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ABSTRACT

Objectives: To assess whether the response decrement of auditory evoked potentials (AEPs) after stimu-

lus repetition is affected by an interplay between sensitization and habituation.

Methods: AEPs were recorded in 18 healthy participants. Stimulation consisted of trains with eight tones.

The 6th stimulus of each train was a frequency deviant. The N100 amplitude to the 1st stimulus of the

train was quantified in each trial. Trials with initially strong N100 responses and with initially weak

N100 responses were averaged separately.

Results: For the total trial sample, the N100 and P200 amplitudes decreased from the 1st to the 2nd stim-

ulus of the train but not thereafter. Trials with an initially strong N100 response were qualified by like-

wise larger N100 amplitudes to the 2nd stimulus, as compared to trials with initially weak N100

responses, and were characterized by a pronounced N100 amplitude decrease from standards to deviants.

Conclusion: Our findings are difficult to reconcile with the view that the response decrement of AEP com-

ponents after stimulus repetition is modulated by sensitization and habituation, as no evidence for either

of these two processes could be obtained.

Significance: The study provides further evidence against habituation as underlying mechanism for the

AEP decrement after stimulus repetition.

© 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Auditory stimulus repetition leads to a decrease of cortical
responses, as measured by auditory evoked potentials (AEPs) and
auditory evoked fields (AEFs). This response decrease is observed
when the to-be-repeated stimulus is preceded by a relatively long
time period without stimulation and is repeated within a relatively
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short time period (Ritter et al.,, 1968). A typical example for an
experimental set-up to investigate this kind of response decrease
is the paired-click paradigm. In this paradigm, pairs of clicks are
presented that are separated by 8000-12,000 ms, whereas the
clicks within the pairs are separated by only 500 ms. Under such
conditions the amplitudes of the AEP component P50, but also of
the N100 and P200, strongly decrease from the 1st to the 2nd click.
Patients with schizophrenia often show a diminished response
decrease from the 1st to the 2nd click (for review de Wilde et al.,
2007; Patterson et al., 2008).

The predominant interpretation of this finding is that it reflects
impaired sensory filtering, leading to its label as sensory gating
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deficit. This deficit is, however, not specific for patients with
schizophrenia; similar findings were obtained in other neuropsy-
chiatric patients, such as patients with post-traumatic stress disor-
der (Neylan et al., 1999), patients with bipolar disorder (Lijffijt
et al., 2009), or cocaine-dependent subjects (Boutros et al., 2006).
Moreover, it is still debated to what extent a diminished response
decrease from the 1st to the 2nd click actually reflects impaired
sensory filtering: some recent studies reported associations
between self-reported perceptual anomalies (Micoulaud-Franchi
et al., 2012, 2014), while previous studies failed to reveal such
associations (Jin et al., 1998; Johannesen et al., 2008).

Pharmacological challenge studies have been informative about
neurotransmitters involved in this kind of response suppression
and emphasized the role of nicotinic acetylcholine receptors
(Adler et al., 1992, 1993; Turetsky et al., 2012; Knott et al,,
2013). Furthermore, studies using electroencephalography (EEG),
magnetoencephalography (MEG), electrocorticography (ECoG),
and fMRI provided some knowledge about brain structures that
form the neural network underlying the processing of such audi-
tory stimuli. This network encompasses not only sensory areas,
but also areas in the frontal cortex, thalamus, and hippocampus
(Grunwald et al., 2003; Thoma et al., 2003; Rosburg et al., 2004;
Boutros et al., 2005, 2008; Korzyukov et al., 2007; Kurthen et al.,
2007; Tregellas et al, 2007, 2009; Weiland et al., 2008; Mayer
et al., 2009; Ji et al., 2013; Bak et al., 2014). However, these studies
need to be considered as descriptive rather than as causal. Bilateral
hippocampal sclerosis for example does not lead to a significant
disruption of sensory gating (Rosburg et al., 2008).

Although a vast number of studies have been published that
investigated sensory gating, it is yet not fully understood what
neural or behavioral factors actually lead to the response decre-
ment of AEP components after repeated stimulation. Broadly, there
are two fractions of accounts for explaining the decrement: one
fraction refers the decrement to habituation as a simple form of
learning; the second fraction refers the decrement to characteris-
tics of the involved neural cell assemblies. Within this second frac-
tion, some studies consider the role of inhibitory interneurons as
critical (e.g. Freedman et al., 2002; Freedman, 2014), while other
studies consider the response decrease more as an intrinsic capac-
ity of the involved (central nervous system) cell-assemblies and
conceptualize the response decrease as an effect of refractoriness
or stimulus-specific adaptation (e.g. Budd et al., 1998; Ulanovsky
et al,, 2003; Pérez-Gonzalez and Malmierca, 2014). Behavioral
and neural accounts are not necessarily fully exclusive, since e.g.
tonic inhibition descending from higher neural centers has been
considered as one cause for habituation (Krasne and Teshiba,
1995).

However, in particular the accounts of habituation and refrac-
toriness predict different response behavior, as initially proposed
by Budd et al. (1998). By definition, a process of habituation needs
to be qualified by a range of criteria, such as an asymptotic
response decrease, stimulus specificity, and dishabituation
(Thompson and Spencer, 1966; Rankin et al., 2009). In contrast,
refractoriness refers to the recovery time for cell assemblies under-
lying the AEP response before they are fully responsive again.
Consequently, the amplitudes of AEP responses are to a great
extent determined by the time intervals between the auditory
stimuli, with shorter intervals generally being associated with
smaller AEP amplitudes (e.g. Davis et al., 1966; Roth and Kopell,
1969; Rosburg et al., 2010), albeit this might not apply for very
short intervals of <500 ms (Budd and Michie, 1994). Furthermore,
the reductions of AEP components are greater the more the cell
assemblies overlap that generate the AEP responses to two suc-
ceeding tone events (e.g. Butler, 1968). For the spectral content
of sounds, the latter effect is likely due to the tonotopic organiza-
tion of the auditory cortex (Saenz and Langers, 2014). The different

predictions of habituation and refractoriness on the response
behavior are summarized in Table 1. Considering the wide range
of clinical populations in which the decremental responses to
repeated auditory stimuli have been studied, it is of high relevance
to empirically differentiate between the accounts of habituation
and refractoriness, with many implications for future research (as
e.g. for the design of experiments and studies, as well as for the
development of potential intervention programs in clinical
populations).

In order to test the predictions of the habituation and refractori-
ness accounts, trains of identical stimuli that were interspersed
with deviant sounds have been used as stimulus material. From
our point of view, such studies provided little to no empirical evi-
dence for habituation as underlying mechanism for the response
decrease of AEP/AEF components after repeated stimulation: there
is a handful of studies on the short-term decrement of AEP/AEF
components that showed an asymptotic response decrease (EEG:
Ritter et al., 1968; Fruhstorfer et al., 1970; Woods and Elmasian,
1986; MEG: Sords et al., 2001), another study showed a continuous
decrease (EEG: Ohman and Lader, 1972). In contrast, the vast
majority of studies revealed that the response decrease was com-
pleted with the presentation of the 2nd stimulus of a train (EEG:
Roth and Kopell, 1969; Bourbon et al., 1987; Barry et al., 1992;
Soininen et al., 1995; Budd et al., 1998; Madittd et al., 2005;
Rosburg et al., 2004, 2006, 2010; Grau et al., 2007; Fuentemilla
et al., 2009; Zhang et al., 2009, 2011; Yadon, 2010; Lucas, 2012;
MEG: Lammertmann et al., 2001; Rosburg, 2004; Rosburg et al.,
2010; Soros et al, 2006, 2009; Lagemann et al, 2012;
Muenssinger et al., 2013b; Okamoto and Kakigi, 2014). More note-
worthy, no study found evidence for dishabituation (Fruhstorfer,
1971; Barry et al., 1992; Budd et al., 1998; Rosburg et al., 2006;
Yadon, 2010; Muenssinger et al., 2013b). As predicted by the
refractoriness account, response recovery was present for large fre-
quency deviants (Woods and Elmasian, 1986; Barry et al., 1992;
Yadon, 2010), but absent for duration deviants (Rosburg et al.,
2006). Furthermore, as also predicted by the refractoriness
account, repeated stimulation at long interstimulus intervals did
not result in AEP response decrements (Ritter et al., 1968; Budd
et al.,, 1998; MacDonald and Barry, 2014).

Nevertheless, some recent studies from a MEG research group
in Tuebingen (Germany) have argued in favor of habituation as
the underlying mechanism for the response decrease of AEP/AEF
components after repeated stimulation (Matuz et al., 2012;
Muenssinger et al., 2013a,b). In a study on fetuses and neonates,
Muenssinger et al. (2013a) have argued with reference to the
dual-process theory of response habituation (Groves and
Thompson, 1970) that an initial response increase (from the 1st
to the 2nd tone of a stimulus train) and subsequent response

Table 1
Habituation vs. refractoriness: predicted response behavior for repeated auditory
stimulation.

Habituation Refractoriness

Stimulus
repetition

Asymptotic response
decrease

Response decrease
completed after the 2nd
stimulus; decrease is absent
at long interstimulus
intervals

Response recovery possible,
in particular when the tone
pitch of the deviant strongly
varies from the standard
tone

Response recovery at best

Presentation of
deviants

Response recovery

Presentation of Dishabituation (response

repeated recovery to the previously small; absent when the
sounds after “habituated” stimulus) tone pitch of the deviant is
the deviant similar to the standard tone
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decrease (from the 2nd to the 3rd tone) can be regarded as evi-
dence for habituation. Indeed, Groves and Thompson (1970) have
described that animals might first show an increase in responsive-
ness to repeated stimulation (sensitization) and later a decrease in
responsiveness (habituation). However, AEP/AEF studies in human
adults that presented trains of identical auditory stimuli always
showed an initial response decrease (e.g. Ritter et al., 1968;
Fruhstorfer et al., 1970; Barry et al., 1992; Budd et al., 1998;
Rosburg, 2004; Rosburg et al., 2004, 2006, 2010; Sords et al.,
2006, 2009; Zhang et al., 2009, 2011). Thus, as we have also noted
in a recent commentary (Rosburg, Weigl, & Sords, 2014), the
observed response pattern of Muenssinger et al. (2013a) is at odds
with adult data.

Yet, taking the argumentation of Muenssinger et al. (2013a) into
account, we have to acknowledge that an interplay between habit-
uation and sensitization might represent an aspect that has not
been appropriately addressed in previous AEP/AEF studies. In a
recent theoretical approach, the behavioral homeostasis theory
(BHT), Eisenstein et al. (2012) have argued that the level of alert-
ness prior to stimulation is critical whether an organism shows a
response decrease (habituation) or increase (sensitization) to iter-
ative stimuli. According to the BHT, strong initial responses are fol-
lowed by weak ones (habituation) and small behavioral responses
by stronger ones (sensitization). Following this line of argumenta-
tion, habituation might occur in some trials and sensitization in
others. Consequently, averaging across all trials might lead to
wrong conclusions. In the current study, we tested the predictions
of the BHT by selectively averaging trials with initially large and
with initially weak responses.

For this purpose, AEPs were recorded in a sample of healthy
participants. Stimulation consisted of trains of eight tones (S1 to
S8), with a frequency deviant at the 6th position. First, the effects
of tone repetition were analyzed for the AEP data averaged across
all trials in order to replicate previous findings that provided coun-
terevidence for habituation as the underlying factor for the decre-
ment of AEP/AEF components after repeated simulation. This
counterevidence included in particular the lack of an asymptotic
response decrease and the lack of dishabituation after presenting
a deviant stimulus (Table 1; Barry et al., 1992; Budd et al., 1998;
Rosburg et al., 2004, 2006, 2010).

Second, we conducted a single-trial based analysis of the AEPs.
The amplitudes of the N100 were quantified in each trial. Trials
that showed a large N100 to the initial stimulus of the train (above
individual median) and trials that showed small N100 to the initial
stimulus of the train (below individual median) were averaged
separately. The same trials were also averaged for the subsequent
stimuli in the train. The BHT suggests that habituation and sensiti-
zation are active processes and that their occurrence depends on
the strength of the initial response (Eisenstein et al., 2012). We
tested whether AEP responses to subsequent stimuli were indeed
larger when the initial response was small than when the initial
response was large. In contrast, the AEP responses to these stimuli
should not vary in dependence on the initial response if regression
to the mean is the only rule that applies (Stigler, 1997; Eisenstein
et al., 2012). For trial classification, we focused on the N100 ampli-
tude because previous studies have indicated that increased N100
amplitudes are associated with increased levels of alertness and
attention (Hillyard et al., 1973; Nddtdnen et al., 1981; Nddtinen
and Picton, 1987; Crowley and Colrain, 2004).

Third, according to the BHT, the level of alertness prior to stim-
ulation is supposed to be critical whether an organism shows a
weak or strong response to the initial stimulus. It has been pro-
posed that the levels of alertness are reflected in the levels of theta
(4-8 Hz) and alpha band power (8.5-12 Hz) (Klimesch et al., 1996,
2007; Klimesch, 1999; Barry et al., 2011). Consequently, theta and
alpha band activity in the pre-stimulus interval should show some

co-variation with the magnitude of the initial AEP response.
Already more previously, in a systems-theoretical account, it has
been suggested that the magnitude of evoked responses can be
predicted from the spontaneous activity preceding the stimulation
(Basar et al., 1979). This relation between the prestimulus EEG
activity and subsequent N100 has been investigated in number
of studies, but revealed some conflicting results (Basar and
Stampfer, 1985; Romani et al.,, 1988; Jansen and Brandt, 1991;
Brandt et al., 1991; Haig and Gordon, 1998; Barry et al., 2000,
2011; de Blasio and Barry, 2013a,b; de Blasio et al. 2013; for con-
ceptual overview see Barry et al., 2003). The findings of Basar
and Stampfer (1985) and Rahn and Basar (1993) support the pre-
diction of the BHT that decreased levels of alertness (high levels
of alpha activity) at the time point of stimulation are followed by
smaller N100 responses, whereas the studies of Jansen and
Brandt (1991) and Barry et al. (2000) reported an opposite pattern
(with high levels of alpha activity being followed by larger N100
responses). In the current study, we sought to clarify this issue
and tested whether large levels of theta and low levels of alpha
pre-stimulus activity were followed by large AEP responses to
the 1st stimulus, as it can be presumed on the basis of the BHT.

2. Methods
2.1. Participants

18 volunteers (10 female), ranging in age from 19 to 35 years
(mean age 25 years) took part in the experiment. All participants
were students at Saarland University, reported to have no psychi-
atric or neurological history, as well as no hearing deficit. One addi-
tional participant with a hearing deficit was excluded, as well as
two other participants whose recordings were prematurely termi-
nated due to technical failures. All participants were informed
about the procedure of the experiment and gave written consent
for participation. Participation was compensated with 8 €/h.

2.2. Stimulation

Auditory stimuli were presented by two loudspeakers placed
about 1 m to the left and to the right in 45° angles in front of the
participants. Stimulation consisted of 100 trains of 8 sine tones
each. Trains were separated by a randomized interval between
6000 and 7000 ms. Tones within the train were separated by a
stimulus onset asynchrony (SOA) of 1026 ms. All tones had
50 ms sound duration (including 5 ms rise and fall time) and were
presented at 70 dB sound pressure level. Seven stimuli were
800 Hz tones; one was an 850 Hz tone. The 850 Hz tone (deviant)
was always presented at the 6th position of the train. The commer-
cial software EPrime 2.0 (Psychology Software Tools, Sharpsburg,
PA, USA) was used for stimulation. During stimulation, the partic-
ipants watched a nature film with the tone switched off (“One
Life”, BBC Earth), with no further task required; tone stimuli did
not require any behavioral response either. All participants were
tested at the end of an unrelated (effortful) memory experiment.
The recording time for the tone experiment was about 25 min. At
the beginning of the tone experiment, participants rated their
momentary sleepiness on a seven-point Likert scale ranging from
—3 (very alert) to very sleepy (+3).

2.3. EEG recording

EEG was recorded with 58 embedded silver/silver chloride EEG
electrodes that were attached to the participant’s head in an elastic
cap (Easycap, Herrsching, Germany). Electrode locations in the
used caps are based on an extended 10-20 system (Fp1, Fpz, Fp2,
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AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FCz,
FC2, FC4, FC6, FT8, T7, C5, C3, C1, Cz, C2, C4, C6, T8, TP7, CP5,
CP3, CP1, CPz, CP2, CP4, CP6, TP8, P7, P5, P3, P1, Pz, P2, P4, P6,
P8, PO7, PO3, POz, PO4, P08, 01, Oz, 02). Furthermore, electrodes
were placed manually at the two mastoids (A1, A2). Electrode
impedances were kept below 5kQ. EEG was continuously
recorded, referenced to the left mastoid. In addition, electroocular
activity was recorded by a pair of electrodes affixed to the outer
canthi and by a pair of electrodes placed below and above the right
eye. Data were sampled at 500 Hz and filtered online from
0.016 Hz (time constant 10 s) to 250 Hz.

2.4. Data analysis

EEG data were analyzed with BrainVision Analyzer 2.04 (Brain
Products, Gilching, Germany). Offline, data were digitally filtered
from 0.1 Hz to 40 Hz (48 dB), with an additional notch filter at
50 Hz to suppress line activity, and re-referenced to linked mas-
toids. Data were segmented into epochs of 8500 ms duration start-
ing 500 ms before the onset of the initial stimulus of the train (S1).
The influence of eye movements and blinks on EEG activity, as well
as of electrocardiographic and other artifacts was corrected by an
independent component analysis (ICA). Subsequently, epochs were
screened for further artifacts. On average 5 segments (range 0-19)
with voltage steps larger than 50 pV/ms or with amplitudes
exceeding +70 pV were rejected as artifacts. After artifact rejection,
data were segmented in shorter epochs of 1000 ms duration with
200 ms as a pre-stimulus baseline, for each stimulus in the train
(S1 to S8) separately.

Analysis across all trials: In a first set of analyses, we tested
whether the AEP data showed a response decrease from S1 to S2,
a response recovery from S5 to S6 (deviant), an asymptotic
decrease, and dishabituation in order to replicate previous find-
ings. We used 9 electrodes over frontal (F1/Fz/F2), frontocentral
(FC1/FCz[FC2), and central (C1/Cz/C2), regions for these analyses
of repetition effects on conventionally averaged AEPs (i.e. averaged
across all trials without artifacts). In order to test whether AEPs
showed a significant response decrement from S1 to S2, the aver-
age N100 and P200 amplitudes were subjected to repeated mea-
sure analysis of variance (ANOVA) with TONE (S1 vs. S2),
ANTERIORITY (F, FC, C electrodes), and LATERALITY (1, z, 2 elec-
trodes) as within-subjects factors. The N100 and P200 amplitudes
were quantified as the mean amplitude in 28-ms time windows
around the grand average peak maximums, corresponding to 7
sampling points before and after the peaks, relative to the baseline
of 200 ms. Different latency windows were chosen for quantifying
the N100 and P200 amplitudes to S1 and S2, since there was a sub-
stantial peak latency decrease after S1. The time windows were
94-122 ms and 190-218 ms for the N100 and P200 to S1, and
84-112 ms and 154-182 ms for the N100 and P200 to S2, respec-
tively. The criteria for habituation were tested in three further
repeated measure ANOVAs with TONE, ANTERIORITY, and
LATERALITY as within-subjects factor that specifically contrasted
the N100 and P200 amplitudes to two other stimuli of the train
each (i.e. the factor TONE varied between these analyses): An
asymptotic decrease was presumed to be reflected in larger AEP
responses to S2 than to S8; response recovery was presumed to
be reflected in larger N100 responses to the deviant stimulus
(S6) than to the preceding repeated stimulus (S5); dishabituation
was presumed to be reflected in larger AEP responses to S7 than
to the preceding repeated stimulus (S5). Paired t-tests were used
for post-hoc testing. The N100 and P200 amplitudes to S5, S6, S7,
and S8 were quantified in the same 28-ms time window as used
for the analysis of the AEPs to S2.

Trial selective averaging: For analyzing the effects of the initial
response on the later responses in the very same trial, the n trials of

each participant were separated by median-split in trials with
large N100 responses to S1 and small N100 responses to S1
(‘High N1s;’ vs. ‘Low N1s;’ trials). For this, the N100 amplitudes
in each trial were exported to SPSS (IBM, USA) and quantified at
the individual S1 peak latency of the average response in a
28-ms time window at electrode FCz. Thus, the selected time win-
dows varied between subjects, but not between trials within a sub-
ject. The identified N100 peaks were manually confirmed. In case
of odd trial numbers, the median trial was excluded when creating
the two subsamples. Subsequently, the AEPs to the subsequent
stimuli (S2 to S8) were averaged across ‘High N1s;’ vs. ‘Low N1g;’
trials. According to the BHT, the AEP amplitudes to S2 should be
larger for trials that showed an initially weak N100 response
(‘Low N1g;’ trials) than for trials that an initially strong N100
response (‘High N1s;’ trials). Moreover, according to the BHT,
habituation and sensitization are presumed to maximize the
organism’s overall readiness to cope with new stimuli. Thus, the
AEPs to deviants (S6) and standards following the deviant (S7)
should not differ between the two kinds of trials. These predictions
were tested in repeated measure ANOVAs with TRIAL TYPE (‘High
N1s;" vs. ‘Low Nls;’), ANTERIORITY (F, FC, C electrodes), and
LATERALITY (1, z, 2 electrodes) as within-subjects factors. As
dependent variables, we entered the N100 and P200 amplitudes
of each AEP (at the same latency windows as used above), as well
as the amplitude of the mismatch negativity (MMN). The MMN
represents a specific response to sound deviance in an otherwise
regular sound stimulation (for review Nddtdnen et al., 2001). The
MMN was extracted from the difference potential between the
AEP to S6 (deviants) and the AEP to S2 to S4 (standards) as the
mean amplitude between 150 and 230 ms, again for ‘Low N1s;’
and ‘High N1s;’ trials separately.

For the analysis of the theta and alpha activity, only responses
to S1 were considered. Two segments were extracted from each
8500 ms epoch: one from —500 to 0 ms (S1 pre-stimulus activity)
and another from 0 to 500 ms (S1 post-stimulus activity). A Fast
Fourier Transformation (FFT) was run with 0.5 Hz frequency
resolution, using a rectangular window, a padratio of 4.096, and
no normalization. FFT data of each trial were exported. Mean theta
(4-8 Hz) and alpha (8.5-12 Hz) amplitude values were calculated
and compared between the two subsamples of trials in a repeated
measure ANOVA with TRIAL TYPE (‘High N1s;" vs. ‘Low Nilgy’),
ANTERIORITY (F, FC, C electrodes), and LATERALITY (1, z, 2 elec-
trodes) as within-subjects factors. To further elucidate the relation
between oscillatory activity and the N100 amplitude within trials,
Pearson product-moment correlations between individually
z-transformed theta and alpha pre- and post-stimulus activity
and the individually z-transformed N100 and P200 amplitudes to
S1 in each trial were calculated.

3. Results

Sleepiness ratings were obtained in 17 of the 18 participants.
Average rating was —0.1 (range —3 to +2), with 13 of the partici-
pants giving ratings between —1 and +1. To sum it up, at the time
point of testing, participants were neither particularly alert nor
particularly sleepy.

3.1. Effects of stimulus repetition across trials

The repetition effects across trials are depicted in Fig. 1A for the
AEPs at FCz; the mean amplitude values (£SD) at this electrode can
be found in Table 2. The results of the F statistics are found in
Table 3. The N100 and P200 amplitudes showed a strong decrease
from S1 to S2. Post-hoc tests showed that the N100 and P200
amplitudes to S1 were larger than the N100 and P200 amplitudes
to S2 at all analyzed electrodes (all ts;7 >4.000, p <0.001). The
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Fig. 1. (A) Grand average AEP for the total trial sample at electrode FCz: the AEP in response to the 1st stimulus (S1) of a train is shown as black line; the AEPs to the
subsequent stimuli (but the deviant) as red lines. The amplitudes of the AEP components N100 and P200 to S1 clearly surmounted the N100 and P200 amplitudes to the
subsequent stimuli, with no systematic variation between the latter. (B) AEPs to S1 and S2 for trials with an initially large N100 response (‘High N1s;’, continuous lines) and
for trials with an initially small N100 response (‘Low N1s;’, dashed lines). The responses to S1 are shown as black lines, the responses to the 2nd stimulus (S2) as red lines.

Table 2
Mean N100 and P200 amplitudes.
FCz S1 S2 S3 S4 S5 S6 S7 S8
N100 All -7.2(2.7) -4.4(2.3) -4.3(2.7) -4.8(2.2) -4.5(2.3) -3.8(2.3) -4.0 (2.1) -4.1(2.2)
N1g; low 0.0 (2.7) -4.1(2.8) -3.8(2.7) -4.6 (2.7) -4.4(2.3) -4.1(2.3) -3.8(1.9) -4.1(2.2)
N1g; high -14.5(3.2) -4.9 (2.2) -4.8 (3.0) -5.0 (2.3) -4.6 (2.7) -3.5(2.6) —4.2 (2.5) -4.1(2.3)
P200 All 6.7 (4.1) 2.4 (2.4) 2.5 (2.6) 2.4 (2.4) 2.6 (2.4) - 2.5(2.9) 2.7 (1.9)
N1g; low 9.7 (3.8) 24 (24) 2.9(2.9) 2.5(2.8) 2.5(2.3) - 24 (3.1) 2.6 (2.5)
N1s; high 3.8 (4.7) 2.4(2.8) 2.2 (2.7) 2.3 (2.6) 2.7 (3.1) - 2.8 (3.1) 2.8 (1.9)

Mean N100 and P200 amplitude values in pV (+standard deviations) in response to the eight stimuli of the train, for the total sample and for the separate trial samples (high
vs. low N100 amplitudes to S1). S6 as a sound deviant elicited a mismatch negativity (MMN) that overlapped with the P200. Consequently, the P200 amplitude could not be
quantified unambiguously in this AEP.

presentation of deviants did not result in a N100 response recov- (all ts17<1.782, n.s.). As expected, deviants elicited a MMN that
ery. Instead, the N100 amplitudes slightly decreased from S5 to was significant at all nine analyzed electrodes (one-sample t-tests:
S6. This decrease was significant at the frontal and fronto-central all ts;7 > 4.673, ps < 0.001). Due to the spatio-temporal overlap of

electrodes (all tsy7 > 2.209, p < 0.05) but not at central electrodes P200 and MMN activity, the presence of a P200 response recovery
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Table 3
Response decrease after stimulus repetition across all trials.
TONE TONE x TONEx TONEx
ANTERIORITY LATERALITY ANTERIORITYx
LATERALITY

Response decrease (S1 vs. S2)

N100 Fi117=24.878 F>34=0.852 F>34=8.071 F4 65=2.214
p <0.001 n.s. p=0.001 p=0.015
% =0.594 n*=0.048 n*=0.322 n*=0.192

£=0.671

P200 F117=49.718 F534=17.313 Fy34=7.247 Faps=6.125
P<0.001 Pp<0.001 p=0.002 p=0.002
n*=0.745 n*=0.505 n*=0.299 n*=0.265

£=0.563 £=0.669

Asymptotic decrease (S2 vs. S8)

N100 F117=1328 F»34=0.006 Fy34=0.252 F468=2.193.
n.s. n.s. n.s. n.s
n*=0.072 n%<0.001 n*=0.015 n*=0.114

£=0.671

P200  Fy47=0.505 Fy34=0.096 F34=0503  Fyg5=0.730
n.s. n.s. n.s. n.s.

7% =0.029 n*=0.006 n*=0.029 n?=0.041

Response recovery (S5 vs. S6)

N100 [ F47=5.005 Fy34=1.913 F34=0460  F4g5=4.497
p=0.039 n.s. n.s. Pp=0.003
7% =0.227 n*=0.101 n*=0.026 n%=0.209

P200 Not tested (MMN overlap)

Dishabituation (S5 vs. S7)

N100  Fy17=2615 F34=1.176 Fy34=0.141  Fyg5=0.867
n.s. n.s. n.s. n.s.
n*=0.133 n*=0.065 n*=0.008 n*=0.049

P200  Fy47=0.055 Fy34=0.250 Fy34=1245  Fag5=3.370
n.s. n.s. n.s. p=0.030
7% =0.003 7% =0.015 7% =0.068 7% =0.165

£=0.682

The results of the repeated measures ANOVAs across all trials: the factor TONE
encompassed different contrasts in each ANOVA. Significant main effects of TONE
are marked by black edging. Please note that the significant main effect of TONE for
response recovery indicates a significant response decrease from S5 to S6 (and not
an increase).

from S5 to S6 could not be analyzed. The further ANOVAs revealed
neither evidence for an asymptotic decrease of N100 and P200
amplitudes (S2 vs. S8 contrast) nor for a response recovery in the
response to the standard following the deviant (S5 vs. S7 contrast,
Table 3).

Taken together, both the N100 and P200 amplitudes showed a
strong initial decline from S1 to S2, but there was no indication
for a further, asymptotic decrease, no indication that the presenta-
tion of the deviant tone resulted in a response recovery, and no
indication of dishabituation.

3.2. Consequences of strong responses to S1 (trial selective averaging)

The BHT suggests that the initial level of activation determines
the subsequent magnitude of the response. Trials with an initially
large N100 were compared with trials with an initially weak N100
by median split of the total trial sample. The mean amplitude val-
ues (+SD) at FCz for the two-subsamples can be found in Table 2;
the results of the F statistics are found in Table 4. For the S2
responses, the comparison of the two-subsamples revealed a mar-
ginally significant influence of TRIAL TYPE: The N100 amplitudes to
S2 tended to be larger in trials with an initially large N100 than in
trials with an initially weak N100, whereas the P200 amplitudes to
S2 did not show any variation between the two kinds of trials
(Fig. 1B). A similar pattern of results was observed for the AEPs
to standard tones (S2 to S4): The N100 amplitudes to standards
were significantly larger in trials with an initially large N100 than

in trials with an initially weak N100, whereas the P200 amplitudes
again did not differ.

For the S6 responses, we found an opposite pattern: We
observed a trend for smaller N100 amplitudes in ‘High N1g;’ trials,
as compared to ‘Low N1s;’ trials (Table 4). Pairwise comparisons at
individual electrodes showed trends for smaller N100 amplitudes
at FC1, FCz, FC2, and F2 (1.748 < all ts < 1.950, all ps <0.1). Thus,
the N100 amplitudes to S6 (as unrepeated stimulus) paradoxically
showed (on a trend level) a response behavior that was predicted
on the basis of the BHT for repeated stimuli.

In order to elucidate the differential trial type effects on stimu-
lus processing in more detail, a repeated measure ANOVA with
STIMULUS (‘standards’ vs. ‘deviants’), TRIAL TYPE (‘High N1s;’ vs.
‘Low N1s;’), ANTERIORITY (F, FC, C electrodes), and LATERALITY
(1, z, 2 electrodes) was run. This analysis revealed a differential
effect of trial type on the N100 amplitudes to standards (S2 to
S4) and deviants (S6) in ‘High N1s;’ trials, but not in ‘Low N1s;’ tri-
als (TRIAL TYPE x STIMULUS interaction: F; 17 =14.735, p = 0.001,
7% =0.464): In ‘High N1g;’ trials, the N100 amplitude to standards
was larger than the N100 amplitudes to deviants (F; 17 = 13.624,
p=0.002, #%=0.445), whereas no such difference was observed
in ‘Low N1g;’ trials (F; 17 = 0.009, n.s., #*=0.001) (Fig. 2 A and B).
This also led to a positive N100 deflection in the difference poten-
tial in ‘High N1s;’ trials, but not in ‘Low N1s;’ trials (Fig. 3). The
MMN amplitudes themselves were significantly larger in ‘Low
N1s;’ trials than in ‘High N1s;’ trials (Table 4). Pairwise compar-
isons at individual electrodes showed that the MMN differences
between the two kinds of trials were somewhat larger at frontal
electrodes (2.548 < all ts < 3.212, 0.005 < ps < 0.021) than at central
electrodes (1.972 < all ts < 2.077, 0.053 < ps < 0.066).

For the AEPs to S7 (standard following the deviant), the analysis
revealed neither for the N100 nor the P200 significant amplitude
differences between the two kinds of trials. Taken together, ‘High
N1s, trials were qualified by larger N100 amplitudes to subse-
quent repeated stimuli, as compared to ‘Low N1s;’ trials. In con-
trast, the N100 amplitudes to deviants, as well as the MMN
amplitudes were reduced in trials with an initially large N100, as
compared to ‘Low N1g;’ trials.

3.3. S1 pre- and post-stimulus oscillatory activity

The BHT suggests that the initial response reflects the individ-
ual’s activation in this specific trial. Accordingly, the pre-stimulus
theta and alpha activity were presumed to vary with the N100
response to S1. This prediction could not be verified: The
pre-stimulus theta and alpha activity (—500 ms to 0 ms) did not
differ between trials with high and low N100 responses to S1
(main effects TRIAL TYPE theta: F;;7=0.001, n.s.; alpha:
F117=0.646, n.s., Fig. 4, Table 5). Interactions between TRIAL
TYPE and the two electrode location factors (ANTERIORITY and
LATERALITY) did not reach significance either (theta:
Fs;34 < 1.658, n.s.; alpha: Fs;34<0.183, n.s.).

In addition to pre-stimulus activity, post-stimulus theta and
alpha activities were analyzed as well. This analysis was run in
order to inform about the validity of the trial-based quantification
of the N100 amplitude. This analysis showed significant differences
between ‘High N1s;” and ‘Low N1s;’ trials, with larger theta and
alpha activity for larger N100 responses to S1 (main effects TRIAL
TYPE theta: F;;7=39.900, p<0.001, #*>=0.702; alpha:
F117=6.042, p=0.025, 112 =0.262, Table 5). In line with this obser-
vation, the z-transformed post-stimulus theta and alpha at FCz
co-varied with the z-transformed N100 and P200 amplitudes to
S1 across all trials at the same electrode, whereas the z-trans-
formed pre-stimulus theta and alpha did not show such correla-
tions (Supplementary Table S1).
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Table 4
Contrast between high N1s; and low N1s; subsamples.
TRIAL TYPE TRIAL TYPE x TRIAL TYPEx TRIAL TYPE x
ANTERIORITY LATERALITY ANTERIORITYx
LATERALITY

First repeated standard (S2)

N100 | Fy17=3305 | Fy34=0.341 Fy34=0.733 Fas=0.290
p=0.087 i ns. n.s. n.s.
n*=0.163 i ?=0.020 n*=0.041 n*=0.017

P200 Fy17=0.055"" Fy3,=0.182 Fy.34 = 0.300 Fy6s = 1.395
n.s. n.s. n.s. n.s.
n*=0.003 n*=0.011 n*=0.017 n*=0.076

Standards (S2 to S4)

N100 [ F117=5222 | Fo34=1.134 Fy34=1.112  F4g5=0.340
p=0.035 n.s. n.s. n.s.
7?=0.235 7% =0.063 7% =0.061 7% =0.020

P200 F1.17=0505  Fy34=0.096 F34=0503  Fy4g5=0.730
n.s. n.s. n.s. n.s.

7? =0.029 1% =0.006 7% =0.029 7% =0.041

Deviants (S6)

N100 | F;17=2995 | Fy34,=0.615 F234=0050  Fyg5=2.593
p=0.102 n.s. n.s. p=0.071
7% =0.150 7*=0.035 7% =0.003 7% =0.132

£=0.665

MMN [ F;=6.072 Fy34=3.558 F234=0399  Fyg5=0438
p=0.025 p =0.069 n.s. n.s.
7?=0.263 7*=0.173 7% =0.023 7% =0.025

£=0.581

Standard after the deviants (S7)

N100 Fy17=1.541 Fy34=0.224 Fy34=0.376 Fags=2.725
n.s. n.s. n.s. p=0.036
n*=0.083 n*=0.013 n*=0.022 n*=0.138

P200 F117=0441  F34=0.040 F334=0266  Fygs=1.992
ns. ns. ns. ns.
n*=0.025 n*=0.002 n*=0.015 n*=0.105

The results of the repeated measures ANOVAs of the trial-selective averaging:
significant main effects of TRIAL TYPE (‘High N1s;’ vs. ‘Low N1s;’ trials) are marked
by black edging, effects on trend level are marked by edging in broken lines.

4. Discussion
4.1. Effects of stimulus repetition in the total trial sample

The effects of tone repetition were analyzed for the data aver-
aged across all trials in order to compare the current results with
previous findings. Overall, the observed response pattern was very
well in line with the majority of previous studies in adults (e.g.
Ritter et al., 1968; Barry et al., 1992; Budd et al., 1998; Rosburg,
2004; Rosburg et al., 2004, 2006, 2010; Zhang et al., 2009, 2011;
Soros et al.,, 2006, 2009): We observed steep decreases of the
N100 and P200 amplitudes from the 1st to the 2nd stimulus of
the train but no further decreases thereafter. Moreover, there
was no indication for dishabituation: The N100 and P200 ampli-
tudes to the stimulus following the deviant did not show any
increase, as compared to the responses to other stimuli in the train.
Such a lack of AEP dishabituation has previously been reported by
Barry et al. (1992), Budd et al. (1998), Rosburg et al. (2006), and
even by Muenssinger et al. (2013b). Finally, deviants elicited a
MMN and their presentation was associated with a small decrease
of the N100 amplitudes from S5 to S6 rather than with an increase.
The elicitation of a MMN indicates that the participants registered
the change in the acoustic stimulation. Consequently, the absence
of a N100 response recovery by the deviant cannot be explained by
the fact that the change was simply not perceived. In conventional
passive oddball paradigms with continuous stimulation, small fre-
quency deviants usually are not associated with an N100 increase
either (Sams et al., 1985; Pakarinen et al., 2007). In contrast, strong
pitch deviants lead to some response recovery of the N100 ampli-
tude (Woods and Elmasian, 1986; Barry et al., 1992; Yadon, 2010).

These findings suggest that it is not the change itself that promotes
a N100 recovery but the magnitude of pitch change, which sup-
ports the view that the response decrease and recovery of the
N100 are related to the refractoriness of involved neural generators
(Butler, 1968; Budd et al., 1998) or to stimulus specific adaptation
(Ulanovsky et al., 2003; Pérez-Gonzalez and Malmierca, 2014). As
we will outline further below, we refer the N100 decrease to devi-
ants to attentional and not physiological factors.

Taken together, the current findings can be considered as fur-
ther evidence against habituation as the underlying mechanism
for the short-term decrement of AEP components after stimulation
repetition since three major criteria for habituation (Thompson
and Spencer, 1966; Rankin et al., 2009) were not met: The response
decrease was not asymptotic, there was no indication of a response
recovery when a deviant was presented, and the presentation of a
deviant was not followed by dishabituation.

4.2. The impact of the initial N100 response on the processing of
subsequent stimuli

The BHT suggests that habituation and sensitization are active
processes and that their occurrence depends on the strength of
the initial response (Eisenstein et al., 2012). The current study
tested whether AEP responses to subsequent stimuli were larger
when the initial N100 response was small than when the initial
N100 response was large, as predicted by the BHT. However, our
analysis revealed marginally larger N100 amplitudes in ‘High
N1s,’ trials, as compared to ‘Low N1s;’ trials, and no difference in
the P200 amplitudes. Thus, our analysis provided no evidence that
the AEP response decrease is modulated by an interplay between
habituation and sensitization, as formulated by the BHT. Instead,
the observed pattern for the S2 responses might, at first glance,
be considered as support for Sokolov’s neuronal model of the ori-
enting reflex (OR) (Sokolov, 1963). According to Sokolov’s model,
phasic ORs are amplified by the current arousal state and large ini-
tial responses are followed by stronger S2 responses (see also
Barry, 2004; Steiner and Barry, 2011). However, we also observed
a significant decrease of the N100 amplitudes from standards (S2
to S4) to deviants (S6) in ‘High N1s;’ trials, whereas these N100
amplitudes did not vary in ‘Low N1s;’ trials, and this finding is con-
trary to predictions of the BHT and Sokolov’s model: According to
the BHT, habituation and sensitization are presumed to maximize
the organism’s overall readiness to cope with new stimuli. Thus,
the BHT would predict similarly strong responses to deviants in
‘High N1s;’ and ‘LowN1s,’ trials. According to Sokolov’s model,
stronger arousal states should be associated with larger responses
to both standards and deviants, whereas we found a decrease of
the N100 amplitude from standards to deviants in ‘High N1s;
trials.

What other factor could explain this finding? Selective atten-
tion is known to affect the N100 amplitude (Hillyard et al., 1973;
Nddtdnen et al., 1981). As a tentative explanation, we consider that
in ‘High N1s;’ trials participants might have directed more atten-
tion towards standard stimuli than to deviant stimuli, leading to
the observed differential processing of standards and deviants in
such trials. Thus, we argue that the magnitude of the N100 ampli-
tude to S1 might, aside from other factors, reflect a differential allo-
cation of selective attention. However, we acknowledge that this
explanation remains speculative as selective attention was neither
required nor controlled in the current study. In addition to the
N100, the MMN amplitudes varied between ‘High N1s;" and ‘Low
N1g;’ trials, as well: The amplitudes were on average smaller in
‘High N1s;’ than in ‘Low N1s;’ trials. We consider this effect as sec-
ondary to the observed N100 modulation: In ‘High N1s;’ trials, the
larger N100 amplitudes to standards than to deviants resulted in a
positive deflection in the difference potential and this positivity
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Fig. 2. (A) AEPs to standards (S2 to 4) and deviants (S6) for ‘High N1g;’ trials (continuous lines) and ‘Low N1s;’ trials (dashed lines). The N100 latency range (84-112 ms) is
marked by gray shading. (B) The N100 to standards and deviants in their scalp distribution, for the two kinds of trials separately (‘High N1s,’ trial data in the left column, ‘Low
N1s;’ data in middle column, and the difference between the two in right column); the difference between standards and deviants is depicted in the bottom row; only for
‘High N1g;’ trials, a significant decrease of the N100 amplitude from standards (S2 to S4) to the deviants (S6) was observed.

might have diminished the subsequent MMN by component over-
lap (Fig. 3).

It is important to note that the current findings should not and
cannot be regarded as counterevidence for the BHT in general, also
because the BHT does not define the range of biological responses
for which it is assumed to be valid (Eisenstein et al., 2006, 2012).
However, recent studies on the skin conductance response (SCR,
also known as galvanic skin response) showed that higher levels
of arousal were associated with generally higher response levels
(Steiner and Barry, 2011, 2014). Thus, the SCR did not show
response behavior as predicted by the BHT either, even though
Eisenstein et al. (1991; 2012) illustrated the BHT with SCR data

and SCRs were shown to exhibit classic criteria of habituation
(Barry et al., 1993). Nevertheless, for other biological responses,
the predictions of the BHT might still turn out to be valid. We think
the here presented method of analyzing neurobehavioral data rep-
resents a sound way for verifying the predictions of the BHT.
Eisenstein et al. (2012) themselves also sought to support their
theory empirically. Unfortunately, the selective averaging proce-
dure used by Eisenstein et al. (2012) is, from our point of view,
inconclusive: Participants were divided into those who showed
an initial response decrease (‘habituaters’) and those who showed
an initial response increase (‘sensitizers’). Subsequently, the
responses were averaged across the two sub-samples. However,
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mathematically, such a division has to result in significant group
differences in the average responses to S1 and S2. This is because
both low S1 and strong S2 responses increase the likelihood for
observing an initial response increase, whereas both strong S1
and low S2 responses increase the likelihood for observing an ini-
tial response decrease. In consequence, the pronounced differences
between habituaters and sensitizers in their S1 and S2 responses,
as described by Eisenstein et al. (2012), have to be considered as
mere consequence of how the two sub-samples were defined. In
contrast to Eisenstein et al. (2012), we inspected the possible inter-
play between habituation and sensitization in a within-subject
approach. We think this approach provides a better operationaliza-
tion of the central assumption of the BHT, namely that the state of
alertness (and not its trait) is strongly associated with an individ-
ual’s responsiveness. Furthermore, we consider our analysis as
more powerful because every individual serves as his own control.

We acknowledge that the single-trial based quantification of
the N100 amplitude has limited reliability due to the low
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Fig. 3. The difference potential between the AEPs to deviants and standards. The
latency range used for quantifying the MMN is marked by gray shading (150-
230 ms). The arrow in this panel indicates the positive deflection in the N100
latency range that results from the differential N100 response for standard and
deviant stimuli for ‘High N1s;’ trials. The MMN was significantly larger for ‘Low
N1s;’ trials than for ‘High N1s;’ trials.
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signal-to-noise ratio of such data, even though the N100 compo-
nent represents the most reliable AEP component (Nddtdnen and
Picton, 1987). The currently used method for quantifying the
N100 amplitude in single trials has the advantage that their aver-
age does correspond to the N100 amplitude in the AEP. Given this,
the used method is very transparent and objective. On the other
hand, slow potential shifts at baseline can influence N100 ampli-
tude in single trials. In consequence, amplitude differences
between the average AEPs to S1 across ‘High N1s;" and across
‘Low N1g;’ trials were evident before and after the onset of the
N100 (Fig. 1B). However, current findings indicate that the classifi-
cation of the EEG data into ‘High N1s;" and ‘Low N1s;’ trials was
meaningful, as the post-stimulus theta and alpha activity was sys-
tematically larger for ‘High N1sg;’ trials than for ‘Low N1g;’ trials
even though the spectral content of the data was not taken into
account for the classification of the trials. The relevance of theta
oscillations for the magnitude of the N100 response has already
previously been shown (e.g. Bruneau et al., 1993; Rosburg et al.,
2009). The observed correlation between z-transformed theta
post-stimulus activity and the z-transformed N100 amplitudes to
S1 across all trials might be considered as further evidence for
the validity of the current trial classification.

4.3. Precursors of strong responses to S1

Levels of alertness and arousal at the time-point of stimulation
were assumed to be reflected in the pre-stimulus theta and alpha
activity. In contrast to the observed difference in post-stimulus
theta and alpha activity between ‘High N1s;" and ‘Low N1s;’ trials,
pre-stimulus theta and alpha activity did not vary between the two
kinds of trials. Thus, we found no evidence that the levels of alert-
ness and arousal as reflected in these oscillations had an impact on
the magnitude of the subsequent N100 responses. One might argue
that the range of alertness within and across participants was sim-
ply too minimal to observe such effects since all participants were
already used to the recording environment and watched an enter-
taining movie during the recordings.

The N100 component is diminished during sleep (e.g. Ogilvie
et al, 1991). Yet, the N100 amplitude has sometimes not been

LowN1g; = Difference

0.1V NN 0.1 pV

Fig. 4. The scalp distribution of the pre-stimulus theta and alpha activity (—500 ms to 0 ms) for the two subsamples of trials; no systematic variations between the two

subsamples were observed.
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Table 5
Pre- and post-stimulus frequency activity.
Pre theta Pre alpha Post theta Post alpha
N1g; low 0.93 (0.17) 0.65 (0.12) 1.07 (0.26) 0.68 (0.13)
N1s; high 0.92 (0.18) 0.65 (0.11) 1.30 (0.34) 0.73 (0.14)

The mean pre- and post-stimulus activity in the theta (4-8 Hz) and alpha (8.5-
12 Hz) band in pV (+standard deviations) at FCz, for the separate trial samples (high
vs. low N100 amplitudes to S1). There were no differences in the pre-stimulus
activity between the two kinds of trials.

modulated by the transition from being awake to stage 1 sleep
(Colrain et al., 2000). Similar to our finding, Colrain et al. (2000)
reported that the N100 amplitude was not affected by alpha or
theta state differences either. In contrast, De Blasio and Barry
(2013a) found a direct relationship between the N100 amplitude
and pre-stimulus theta activity, but no relationship between the
N100 amplitude and pre-stimulus alpha activity (De Blasio and
Barry, 2013b; De Blasio et al., 2013). Further studies are warranted
to clarify what qualifies the brain state resulting in low or strong
N100 responses. Delta activity (1-4 Hz) was not analyzed in the
current study, because the chosen pre-stimulus interval was too
short to reliably assess this low frequency activity. One previous
study reported that high levels of pre-stimulus delta activity were
associated with diminished N100 amplitudes (De Blasio and Barry,
2013b), but this was not confirmed in a second study (De Blasio
et al.,, 2013).

4.4. Evidence for an interplay between sensitization and habituation in
Muenssinger et al. (2013a)

In the study of Muenssinger et al. (2013a), fetal AEFs increased
from S1 to S2 and subsequently decreased. As outlined above,
Muenssinger and colleagues interpreted the initial increase as sen-
sitization and the subsequent decrease as habituation. From our
point of view, this interpretation is neither empirically nor theoret-
ically justified. (1), to the best of our knowledge, there is no evi-
dence that sensitization is a factor contributing to the response
strength of AEF/AEP components after repeated stimulation. (2),
the interpretation of Muenssinger et al. (2013a) does not take into
account that habituation needs to be qualified by spontaneous
recovery (criterion #2 for habituation, Rankin et al., 2009), i.e.
the AEFs to the last stimulus of a train should be smaller than
the AEFs to its 1st stimulus. This was neither the case for the
AEFs of fetuses and newborns (Muenssinger et al., 2013a) nor
was it the case for the AEFs of children at the age of 9-11 years
(Muenssinger et al., 2013b). (3), a response decrease was not
observed in newborns and children (Muenssinger et al., 2013a,b).
If one assumes that the response decrease in fetuses (after S2) cor-
responds to the decrement (after S1) observed in adults it needs to
be answered why such a decrease is absent in newborns and chil-
dren. (4), Muenssinger et al. (2013a) did not take alternative expla-
nations into account. We have previously noted that an initial
response increase and subsequent decrease could simply be
explained by a component overlap due to the short SOA used in
that study (Rosburg, 2004), also due to the longer latencies for
AEP components found in children (Ponton et al., 2002;
Wunderlich et al., 2006). (5), Muenssinger and colleagues did not
take the existing body literature into account. In the study of
Muenssinger et al. (2013a), there is no reference to previous find-
ings in adults at all. In the study of Muenssinger et al. (2013b), the
misleading statement is made that “in the literature different char-
acteristics are chosen to distinguish between habituation and sen-
sory adaptation/fatigue and similar results are inconsistently
discussed and interpreted (Barry et al., 1992; Budd et al., 1998;
Rosburg et al., 2010)” (p. 6). In fact, all three studies cited by

Muenssinger et al. (2013b) consider the decrease of AEP/AEF com-
ponents after repeated stimulation as not to be caused by habitu-
ation, and all three studies refer to the landmark paper of
Thompson and Spencer (1966) that defined the criteria for habitu-
ation processes.

5. Conclusion

The analysis of AEP data averaged across all trials provided no
evidence that habituation underlies the decrease of AEP compo-
nents after stimulus repetition since major criteria of habituation
were not met (no indication of an asymptotic decrease, response
recovery, or dishabituation), as also reported in previous studies
(e.g. Ritter et al., 1968; Barry et al., 1992; Budd et al.,, 1998;
Rosburg et al., 2006, 2010). Our study further sought to elucidate
whether the response decrease of the AEP components N100 and
P200 after stimulus repetition can be explained by an interplay
between habituation and sensitization, as formulated by the BHT
(Eisenstein et al., 2012). However, contrary to what is predicted
by the BHT, the single trial analysis showed that initially large
N100 responses were followed by likewise larger (and not weaker)
N100 responses to S2 and standard tones (S2 to S4), as compared to
trials with initially small N100 responses. Furthermore, we
observed a differential processing of deviants in the two kinds of
trials, again contrary to what is predicted by the BHT: In trials with
an initially large N100, we observed a pronounced N100 amplitude
decrease from standards to deviants, whereas no such decrease
was present in trials with an initially small N100 responses. This
finding cannot be reconciled with the view that the BHT serves
the purpose of maximizing the organism'’s readiness to cope with
new stimuli. In sum, we think that the refractoriness account pro-
vides a better explanation for the observed response behavior of
AEP components after repeated stimulation.

Thus, impaired P50/N100/P200 suppression after repeated
stimulation (as found in patients with schizophrenia in
paired-click experiments) presumably indicates alterations of the
refractoriness of neuronal networks generating these AEP
responses. As outlined in the introduction, it is already problematic
to equate such an impaired AEP response suppression to a defi-
ciency of perceptual filter mechanisms (or ‘sensory gating’),
because the number of studies that actually have been able to
establish a link between impaired P50/N100/P200 suppression
and self-reported perceptual anomalies is as yet very limited
(Micoulaud-Franchi et al, 2012, 2014; but: Jin et al, 1998;
Johannesen et al., 2008). However, based on previous and current
research, it is unsubstantiated to equate ‘sensory gating’ and ‘ha-
bituation’ (as prominent example: Chang et al., 2011). Such inap-
propriate labeling might give rise to misleading conclusions
about functional impairments found in psychiatric and neurologi-
cal patients. This is particularly important in consideration of clin-
ical studies that aim at establishing impaired P50 suppression as
neurophysiological endophenotype of schizophrenia (e.g.
Johannesen et al., 2013), as well as in consideration of studies that
aim at defining target receptors (such as the nicotinic acetylcholine
receptors) for the treatment of cognitive symptoms in schizophre-
nia and use neurophysiological findings as guidance for drug devel-
oping (Tregellas, 2014; Rowe et al., 2015).
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