speech recognition test with auditory, visual, and audio–visual stimuli. Behavioral
performance and cortical processing of auditory and audio–visual stimuli were compared between
groups. ABI and AMI patients showed prolonged response times on auditory and audio–visual stimuli
compared with NH listeners and CI patients. This was confirmed by prolonged N1 latencies and
reduced N1 amplitudes in ABI and AMI patients. However, patients with central auditory implants
showed a remarkable gain in performance when visual and auditory input was combined, in both
speech and non-speech conditions, which was reflected by a strong visual modulation of auditor-
y–cortex activation in these individuals. In sum, the results suggest that the behavioral improvement for
audio–visual conditions in central auditory implant patients is based on enhanced audio–visual
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interactions in the auditory cortex. Their findings may provide important implications for the optimiza-
tion of electrical stimulation and rehabilitation strategies in patients with central auditory prostheses.
Hum Brain Mapp 38:2206–2225, 2017. VC 2017 Wiley Periodicals, Inc.
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INTRODUCTION

Patients with sensorineural hearing loss can regain hear-
ing with cochlear implants (CIs), which transform the
acoustic signal into electrical pulses and stimulate the
auditory nerve [Wilson and Dorman, 2008]. Many CI
recipients achieve open-set speech understanding, and
many early implanted children develop age-appropriate
language skills [Geers et al., 2009; Geers and Nicholas,
2013; Kral and O’Donoghue, 2010]. However, a CI is not
effective in patients whose auditory nerve is destroyed or
congenitally absent. In those patients, auditory brainstem
implants (ABIs) or auditory midbrain implants (AMIs) can
restore some auditory function. In these implants, stimula-
tion is provided either by a flat array of electrodes posi-
tioned on the surface of the cochlear nucleus [ABI; see,
e.g., Lenarz et al., 2001; Wilkinson et al., 2014], or by a
penetrating multi-channel electrode placed in the central
nucleus of the inferior colliculus [AMI; see, e.g., Lenarz
et al., 2006; Lim et al., 2009].

So far over 1,200 patients worldwide have received an
ABI [Shannon, 2015], and in a first clinical trial, five
patients have been implanted with an AMI at the Hanno-
ver Medical School [Lenarz et al., 2007; Lim et al., 2009].
Patients with central auditory implants typically show low
speech perception. Only a few ABI patients approach per-
formance levels of CI patients [Behr et al., 2014; Colletti
et al., 2012; Lenarz et al., 2001; Matthies et al., 2014]. The
variability and limitation in outcomes with central audito-
ry implants may have different causes: Neural damage
might emerge due to the surgery, the electrode array may
be placed inaccurately [Colletti et al., 2012], or the growth
of bilateral cochleovestibular schwannomas in patients
with neurofibromatosis type 2 (NF2) may cause damage in
the cochlear nucleus [Behr et al., 2014]. Moreover, central
auditory implants do not yet have suitable electrode array
designs and the used CI processing strategies are not opti-
mized for stimulation of more centrally located nervous
structures [Lim and Lenarz, 2015; McKay et al., 2013].

Efforts to understand and improve speech perception in
patients with central auditory implants are of utmost
importance. To better understand the special requirements
for electrical stimulation, previous radiotracer imaging stud-
ies exploring the cortical response patterns in CI, ABI, and
AMI patients could show bilateral recruitment of the audi-
tory cortex to speech and non-speech sounds in all groups
of patients [Berding et al., 2015; Coez et al., 2009; Miyamoto

et al., 1999; Miyamoto and Wong, 2001; Di Nardo et al.,
2001, 2004]. First studies have proven the feasibility of
recordings of electrically evoked auditory brainstem, mid-
latency and cortical auditory responses in ABI [He et al.,
2015; Herrmann et al., 2015; O’Driscoll et al., 2011] and
AMI patients [Colletti et al., 2007]. A next important step is
to directly compare the electrophysiological correlates of
cochlear, auditory brainstem, and auditory midbrain
implant patients. Here, results could reveal central process-
ing differences dependent on the site of stimulation.

As a clinical tool, auditory event-related potentials
(AEPs) can be used to objectively measure auditory func-
tion and rehabilitation in patients with auditory implants.
In congenitally deaf children with CIs, measures of the P1
and N1 component can be used to monitor maturation of
the auditory system, which has been shown to be restrict-
ed by a sensitive period, closing around 3.5 years of age
[for review, see Sharma et al., 2015]. Similarly, AEPs in CI
children have been served to identify a maximal time win-
dow of less than 1.5 years delay for sequential bilateral CI
implantation to guarantee normal development of the
auditory system [for review, see Gordon et al., 2013]. Stud-
ies in post-lingually deafened adult CI patients showed
AEPs to be an important tool to monitor rehabilitation pro-
cesses, during which N1 latency has been shown to reduce
and N1 amplitude to increase [Sandmann et al., 2015].

Previous studies with central auditory implant patients
have mainly focused on the auditory modality. However,
real-world situations, such as the conversation with other peo-
ple, typically involve the stimulation of different senses con-
currently. Similar to CI patients, individuals with central
auditory implants may develop multisensory strategies to
overcome the limited input from the implant [Schierholz
et al., 2015]. It is reasonable to assume that multisensory inter-
actions are even more important in these patients compared
with CI patients, given that more centripetally located brain
regions are damaged or inadequately stimulated. The benefit
obtained from combined stimulus presentation and its depen-
dence on the site of stimulation remains unexplored.

Therefore, the present study used electroencephalogra-
phy (EEG) to examine event-related potentials (ERPs) to
auditory, visual, and audio–visual stimuli in CI, ABI, and
AMI patients, as well as in a control group of normal-
hearing (NH) listeners. The ultimate novelty of this study
is the comparison of auditory and audio–visual processing
across patients, covering the whole spectrum of today’s
available auditory neural prostheses. Previous results showed
prolonged latencies and reduced amplitudes in CI patients
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compared with NH listeners [Agrawal et al., 2013; Groenen
et al., 2001; Kelly et al., 2005; Sandmann et al., 2009, 2015; Vio-
la et al., 2011]. Moreover, the N1 has been observed to be asso-
ciated with speech recognition ability, both with regard to
latency [e.g., Finke et al., 2016] and amplitude [Sandmann
et al., 2015]. In ABI and AMI patients, the target structures are
not yet stimulated optimally. Accordingly, the even more
suboptimal input from central auditory implants is hypothe-
sized to result in longer latencies and reduced amplitudes of
AEPs in ABI/AMI patients when compared with CI patients
and NH listeners.

METHODS

Participants

Fourteen volunteers took part in the present study. Half of
the participants (n 5 7) were post-lingually deafened audito-
ry brainstem implant (ABI) patients from the Hannover
Medical School, with six of them being implanted unilateral-
ly (3 right-, 3 left-implanted). One ABI patient had an addi-
tional AMI contralateral to the ABI. As there was a
substantial age variance across the ABI patients, seven sex-
and aged-matched NH listeners served as control group.
One ABI patient (with the contralateral AMI) had to be
excluded from the later analysis, because of a noise-
contaminated EEG in combination with a highly prominent
electrical artifact from the implant. To keep the groups of
participants equal, the exclusion of the ABI patient lead to
the exclusion of the match from the NH group. Thus, for the
final analysis 12 individuals were included: 6 ABI patients (3
female, 3 right-implanted, mean age: 57.0, range: 34–72, stan-
dard error of the mean (SEM): 6.1 years, Table I) and 6 NH
listeners (3 female, mean age: 59.0, range: 35–74, SEM: 6.1
years). Additionally, we re-analyzed the recently published
data of 6 post-lingually deafened, unilaterally implanted CI
patients [Schierholz et al., 2015]. The group of CI patients
was sex- and age-matched (3 female, 3 right-implanted,
mean age: 55.2, range: 21–76, SEM: 8.8 years, Table I) to the
groups of ABI patients and NH listeners.

Finally, we examined two female auditory–midbrain
implant (AMI) patients from the Hannover Medical School
(1 right-implanted, age range: 33–50 years, Table I). Due to
the small sample size, the results of these two patients will
be reported only descriptively. All patients used their
implant constantly for at least 12 months. Duration of deaf-
ness was defined by the time period between the “age at
onset of profound deafness” and the date of device implan-
tation. Information about the demographic variables and the
implant systems of the patients are provided in Table I.
Patient groups did not significantly differ regarding the
duration of deafness, the implant experience and the age at
implantation (all P� 0.18). Cognitive status of the partici-
pants was proven to be in the norm by the clock completion
test [Watson et al., 1993] and the Regensburg word fluency
test [lexical and semantic; Aschenbrenner et al., 2000]. None

of the NH participants had a record of psychiatric illness.
All NH participants had age-appropriate hearing (age< 50
years: 0.25–8 kHz� 15 dB; age> 60 years: 0.25–2 kHz� 35 dB,
4–8 kHz� 50 dB hearing loss in the tested ear), and normal
or corrected-to-normal vision, verified by means of a Snellen
chart with letters (mean: 81%, SEM: 5%). Similar to a previ-
ous study [Stropahl et al., 2015], we assessed speech recogni-
tion scores in patients and controls by using monosyllabic
words. They were taken from the Freiburg monosyllabic
word test [Hahlbrock, 1970], which is often used in the clini-
cal routine. Stimuli were recorded as audio–visual videos
(AVI video format; 25 frames/s; 720 3 576 pixel) with a pro-
fessional male speaker and presented in three conditions (V:
video track only, A: audio track only, AV: audio and video
track; in quiet, 65 dB SPL). The spoken words began one sec-
ond after the video onset and, for videos with visual compo-
nent, each word started and ended in a neutral position with
the mouth closed. While this test has not been validated yet,
to our knowledge no validated test is currently available for
the parallel investigation of auditory, visual, and
audio–visual speech recognition.

All participants gave written informed consent prior to
data collection and were reimbursed. The present study
was carried out in accordance with the Declaration of Hel-
sinki principles and was approved by the Ethics Commit-
tee of the Hannover Medical School.

Stimuli and Procedure

The stimuli and the procedure were identical to those used
in our previous study with CI patients [see Schierholz et al.,
2015]. The paradigm included stimuli of three different condi-
tions: modality-specific visual (V), modality-specific auditory
(A), and cross-modal audio–visual (AV). The stimuli were
delivered using the Presentation software (Neurobehavioral
Systems, version 16.5) and a personal computer connected
with a 27 inch monitor (1,920 3 1,080 3 32 bit, 60 Hz screen
refresh rate). The stimulus of the modality-specific visual con-
dition consisted of a white disk (diameter: 0.58 of visual angle)
on a grey background, appearing for 50 ms either to the right
or to the left side of a central fixation cross, at a peri-foveal
eccentricity of 4.08 visual angle. The luminance of the white
disk (303.1 cd/m2, Konica Minolta: LS 100) and the back-
ground (36.7 cd/m2) resulted in a Michelson contrast of
78.4%. The stimulus of the modality-specific auditory condi-
tion consisted of a 1 kHz sinusoidal tone (Adobe Audition
CS6, version 5.0.2), sampled at 44.1 kHz and 50 ms in dura-
tion. For implant patients, auditory stimulation was provided
via two loudspeakers (HECO victa 301) positioned at 508 azi-
muth. If the patients had an additional device (hearing aid,
implant) contralateral to the tested ear, it was detached for
the time of the experiment. In all patients, the contralateral
ear was occluded by means of a wax ear-plug. NH listeners
received monaural auditory stimulation via insert earphones
(3M E-A-RTONE 3A) at the ear consistent with the stimula-
tion side of the matched implant patient. Auditory
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stimulation was provided with approximately 65 dB SPL.
Each participant evaluated the loudness of the auditory stim-
ulus by use of a seven-point loudness-rating scale [Sandmann
et al., 2009, 2010, 2015] in order to adjust the perceived loud-
ness to a moderate level [�60–70 dB(A); Allen, 1990; Zeng,
1994]. The cross-modal audio–visual stimulus was made up
of the concurrent presentation of the visual (50% left, 50%
right screen side) and auditory stimulus [at the implanted
(CI, ABI, AMI)/matched (NH) ear]. Additionally, a “nostim”
condition was included in the experiment (see section “EEG
Preprocessing” for further details) which consisted of a fixa-
tion cross presented in the center of the screen.

Participants were seated comfortably in a dimly lit and
electromagnetically shielded booth at a viewing distance
of 155 cm to the screen. Individuals were instructed in
writing to indicate the detection of any stimulus—irrespec-
tive of its modality—as fast as possible and by means of a
button press with the dominant hand. They were further
instructed to not respond in case of no event (nostim) and
to maintain fixation on the center of the screen for the
entire task. Each condition (V, A, AV, nostim) contained
120 trials [total number: 480 (120 repetitions 3 4 condi-
tions)]. Trials started with a fixation cross at the center of
the screen, which—except for trials of the nostim condi-
tion—was accompanied by a modality-specific visual (V),
modality-specific auditory (A), or cross-modal audio–vi-
sual (AV) stimulus, after a jittered interval of 405–905 ms.
The fixation cross lasted for the entire trial until the end of
the response window (950 ms duration). Before the start of
the experiment, each participant accomplished a mixed
practice block including 24 trials (8 trials per condition).
An outline of the paradigm is shown in Figure 1A.

EEG Recording

EEG data were continuously recorded by use of 94 Ag/
AgCl electrodes incorporated in a customized, infracerebral
electrode cap with an equidistant electrode layout (Easycap,
Herrsching, Germany). For the recording, three linked 32-
channel BrainAmp amplifiers (BrainProducts, Gilching, Ger-
many) were used. An electrooculogram was recorded by
two additional electrodes positioned below the eyes. A nose-
tip electrode was used as reference, and a midline electrode,
positioned slightly anterior to Fz, served as ground. Data
recording was performed using a sampling rate of 1,000 Hz
and an online analog filter from 0.02 to 250 Hz. Impedances
were maintained below 10 kX prior to data acquisition.

Data Analysis

For the data analysis MATLAB 8.1.0.604 (R2013a; Math-
works, Natick, MA) and SPSS 23.0 (IBM, Armonk, NY)
were used. In general, we used non-parametric tests for the
statistical analysis due to the small sample size. If not stated
otherwise, P-values report exact significance. We considered
P-values of 0.05 or below as statistically significant. Bonfer-
roni correction was applied where appropriate.

Speech recognition scores

Speech recognition scores represent the percentage of
words, repeated correctly in the respective condition (V,
A, AV). To test for differences between groups (NH, CI,
ABI), Kruskal–Wallis tests were performed separately for
each condition.

Figure 1.

(A) Simplified design of the paradigm. Note, periods between two consecutive stimuli are not dis-

played (for details see method section). (B) Predefined cluster of electrodes used for individual iden-

tification of the auditory electrode ROI. The individual auditory ROI consists of seven electrodes

including the electrode with the individual maximal N1 peak and six neighboring electrodes.
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We further analyzed the difference between the perfor-
mance in the auditory-only and the audio–visual condition
[word recognition score (AV) – word recognition score
(A)]. Thereby, we evaluated the benefit in word recogni-
tion by the presence of additional visual information (i.e.,
lip movement). The computed difference score is referred
to as redundancy gain (GainSpeech) and was compared
between groups by means of a Kruskal–Wallis test.

Speeded response task

False alarm responses (mean: 2.0, SEM: .8%) and trials
with very fast reaction times (RTs< 100 ms; mean: .9,
SEM: .3%) were excluded for the analysis. Moreover, outli-
er trials (RTs exceeding the individual mean by more than
3 standard deviations) were excluded for each individual
participant and condition (V: mean: 1.0, SEM: .2%; A:
mean: 1.5, SEM: .2%; AV: mean: 0.8, SEM: 0.2%). Due to
restrictions in trial number for the CI patients of the previ-
ous study, only 60 trials of the cross-modal condition—in
detail those with visual stimulation on the right side—
were included in the analysis [for more information, see
Schierholz et al., 2015]. Therefore, the analysis of visual-
only and audio–visual trials was restricted to the 60 trials
with right visual stimulation in all groups (NH, CI, ABI,
AMI) to avoid confounds and to ensure comparability
between conditions and groups. For the auditory condition
all available trials were included.

Hit rates and RTs for each condition (V, A, AV) were
compared between (Kruskal–Wallis tests) and within groups
(Wilcoxon signed-rank tests). As for the speech recognition
scores, we also analyzed the redundancy gain in RTs
(GainRT), that is, the difference in RTs between the audio-
visual and the auditory condition [RT (AV) – RT (A)].
Thereby, we evaluated the benefit in task performance by
the presence of additional visual information, compared
with the auditory-only condition. The GainRT was com-
pared between groups (Kruskal–Wallis test).

In a next step, separately for each group, we tested for
the manifestation of the redundant signals effect, that is, a
facilitation in RTs to redundant cross-modal information
compared with modality-specific information [Miller,
1982]. This was done by comparing the audio–visual con-
dition and the fastest modality-specific condition (V or A,
respectively) within each group by means of one-sided
Wilcoxon signed-rank tests.

Furthermore, we tested for the violation of the race
model inequality [RMI; Miller, 1982] to resolve whether
the faster RTs observed on redundant signals can be
explained by statistical facilitation [race model; Raab, 1962]
or by a coactivation model. Briefly, the race model acts on
the assumption of a “race” of competing independent uni-
sensory processing ways [Raab, 1962]. Accordingly, RTs
on redundant signals are predicted to be faster due to sta-
tistical facilitation, because the probability of either of two
stimuli to produce a fast RT is larger than that from one
single stimulus alone. In contrast, the coactivation model

[Miller, 1982] proposes an interaction of the neural
responses to the single stimuli of a pair. Accordingly, neu-
ral responses are combined and form a new product, thus
leading to faster RTs. We applied the RMI to resolve
whether the observed faster RTs on redundant signals are
based on statistical facilitation or on coactivation:

P RTAV � tð Þ � P RTA � tð Þ1P RTV � tð Þ; for all t � 0;

where P(RTx� t) denotes the probability of a RT in condition
x to be below an arbitrary value t. Violation of the model, for
any given value of t, points to the presence of multisensory
interactions [see also Ulrich et al., 2007 for detailed informa-
tion on the application of the RMI]. Using the RMITest soft-
ware [Ulrich et al., 2007], cumulative distribution functions
(CDFs) of the RT distributions were estimated for each
recorded condition (V, A, AV), as well as for the sum of the
modality-specific conditions (A 1 V), individually for each
participant. RTs of the individual participant were rank
ordered for each condition to determine percentile values
[Ratcliff, 1979]. Given that the difference between the redun-
dant signals condition (AV) and the modality-specific sum
(A 1 V) for the five fastest deciles (width: 10%) was proven
to be normally distributed (Shapiro–Wilk tests), subsequent-
ly, one-tailed t-tests were used to determine if the difference
between the two conditions (AV, A 1 V) was significantly
different from zero. Significance at any decile bin was
treated as violation of the race model.

EEG preprocessing

EEG data analysis was performed with MATLAB (Math-
works, Natick, MA) and EEGLAB [version 12.0.2.5b;
Delorme and Makeig, 2004]. Raw data were down-sampled
(500 Hz), re-referenced (common average reference), band-
pass filtered [1–40 Hz, FIR filter, Hann window; Widmann
and Schr€oger, 2012] and epoched into 2 s segments. Subse-
quently, data were pruned of unique, non-stereotype arti-
facts and an infomax independent component analysis
(ICA) was computed [Bell and Sejnowski, 1995]. Successive-
ly, the resulting ICA weights were applied to the original
raw data, bandpass filtered from 0.5 to 40 Hz and epoched
from 2500 to 1,100 ms relative to the stimulus onset (V, A,
AV, nostim). Independent components representing arti-
facts such as eye-blinks, horizontal eye movements, electri-
cal heartbeat activity, as well as other sources of non-
cerebral activity were identified and removed from the data
[Jung et al., 2000a,b]. To optimize the identification and cor-
rection of the electrical artifacts of the implant, a second info-
max ICA was performed. Here, epochs were shortened
(2100 to 400 ms, relative to the auditory onset) to concen-
trate on the time window where the electrical artifact is
expected to occur. In a next step, independent components,
reflecting artifacts of the implant, were identified by the cen-
troid on the side of the device, as well as the time course of
the component activity. After removal of these components,
missing channels in the proximity of the transmitter coil and
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the speech processor were interpolated (mean: 6 electrodes;
SEM: .4; range: 4–9).

As for the analysis of the behavioral data, 60 trials for the
audio–visual and the visual-only condition—specifically
those with the visual stimulus on the right side—were
included for the analysis. Similarly, the amount of trials in
the auditory-only condition was reduced to n 5 60 by ran-
dom selection (implant patients and NH listeners received
auditory stimulation constantly either on the right or on the
left side). The reduction in the number of trials had no sig-
nificant impact on the signal quality of ERPs. This was
shown by a group-specific comparison of the signal-to-noise
ratios (SNRs) for 60 and 120 trials, computed for the audito-
ry N1 peak at electrode Cz (NH, CI, ABI: all P� 0.093).

EEG data analysis

ERPs for modality-specific and cross-modal conditions
were compared within and between groups (NH, CI, ABI).
Audio–visual interactions were evaluated using the additive
model [AV 5 A 1 V; Barth et al., 1995]. In case the model is
satisfied, the sum of the responses to the modality-specific
stimuli (A, V) would be equal to the response elicited by the
cross-modal (AV) stimulus. This result would argue for an
independent processing of both stimuli of the cross-modal
pair. However, any violation of the assumption (AV 5 A 1 V)
emphases the presence of some interaction processes. Appli-
cation of the equation, though, may be problematic because
of common activity (e.g., slow wave potentials) which will
appear once on the left side, but twice on the right part of the
equation. This can lead to an artifactual interaction effect
[Teder-S€alej€arvi et al., 2002]. To avoid artificial discrepancy in
the equation, the time-locked average of the nostim condition
is added to the left part of the equation [AV 1

nostim 5 A 1 V; see, e.g., Hauthal et al., 2015; Mishra et al.,
2007, 2010; Schierholz et al., 2015; Senkowski et al., 2011;
Talsma and Woldorff, 2005]. The rearrangement of the equa-
tion (A 5 AV 1 nostim – V) provides the possibility to specifi-
cally compare the recorded response to modality-specific
auditory stimuli (Auni) and the term [AV 1 nostim – V],
referred to as the visually modulated auditory response
(Amod). Here, Amod represents the estimated auditory
response in an audio–visual context, that is, the auditory
response modified by the concurrent processing of a visual
stimulus. Any difference between Auni and Amod is taken as
proof for the presence of multisensory interactions.

We defined the time window (68–200 ms) for analysis of
the N1 peak of unisensory (Auni) and modulated (Amod)
AEPs by visual inspection of the grand average AEP. Similar
to a recent study, electrodes used for the peak detection anal-
ysis were selected individually within a pre-defined region-
of-interest (ROI, Fig. 1), covering fronto-central scalp regions
[Chen et al., 2015]. This was done to account for the interindi-
vidual variability in the specific channel with maximal N1
deflection, as it is known that ERP topographies can differ
due to individual differences in brain size, detailed anatomy
and function, even when the activation originates from the

same brain source [Luck, 2014]. Even in invasive recordings,
exact maps within the primary auditory cortex vary substan-
tially in position, and details of sulcal patterns are variable
between individual animals [Merzenich et al., 1975]. The
same is true for cytoarchitectonic maps [Rose, 1949]. Also in
humans several studies provided evidence for a substantial
interindividual variability in areal location [Morosan et al.,
2005; Rademacher et al., 2001; Zilles et al., 1997]. The use of
the traditional approach, using the same electrodes for
each participant, therefore, might be a confound by ignoring
individual differences.

Within our predefined ROI, we identified an individual
ROI for each participant, enclosing the electrode with the
maximal N1 peak and six neighboring electrodes. Subse-
quently, auditory responses—separately for the unisensory
and the modulated response—were quantified by comput-
ing the mean peak amplitude (64 ms) around the local mini-
mum (N1) of the AEP in the pre-defined time window and
ROI (peakdet.m; http://www.billauer.co.il/peakdet.html).
Peak latency was defined as the time of the local minimum.
Similar to previous observations, we expected greater N1
amplitudes for the modulated compared with the unisen-
sory response [Schierholz et al., 2015]. This was tested by
means of a one-tailed Wilcoxon signed-rank test, separately
in each group. Furthermore, latencies for unisensory and
modulated responses were compared within each group
(Wilcoxon signed-rank test). In addition, amplitudes and
latencies of unisensory and modulated responses were
compared between groups (Kruskal–Wallis tests).

Additionally, we compared the visual event-related
potentials (VEPs) to the unisensory visual stimulation
between the different groups. Here, Kruskal–Wallis tests
were used to compare mean amplitudes (64 ms around the
local maximum/minimum) and peak latencies of the P1 and
the N2 VEPs between NH listeners, CI and ABI patients. The
time windows were set to 64–144 ms (P1) and 130–250 ms
(N2). Similar to the AEPs, electrodes used for the peak detec-
tion analysis were selected individually within a pre-
defined region-of-interest, enclosing the occipital scalp
region. Within this predefined area, an individual ROI was
determined for each participant, enclosing the electrode
with the maximal N2 peak and six neighboring electrodes.
The N2, but not the P1 was chosen for determination of the
individual ROI, as VEPs at N2 latency showed a higher
signal-to-noise ratio.

Source analysis

The standardized low resolution brain electromagnetic
tomography software (sLORETA; publicly available free
academic software at http://www.uzh.ch/keyinst/loreta.
htm) was used to examine the activation in the auditory
cortex during the unisensory and the visually modulated
auditory processing. Based on the scalp-recorded AEPs,
sLORETA computes the cortical three-dimensional distri-
bution of the current source density. Compared with other
source analysis techniques, sLORETA is advantageous, as
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it does not need any assumptions about the number and
position of sources [Pascual-Marqui, 2002]. Because of the
smoothness constraint, the sLORETA source solutions
have a low spatial resolution. Nevertheless, the method
has the characteristic of exact localization [Sekihara et al.,
2005]. Similar to previous studies, we restricted the analy-
sis to cerebral electrodes (n 5 83) to optimize the source
estimations [Gottselig et al., 2004; Schierholz et al., 2015].

Source estimates were computed for the AEP grand
average (NH, CI, ABI, and AMI) at N1 latency. To opti-
mize these results, two procedures were applied prior to
the source estimation: First, the AEP averages of the single
subjects were aligned with respect to the N1 peak to
obtain maximal coincidence in time. Second, the data of
the participants with right-sided auditory stimulation
(NH: n 5 3, CI: n 5 3, ABI: n 5 3) were flipped such that
electrodes on the right side changed to the respective posi-
tion on the left side and vice versa. This was done based
on the prediction that unilateral stimulation in NH listen-
ers, CI and ABI patients would result in input mostly to
the cortex contralateral to the stimulation side [Gilley
et al., 2008; Di Nardo et al., 2001, 2004; Sandmann et al.,
2015]. With respect to the AMI patients, the data of the
patient with left-sided (but not right-sided) stimulation
was mirrored, as the anatomical connections of the inferior
colliculus mainly project to the ipsilateral cortex [e.g., Cas-
seday et al., 1976; Kudo and Niimi, 1980; Malmierca, 2004;
Moore and Goldberg, 1963; Oliver, 1984]. The severe hear-
ing impairment may have altered the hemispheric asym-
metry in our participants, given that previous studies have
reported reduced hemispheric asymmetry in individuals
and animals with unilateral and bilateral deafness [Fujiki
et al., 1998; Kral et al., 2009, 2013; Ponton et al., 2001].
However, contralateral dominance for auditory processing
has been previously reported in CI and ABI patients
[Gilley et al., 2008; Di Nardo et al., 2001, 2004; Sandmann
et al., 2015]. Further, to our knowledge there is no study
comparing the hemispheric asymmetry across different
groups of auditory-implant patients. Thus, it is currently
unknown whether the contralateral dominance differs
between CI, ABI and AMI patients.

After having completed these two steps, the grand aver-
age AEP was imported into sLORETA. Source estimation

around the N1 peak (peak 6 20 ms) revealed a current
density maximum in the temporal lobe, especially in the
Brodmann Area (BA) 41, indicating maximal activation in
the auditory cortex (Fig. 5).

In a following step, we carried out a region-of-interest
(ROI) analysis. For this analysis, the original single-subject
data, without flipping or alignment, were taken. An audi-
tory ROI was defined, enclosing the BAs 22, 41, and 42,
covering the auditory cortex of both, the left and the right
hemisphere. The BAs were selected based on the result of
our source estimation, as well as on previous reports that
the primary auditory cortex is the source of neural activity
at N1 latency [Hari et al., 1980; Hine and Debener, 2007;
N€a€at€anen and Picton, 1987; Sandmann et al., 2009]. More-
over, multisensory interactions have been shown to
involve BA 22 [Beauchamp, 2005; Sperdin et al., 2009].

As the stimulation side differed between participants,
the source waveforms, obtained from the ROI analysis,
were averaged over the left and right auditory cortex.
Consistent with the procedure on the sensor level, quanti-
fication of the activity in the auditory ROI was carried out
for the time window of 68–200 ms after stimulus onset.
Values of the mean amplitude (64 ms around the local
maximum) and the latency of the N1 peak for the unisen-
sory (Auni) and the modulated (Amod) responses were sub-
jected to statistical analysis. As for the sensor level, the
hypothesis of greater N1 amplitudes in the auditory cortex
for the modulated compared with the unisensory
responses was tested by means of one-tailed Wilcoxon
signed-rank tests. Latencies for unisensory and modulated
responses were compared within groups (Wilcoxon signed-
rank tests) and both, amplitudes and latencies for the uni-
sensory and the modulated responses were compared
between groups (Kruskal–Wallis tests).

RESULTS

Speech Recognition: CI and ABI Patients

Speech recognition scores obtained in the three different
conditions are shown in Table II and Figure 2A. Group
differences were found for the auditory (H(2) 5 15.38,
P< 0.001) and the audio–visual (H(2) 5 14.27, P< 0.001),
but not for the visual condition (P 5 0.42). Post-hoc Man-
n–Whitney U tests comparing NH listeners and CI patients
revealed significantly higher speech recognition scores for
the NH listeners in both the auditory (U 5 0.50, P< 0.05,
r 5 20.84) and the audio–visual condition (U 5 1.00,
P< 0.05, r 5 20.82). Similarly, NH listeners showed signifi-
cantly higher speech recognition scores than ABI patients
in both the auditory (U 5 0.00, P< 0.01, r 5 20.87) and the
audio–visual condition (U 5 0.00, P< 0.01, r 5 20.86).
Comparing CI and ABI patients, results revealed signifi-
cantly better speech recognition scores for the CI patients
in both the auditory (U 5 0.00, P< 0.01, r 5 20.84) and the
audio–visual condition (U 5 0.00, P< 0.05, r 5 20.83).

TABLE II. Mean speech recognition scores for monosyl-

labic words (%) 6 one standard error of the mean (SEM)

NH CI ABI AMI 1 AMI 2

Visual 13 6 6 8 6 5a 16 6 4 5 5
Auditory 99 6 1 82 6 5 8 6 5 0 10
Audio–visual 99 6 1 87 6 3a 45 6 6 10 35
GainSpeech

(AV – A)
0.0 6 1.3 4.0 6 5.8a 37.5 6 7.2 10 25

an 5 5. Note, in these conditions only data of five CI patients
were available.
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One-sided one sample Wilcoxon signed rank tests
showed that ABI patients (P< 0.05) but not NH listeners
or CI patients (both, P> 0.05) showed an audio–visual
gain in speech recognition (GainSpeech; Table II, Fig. 2B)
significantly greater than zero. This difference was under-
lined by a significant group difference (H(2) 5 10.99,
P< 0.01). Post-hoc Mann–Whitney U tests showed a signif-
icantly stronger GainSpeech in ABI patients compared with
NH listeners (U 5 0.00, P< 0.01, r 5 20.85), as well as com-
pared with CI patients (U 5 0.50, P< 0.05, r 5 20.80). The
GainSpeech of NH listeners and CI patients was not signifi-
cantly different.

Speech Recognition: AMI Patients

Speech recognition scores of the AMI patients are

documented in Tables I and II, and Figure 2A. Patient

AMI1 did not reveal any word recognition for the audito-

ry only condition. Scores for the visual and the audio–vi-

sual condition were slightly higher. Similarly, patient

AMI2 showed a low performance for the modality-

specific conditions. However, for the audio–visual condi-

tion, the performance was clearly superior compared

with patient AMI1. The relative gain in performance

from unisensory auditory to audio–visual stimulation

Figure 2.

(A) Speech recognition scores for monosyllabic words for the

visual (V, blue), auditory (A, red) and audio–visual (AV, green)

condition, displayed separately for each group. In general, note,

in the AMI group only two datasets were obtained. Digits refer

to the single AMI patients (1 5 AMI1, 2 5 AMI2). Inferential sta-

tistics was only computed for the first three groups (NH, CI,

ABI). Error bars indicate the standard error of the mean (SEM).

(B) Audio–visual gain in speech recognition (GainSpeech) for all

four groups. The gain was computed as the difference in

performance between the audio–visual and the auditory condi-

tion (AV-A). (C) Mean response times of the redundant target

paradigm for the visual (V, blue), auditory (A, red) and audio–

visual (AV, green) condition, for all groups. (D) Audio–visual

gain in response times (GainRT), separately for all groups. The

gain was computed as the difference in response times between

the audio–visual and the auditory condition (AV-A). In general,

asterisks indicate significance (*P< 0.05, ** P< 0.01). [Color fig-

ure can be viewed at wileyonlinelibrary.com]
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(GainSpeech) was greater in patient AMI2 than in patient

AMI1 (Table II, Fig. 2B).

Performance in Speeded Response Task:

CI and ABI Patients

Overall, the performance was high (hit rate �95%) in all
task conditions (Table III). Comparisons of hit rates
revealed no significant difference within or between
groups in any of the conditions.

Reaction times (RTs) are shown in Table III and Figure
2C. Between-subject tests showed group differences for RTs
in the auditory (H(2) 5 9.17, P< 0.01) and the audio–visual
condition (H(2) 5 9.28, P< 0.01), but not for the visual con-
dition (P 5 0.26). Comparisons of NH listeners and CI
patients revealed no differences in RTs for the auditory or
the audio–visual condition. ABI patients compared with
NH listeners showed significantly longer RTs in both, the
auditory (U 5 0.00, P< 0.01, r 5 20.83) and the audio–vi-
sual condition (U 5 2.00, P< 0.05, r 5 20.74). Similarly RTs
of ABI patients were significantly longer in the audio–vi-
sual condition (U 5 2.00, P< 0.05, r 5 20.74) and marginal-
ly longer in the auditory condition (U 5 4.00, P 5 0.078,
r 5 20.65) when compared with CI patients.

Within-subject comparisons revealed no significant differ-
ences between the two modality-specific conditions in none of
the groups (V vs. A; all P> 0.05). However, each group
showed significantly faster RTs in the cross-modal condition
(AV) compared with the RTs of the fastest of the two modality-
specific conditions (all groups: Z 5 22.20, P< 0.05, r 5 20.90).
Thus, each group revealed a redundant signals effect.

A significant redundancy gain in RTs (GainRT; Table III,
Fig. 2D) was present in all groups, as indicated by one-
sided one sample Wilcoxon signed-rank tests against 0 (all
P< 0.05). However, a difference between groups was
revealed (H(2) 5 6.42, P< 0.05). Post-hoc Mann-Whitney U
tests showed a significantly stronger gain in ABI patients
compared with NH listeners (U 5 3.00, P< 0.05, r 5 20.69).
By contrast, the comparison of redundancy gains between
NH listeners and CI patients, as well as between CI and
ABI patients did not reach significant thresholds.

To test for the violation of the race model, the race model
inequality was applied which revealed significant one sam-
ple t-tests in at least one decile per group (Table IV). Conse-
quently, measured RTs in the audiovisual condition were
faster than those predicted by the model, as can also be
observed in the cumulative distribution functions (CDFs,
Fig. 3), emphasizing multisensory interactions in all groups.

Performance in Speeded Response

Task: AMI Patients

Hit rates and RTs of the AMI patients can be observed in
Table III. Hit rates of AMI2 were high, as for the other
groups. However, AMI1 showed slightly reduced hit rates
and noticeably prolonged RTs compared with the other
three groups and compared with AMI2 (Fig. 2C). Though,
AMI1 revealed a similar RT pattern as the ABI patients, that
is, faster RTs to visual compared with auditory stimuli, and
fastest RTs in the audio–visual condition. By contrast, AMI2
showed a response pattern that was more similar to the
group of CI patients, that is, faster RTs in the auditory

TABLE III. Mean of hit rates (%) and response times (ms) 6 one standard error of the mean (SEM)

NH CI ABI AMI 1 AMI 2

Hit rates Visual 98.0 6 0.7 96.0 6 2.1 95.0 6 3.0 70 98
Auditory 97.0 6 1.0 98.0 6 0.7 95.0 6 2.9 82 95
Audio–visual 98.0 6 0.9 99.0 6 0.4 95.0 6 3.1 92 98

Response times Visual 332 6 14 333 6 19 382 6 24 522 439
Auditory 289 6 17 308 6 28 421 6 11 572 365
Audio–visual 242 6 16 256 6 14 324 6 15 509 303
GainRT (AV – A) 247 6 10 252 6 15 297 6 15 263 263

TABLE IV. Redundant signals and modality-specific sum for each decile

NH CI ABI

Decile AV A 1 V DAV P AV A 1 V DAV P AV A 1 V DAV P

0.10 192 201 9 0.012 198 207 9 0.055 251 271 20 0.005*
0.20 206 220 14 0.006* 215 226 11 0.020 271 289 18 0.005*
0.30 217 232 15 0.018 228 242 14 0.018 284 309 25 0.002*
0.40 226 245 19 0.011 240 255 15 0.008* 295 322 28 0.003*
0.50 236 255 19 0.024 254 267 12 0.003* 307 331 24 0.002*

Note. AV corresponds to the redundant signals condition and A 1 V to the modality-specific sum. DAV corresponds to the difference
between AV and A 1 V. One-sided t-tests with Bonferroni correction for multiple comparisons were conducted separately for each
group, to test whether DAV was significantly different from zero. An asterisk indicates significance (*P< 0.05/5).
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compared with the visual condition, and the fastest RTs in
the audio–visual condition. Similar to the other groups, both
AMI patients revealed a redundant signals effect, which is
consistent with the finding that both AMI patients showed a
prominent GainRT. The GainRT was highly similar for the
two AMI patients and lay in between those of the CI and
ABI patients (Table III, Fig. 2D).

Regarding the race model inequality, AMI2 descriptively
revealed a violation of the race model, which is in line
with the observations made for NH listeners, CI and ABI
patients (Fig. 3). However, for AMI1 a different pattern
can be observed, arguing against a violation of the race
model inequality in this patient.

Electrophysiological Results: CI and ABI Patients

Grand average scalp AEPs and source waveforms (SWFs)
for the unisensory (Auni) and the visually modulated audito-
ry response (Amod) can be obtained in Figures 4 and 5,
respectively. In each group, a prominent deflection around
100 ms, referred to as the N1 peak, can be detected in the

AEPs, as well as in the source waveforms. Moreover,
descriptively, AEPs/auditory source waveforms of all
groups (NH, CI, ABI) showed a visual modulation, indicat-
ed by an enhanced amplitude for Amod compared with Auni.
On the source level, the relative increase in amplitude from
Auni to Amod was larger for the ABI (Auni: 0.58 mA/mm2;
Amod: 1.26 mA/mm2) than for the CI patients (Auni: 1.51 mA/
mm2; Amod: 2.96 mA/mm2), possibly demonstrating a larger
benefit of audio–visual stimulation in ABI patients at the lev-
el of the auditory cortex.

Comparisons of the N1 amplitude (Table V) between

groups revealed differences for the unisensory responses,
on both, the sensor and the source level (sensor:

H(2) 5 9.31, P< 0.01; source: H(2) 5 7.61, P< 0.05); and for
the modulated responses on the sensor level (H(2) 5 8.57,
P< 0.01). NH listeners showed larger amplitudes for the
unisensory responses compared with ABI patients, on
both, the sensor and the source level (sensor: U 5 0.00,
P< 0.01, r 5 20.83; source: U 5 0.00, P< 0.01, r 5 20.83).
Furthermore, on the sensor level, NH listeners and CI
patients showed larger amplitudes for the modulated

Figure 3.

Cumulative distribution functions, separately for groups of NH listeners, CI and ABI patients

(A–C) and for the two single AMI patients (D–E), of the response times for the visual (V, blue),

the auditory (A, red), and the redundant audio–visual (AV, green) condition, as well as of the

modality-specific sum (A 1V, black), predicted by the race model. [Color figure can be viewed at

wileyonlinelibrary.com]
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Figure 4.

Grand averages of auditory event-related potentials (AEPs), that is,

for auditory unisensory (Auni, black) and visually modulated auditory

responses (Amod (AV 1 nostim-V), red). (A) NH listeners, (B) CI

patients, (C) ABI patients, (D) mean N1 amplitude values (6 SEM)

for NH listeners, CI and ABI patients, (E, F) single AMI patients.

Note, the grey area marks the time window used for peak detection.

Asterisks indicate significance (*P< 0.05, ** P< 0.01). [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 5.

Auditory cortex activation for unisensory auditory (Auni, black)

and visually modulated auditory responses [Amod (AV 1 nostim-

V), red]. (A) NH listeners, (B) CI patients, (C) ABI patients, (D)

mean N1 amplitude values (6 SEM) for NH listeners, CI and

ABI patients, (E, F) single AMI patients. Note, the gray area

marks the time window used for peak detection. The result of

the source estimation (N1 peak 6 20 ms), shown in the lower

left part of the figure, revealed maximal activation in the tempo-

ral lobe, particularly in Brodmann Area (BA) 41. The auditory

ROI (BAs 22, 41, and 42 of both hemispheres), used for the

source analysis, is shown in the lower right part of the figure.

Asterisks indicate significance (*P< 0.05, ** P< 0.01). [Color fig-

ure can be viewed at wileyonlinelibrary.com]

r Audio–Visual Processing with Auditory Implants r

r 2217 r

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


responses compared with the ABI patients (NH: U 5 3.00,
P< 0.05, r 5 20.69; CI: U 5 2.00, P< 0.05, r 5 20.74). No differ-
ences were observed between NH listeners and CI patients.

Regarding the N1 latency (Table V), between-group com-
parisons revealed significant differences, for both, unisen-
sory and modulated AEPs and SWFs (sensor: unisensory:
H(2) 5 12.79, P< 0.001; modulated: H(2) 5 12.72, P< 0.001;
source: unisensory: H(2) 5 11.50, P< 0.001; modulated:
H(2) 5 12.67, P< 0.001). Patients with ABIs showed longer
latencies for unisensory and modulated responses when
compared with NH listeners (sensor: unisensory: U 5 0.00,
P< 0.01, r 5 20.83; modulated: U 5 0.00, P< 0.01, r 5 20.84;
source: unisensory: U 5 1.00, P< 0.05, r 5 20.79; modulated:
U 5 0.00, P< 0.01, r 5 20.83). Similarly, N1 latencies for uni-
sensory and modulated responses were prolonged in CI
patients compared with NH listeners (sensor: unisensory:
U 5 2.00, P< 0.05, r 5 20.74; modulated: U 5 0.50, P< 0.05,
r 5 20.81; source: unisensory: U 5 1.00, P< 0.05, r 5 20.79;
modulated: U 5 0.00, P< 0.01, r 5 20.83). Furthermore, ABI
patients, in tendency, showed longer latencies for unisen-
sory responses when compared with CI patients on the
sensor level (U 5 4.00, P 5 0.072, r 5 20.65).

Tests of within-group differences showed increased N1
amplitudes on the sensor and source level for the modu-
lated compared with the unisensory responses, in both, CI
and ABI patients (sensor and source: Z 5 22.20, P< 0.05,
r 5 20.90). By contrast, NH listeners showed no significant
difference between N1 amplitudes of unisensory and
modulated AEPs or SWFs. Regarding the N1 latencies, no
differences were found between the unisensory and the
modulated responses.

We computed correlation analyses to test for a rela-
tionship between AEP measures, behavioral performance
and demographic variables. However, no significant cor-
relations have been observed. The lack of significant
relationships could be related to the small sample size
and does not necessarily mean that the AEP measures
are not related to behavioral measures or demographic
variables.

The statistical analysis of the VEPs to unisensory visual
stimulation (P1, N2) revealed no significant differences
between the three groups (P1: latency: P 5 0.202; amplitude:
P 5 0.183; N2: latency: P 5 0.482; amplitude: P 5 0.181).

Electrophysiological Results: AMI Patients

Electrophysiological results (Table V, Figs. 4 and 5)
revealed AEPs and auditory cortex activation for both
AMI patients. In general, AEP morphology was similar to
what was observed in the other groups. However, the
results of the two AMI patients were dissimilar. AEPs and
SWFs of AMI1 revealed highly similar N1 amplitudes to
ABI patients, but N1 latencies lay somewhere in between
those observed in CI and ABI patients. For AMI2, on both
the sensor and the source level, N1 latencies were pro-
longed and the N1 amplitudes of the unisensory responses
were decreased when compared with ABI patients. How-
ever, AMI2 showed a strong positive visual modulation,
that is, an increase in N1 amplitude from the unisensory
to the modulated response, on both, the sensor and the
source level, consistent with the observations in CI and
ABI patients. However, in AMI1 no positive modulation of
the N1 amplitude, but rather a slight decrease from the
unisensory to the modulated response was observed, on
both, the sensor and the source level.

VEPs for the AMI patients were similar to those
obtained for the other three groups, suggesting no differ-
ence in the processing of basic visual stimuli.

DISCUSSION

In the current study we examined the processing of audi-
tory, visual and audio–visual stimuli in different groups of
post-lingually deafened auditory implant patients (CI, ABI,
AMI), covering the whole spectrum of today’s available
auditory neural prostheses. This is the first study to directly
compare behavioral and electrophysiological measures for
electrical stimulation at different stages of the auditory
pathway. Behavioral results of ABI and AMI patients
revealed reduced performance in the modality-specific audi-
tory condition. However, most patients with central audito-
ry implants showed a remarkable gain in performance
when visual and auditory input was combined. Audio–vi-
sual interactions were confirmed in all groups of implant
patients by a strong visual modulation of auditory–cortex
activation. Our behavioral and EEG results demonstrate

TABLE V. Mean N1 latencies (ms) and N1 amplitudes (mV and mA/mm2, respectively) of AEPs and source

waveforms 6 one standard error of the mean (SEM)

NH CI ABI AMI 1 AMI 2

AEPs Latency unisensory 89 6 4 112 6 4 137 6 10 122 164
Latency modulated 87 6 4 117 6 7 137 6 7 120 150
Amplitude unisensory 26.0 6 0.4 24.9 6 0.6 23.6 6 0.4 24.3 22.6
Amplitude modulated 26.5 6 0.5 27.3 6 0.9 24.3 6 0.5 23.7 24.8

Source waveforms Latency unisensory 85 6 2 107 6 5 130 6 13 124 166
Latency modulated 81 6 3 121 6 7 144 6 8 118 150
Amplitude unisensory 2.2 6 0.4 1.5 6 0.5 0.6 6 0.1 0.6 0.1
Amplitude modulated 2.2 6 0.4 3.0 6 0.9 1.3 6 0.3 0.4 0.7
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that the stimulation of more centripetal structures is associ-
ated with more difficulties to process the electrical stimuli.

Speech Recognition Ability

Open-set speech recognition for words varied substan-
tially between the different groups. ABI patients’ speech
perception scores were inferior compared with NH partici-
pants as well as compared with CI patients. Also, the
speech perception varied substantially within ABI patients.
Other studies have suggested that ABI patients with
NF2—an autosomal dominant disorder which causes the
growth of bilateral cochleovestibular schwannomas [e.g.,
Baser et al., 2003; Slattery, 2015]—have limited open-set
speech recognition scores that are far behind the typical
performance levels of CI [Lenarz et al., 2001, 2002;
Nevison et al., 2002; Otto et al., 2002; Schwartz et al., 2003]
or non-NF2 ABI patients [Colletti, 2006]. This led to the
assumption that the tumor growth and/or the surgical
removal of the tumor may be the primary cause of the lim-
itations in speech recognition in patients with NF2 [Col-
letti, 2006; Colletti and Shannon, 2005]. However, more
recent studies in NF2 ABI patients have reported
advanced speech recognition skills in some patients, with
levels close to those of CI patients [Behr et al., 2014; Col-
letti et al., 2012; Matthies et al., 2014]. The improved out-
come might be the result of recent advancements in
surgical procedures during tumor removal, as well as in
implant placement. In our study, the majority of ABI
patients was implanted more than a decade ago (median:
141.5 months), which may at least partially account for the
poor speech recognition ability in this group of patients.
Further, our results for patients with (n 5 3) and without
NF2 (n 5 3) cannot confirm previous reports of inferior
performance in NF2 patients. Nevertheless, based on the
small sample size in the current study, we refrain from
drawing firm conclusions about this observation.

Consistent with ABI patients, speech recognition ability
of AMI patients was particularly low in the auditory condi-
tion. This underlines the importance of further AMI devel-
opment including electrode design, stimulation strategy,
and surgical procedure. In the second clinical trial, efforts
are now under way to improve hearing performance in
patients implanted with an AMI by reducing the effective
stimulation rate per channel and by increasing the number
of available stimulation channels with a double-shank elec-
trode [Lim and Lenarz, 2015]. With further extensive
development, the AMI may turn out to be a device with a
great future potential, especially for patients that cannot
benefit from a CI or ABI.

In the visual condition, word recognition was compara-
ble between NH listeners, CI and ABI patients. This indi-
cates no significant differences in lip-reading skills
between those groups. Consistently, lip-reading ability of
AMI patients was not enhanced when compared with the
other groups. Our test results on lip-reading appear in

discrepancy to previous findings with better lip-reading
abilities in CI patients than in NH subjects [Rouger et al.,
2007, 2012; Stropahl et al., 2015]. Similar stimulus material,
specifically monosyllabic words, was used for the visual,
auditory and audio–visual conditions in the present study.
Given the comparably low performance in the visual only
condition across groups, the stronger audio–visual benefit
for ABI patients points to a real combined effect of the
visual and auditory modality, rather than a benefit in the
visual condition per se in ABI patients. Furthermore, it
needs to be emphasized that this outcome likely does not
reflect the lip-reading abilities in natural conditions, where
more visual cues and context are available than in the pre-
sent experimental condition, and where implanted subjects
likely outperform NH listeners. Moreover, our CI partici-
pants were good performers (speech recognition for mono-
syllabic words �65%), and they reported to not actively
use lip reading in daily life. This is consistent with our
observation that CI patients scored considerably higher in
the auditory compared with the visual condition, thus
showing the same response pattern as NH listeners. Our
findings highlight the good recovery of auditory function
in CI patients and the strong reliance on auditory cues
particularly in proficient CI patients [Tremblay et al.,
2010]. Similar to the CI patients, ABI and AMI patients did
demonstrate low levels of lip-reading skills, although their
recovery of auditory functions was not as good as for the
CI patients. However, as already mentioned, for the audio-
visual condition, ABI and AMI patients revealed a remark-
able improvement in performance compared with both,
the visual-only and the auditory-only condition. The
observed GainSpeech was significantly stronger in ABI
patients compared with both, NH listeners and CI
patients. Interestingly, for ABI patients, the detection prob-
ability in the bimodal speech condition exceeded the sum
of the probabilities in the corresponding unimodal condi-
tions [Colonius, 2015; Stevenson et al., 2014]. This is com-
monly interpreted as evidence for a coactivation
mechanism and points to multisensory interactions in ABI
patients in this speech recognition task. By contrast, NH
listeners and CI patients performed already at ceiling in
the auditory only condition, making it difficult to further
improve speech recognition. ABI patients, on the other
hand, could substantially improve their performance from
the two unisensory to the multisensory speech condition,
but, nevertheless, did not reach the performance levels of
NH listeners and CI patients.

Performance in the Speeded Response Task

In the unisensory auditory condition of the speeded
response task, CI patients showed RTs in the range of the
NH listeners. These findings are in line with previous
observations in CI patients, proving detection of auditory
signals at the level of NH listeners [Landry et al., 2013;
Schierholz et al., 2015]. However, ABI patients revealed
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significantly longer RTs for the detection of auditory sig-
nals compared with NH listeners. In tendency, RTs were
also prolonged compared with CI patients. A general
slowdown of sensory and/or cognitive processes in ABI
patients can be ruled out, as RTs for visual events were
comparable between NH listeners, CI and ABI patients.
Prolonged RTs, relative to those in NH listeners and CI
patients, only occurred in conditions conveying auditory
information. This suggests a modality-specific, auditory
slowdown in ABI patients.

Consistent with the results of ABI patients, AMI patients
showed prolonged RTs when compared with NH listeners
and CI patients. Whereas AMI2 performed in the range of
ABI patients, AMI1 showed even prolonged RTs compared
with the ABI group. In sum, our findings indicate that in
patients with central auditory implants the detection of
simple auditory stimuli is not restored to the levels of NH
listeners. This is in contrast to the fast auditory reactivity
observed in CI patients. Differences between implantees
could at least partly originate from the fact that central
auditory implants use strategies of CIs which are not opti-
mized for stimulation of more centrally located nervous
structures. Up to now, the special requirements for electri-
cal stimulation at the level of the brainstem or the mid-
brain have been considered only to insufficient extent
[Lim and Lenarz, 2015; McKay et al., 2013].

Hit rates and RTs for the visual condition of the speeded
response task were comparable between groups. These
results are in line with former findings of similar hit rates
and RTs in CI patients and NH listeners [Schierholz et al.,
2015]. Noteworthy, previous studies with congenitally deaf
individuals have suggested enhanced visual reactivity in
these individuals compared with NH listeners [e.g., Bottari
et al., 2010; Loke and Song, 1991]. By contrast, our results
from post-lingually deafened ABI and CI patients did not
show exceptional visual skills. Similarly, there was no
visual improvement for the AMI patients when compared
with the other groups. Patient AMI2 even showed a pro-
longation of RTs specifically in the visual condition when
compared with the other groups. Moreover, in patient
AMI1, RTs were generally prolonged, independent of the
condition, suggesting a general slowdown of sensory and/
or cognitive processes in this participant. Taken together,
our findings indicate no experience-related, visual
improvement in patients with CI, ABI or AMI, at least for
simple visual stimuli in the context of a speeded response
task.

The redundant signals effect (i.e., significantly faster RTs
to the audio–visual compared with the fastest modality-
specific condition) was recognized in each group. This
effect has been previously reported in NH listeners [e.g.,
Girard et al., 2011; Mahoney et al., 2011] and in CI patients
[e.g., Nava et al., 2014; Schierholz et al., 2015]. Hence, our
results extend previous findings by showing that a redun-
dant signals effect also exists in patients with central audi-
tory prostheses. The existence of a redundant signals effect

does not inevitably point to the existence of multisensory
integration, as this effect could also be the consequence of
statistical facilitation [Miller, 1982]. However, our results
showed a violation of the race model inequality in NH lis-
teners and auditory implant patients (CI, ABI), emphasiz-
ing the enhanced performance in the AV condition to be
the result of true multisensory interactions. The same con-
clusion applies for AMI2, who showed a violation of the
race model on the descriptive level. In contrast, in AMI1
the race model was not violated. However, this does not
exclude the existence of multisensory interactions, as they
have been observed even in the absence of a race-model
violation [Murray et al., 2001; Sperdin et al., 2009].

Similar to the speech condition, ABI and AMI patients
showed a strong audio–visual gain in RTs (GainRT) for
basic, non-speech stimuli. This (relative) enhancement in
reactivity for audio–visual compared with auditory-only
stimuli was more pronounced in ABI and AMI patients
than in CI patients and NH listeners, although patients
with central auditory implants revealed slower (absolute)
RTs to audio–visual stimuli than CI patients and NH lis-
teners. Similar to the pronounced gain in speech recogni-
tion (GainSpeech), the strong gain in reactivity (GainRT)
might be the consequence of enhanced audio–visual inter-
actions as form of a compensatory mechanism in ABI and
AMI patients. Regarding CI patients, the GainRT was not
as strong. This is in line with findings of earlier studies,
reporting no difference in multisensory GainRT between
post-lingually deafened CI patients and NH listeners
[Nava et al., 2014; Schierholz et al., 2015]. The discrepancy
between the groups of patients might be caused by the dif-
ferential use of compensation strategies. Patients with cen-
tral auditory implants may compensate for inadequate
input already in conditions with simple sensory stimuli,
while CI patients might use compensatory strategies for
more complex stimuli.

Cortical Responses to Modality-Specific Auditory

and Visual Stimulation

The present study explored auditory cortex activity in
individuals with different auditory implants during audi-
tory stimulation. Our measurements in free field extend
previous findings on the feasibility of measuring AEPs in
ABI and AMI patients by means of direct electrical stimu-
lation [Colletti et al., 2007; He et al., 2015; Herrmann et al.,
2015]. Our results revealed that the morphology and volt-
age distribution of AEPs were comparable between NH
listeners, CI and ABI patients. However, ABI patients’
AEPs and source waveforms showed reduced and pro-
longed N1 amplitudes when compared with NH listeners.
In contrast, N1 amplitudes were not significantly different
between CI patients and NH listeners, confirming earlier
reports of comparable N1 AEPs in those two groups [Hen-
kin et al., 2014; Schierholz et al., 2015]. This points to an
equivalent encoding of the stimulus features in CI patients
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and NH listeners [N€a€at€anen and Picton, 1987]. Regarding
ABI patients, the finding of reduced and delayed N1 peaks
suggests experience-related alterations of auditory cortex
functions in patients with central auditory implants. On
the other hand, the inadequate input from the implant
may cause altered and delayed processing in the auditory
cortex of ABI patients. Importantly, the two factors are not
mutually exclusive and may jointly mediate alterations of
auditory processing in individuals with central auditory
implants.

Consistent with the behavioral response patterns, the
two AMI patients showed variability in their AEPs. AMI2
revealed a prolonged N1 latency and reduced N1 ampli-
tude, barely approaching the values observed for ABI
patients. By contrast, AMI1 revealed N1 latency and
amplitude measures similar to those of ABI patients. This
seems contradictory to the behavioral results, showing
similar RTs in AMI2 and prolonged RTs in AMI1 when
compared with the ABI group. However, behavioral per-
formance reflects the combined effects of different sensory
and cognitive processes, while the response at N1 latency
reflects initial stages of sensory processing. Thus, the poor
behavioral performance in AMI1 may result from altered
higher level processing rather than from changes in early
sensory processing. Moreover, one has to keep in mind
that the AMI data presented here are just two single cases
and thus should be interpreted with caution.

The lack of differences in VEP latencies and amplitudes
between the different groups was consistent with the
behavioral results, showing similar hit rates and RTs for
the visual condition across all groups (NH, CI, ABI). Fur-
thermore, the results replicate former findings of similar
VEPs in response to basic, stationary visual stimuli in
young and elderly CI patients and NH listeners [Schier-
holz et al., 2015]. The present study extents these findings
to post-lingually deafened ABI and AMI patients. A modi-
fied visual processing in patients with auditory implants
might be observed for more advanced visual stimulation,
involving complex patterns or motion [e.g., Sandmann
et al., 2012]. Furthermore, the lack of significant differences
indicates that only the true visual modulation of the audi-
tory response, and not the visual response per se, was dif-
ferent between the groups.

Cortical Responses to Cross-Modal Stimulation

We analyzed audio–visual interactions by comparing
the unisensory auditory response (Auni) with the visually
modulated auditory response (Amod; [AV 1 nostim 2 V]).
A substantial increase in N1 amplitude from unisensory to
modulated responses was observed for CI and ABI
patients, but not for NH listeners. The visual modulation
points to the occurrence of multisensory interactions in CI
and ABI patients and it is likely the consequence of audi-
tory deprivation and/or a reduced sound representation
with auditory implants. The source analysis revealed that

this effect originates, at least to some part, in the auditory
cortex. Consistent findings were obtained in our previous
study [Schierholz et al., 2015]. The fact that the same pat-
tern of visual modulation was found in both, the CI and
the ABI patients, supports the view that auditory depriva-
tion and/or implant use can change audio–visual interac-
tions. Interestingly, only for patients with central auditory
implants - but not for the CI patients – the enhanced visu-
al modulation of auditory cortex activation was in line
with the behavioral performance. A strong audio–visual
gain for speech (GainSpeech) and non-speech stimuli
(GainRT) was observed in the group of ABI patients who
revealed a pronounced visual modulation of auditor-
y–cortex activation, indicating multisensory interactions.
By contrast, CI patients showed a weak audio–visual bene-
fit on the behavioral level, and a strong visual modulation
of AEPs. The inconsistency between CI and ABI patients
with regard to the presence of a behavioral correlate may
be related to the applied tasks. CI patients in the current
study were good performers. Both, the detection of audito-
ry stimuli, as well as the speech tests in silence meant no
challenging task for these participants. We speculate that
in good CI performers, the enhancement of audio–visual
interactions becomes visible on the behavioral level only
for more sophisticated stimuli and tasks, as for instance
for speech-in-noise conditions.

With regard to the AMI patients, AMI1 showed a slight
decrease in N1 amplitude from the unisensory to the mod-
ulated response. The lack of a (positive) response modula-
tion in this patient was consistent with the lack of a
violation of the race model, indicating that the observed
gain in performance from unisensory to bimodal stimula-
tion was rather due to statistical facilitation. This may sug-
gest that the pattern of auditory activity in AMI1 was so
abnormal that it was too difficult to be fused with the
visual response pattern. These challenges may be related
to suboptimal placement of the stimulation electrodes and
the difficulty in providing excitation patterns to the more
central structures that can then be appropriately processed
by the brain. Unlike AMI1, AMI2 revealed a strong
increase in N1 amplitude from the unisensory to the mod-
ulated response, similar to the results of CI and ABI
patients. These observations are in line with the findings
of a robust GainSpeech and a violation of the race model
(descriptively) for patient AMI2. Thus, the behavioral
improvement in AMI2 for the combined audio–visual con-
ditions seems to be—at least partially—based on enhanced
audio–visual interactions in the auditory cortex. Likewise,
strong audio–visual interactions in the auditory cortex of
ABI patients may underlie the remarkable gain in perfor-
mance when visual and auditory input is combined.

SUMMARY AND CONCLUSIONS

The present study compared hearing abilities and
auditory–cortex activation in patients with electrical
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stimulation at different sites of the auditory pathway. Our
results should be interpreted with caution, as they are
based on a comparatively small sample size, probably lim-
iting the power of the study.

The results revealed poor auditory performance and
AEPs with smaller amplitudes and prolonged latencies in
patients with central auditory implants. However, all
groups of patients (CI, ABI, AMI) and NH listeners
showed facilitated performance in conditions containing
redundant (audio–visual) information. Importantly, bene-
fits for audio–visual information were particularly strong
in most patients with central auditory implants, for both,
speech and non-speech stimuli. The improved perfor-
mance for audio–visual conditions seems to be based on
enhanced audio–visual interactions in the auditory cortex.
We speculate that the enhanced audio–visual interactions
are the consequence of a compensatory processing strategy
developed by auditory implant patients to overcome the
limitations from electrical stimulation. Interestingly, in CI
patients the audio–visual benefit was less pronounced
when compared with the central auditory implant
patients, although the duration of deafness, the implant
experience and the age at implantation did not differ
across groups. Consequently, the stronger audio–visual
benefit in patients with central auditory implants may be
related to experience-related alterations of auditory proc-
essing and/or the inadequate auditory input in these indi-
viduals. Knowing the detailed impact of the visual
modality on auditory processing in implanted patients
may provide important information for the optimization of
rehabilitation strategies.

Although, the present study focused on the processing
in the auditory cortex, structural, and functional changes
due to auditory deprivation and CI implantation/rehabili-
tation are very likely not exclusive to sensory areas. Previ-
ous studies also revealed areas like the frontal cortex to
show changes in activity related to the auditory status.
Findings include both, hearing impaired [Campbell and
Sharma, 2013] and auditory implant patients [Berding
et al., 2015], and suggest compensation by and resource
allocation to frontal regions, when confronted with dimin-
ished auditory input.

In general, our results demonstrate that EEG can be a
useful tool to evaluate auditory cortex function in patients
with auditory implants (CI, ABI, AMI), where imaging
methods like magnetic resonance imaging (MRI) are of
limited use due to the possible occurring electromagnetic
interference. EEG, however, is a non-invasive, safe tech-
nique which might become a standard clinical tool to
objectively evaluate the recovery of auditory functions and
to monitor rehabilitation programs in patients with CI,
ABI, and AMI.

ACKNOWLEDGMENTS

This research was supported by the DFG Cluster of Excel-
lence EXC 1077 “Hearing4all”. We want to thank Sabine

Haumann for providing supportive information, Sriranjani
Karthik for assistance in data collection and Jan-Ole
Radecke for assistance in data collection and figure con-
struction. The AMI surgeries were performed in collabora-
tion with Cochlear Limited, the University of Minnesota
and the International Neuroscience Institute (Hannover,
Germany).

REFERENCES

Agrawal D, Thorne JD, Viola FC, Timm L, Debener S, B€uchner A,
Dengler R, Wittfoth M (2013): Electrophysiological responses
to emotional prosody perception in cochlear implant users.
NeuroImage Clin 2:229–238.

Allen JB (1990): Loudness growth in 1/2-octave bands (LGOB)—A
procedure for the assessment of loudness. J Acoust Soc Am 88:
745–753.

Aschenbrenner S, Tucha O, Lange KW (2000): Regensburger
Wortfl€ussigkeits-Test: RWT. G€ottingen: Hogrefe, Verlag f€ur
Psychologie.

Barth DS, Goldberg N, Brett B, Di S (1995): The spatiotemporal
organization of auditory, visual, and auditory-visual evoked
potentials in rat cortex. Brain Res 678:177–190.

Baser ME, Evans DGR, Gutmann DH (2003): Neurofibromatosis 2.
Curr Opin Neurol 16:27–33.

Beauchamp MS (2005): See me, hear me, touch me: multisensory
integration in lateral occipital-temporal cortex. Curr Opin Neu-
robiol 15:145–153.

Behr R, Colletti V, Matthies C, Morita A, Nakatomi H, Dominique
L, Darrouzet V, Brill S, Shehata-Dieler W, Lorens A,
Skarzynski H (2014): New outcomes with auditory brainstem
implants in nf2 patients. Otol Neurotol 35:1844–1851.

Bell AJ, Sejnowski TJ (1995): An information-maximisation
approach to blind separation and blind deconvolution. Neural
Comput 7:1129–1159.

Berding G, Wilke F, Rode T, Haense C, Joseph G, Meyer GJ,
Mamach M, Lenarz M, Geworski L, Bengel FM, Lenarz T, Lim
HH (2015): Positron emission tomography imaging reveals
auditory and frontal cortical regions involved with speech per-
ception and loudness adaptation. PLoS One 10:e0128743.

Bottari D, Nava E, Ley P, Pavani F (2010): Enhanced reactivity to
visual stimuli in deaf individuals. Restor Neurol Neurosci 28:
167–179.

Campbell J, Sharma A (2013): Compensatory changes in cortical
resource allocation in adults with hearing loss. Front Syst Neu-
rosci 7:71.

Casseday JH, Diamond IT, Harting JK (1976): Auditory pathways
to the cortex in tupaia glis. J Comp Neurol 166:303–340.

Chen L-C, Sandmann P, Thorne JD, Herrmann CS, Debener S
(2015): Association of concurrent fNIRS and EEG signatures in
response to auditory and visual stimuli. Brain Topogr 28:
710–725.

Coez A, Zilbovicius M, Ferrary E, Bouccara D, Mosnier I, Ambert-
Dahan E, Kalamarides M, Bizaguet E, Syrota A, Samson Y,
Sterkers O (2009): Processing of voices in deafness rehabilita-
tion by auditory brainstem implant. Neuroimage 47:1792–1796.

Colletti V (2006): Auditory outcomes in tumor vs. nontumor
patients fitted with auditory brainstem implants. Adv Otorhi-
nolaryngol 64:167–185.

Colletti V, Shannon RV (2005): Open set speech perception with
auditory brainstem implant?. Laryngoscope 115:1974–1978.

r Schierholz et al. r

r 2222 r



Colletti V, Shannon R, Carner M, Sacchetto L, Turazzi S, Masotto

B, Colletti L (2007): The First successful case of hearing pro-

duced by electrical stimulation of the human midbrain. Otol

Neurotol 28:39–43.
Colletti L, Shannon R, Colletti V (2012): Auditory brainstem

implants for neurofibromatosis type 2. Curr Opin Otolaryngol

Head Neck Surg 20:353–357.
Colonius H (2015): Behavioral measures of multisensory integration:

bounds on bimodal detection probability. Brain Topogr 28:1–4.
Delorme A, Makeig S (2004): EEGLAB: an open source toolbox for

analysis of single-trial EEG dynamics including independent

component analysis. J Neurosci Methods 134:9–21.
Di Nardo W, Di Girolamo S, Di Giuda D, De Rossi G, Galli J,

Paludetti G (2001): SPET monitoring of auditory cortex activa-

tion by electric stimulation in a patient with auditory brain-

stem implant. Eur Arch Oto-Rhino-Laryngology 258:496–500.
Di Nardo W, Picciotti P, Di Giuda S, De Rossi G, Paludetti G

(2004): SPET assessment of auditory cortex stimulation and

tonotopic spatial distribution in Auditory Brainstem Implant.

Acta Otorhinolaryngol Ital 24:321–325.
Finke M, B€uchner A, Ruigendijk E, Meyer M, Sandmann P (2016):

On the relationship between auditory cognition and speech

intelligibility in cochlear implant users: An ERP study. Neuro-

psychologia 87:169–181.
Fujiki N, Naito Y, Nagamine T, Shiomi Y, Hirano S, Honjo I,

Shibasaki H (1998): Influence of unilateral deafness on audito-

ry evoked magnetic field. Neuroreport 9:3129–3133.
Geers AE, Moog JS, Biedenstein J, Brenner C, Hayes H (2009):

Spoken language scores of children using cochlear implants

compared to hearing age-mates at school entry. J Deaf Stud

Deaf Educ 14:371–385.
Geers AE, Nicholas JG (2013): Enduring advantages of early

cochlear implantation for spoken language development.

J Speech Lang Hear Res 56:643–655.
Gilley PM, Sharma A, Dorman MF (2008): Cortical reorganization

in children with cochlear implants. Brain Res 1239:56–65.
Girard S, Collignon O, Lepore F (2011): Multisensory gain within

and across hemispaces in simple and choice reaction time

paradigms. Exp Brain Res 214:1–8.
Gordon KA, Jiwani S, Papsin BC (2013): Benefits and detriments

of unilateral cochlear implant use on bilateral auditory devel-

opment in children who are deaf. Front Psychol 4:719.
Gottselig JM, Brandeis D, Hofer-Tinguely G, Borbely AA,

Achermann P (2004): Human central auditory plasticity associ-

ated with tone sequence learning. Learn Mem 11:162–171.
Groenen PAP, Beynon AJ, Snik AFM, van den Broek P (2001):

Speech-evoked cortical potentials and speech recognition in

cochlear implant users. Scand Audiol 30:31–40.
Hahlbrock KH (1970): Sprachaudiometrie: Grundlagen und prakti-

sche Anwendung einer Sprachaudiometrie f€ur das deutsche

Sprachgebiet. Stuttgart: Georg Thieme Verlag.
Hari R, Aittoniemi K, J€arvinen M-L, Katila T, Varpula T (1980):

Auditory evoked transient and sustained magnetic fields of

the human brain: localization of neural generators. Exp Brain

Res 40:237–240.
Hauthal N, Debener S, Rach S, Sandmann P, Thorne JD (2015):

Visuo-tactile interactions in the congenitally deaf: a behavioral

and event-related potential study. Front Integr Neurosci 8:98.
He S, Teagle HFB, Ewend M, Henderson L, Buchmann CA (2015):

The electrically evoked cortical auditory event-related potential

in children with auditory brainstem implants. Ear Hear 36:

377–379.

Henkin Y, Yaar-Soffer Y, Steinberg M, Muchnik C (2014): Neural

correlates of auditory-cognitive processing in older adult

cochlear implant recipients. Audiol Neurootol 19 Suppl 1:

21–26.
Herrmann BS, Brown MC, Eddington DK, Hancock KE, Lee DJ

(2015): Auditory brainstem implant: electrophysiologic

responses and subject perception. Ear Hear 36:368–376.
Hine J, Debener S (2007): Late auditory evoked potentials asym-

metry revisited. Clin Neurophysiol 118:1274–1285.
Jung T-P, Makeig S, Westerfield M, Townsend J, Courchesne E,

Sejnowski TJ (2000a): Removal of eye activity artifacts from

visual event-related potentials in normal and clinical subjects.

Clin Neurophysiol 111:1745–1758.
Jung T-P, Makeig S, Humphries C, Lee T-W, McKeown MJ, Iragui

V, Sejnowski TJ (2000b): Removing electroencephalographic

artifacts by blind source separation. Psychophysiology 37:

163–178.
Kelly AS, Purdy SC, Thorne PR (2005): Electrophysiological and

speech perception measures of auditory processing in experi-

enced adult cochlear implant users. Clin Neurophysiol 116:

1235–1246.
Kral A, O’Donoghue GM (2010): Profound deafness in childhood.

N Engl J Med 363:1438–1450.
Kral A, Tillein J, Hubka P, Schiemann D, Heid S, Hartmann R,

Engel AK (2009): Spatiotemporal patterns of cortical activity

with bilateral cochlear implants in congenital deafness.

J Neurosci 29:811–827.
Kral A, Heid S, Hubka P, Tillein J (2013): Unilateral hearing dur-

ing development: hemispheric specificity in plastic reorganiza-

tions. Front Syst Neurosci 7:93.
Kudo M, Niimi K (1980): Ascending projections of the inferior col-

liculus in the cat: an autoradiographic study. J Comp Neurol

191:545–556.
Landry SP, Guillemot J-P, Champoux F (2013): Temporary deaf-

ness can impair multisensory integration: a study of cochlear-

implant users. Psychol Sci 24:1260–1268.
Lenarz T, Moshrefi M, Matthies C, Frohne C, Lesinski-Schiedat A,

Illg A, Rost U, Battmer RD, Samii M (2001): Auditory brain-

stem implant: part i. auditory performance and its evolution

over time. Otol Neurotol 22:823–833.
Lenarz M, Matthies C, Lesinski-Schiedat A, Frohne C, Rost U, Illg

A, Battmer RD, Samii M, Lenarz T (2002): Auditory brainstem

implant part ii: subjective assessment of functional outcome.

Otol Neurotol 23:694–697.
Lenarz M, Lim H, Patrick J, Anderson D (2006): Electrophysiologi-

cal validation of a human prototype auditory midbrain

implant in a guinea pig model. J Assoc Res Otolaryngol 7:

383–398.
Lenarz M, Lim HH, Lenarz T, Reich U, Marquardt N, Klingberg

MN, Paasche G, Reuter G, Stan AC (2007): Auditory midbrain

implant: histomorphologic effects of long-term implantation

and electric stimulation of a new deep brain stimulation array.

Otol Neurotol 28:1045–1052.
Lim HH, Lenarz T (2015): Auditory midbrain implant: Research and

development towards a second clinical trial. Hear Res 322:212–223.
Lim HH, Lenarz M, Lenarz T (2009): Auditory midbrain implant:

a review. Trends Amplif 13:149–180.
Loke WH, Song S (1991): Central and peripheral visual processing

in hearing and nonhearing individuals. Bull Psychon Soc 29:

437–440.
Luck SJ (2014): An Introduction to the Event-Related Potential

Technique, 2nd ed. Cambridge, MA: MIT Press.

r Audio–Visual Processing with Auditory Implants r

r 2223 r



Mahoney JR, Li PCC, Oh-Park M, Verghese J, Holtzer R (2011):
Multisensory integration across the senses in young and old
adults. Brain Res 1426:43–53.

Malmierca MS (2004): The inferior colliculus: a center for conver-
gence of ascending and descending auditory information. Neu-
roembryology Aging 3:215–229.

Matthies C, Brill S, Varallyay C, Solymosi L, Gelbrich G, Roosen
K, Ernestus R-I, Helms J, Hagen R, Mlynski R, Shehata-Dieler
W, M€uller J (2014): Auditory brainstem implants in neurofibro-
matosis Type 2: is open speech perception feasible? Clinical
article. J Neurosurg 120:546–558.

McKay CM, Lim HH, Lenarz T (2013): Temporal processing in the
auditory system: insights from cochlear and auditory midbrain
implantees. J Assoc Res Otolaryngol 14:103–124.

Merzenich MM, Knight PL, Roth GL (1975): Representation of cochlea
within primary auditory cortex in the cat. J Neurophysiol 38:231–249.

Miller J (1982): Divided attention : evidence for coactivation with
redundant signals. Cogn Psychol 14:247–279.

Mishra J, Martinez A, Sejnowski TJ, Hillyard SA (2007): Early
cross-modal interactions in auditory and visual cortex underlie
a sound-induced visual illusion. J Neurosci 27:4120–4131.

Mishra J, Martinez A, Hillyard SA (2010): Effect of attention on
early cortical processes associated with the sound-induced
extra flash illusion. J Cogn Neurosci 22:1714–1729.

Miyamoto RT, Wong D (2001): Positron emission tomography in
cochlear implant and auditory brainstem implant recipients.
J Commun Disord 34:473–478.

Miyamoto RT, Wong D, Pisoni DB, Hutchins G, Sehgal M, Fain
R (1999): Positron emission tomography in cochlear implant
and auditory brain stem implant recipients. Am J Otol 20:
596–601.

Moore RY, Goldberg JM (1963): Ascending projections of the infe-
rior colliculus in the cat. J Comp Neurol 121:109–135.

Morosan P, Schleicher A, Amunts K, Zilles K (2005): Multimodal
architectonic mapping of human superior temporal gyrus.
Anat Embryol (Berl) 210:401–406.

Murray MM, Foxe JJ, Higgins BA, Javitt DC, Schroeder CE (2001):
Visuo-spatial neural response interactions in early cortical
processing during a simple reaction time task: a high-density
electrical mapping study. Neuropsychologia 39:828–844.

N€a€at€anen R, Picton T (1987): The N1 wave of the human electric
and magnetic response to sound: A review and an analysis of
the component structure. Psychophysiology 24:375–425.

Nava E, Bottari D, Villwock A, Fengler I, B€uchner A, Lenarz T,
R€oder B (2014): Audio-tactile integration in congenitally and
late deaf cochlear implant users. PLoS One 9:e99606.

Nevison B, Laszig R, Sollmann W-P, Lenarz T, Sterkers O,
Ramsden R, Fraysse B, Manrique M, Rask-Andersen H,
Garcia-Ibanez E, Colletti V, von Wallenberg E (2002): Results
from a European clinical investigation of the nucleusVR

multichannel auditory brainstem implant. Ear Hear 23:170–183.
Oliver DL (1984): Neuron types in the central nucleus of the infe-

rior colliculus that project to the medial geniculate body. Neu-
roscience 11:409–424.

Otto SR, Brackmann DE, Hitselberger WE, Shannon RV, Kuchta J
(2002): Multichannel auditory brainstem implant: update on
performance in 61 patients. J Neurosurg 96:1063–1071.

O’Driscoll M, El-Deredy W, Ramsden RT (2011): Brain stem
responses evoked by stimulation of the mature cochlear nucle-
us with an auditory brain stem implant. Ear Hear 32:286–299.

Pascual-Marqui RD (2002): Standardized low-resolution brain elec-
tromagnetic tomography (sLORETA): technical details. Meth-
ods Find Exp Clin Pharmacol 24 Suppl D:5–12.

Ponton CW, Vasama J-P, Tremblay K, Khosla D, Kwong B, Don
M (2001): Plasticity in the adult human central auditory sys-
tem: evidence from late-onset profound unilateral deafness.
Hear Res 154:32–44.

Raab DH (1962): Statistical facilitation of simple reaction times.
Trans N Y Acad Sci 24:574–590.

Rademacher J, Morosan P, Schormann T, Schleicher A, Werner C,
Freund H-J, Zilles K (2001): Probabilistic mapping and volume
measurement of human primary auditory cortex. Neuroimage
13:669–683.

Ratcliff R (1979): Group reaction time distributions and an analy-
sis of distribution statistics. Psychol Bull 86:446–461.

Rose JE (1949): The cellular structure of the auditory region of the
cat. J Comp Neurol 91:409–439.

Rouger J, Lagleyre S, Fraysse B, Deneve S, Deguine O, Barone P
(2007): Evidence that cochlear-implanted deaf patients are bet-
ter multisensory integrators. Proc Natl Acad Sci U S A 104:
7295–7300.

Rouger J, Lagleyre S, D�emonet J-F, Fraysse B, Deguine O, Barone
P (2012): Evolution of crossmodal reorganization of the voice
area in cochlear-implanted deaf patients. Hum Brain Mapp 33:
1929–1940.

Sandmann P, Eichele T, Buechler M, Debener S, J€ancke L, Dillier
N, Hugdahl K, Meyer M (2009): Evaluation of evoked poten-
tials to dyadic tones after cochlear implantation. Brain 132:
1967–1979.

Sandmann P, Kegel A, Eichele T, Dillier N, Lai W, Bendixen A,
Debener S, Jancke L, Meyer M (2010): Neurophysiological evi-
dence of impaired musical sound perception in cochlear-
implant users. Clin Neurophysiol 121:2070–2082.

Sandmann P, Dillier N, Eichele T, Meyer M, Kegel A, Pascual-
Marqui RD, Marcar VL, J€ancke L, Debener S (2012): Visual
activation of auditory cortex reflects maladaptive plasticity in
cochlear implant users. Brain 135:555–568.

Sandmann P, Plotz K, Hauthal N, de Vos M, Sch€onfeld R,
Debener S (2015): Rapid bilateral improvement in auditory cor-
tex activity in postlingually deafened adults following cochlear
implantation. Clin Neurophysiol 126:594–607.

Schierholz I, Finke M, Schulte S, Hauthal N, Kantzke C, Rach S,
B€uchner A, Dengler R, Sandmann P (2015): Enhanced audio-
visual interactions in the auditory cortex of elderly cochlear-
implant users. Hear Res 328:133–147.

Schwartz MS, Otto SR, Brackmann DE, Hitselberger WE, Shannon
RV (2003): Use of a multichannel auditory brainstem implant
for neurofibromatosis type 2. Stereotact Funct Neurosurg 81:
110–114.

Sekihara K, Sahani M, Nagarajan SS (2005): Localization bias and
spatial resolution of adaptive and non-adaptive spatial filters
for MEG source reconstruction. Neuroimage 25:1056–1067.

Senkowski D, Saint-Amour D, H€ofle M, Foxe JJ (2011): Multisenso-
ry interactions in early evoked brain activity follow the princi-
ple of inverse effectiveness. Neuroimage 56:2200–2208.

Shannon RV (2015): Auditory implant research at the house ear
institute 1989-2013. Hear Res 322:57–66.

Sharma A, Campbell J, Cardon G (2015): Developmental and
cross-modal plasticity in deafness: Evidence from the P1 and
N1 event related potentials in cochlear implanted children. Int
J Psychophysiol 95:135–144.

Slattery WH (2015): Neurofibromatosis type 2. Otolaryngol Clin
North Am 48:443–460.

Sperdin HF, Cappe C, Foxe JJ, Murray MM (2009): Early, low-
level auditory-somatosensory multisensory interactions impact
reaction time speed. Front Integr Neurosci 3:2.

r Schierholz et al. r

r 2224 r



Stevenson RA, Ghose D, Krueger Fister J, Sarko DK, Altieri NA,
Nidiffer AR, Kurela LR, Siemann JK, James TW, Wallace MT
(2014): Identifying and quantifying multisensory integration: a
tutorial review. Brain Topogr 27:707–730.

Stropahl M, Plotz K, Sch€onfeld R, Lenarz T, Sandmann P, Yovel
G, de Vos M, Debener S (2015): Cross-modal reorganization in
cochlear implant users: Auditory cortex contributes to visual
face processing. Neuroimage 121:159–170.

Talsma D, Woldorff MG (2005): Selective attention and multisen-
sory integration: multiple phases of effects on the evoked brain
activity. J Cogn Neurosci 17:1098–1114.

Teder-S€alej€arvi WA, McDonald JJ, Di Russo F, Hillyard SA (2002): An
analysis of audio-visual crossmodal integration by means of
event-related potential (ERP) recordings. Cogn Brain Res 14:
106–114.

Tremblay C, Champoux F, Lepore F, Th�eoret H (2010):
Audiovisual fusion and cochlear implant proficiency. Restor
Neurol Neurosci 28:283–291.

Ulrich R, Miller J, Schr€oter H (2007): Testing the race model
inequality: An algorithm and computer programs. Behav Res
Methods 39:291–302.

Viola FC, Thorne JD, Bleeck S, Eyles J, Debener S (2011): Uncover-
ing auditory evoked potentials from cochlear implant users
with independent component analysis. Psychophysiology 48:
1470–1480.

Watson YI, Arfken CL, Birge SJ (1993): Clock completion: An objec-
tive screening test for dementia. J Am Geriatr Soc 41:1235–1240.

Widmann A, Schr€oger E (2012): Filter effects and filter artifacts in
the analysis of electrophysiological data. Front Psychol 3:233.

Wilkinson EP, Schwartz MS, Otto SR, Brackmann DE (2014): Sur-
gery for auditory brainstem implantation. Oper Tech Otolar-
yngol Neck Surg 25:327–332.

Wilson BS, Dorman MF (2008): Cochlear implants: a remarkable
past and a brilliant future. Hear Res 242:3–21.

Zeng F-G (1994): Loudness growth in forward masking: Relation
to intensity discrimination. J Acoust Soc Am 96:2127–2132.

Zilles K, Schleicher A, Langemann C, Amunts K, Morosan P,
Palomero-Gallagher N, Schormann T, Mohlberg H, B€urgel U,
Steinmetz H, Schlaug G, Roland PE (1997): Quantitative analysis
of sulci in the human cerebral cortex: development, regional
heterogeneity, gender difference, asymmetry, intersubject vari-
ability and cortical architecture. Hum Brain Mapp 5:218–221.

r Audio–Visual Processing with Auditory Implants r

r 2225 r


	l

