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Abstract Research on brain mechanisms of deviance detec-
tion and sensory memory trace formation, best indexed by
the mismatch negativity, mainly relied on the investigation
of responses elicited by auditory stimuli. However, compa-
rable less research reported the mismatch negativity elicited
by somatosensory stimuli. More importantly, little is known
on the functional features of mismatch deviant and standard
responses across different sensory modalities. To directly
compare different sensory modalities, we adopted a cross-
modal roving paradigm and collected event-related poten-
tials elicited by auditory, non-nociceptive somatosensory, and
nociceptive trains of stimuli, during Active and Passive atten-
tional conditions. We applied a topographical segmentation
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analysis to cluster successive scalp topographies with quasi-
stable landscape of significant differences to extract cross-
modal mismatch responses. We obtained three main find-
ings. First, across different sensory modalities and attentional
conditions, the formation of a standard sensory trace became
robust mainly after the second stimulus repetition. Second,
the neural representation of a modality deviant stimulus was
influenced by the preceding sensory modality. Third, the
mismatch negativity significantly covaried between Active
and Passive attentional conditions within the same sensory
modality, but not between different sensory modalities. These
findings provide robust evidence that, while different modali-
ties share a similar process of standard trace formation, the
process of deviance detection is largely modality dependent.

Keywords Event-related potentials (ERPs) - Roving
paradigm - Deviance detection - Standard formation -
Crossmodal mismatch response

Introduction

A flourishing domain of investigation in neuroscience dur-
ing the last 30 years revolves around the notion that the
brain is equipped with mechanisms able to generate mnes-
tic models of sensory invariance in the environment while
scanning it to detect changes, which may either confirm
or disconfirm the brain’s statistical models. The detection
of deviance requires the prior detection and consolidation
of regularity extracted from the previous inputs. The new
input is then compared to this regularity representation, and
a mismatch process is elicited in case of a model violation
(Naétinen et al. 2007; Pakarinen et al. 2010). The most rep-
licated experimental paradigm for testing these very mech-
anisms relied on the application of electrophysiological

@ Springer


http://dx.doi.org/10.1007/s00221-014-4141-4

618

Exp Brain Res (2015) 233:617-629

methods such as electroencephalography (EEG) or mag-
netoencephalography (MEG) to measure event-related
‘mismatch negativity’ (MMN) in response to violations of
expectancy or learned regularities. This MMN is normally
obtained in the context of odd-ball paradigms (Niétinen
et al. 1992). Otherwise, a stimulation protocol with a con-
tinuously changing (‘roving’) sensory input is implemented
(Baldeweg et al. 2004).

Most of MMN findings originated from studies in the
auditory domain, showing that auditory MMN peaks at
about 100-250 ms and is maximal at fronto-temporal
regions (Sams et al. 1985). However, far less research has
been carried out to investigate mismatch-related responses
in other sensory modalities, especially in the somatosen-
sory modality (e.g., Kekoni et al. 1997). This discrepancy
between sensory modalities may be related to the inherent
low signal-to-noise ratio of MMN (Cacace and McFar-
land 2003; Butler et al. 2012). Even when elicited by audi-
tory stimuli, the MMN is normally no more than 5 nV, on
average across several individuals (Nidtidnen et al. 2007).
This fact hampers the detection of MMN activity in non-
nociceptive somatosensory and nociceptive systems, where
the signal-to-noise ratio is even lower and a clear MMN
peak may be absent at single-subject level (Niétinen et al.
2011; Butler et al. 2012). Therefore, direct comparison of
functional features of mismatch responses across different
sensory modalities is currently lacking, thus hindering the
understanding of similarities and differences in the basic
mechanisms of deviance detection and regularity represen-
tation across different sensory systems.

We recently investigated the potential of detecting and
measuring a MMN elicited by nociceptive stimulation as
compared to non-nociceptive somatosensory stimulation
(Hu et al. 2013). In both modalities, deviance detection was
determined by introducing a change in the spatial location
of the stimuli (i.e., unimodal mismatch response). How-
ever, previous evidences showed that the introduction of a
change in the stimulus modality (i.e., crossmodal mismatch
response), rather than in the spatial location of a stimulus,
was more effective in enhancing the magnitude of the devi-
ant response (Valentini et al. 2011; Torta et al. 2012). Bear-
ing on these findings, here we implemented a crossmodal
roving paradigm that aimed to (1) increase the signal-to-
noise ratio of deviant responses in different sensory modal-
ities and (2) directly compare mismatch responses across
different sensory modalities. To improve the separation of
these responses, we combined the topographical segmenta-
tion analysis (Lehmann et al. 1987) with the cluster-based
statistical test (Maris and Oostenveld 2007). This approach
allowed us to test whether the neural activity associated to
deviance detection in the auditory, non-nociceptive soma-
tosensory, and nociceptive modalities can be considered as
modality dependent or modality independent.
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Materials and methods
Participants

EEG data were collected from 30 healthy right-handed
volunteers (15 males and 15 females), aged 22 £+ 1.7
(mean *+ SD, range 18-26 years). All participants gave
their written informed consent and were paid for their par-
ticipation. The local ethics committee of Southwest Univer-
sity (Chongqing, China) approved the procedures, which
were in accordance with the standards of the declaration of
Helsinki.

Stimulation

Auditory stimuli were brief 800 Hz tones (50 ms dura-
tion; 5 ms rise and fall times) presented at ~85 dB SPL and
delivered through a loudspeaker. Non-nociceptive soma-
tosensory stimuli (i.e., transcutaneous electrical stimuli,
TES) consisted of three rapidly succeeding constant-current
square-wave pulses (0.5 ms duration) delivered through a
pair of ring electrodes (2 cm distance between electrodes)
applied to the index finger, between the metacarpophalan-
geal and the interphalangeal joint. The inter-pulse interval
was 12 ms. The stimulus intensity was twice the individual
perceptual threshold, an intensity classically used to acti-
vate the AP fibers in humans (Garcia-Larrea et al. 1995; Hu
et al. 2011). These stimuli elicited a vibratory sensation and
were never reported as painful. Nociceptive stimuli (i.e.,
intra-epidermal electrical stimuli, IES) consisted of three
rapidly succeeding constant-current square-wave pulses
(0.5 ms duration) delivered through three stainless steel
concentric bipolar needle electrodes (located according to
an equilateral triangle shape) to the median section of the
hand. Each of the electrode consisted of a needle cathode
(length: 0.1 mm, @: 0.2 mm) surrounded by a cylindrical
anode (@: 1.4 mm) (Inui et al. 2002 , 2006). The inter-pulse
interval was 12 ms. The stimulus intensity was twice the
individual perceptual threshold, an intensity that has been
proved to preferentially activate the A3 nociceptive fibers
without to simultaneously activate the AP fibers (Mouraux
et al. 2010). These stimuli elicited a painful pinprick sensa-
tion in all the participants. All sensory stimuli were deliv-
ered at or near the hand (left hand for 22 participants and
right hand for eight participants). The position of the audi-
tory stimulator was adjusted until the participants reported
similar spatial location for three sensory modalities (Liang
et al. 2010).

Experimental design

Participants seated on a comfortable chair in a silent,
temperature-controlled room. Prior to data collection,
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AEPs: auditory-evoked potentials

SEPs: somatosensory-evoked potentials

NEPs: nociceptive-evoked potentials

A: Active P: Passive

d: deviant s: standard
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Fig. 1 Experimental design. Auditory evoked potentials (AEPs), tion; fop central). In the roving paradigm, the first stimulus in each
non-nociceptive somatosensory evoked potentials (SEPs), and noci- train was a deviant (d) that became a standard (s) through repetition.
ceptive evoked potentials (NEPs) were recorded from stimuli deliv- The sensory events representing the transition (the second and third
ered through a loudspeaker located near the stimulated hand, a pair stimuli in a train) from the deviant to the purported standard events
of ring electrodes applied to the index finger of the dominant hand, are depicted with gray squares. Trains of auditory, non-nociceptive
and a set of three bipolar needle electrodes applied to the median sec- somatosensory, and nociceptive stimuli were pseudo-randomly pre-
tion of the hand (A, S, and N, rop left). AEPs, SEPs, and NEPs were sented in the same block while making sure that two successive trains
recorded while participants were required to focus their attention were always belonging to different modalities. The inter-train inter-
either on the incoming deviant and standard stimuli (A: Active condi- val was 1,000 ms, and in each train, 11-15 repeated identical stimuli
tion) or on watching a silent video with subtitles (P: Passive condi- were delivered with an inter-stimulus interval of 1,000 ms (bottom)

participants were familiarized with all sensory stimuli  to 10, where 0 was ‘no sensation’ and 10 was ‘unbearable
and they had no difficulty in distinguishing each stimulus  sensation.’ In Passive blocks, participants were instructed to
modality. Auditory, non-nociceptive somatosensory, and  watch a silent video with subtitles and required to answer
nociceptive evoked potentials (AEPs, SEPs, and NEPs)  general and specific questions about the video content in a
were elicited by trains of auditory tones, non-nociceptive  structured interview taking place at the end of each Passive
TES, and nociceptive IES, respectively (Fig. 1, top left).  block.

The sensory events were administered according to a clas- The whole experiment contained 14 blocks (seven
sical roving paradigm (Garrido et al. 2008). The first stimu-  blocks per attention condition). The order of all blocks was
lus in each train was a deviant (d) that became a standard  counterbalanced across participants. Each block lasted for
(s) through repetition (Fig. 1, top central). Also, the design  about 6 min and contained 26 or 24 trains of stimuli with an
implied that AEPs, SEPs, and NEPs were recorded either  inter-train interval of 1,000 ms. The participant had a break

while the participants were attending to (Active condi-  of 2 min between consecutive blocks, and the whole exper-
tion), or were distracted from (Passive condition), the sen- iment lasted for about 120 min. The total number of trains
sory stimuli (Fig. 1, top central). In Active blocks, partici-  for each condition (Active or Passive) and each sensory

pants were instructed to focus on the stimuli and required  modality (auditory, non-nociceptive somatosensory, and
to report the total number of the stimuli at the end of each  nociceptive) was 60 (120 trains for each modality irrespec-
block. If a participant could not report the total number  tive of the attentional condition). Trains of auditory, non-
of stimuli or reported a wrong value, the corresponding  nociceptive somatosensory, and nociceptive stimuli were
Active block was discarded, and another block was started. ~ pseudo-randomly presented in the same block (according
In addition, at the end of each Active block, participants  to the rule that two successive trains were always belonging
were required to verbally rate the average intensity of the  to different modalities), as well as the number of stimuli in
sensation associated to sensory stimuli belonging to each  each train was pseudo-randomly distributed across trains.
modality, using a numerical rating scale ranging from 0  There were five different train lengths (ranging from 11
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to 15 stimuli), and the sensory events were separated by
1,000 ms inter-stimulus interval (Fig. 1, bottom). Note that
the number of trains per train length within each modality
(n = 24, 120/5) was the same for each participant.

EEG recording

The EEG data were recorded using a Brain Products sys-
tem (band-pass: 0.01-100 Hz, sampling rate: 1,000 Hz),
which was connected to a standard EEG cap with 64 scalp
Ag—AgCl electrodes placed according to the international
10-20 system. The nose was used as reference channel, and
all channel impedances were kept below 10 k2. To monitor
ocular movements and eye blinks, electrooculographic sig-
nals were simultaneously recorded from two surface elec-
trodes placed over the lower eyelid and 1 cm lateral to the
outer corner of the orbit, respectively.

Data analysis
EEG data preprocessing

EEG data were processed using EEGLAB (Delorme
and Makeig 2004), an open source toolbox running in
the MATLAB environment. Continuous EEG data were
low-pass filtered at 30 Hz. EEG epochs were extracted
using a time window of 1,000 ms (200 ms prestimulus
and 800 ms poststimulus) and baseline corrected using
the prestimulus interval. Trials contaminated by eye
blinks and movements were corrected using an independ-
ent component analysis algorithm (Delorme and Makeig
2004). In all datasets, these independent components had
a large electrooculographic channel contribution and a
frontal scalp distribution. After independent component
analysis, epochs were rereferenced to a common average
reference. EEG data, collected from all participants, were
analyzed together by flipping the left and right electrodes
of eight participants (Miura et al. 2003; MacDonald et al.
2004; Cruccu et al. 2008), whose sensory stimuli were
delivered to or near the right hand. The operation of flip-
ping the left and right electrodes should have not biased
our observation since the auditory MMN was bilaterally
distributed (Sams et al. 1985; Doeller et al. 2003; Opitz
et al. 2005; Nédtédnen et al. 2011), and the non-nociceptive
somatosensory MMN and nociceptive MMN showed both
contralateral and bilateral distributions (Akatsuka et al.
2007; Chen et al. 2008). For each sensory modality (audi-
tory, non-nociceptive somatosensory, and nociceptive),
attentional condition (Active and Passive), and stimulus
position in the train (first, second, ..., tenth, and last), the
epochs were averaged across trials in each participant.
This procedure yielded 22 average waveforms in each
participant and sensory modality.

@ Springer

Analytical approach to the extraction of mismatch
negativity

A point-to-point, two-way repeated measures analysis of
variance (ANOVA) was used to assess the effects of ‘rep-
etition’ (eleven levels: first, second, ..., tenth, and last) and
‘attention’ (two levels: Active and Passive) on AEPs, SEPs,
and NEPs, respectively. This procedure yielded three time
courses of F values for each modality and channel repre-
senting (1) the main effect of ‘repetition,” (2) the main
effect of ‘attention,” and (3) their interaction.

It is important to note that the obtained significance may
be long lasting with variable scalp distributions (Appendix
1, ESM), and therefore, the definition of temporal interval
of interests (IOIs) could be optimally achieved by utilizing
not only the temporal adjacency but also the scalp distri-
bution of F values. For this reason, single-electrode ERPs
were then followed by a point-by-point linear regression
analysis, with ERP amplitude as dependent variable and
stimulus position in the train as predictor, per modality. If
a positive or negative regression coefficient was observed,
the F value representing the main effect of ‘repetition’ was,
respectively, assigned to a minus or plus sign. It is impor-
tant to highlight that: (1) the absolute F' value would not
change in magnitude as a function of the attributed regres-
sion coefficient and (2) the amplitude reduction of positive
and negative potentials would be assigned to a different F/
sign, which ensured the distinction of repetition-modulated
positive and negative brain potentials. The characterization
of the effect of ‘repetition’ combined with the regression
analysis was meant to assess whether the stimulus posi-
tion in a train (i.e., its position in a time series of repeated
events) exerted a modulation of brain responses regardless
of the factor ‘attention,” and thus allowed us to achieve one
of the objectives of the present study: the identification of
robust standard formation for each modality.

A topographical segmentation analysis was performed
on the ‘repetition-’ modulated and signed F time courses
in each sensory modality. This analysis is conceptually
identical to the method of functional microstates (Michel
et al. 2001) defined as a temporal parceling of successive
scalp topographies with quasi-stable landscape (Lehmann
and Skrandies 1980; Murray et al. 2008). Thus, the scalp
topographies of ‘repetition-> modulated and signed F val-
ues were parsed into different temporal 10Is, using a sta-
tistical method based on a modified version of the classical
k-means clustering analysis (i.e., subspace pattern recog-
nition). The optimal number of segmentations (temporal
IOIs) was determined by the minimization of one of the
cross-validation residual variance estimators (Pascual-Mar-
qui et al. 1995). Indeed, the subspace pattern recognition
method ensures that (1) the difference between segmenta-
tion and measurement (signed F values) is small and that
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(2) the majority of the nearby measurements belongs to the
same segmentation. As far as possible MMN-related brain
responses were concerned, temporal IO0Is, which met the
following criteria, were considered in the analysis (Fig. 2):
(1) resulted in clusters included in the time interval from
0 to 250 ms; (2) showed an increased global field power
(GFP) as compared to the GFP within the prestimulus time
interval (—200 to 0 ms); (3) lasted longer than 80 ms; and
(4) displayed negative scalp topographies according to the
classical polarity of the MMN.

For each MMN IOI and sensory modality, the mean
ERP amplitudes of all time points (within the MMN IOI)
and electrodes (showing the strongest negative modula-
tion with stimulus repetition) were calculated at each
stimulus position and attentional condition. Two-way
repeated measures ANOVA was used to assess the effects
of ‘repetition’ (eleven levels: first, second, ..., tenth, and
last) and ‘attention’ (two levels: Active and Passive) on
the mean ERP amplitudes for each sensory modality.
When the interaction was significant, post hoc Tukey’s
HSD test was performed. The neural representation of
standard activity was defined based on the emergent
data profile using the following criteria: (1) the activity
associated to each tested stimulus position had to be sig-
nificantly different from the activity evoked by the first
stimulus in the train (deviant); (2) the activity associated
to the tested stimulus position had to be not significantly
different from the activity evoked by three other repeated
stimuli (i.e., except the first stimulus) in the train. Based
on the results that amplitudes changed minimally after the
third train position for all modalities and both attentional
conditions (see “Results” section for details), and to facil-
itate the achievement of a high signal-to-noise ratio of
standard responses, we defined the first stimulus in each
train as the deviant stimulus, and the fourth to the last
stimuli in each train as the standard stimuli (i.e., stand-
ard responses were the mean of responses to the fourth
to the last stimuli). To assess the influence of preceding
modality on the neural representation of deviance detec-
tion and standard formation, we calculated deviant and
standard responses for each preceding sensory modality,
sensory modality, and attentional condition, respectively.
Amplitudes of deviant and standard responses within the
MMN IOl at electrodes showing the largest MMN ampli-
tude were calculated for each preceding sensory modal-
ity, sensory modality, and attentional condition. Two-way
repeated measures ANOVA was used to assess the effects
of ‘preceding modality’ (two levels: non-nociceptive
somatosensory and nociceptive for AEPs; auditory and
nociceptive for SEPs; and auditory and non-nociceptive
somatosensory for NEPs) and ‘attention’ (two levels:
Active and Passive) on the estimated amplitudes for each
sensory modality and each response type (deviant and

standard). When the interaction was significant, post hoc
Tukey’s HSD test was performed.

The differences (deviant—standard) of amplitudes within
the MMN IOl at the electrodes showing the largest MMN
amplitude were calculated for each sensory modality and
attentional condition. Correlation coefficients and their
significance of different amplitudes were calculated using
Pearson correlation analysis (1) between two attentional
conditions for each sensory modality; (2) between pairs
of sensory modalities in the Active condition; (3) between
pairs of sensory modalities in the Passive condition. The
obtained significances were adjusted using Bonferroni
correction.

Results
Psychophysics

In the Active condition, the average ratings (£SEM) of
the intensity of perception associated to auditory, non-
nociceptive somatosensory, and nociceptive stimuli were
5.43 £ .21,5.53 £ .24, and 4.53 £ .21, respectively.

MMN temporal IOIs

Figure 2 shows time courses, GFPs, and scalp topogra-
phies of ‘repetition-’ modulated and signed F values in
AEPs (top), SEPs (middle), and NEPs (bottom). The opti-
mal number of temporal 10Is, estimated using the cross-
validation criterion, was six for AEPs, and five for SEPs
as well as for NEPs. A MMN IOI in AEPs at 92-193 ms
was detected, which showed negativity at bilateral fronto-
central region (maximal around FC1, FC2, FC3, and FC4)
(Fig. 2, top). Two MMN IOIs in SEPs at 64-160 ms (first
MMN IOI) and at 161-245 ms (second MMN IOI) were
detected, which showed a negativity at bilateral temporal
regions (maximal around FC6, C6 and C6, CP6, respec-
tively) (Fig. 2, middle). A MMN IOI in NEPs at 155-
273 ms was detected, which showed negativity at bilateral
temporal regions (maximal around FC6 and C6) (Fig. 2,
bottom).

Effect of ‘repetition’ and ‘attention’ of MMN IOlIs

Figure 3 shows time courses of AEPs (measured at FCI,
FC2, FC3, and FC4), SEPs (measured at FC6, C6 and C6,
CP6, respectively), and NEPs (measured at FC6 and C6) to
repeated stimuli (first, second, ..., tenth, and last) in both
Active (top, upper plots) and Passive (top, lower plots)
conditions. Two-way repeated measures ANOVA revealed
that amplitudes of AEPs within the MMN IOI were sig-
nificantly modulated by ‘repetition’ (F(;,9, = 12.73,
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Fig. 2 Topographical segmen-
tation analysis to extract ‘repeti-
tion-" modulated temporal IOIs.
Time courses, GFPs, and scalp
topographies of ‘repetition-’
modulated and signed F values
of AEPs (top), SEPs (mid-

dle), and NEPs (bottom). Time
courses of signed F values from
all electrodes are plotted in dif-
ferent colors and superimposed.
Temporal 10Is, capturing MMN
responses, are enclosed in blue
rectangles. For AEPs, a MMN
IOI was observed at 92—-193 ms,
showing a clear negativity at
bilateral fronto-central region
(maximal around FC1, FC2,
FC3, and FC4). For SEPs, two
MMN IOIs were observed at
64—-160 ms and at 161-245 ms,
showing a negativity at bilateral
temporal regions (maximal
around FC6, C6 and C6, CP6,
respectively). For NEPs, a
MMN IOI was observed at
155-273 ms, showing a clear
negativity at bilateral temporal
regions (maximal around FC6
and C6) (color figure online)
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‘repetition’ modulated functional microstates in AEPs
92~193 ms 194~317ms 318~376 ms 377~414ms 415~642ms 643~799 ms

‘repetition’ modulated functional microstates in SEPs
64~160 ms 161~245 ms 246~461 ms 462~687 ms 688~799 ms

‘repetition’ modulated functional microstates in NEPs
155~273 ms 274~381 ms 382~462 ms 463~571 ms 572~799 ms
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Fig. 3 Modulations by stimulus repetition within MMN IOIs in Active
and Passive conditions. Time courses of AEPs (left measured at FC1,
FC2, FC3, and FC4), SEPs (middle measured at FC6, C6 and C6, CP6,
respectively), and NEPs (right measured at FC6, C6) to repeated stim-
uli (first, second, ..., tenth, and last). Signals are displayed for Active
(top upper plots) and Passive (fop lower plots) conditions, respectively.
AEPs, SEPs, and NEPs from different positions in the train are plot-

P < .001), ‘attention’ (F(; 59, = 41.14, P < .001), and their
interaction (F(; ,9) = 8.52, P < .001) (Fig. 3, bottom left).
Post hoc Tukey’s HSD test revealed that in both Active
and Passive conditions, amplitudes of AEPs within the
MMN IOI to the first stimulus were significantly differ-
ent from amplitudes to stimulus in any other train posi-
tion (P < .001 for all comparisons). Amplitudes varied
negligibly after the second train position in Active con-
dition, and after the third train position in Passive condi-
tion (Appendix 2, ESM). Amplitudes of SEPs within the
first MMN IOI were significantly modulated by ‘repeti-
tion’ (F; 59, = 4.74, P = .002), “attention’ (F; 59) = 35.28,
P <.001), and their interaction (F(; 59y = 4.43, P = .002)
(Fig. 3, bottom middle). Amplitudes of SEPs within the
second MMN IOI were significantly modulated by ‘rep-
etition” (F(y 59, = 9.22, P < .001), but not significantly
modulated by ‘attention’ (F(; 59y = 3.46, P = .073) and
their interaction (F(; 59, = 1.37, P = .223) (Fig. 3, bottom
middle). Post hoc Tukey’s HSD test revealed that in both
Active and Passive conditions, amplitudes of SEPs within
both the first and second MMN IOIs to the first stimulus
were significantly different from amplitudes to stimulus
in any other train position (P < .001 for all comparisons).

ted in different colors and superimposed. MMN-related time intervals,
defined by the topographical segmentation analysis, are highlighted
in violet. Mean ERP amplitudes within the defined temporal 1OIs
are showed with blue and red dots for Active and Passive conditions,
respectively (bottom). F values and P values representing the main
effect of ‘repetition’ (Fg,,), ‘attention’ (F ), as well as their interaction
(F0), are reported in the insets (color figure online)

Amplitudes of SEPs within both the first and second MMN
IOIs changed minimally after the first train position in
both Active and Passive conditions (Appendix 3, ESM).
Amplitudes of NEPs within the MMN IOI were signifi-
cantly modulated by ‘repetition’ (F(; 59, = 13.03, P <.001),
‘attention’ (F(l’zg) = 19.37, P < .001), and their interaction
(F(129) = 5.67, P < .001) (Fig. 3, bottom right). Post hoc
Tukey’s HSD test revealed that NEP amplitudes within the
MMN IOl to the first stimulus were significantly different
from amplitudes elicited by stimuli delivered in any other
train position in Active condition (P < .001 for all com-
parisons), and from amplitudes elicited by stimuli delivered
after the third train position in Passive condition (P < .01
for all comparisons). Amplitudes changed minimally after
the third and second train positions in Active and Passive
conditions, respectively (Appendix 4, ESM).

Features of MMN responses
Figure 4 shows the scalp topographies and time courses of
AEPs, SEPs, NEPs within the MMN IOIs to the deviant

(first stimulus in each train), standard (mean of fourth to
the last stimuli) and their difference (deviant—standard) in
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Fig. 4 Features of crossmodal MMN responses. Scalp representa-
tion of AEP (top left), SEP (right), and NEP (bottom left) amplitudes
and their time courses elicited by the deviant (first stimulus in each
train), standard (mean of fourth to last stimulus), and their difference

both Active and Passive conditions. The difference between
deviant and standard of AEPs within the MMN IOI showed
a negative maximum at fronto-central region in both Active
and Passive conditions (FC1, FC2, FC3, and FC4) (Fig. 4;
top left). The difference between deviant and standard of
SEPs within the first MMN IOI displayed a negative maxi-
mum at contralateral fronto-temporal region in both Active
and Passive conditions (FC6, C6) (Fig. 4, top right), while
the difference between deviant and standard of SEPs within
the second MMN IOI displayed a negative maximum at
bilateral temporal regions in both Active and Passive condi-
tions (larger at the contralateral side: C6, CP6) (Fig. 4, bot-
tom right). The difference between deviant and standard of
NEPs within the MMN IOl displayed a negative maximum
at bilateral fronto-temporal electrodes in both Active and
Passive conditions (larger at the contralateral side: FC6,
C6) (Fig. 4, bottom left).

Figure 5 shows time courses of AEPs, SEPs, and NEPs
elicited by deviant (first stimulus in each train) and stand-
ard (mean of fourth to the last stimuli) for each preced-
ing sensory modality and attentional condition. Two-way
repeated measures ANOVA revealed that amplitudes of
AEPs to deviant stimuli were not significantly modu-
lated by ‘preceding modality’ (F; 9y = 2.69, P = .112),
‘attention’ (F; 59y = 1.50, P = .230), and their interaction
(F(129) = 2.24, P = .131) (Fig. 5, top left). Amplitudes
of SEPs to deviant stimuli were significantly modulated
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(deviant—standard), are displayed for Active and Passive conditions,
respectively. Temporal 10Is (AEPs: 92-193 ms; SEPs: 64-160 ms
and 161-245 ms; NEPs: 155-273 ms), defined by topographical seg-
mentation analysis, are highlighted in violet (color figure online)

by ‘preceding modality’ (F(; o) = 19.41, P < .001 within
the first MMN IOL; F(; 5, = 22.12, P < .001 within the
second MMN IOI), “attention’ (F; 59) = 29.16, P < .001
within the first MMN IOL; F(,,4 = 4.87, P = .035
within the second MMN IOI), but not by their interac-
tion (F(j 59, = .46, P = .506 within the first MMN 1OL;
F29) = 1.72, P = .200 within the second MMN IOI)
(Fig. 5, top middle). Amplitudes of NEPs to deviant stim-
uli were significantly modulated by ‘preceding modality’
(F1p9) = 749, P = .011), ‘attention’ (F, 59 = 20.07,
P < .001), and their interaction (F(; 59, = 5.13, P = .031)
(Fig. 5, top right). Post hoc Tukey’s HSD test revealed
that when preceded by auditory trains, amplitudes of
NEPs to deviant stimuli were significantly different from
those preceded by non-nociceptive somatosensory trains
in Active condition (P = .003), but not in Passive condi-
tion (P = .636). Amplitudes of AEPs, SEPs, and NEPs to
standard stimuli were not significantly modulated by ‘pre-
ceding modality’ (AEPs: F(; 59, = .27, P = .607; SEPs:
Fo9) = 3.78, P = .062 and F; 59, = 1.75, P = .196;
NEPs: F(; 59y = .92, P = .344) and their interaction (AEPs:
F(j 29y = .16, P = .695; SEPs: F; 9y = 1.54, P = .224 and
F(9) = .52, P = 477; NEPs: F(| 59, = 1.95, P = .173),
but partly significantly modulated by ‘attention’ (AEPs:
Fj29) = 30.20, P < .001; SEPs: F; 59 = 20.20, P < .001
and F( 59 = 291, P .099; NEPs: F(;, = 7.45,
P = .011) (Fig. 5, bottom panels).
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Fig. 5 Time courses of AEPs, SEPs, and NEPs to deviant and stand-
ard stimuli for each preceding sensory modality and attentional con-
dition. Time courses of AEPs (left measured at FC1, FC2, FC3, and
FC4), SEPs (middle measured at FC6, C6 and C6, CP6, respectively),
and NEPs (right measured at FC6, C6) to deviant (top) and standard
(bottom) stimuli. ERPs preceded by different sensory modalities, in
both attentional conditions (Active and Passive), are plotted in differ-

As summarized in Appendix 5 (A5, ESM), signifi-
cant correlations were only observed between different
amplitudes in the two attentional conditions for the same
sensory modality (AEP MMN: R = .76, P < .001; SEP
MMN within the first IOI: R = .65, P < .001; SEP MMN
within the second IOI: R = .76, P < .001), except NEP
MMN (R = .43, P = .017, did not survive after Bonferroni
correction).

Discussion

In the present study, we used a crossmodal roving para-
digm and applied a topographical segmentation analysis to
directly compare mismatch responses across different sen-
sory modalities (Fig. 1). We obtained three main findings.
First, we identified a standard sensory event within each
modality following at least two repetitions (i.e., after the
third position in a train), regardless of the preceding sen-
sory modality and attentional condition (Fig. 3). Second,
we found that the somatosensory and nociceptive deviant
activity was influenced by the modality of the preceding
standard (Fig. 5). Third, we show that amplitudes of MMN
covary significantly between Active and Passive conditions
within the same sensory modality, but not between differ-
ent sensory modalities (with the exception of the nocicep-
tive MMN, which showed a lower signal-to-noise ratio than
MMN in other sensory modalities).
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ent colors and superimposed. Temporal 10Is, defined by topographi-
cal segmentation analysis, are highlighted in violet. Note that deviant-
triggered SEPs and NEPs had lower amplitude when, respectively,
preceded by nociceptive and non-nociceptive somatosensory trains
than when preceded by an auditory train, especially when subjects
actively attended to the stimuli (color figure online)

Analytical approach to the extraction of MMN

To tackle the multiple comparisons problem and to con-
trol for the family-wise error rate, the cluster-based test
was proposed for the statistical analysis of hemodynamic
(Bullmore et al. 1999) and electrophysiological data (Maris
and Oostenveld 2007). When applied to electrophysiologi-
cal data, the clustering is achieved based on the temporal
adjacency of statistical significance if data from single
electrode are tested or based on the spatial and temporal
adjacency of statistical significance if data from multi-
electrodes are tested (Maris and Qostenveld 2007). This
approach is suited to solve the multiple comparison prob-
lem and has been successfully applied in several studies
(Lehmann et al. 2007; Kiiski et al. 2012; Hu et al. 2013;
Stelzer et al. 2013). Despite the sensitivity of this approach,
we found that when significant differences were large and
persistent in time, the cluster-based approach resulted in a
long-lasting temporal cluster. However, scalp regions that
showed the large significance varied greatly within the
extracted long-lasting temporal cluster (Appendix 1, ESM).
In this case, the definition of the temporal IOI (cluster)
cannot be optimally achieved using only the cluster-based
approach. Therefore, we implemented a statistical approach
that did not only detect the temporal adjacency of signifi-
cances, but also incorporated the scalp distribution of these
significances (signed F values), as to improve the defini-
tion of the temporal IOI. The use of the spatial information
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was achieved by the topographical segmentation analysis,
which is conceptually identical to the method of functional
microstates (Lehmann et al. 1987).

The reliability of the application of the topographical
segmentation analysis to extract MMN-related activity is
supported by the fact that the MMN responses extracted in
this study captured features (e.g., observed latency range
and scalp topography) overly similar to classical MMN
responses reported in previous studies. First, the obtained
AEP MMN (92-193 ms) was showed to be maximal at
fronto-central electrodes (Fig. 2, top), which was in line
with most previous reports that described an auditory
MMN between 100 and 250 ms and at fronto-temporal or
fronto-central regions (Sams et al. 1985; Naiitidnen et al.
2011). Second, the extracted SEP MMN (64—-160 and 161—
245 ms) and NEP MMN (155-273 ms) were distributed at
bilateral temporal regions with a maximum at the contralat-
eral hemisphere (Fig. 2, middle and bottom), similarly to
what has been previously observed for the somatosensory
(Akatsuka et al. 2007; Chen et al. 2008) and nociceptive
MMN (Hu et al. 2013).

The establishment of deviant and standard ERPs
in the roving paradigm

Traditionally, the MMN is conceived as the result of a com-
parison between ERPs evoked by deviant versus standard
events. Therefore, the amplitude and topography of ERPs
elicited by standard stimuli can determine the shape and
amplitude of mismatch-related ERPs elicited by devi-
ant stimuli (Cowan et al. 1993; Javitt et al. 1997; Ben-
dixen et al. 2007). The correct functional identification of
responses reflecting a standard event crucially affects the
estimation of deviance-related responses. Surprisingly, the
issue of whether and when a stimulus event can be consid-
ered as a standard has been overlooked so far (Sussman
2007). An important attempt has been provided by Haen-
schel et al. (2005), who investigated the role of stimulus
repetition on ERPs to deviant and standard events. They
revealed that the increase of stimulus repetition in a rov-
ing paradigm increased the MMN amplitude regardless of
whether the subject was passively listening to or actively
discriminating changes in tone frequency.

In the present study, we aimed to investigate whether
standard formation could be influenced by (1) the num-
ber of repetitions in a train of stimuli with identical sen-
sory properties and (2) the sensory modality of the preced-
ing train of stimuli. Generally, by comparing amplitudes
evoked by stimuli with different position in a train, we
found no difference between amplitudes after the third train
position across sensory modalities and attentional condi-
tions (Fig. 3). This finding implied that identical sensory
stimuli after the third position in a train could be considered
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as robust standards in the roving paradigm. Importantly,
the standard-related amplitude was not influenced by the
amplitude of the standard in the preceding train and belong-
ing to a different modality (Fig. 5), which suggests that the
standard formation depends on the number of repetitions
regardless of the preceding sensory modality.

In contrast, crossmodal deviant responses were signifi-
cantly affected by the sensory modality of the preceding
train (Fig. 5). For instance, SEPs evoked by the first stimu-
lus of a somatosensory train were significantly larger fol-
lowing an auditory train than following a nociceptive train.
Similarly, NEPs evoked by deviants were significantly
larger following an auditory train than following a non-
nociceptive somatosensory train. This observation indicates
that the representation of a deviant is largely influenced by
the preceding sensory modality of the standard.

Is MMN modality dependent or independent?

As different scalp topographies must be generated by dif-
ferent configuration of neural activations in the brain
(Michel et al. 2004), neural sources of activities elicited
by stimuli belonging to different sensory modalities should
display clearly different topographical patterns. That the
scalp topography of auditory MMN (maximal at fronto-
central region, Fig. 4) was different from that of non-noci-
ceptive somatosensory MMN and of nociceptive MMN
(maximal at bilateral temporal regions, Fig. 4) is in agree-
ment with several previous studies (Naétdnen et al. 1978;
Opitz et al. 2005; Akatsuka et al. 2007; Garrido et al. 2007,
Yucel et al. 2007; Butler et al. 2011, 2012). This finding
supports the notion that MMN reflects, at least partly, the
neural activation in the primary and secondary sensory cor-
tices in a given sensory modality (Opitz et al. 2005; Gar-
rido et al. 2007). Accordingly, differences in MMN laten-
cies across different modalities are mainly caused by the
difference in fibers conduction velocity (e.g., the AP fiber
consists of large myelinated axons with faster conduction
velocity than the thinly myelinated A3 fiber, which con-
tributes to the earlier latency of somatosensory MMN than
nociceptive MMN) (Ploner et al. 1999, 2000).

More importantly, we found that significant correlations
of MMN amplitude took place between the two attentional
conditions (Active vs. Passive) only within each sensory
modality, but not between different sensory modalities
(AS5), with the exception of the NEPs. In other words,
involuntary or voluntary attentional orientation reflected by
MMN responses varied similarly within, but not between
sensory modality. This interpretation would be consist-
ent with several findings from the previous literature that
concur to draw a picture where latencies, topographies, and
even estimated sources hint to a clear anatomo-functional
separation between the auditory and the somatosensory
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modalities (Sams et al. 1985; Akatsuka et al. 2007; Garrido
et al. 2009; Lozano-Soldevilla et al. 2012; Hu et al. 2013).
Yet, the notion that non-nociceptive somatosensory and
nociceptive MMN would rely on separate sub-modality
mechanisms is currently untenable. In agreement with our
previous findings (Hu et al. 2013), scalp topographies of
non-nociceptive somatosensory and nociceptive MMN
were similarly maximal at bilateral temporal regions
(Fig. 4). Although somatosensory and nociceptive corti-
cal responses to deviant events may share similar genera-
tors, they may be independently represented and function-
ally segregated within the cortex (Ploner et al. 2000). This
hypothesis is in agreement with the anatomo-physiological
segregation of tactile/proprioceptive versus nociceptive rep-
resentation in the periphery of the central nervous system
(Ploner et al. 2000) as well as with other findings reveal-
ing partially overlapping cortical structures and dissimilar
functional organization of somatosensory and nociceptive
representations (Paxinos and Mai 2004; Ploner et al. 2004).
In this vein, we found that the amplitudes of non-nocice-
ptive somatosensory MMN and nociceptive MMN were
not significant correlated, even within the same attentional
condition (AS). This finding suggests that somatosensory
and nociceptive MMN may be functionally dissociated
although being generated from similar neural structures.

Theoretical scenario and conclusion

We found that the formation of a standard memory trace
can be considered stable from the third stimulus position in
a train, regardless of sensory modality and attentional con-
dition. The gradual fading of amplitude differences across
train positions confirms that standard formation does not
obey the all-or-none law and rather rely on a progressive
strengthening of the sensory memory trace (Baldeweg et al.
2004; Haenschel et al. 2005), as suggested by the model
adjustment hypothesis (Winkler et al. 1996; Niitinen and
Winkler 1999). In the context of the model adjustment
hypothesis, the MMN is regarded as a marker for error
detection, which is caused by a deviation from a learned
regularity. It is noteworthy that in the context of the rov-
ing paradigm, there is no physical difference between the
standard and the deviant, but the different position in the
train. Therefore, the crossmodal roving paradigm maxi-
mized the contrast between the memory trace formed
before the standard (i.e., third stimulus position) and the
trace formed before the deviant (i.e., first stimulus posi-
tion). Consequently, the previous modality had no influence
on the standard formation while affecting that of the devi-
ant (Fig. 5).

Our design cannot explain whether the effect of mis-
match associated with the deviant was due to the change
of stimulus modality or more generally to the temporal

unpredictability of the first stimulus in a train. However,
Valentini et al. (2011), using equiprobable presentation of
deviant events, showed that the reduction of ERPs ampli-
tude due to stimulus repetition is largely affected by a
change in a physical feature of the stimulation (e.g., modal-
ity) while being less sensitive to the fact that the incom-
ing sensory stimulation is predictable/expected. Thus, we
argue that the interpretation of our findings based solely
on a temporal expectation account is unlikely and that the
responses obtained using the crossmodal design largely
reflect those obtained in unimodal/bimodal studies (audi-
tory MMN: Sams et al. 1985; Niitidnen et al. 2011; soma-
tosensory MMN: Akatsuka et al. 2007; Chen et al. 2008;
nociceptive MMN: Hu et al. 2013).

Importantly, the whole findings obtained in the devi-
ance detection literature may also be interpreted according
to the sensory adaptation hypothesis, by virtue of which
the mismatch responses would result from a much simpler
mechanism of local neuronal adaptation/refractoriness at
the level of the sensory cortices. The scalp topographies
elicited by deviant stimuli in AEPs (fronto-central), SEPs
(temporo-parietal), and NEPs (fronto-temporal) would be
compatible with the underlying activation of primary and
secondary sensory cortices in the three sensory modalities
(Fig. 4), as also suggested by other reports (Néétdnen et al.
1978; Opitz et al. 2005; Akatsuka et al. 2007; Garrido et al.
2007; Yucel et al. 2007; Butler et al. 2011, 2012). Further-
more, the finding that MMN amplitudes varied between the
two attentional conditions (Active vs. Passive) only within
each sensory modality but not between different sensory
modalities (A5) complements this notion. Indeed, findings
obtained with MEG (Jdiskeldinen et al. 2004; May and
Tiitinen 2004) have been interpreted according to the notion
that the auditory MMN is due to a delayed and amplitude-
modulated N1 and shares its neural generators (May and
Tiitinen 2010). According to May and Tiitinen (2010), there
is virtually no means to separate the neural activation over-
lap determined by a standard and a deviant stimulus because
these two stimuli might activate divergent populations but
still elicit a similar N1 response, eventually suggesting that
even the most subtle difference between deviants and stand-
ards will ensue in a N1-contaminated MMN.

In conclusion, notwithstanding the lack of consensus on
whether the recording of a Nl-uncontaminated MMN is
methodologically feasible, our findings provide evidence
that, while different modalities share a similar process of
standard trace formation, the process of deviance detection
is largely modality dependent.
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