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a b s t r a c t

Background: The prediction violation account of automatic or pre-attentive change detection assumed
that the inferior frontal cortex (IFC) is involved in establishing a prediction model for detecting unex-
pected changes. Evidence supporting the IFC’s contribution to prediction model is mainly based on the
Mismatch Negativity (MMN) to deviants violating predictions that are established based on the
frequently presented standard events. However, deviant detection involves processes, such as events
comparison, other than prediction model establishment.
Objective: The current study investigated the critical role of the IFC in establishing a prediction model
during standards processing for subsequent deviant detection.
Methods: Transcranial Magnetic Stimulation (TMS) was applied at the IFC to disrupt the processing of the
initial 2 or 5 standards of a 3-, 6-, or 9-standard train, while the MMN responses to pitch deviant pre-
sented after the standard trains were recorded and compared.
Results: An abolishment of MMN was only observed when TMS was delivered to the IFC at the initial 2
standards of the 3-standard train, but not at the initial 5 standards, or when TMS at the vertex or TMS
sound recording was applied. The MMNs were also preserved when IFC TMS, vertex TMS, or TMS sound
recording was applied at the initial 2 or 5 standards of longer trains.
Conclusion: The IFC plays a critical role in processing the initial standards of a short standard train for
subsequent deviant detection. This result is consistent with the prediction violation account that the IFC
is important for establishing the prediction model.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Human brains constantly and automatically monitor the envi-
ronment for unexpected changes. This phenomenon is also known
as automatic or pre-attentive change detection. The unexpected
change elicits an event-related brain potential (ERP) component,
the Mismatch Negativity (MMN) [1]. MMN is commonly used as a
d Behavioral Sciences, City
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).
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tool to study various cognitive processes, such as language pro-
cessing [2] and aging [3], and as a biomarker for different clinical
conditions, including Schizophrenia [4] and Autism [5]. Knowing
the underlying neural mechanism in MMN generation could
further our understanding of human cognition and psychopathol-
ogy. In the laboratory settings, MMN is typically studied with a
passive auditory oddball paradigm, in which rare deviant tones are
presented among a stream of frequent standard tones while par-
ticipants watch a silent movie. MMN is a negative deflection of the
deviant-minus-standard difference waveform at around
100e200 ms from the deviance onset and has a frontocentral scalp
distribution. Current theories [6e9] on pre-attentive change
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detection propose a regularity or prediction violationmechanism in
MMN generation. The rule or regularity shared among the stan-
dards is extracted to establish a prediction model for anticipating
future events. A deviant violating the prediction elicits the MMN,
which serves as the error signal to update the prediction model and
trigger remedial action.

The superior temporal cortex (STC) and the inferior frontal
cortex (IFC) are commonly identified as the MMN generators using
electrocorticography [10], EEG source analysis [11], fMRI [12e14],
and optical brain imaging [15e19]. The IFC generator is speculated
to be involved in establishing, maintaining, and updating the pre-
diction model for deviance detection [18,20,21] under the predic-
tion violation account; while the STC generator is commonly agreed
to serve as a comparator of the prediction and the incoming event
in the detection process [12,13,18,22]. The functional connection
between the IFC and the STC in deviance detection was demon-
strated by combining transcranial magnetic stimulation (TMS) with
brain imaging methods (e.g., rTMS-EEG [23,24] and concurrent
single pulse TMS-optical brain imaging [25,26]). Due to the pre-
attentive nature, the detection of deviance could only be reflected
by the MMN or the corresponding mismatch brain responses, but
not behavioral measures. Our TMS-optical imaging studies [25,26]
showed that single pulse TMS on the right IFC 80 ms after deviant
onset abolished the STC mismatch response at 150e200 ms, when
the deviant was preceded by 4e7 standards. However, the STC
mismatch responsewas preservedwhen deviant was preceded by a
longer standard train [25]. These results suggested a critical func-
tional role of the IFC in deviance detection when limited informa-
tion could be provided by the preceding standards to establish the
prediction model.

The involvement of IFC in the prediction model establishment is
mainly supported by the MMN responses or the equivalent IFC and
STC mismatch responses to the deviants. However, in addition to
the processes related to prediction model establishment, such as
retrieving, maintaining, or updating the prediction model, other
change detection related processes, such as contrast enhancement
[14] or attention switching [27,28], could be involved in deviant
processing. If the IFC is involved in establishing the prediction
model as suggested by the prediction violation account, the IFC
should also play a critical role in processing the standards, not
limited to the detection of deviants.

The current study examined the critical role of the IFC in pro-
cessing the standards for subsequent deviance detection. Specif-
ically, TMS on the IFC 80 ms after stimuli onset was applied at the
first 2 or 5 positions of standard trains with different train lengths,
while the MMN responses to the deviants presented after the
standard trains were recorded. Previous studies found MMN
response to the deviant when the deviant was preceded by at least
2 standards [29e33], and increase in MMN amplitude with longer
standard trains [34]. These results indicate the importance of
accumulating information from the standards for eliciting the
MMN. If the IFC is critical in processing the standards for estab-
lishing the prediction model in deviance detection, disrupting the
functioning of the IFC at the initial positions of a standard train
should abolish the subsequent MMN response. The TMS effect on
MMN should be more prominent for deviants preceded by shorter
standard trains, as less information could be accumulated from the
standards for deviance detection. The MMN responses should be
preserved when TMS was applied on the vertex to demonstrate the
spatial specificity of the IFC TMS effect or when TMS sound
recording was presented to simulate a similar auditory environ-
ment. By understanding the IFC’s role in the establishment of
prediction model, the neural mechanism of the predictive process
crucial for pre-attentive change detection can be elucidated.
162
Material and methods

Participants

Sixteen university students (8 females; age ¼ 20 to 29, mean
age ¼ 22.25) participated in this study with informed consent. All
participants were right-handed (Edinburgh Handedness Inventory
[35]) and reported having normal hearing, normal or corrected-to-
normal vision, no history of neurological disorders, and no
contraindication to TMS [36,37]. The study was approved by The
Joint Chinese University of Hong Kong e New Territories East
Cluster Clinical Research Ethics Committee. Participants watched
self-selected silent movies with subtitles and were told to ignore
any auditory stimuli played via an inserted-type earphone (ER-2;
Etymotic Research, Elk Grove Village, IL, USA) at the background
with a comfortable intensity level.

Stimuli and experimental design

The experiment consisted of four block types: IFC TMS, Vertex
TMS Control, Auditory Control, and Equal Probability Control
blocks. Except for the Equal Probability Control block, a passive
oddball paradigmwas adopted in the other 3 types of blocks. In the
oddball blocks, deviant (14.29% of all the trials) and standard
(85.71%) stimuli were pure tones with the frequency of the musical
note C#5 (i.e., 554.37 Hz) and A4 (i.e., 440 Hz), respectively. The
tones were 75 ms long including a 5-ms rise and 5-ms fall period.
Stimulus onset asynchrony between two tones was 1210 ms.

The deviant stimuli were pseudorandomly presented such that
each deviant was preceded by a train of 3, 6, or 9 standards. Each of
the first 2 or 5 standards of the train were paired with a real TMS
pulse 80 ms after stimuli onset. Previous TMS study [25,26] found
that the mismatch brain response in the STC was abolished when
TMS was applied on the right IFC 80 ms after deviant onset. In
addition, right IFC mismatch brain responses to deviants were
reliably observed at similar latency in previous studies [15,17,18]. If
the IFC responses 80 ms after stimuli onset are critical for the
initiation or reinstatement of the prediction model, the TMS
applied on the right IFC 80 ms after the onset of the standard
stimuli would also abolish later mismatch responses to the
deviants.

To ensure a similar auditory environment for processing all the
standards and deviants, the sound recording of a TMS pulse was
presented at 80 ms after the onset of both deviant and standard
stimuli with a speaker close to the TMS coil. The volume of the TMS
sound recording was adjusted to mask the sound of the TMS pulse
paired with some of the standard stimuli (see Supplementary
Methods 1 for discussion on alternative masking method). Partic-
ipants reported at the end of the experiment that stimuli with the
TMS sound recording were not distinguishable from stimuli with
both TMS pulse and sound recording.

The combinations of the preceding standard train length and the
initial standards with real TMS pulses produced four types of
standard train conditions (Fig.1A): (1) a 3-standard train having the
first 2 standards with TMS and the last one without TMS (denoted
as 2W1O), (2) a 6-standard train having the first 5 standards with
TMS and the last one without TMS (5W1O), (3) a 6-standard train
having the first 2 standards with TMS and the last 4 without TMS
(2W4O), and (4) a 9-standard train having the first 5 standards with
TMS and the last 4 without TMS (5W4O). The train sequence was
pseudorandomized with the constraint that the same type of
standard train would not be presented consecutively (Fig. 1B).

Depending on the block type, real TMS, sham TMS, or TMS pulse
noise was paired with the first 2 or 5 standard stimuli (Fig. 1C). In
the IFC TMS block, the deviant stimuli were paired with the TMS



Fig. 1. (A) Illustration of the four standard train conditions in the IFC TMS, Vertex TMS Control, and Auditory Control blocks. 2W1O indicates the 3-standard train having the first 2
standards with TMS and the remaining 1 standard without TMS. 5W1O indicates the 6-standard train having the first 5 standards with TMS and the remaining 1 standard without
TMS. 2W4O indicates the 6-standard train having the first 2 standards with TMS and the remaining 4 standards without TMS. 5W4O indicates the 9-standard train having the first 5
standards with TMS and the remaining 4 standards without TMS. (B) An exemplar of the stimuli in the oddball blocks. (C) The locations and orientations of the TMS coil in the IFC
TMS, Vertex TMS Control, and Auditory Control blocks. The blue colored coils show the locations and orientations of the TMS coils. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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pulses applied at the right IFC. In the Vertex TMS Control block, TMS
was delivered to the vertex to ascertain that the TMS effect on the
IFC is location specific. In other words, if the MMN to the deviant is
abolished after TMS is applied to the IFC at 80 ms after standard
onset, but not for TMS applied to the vertex, the abolishment of
MMN can be ascribed to the specific TMS effect on the IFC. In the
Auditory Control block, the TMS coil was positioned near the right
IFC but oriented 90� away from the scalp and towards the front to
deliver a TMS pulse to the empty space next to the participant’s
head. The Auditory Control block was designed to demonstrate the
presence of MMN under the same auditory environment of the IFC
TMS or Vertex TMS control blocks but without any TMS pulse
delivered to the brain (see Supplementary Methods 2 for further
discussion).

In the Equal Probability Control block, the location and orien-
tation of the TMS coil were identical to the Auditory Control block.
Different from the oddball design of the Auditory Control block, 5
dummy stimuli (F4, 349.23 Hz; G4, 392 Hz; B4, 493.88 Hz; D#5,
622.26 Hz; F5, 698.46 Hz), in addition to the standard and deviant
from the oddball blocks, were presented with equal probability in
the Equal Probability Control block. These stimuli were presented
with the probability identical to that of the deviant in the oddball
blocks (14.29%). MMN to the deviants was calculated by subtracting
the brain response of the physically identical stimuli in the Control
block from that of the deviant stimuli in the oddball blocks to
prevent possible confound due to sensory adaptation [38].

Each block type was repeated 4 times. Blocks belonging to the
same block typewere presented in succession tominimize the time
to reposition the coil. The sequence of the 4 block types was
counterbalanced across participants. A total of 576 deviants
(14.29%) and 3456 standards (85.71%) were presented in the
oddball blocks. Therewere 48 deviant trials for each of the standard
train conditions and block type. Auditory stimuli and TMS pulses
were presented using the computer programming software MAT-
LAB (MathWorks, Inc., Natick, USA) and Psychophysics Toolbox
[39].

Transcranial magnetic stimulation

TMS pulses were produced by the mono-phasic Neuro-MS/D
single pulse stimulator (Neurosoft, Ivanovo, Russia) with an angu-
lated figure-of-eight coil (100 mm). Stimulation intensity was set at
80% of the resting motor threshold (rMT), which has demonstrated
an inhibitory effect on the brain responses in previous studies [40].
Similar to our previous studies [25,26], rMT was determined by
using the 5-cm rule (see Supplementary Methods 3 for details).

An MRI-guided stereotactic system (ANT Visor; Eemagine
Medical Imaging Solutions GmbH, Berlin, Germany) was used to
determine TMS locations. Individual T-1 weighted structural MRIs
were obtained on a separate day before the experiment with a 3.0 T
MRI system (Achieva TX, Philips, Best, The Netherlands). The nasion
and pre-auricular points of the participants were marked by the
MRI markers (Beekley Spots; Beekley Corporation, Bristrol, CT). The
location of IFC (Talairach coordinates: x ¼ 58, y ¼ 29, z ¼ 14) was
determined based on previous TMS-EROS [25,26] and EROS studies
[15e18,41]. The exact IFC location for each individual was obtained
by first transforming the individual MRI scan from native space to
Talairach space to obtain the transformation matrix, then reverse
transforming the IFC location from Talairach space back to native
space of each participant using the software AFNI [42]. The TMS
intensity was reduced [43] and the position and orientation of the
TMS coil were adjusted if jaw movement, eye blinks, painful
stimulation, or any kind of muscle contraction or discomfort were
produced by the TMS. The final intensity used in this study was
around 70e80% of the rMT. The final location was within 10 mm to
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the target location. This procedure was successful in titrating the
TMS intensity to produce specific TMS effects on IFC [25,26].
Although the sensation produced by the TMS on IFC and vertex are
different, this possible confound was eliminated by comparing the
differences in brain responses between standard train conditions
(i.e., cognitive controls) when TMSwas applied to the IFC versus the
vertex (see Supplementary Methods 2 for further explanation).

EEG recordings

EEG was collected with a 64 channel EEG amplifier (ANT EEGO;
Eemagine Medical Imaging Solutions GmbH, Berlin, Germany) with
the sampling rate of 1 kHz following the modified 10e20 interna-
tional system with TMS-compatible Ag/AgCl electrodes. AFz and
CPz were used as the ground and online reference electrodes,
respectively. The average of the mastoid electrodes was used as the
offline reference. Vertical and horizontal electrooculograms (EOG)
were recorded with electrodes above and below participants’ left
eye, and at the outer canthi of both eyes, respectively.

Data pre-processing and analysis

EEG recordings 50 ms before and 100 ms after the firing of the
TMS pulse were first removed. The removed time period was
interpolated using an autoregressive model method (i.e., the “fill-
gaps” function in MATLAB, order ¼ 400 ms). Then, the EEG data
were bandpass filtered at 0.1e20 Hz. The epochs containing TMS
pulses originally were then excluded from later analyses. The EEG
data were segmented into epochs of 1000 ms time-locked to
stimulus onset with a 100 ms pre-stimulus onset baseline. Ocular
artifacts were corrected by using a regression-based eye movement
correction procedure [44]. Epochs with amplitude changes greater
than 100 mV were rejected. The remaining epochs were averaged to
produce ERP waveforms for each standard train condition, block
type, and participant.

Difference waveforms were calculated by subtracting the ERP
responses to the physically identical stimuli in the Equal Probability
Control block from those to the deviants in the IFC TMS, Vertex TMS
Control, or Auditory Control blocks. FCz electrode was selected for
analyses as it showed the maximal MMN effect. MMN was
measured from the difference waveform as the averaged response
of a 50ms timewindowcentered at the peak response 100e200ms
after stimulus onset for each standard train condition and block
type. One sample t-tests (1-tailed) against zero were performed to
test whether MMN was present for each condition. Repeated
measures ANOVA on the mean MMN amplitude with the factors
Block Type (IFC TMS, Vertex TMS Control, and Auditory Control),
Number of Standards with TMS (2 and 5), and Number of Standards
without TMS (1 and 4) was conducted. Follow-up analyses with
repeated measures ANOVA and paired t-test (2-tailed) were per-
formed to compare the MMN amplitudes between conditions. The
normality and homoscedasticity assumptions in the MMN data
were demonstrated by Kolmogorov-Smirnov tests of normality and
Mauchly’s test of sphericity, as well as the results of distribution-
free permutation test (see Supplementary Results 1 and
Supplementary Table 1).

Results

The ERPs and the difference waveforms, as well as the topo-
graphical maps of the MMN responses in the 100e200 ms time
window, are shown in Figs. 2 and 3, respectively. Negative de-
flections at the 100e200 ms time window were observed in the
difference waveforms calculated by deviants minus physically
identical controls in all the conditions, except for the 2W1O



Fig. 2. Grand averaged ERP waveforms at FCz electrode time locked to the onset of the deviant in each standard train condition presented in the oddball blocks or the control stimuli
in the Equal Probability Control block (upper panel) and their difference waveforms (Deviant minus Control; lower panel). The gray area indicates the time window from 100 ms to
200 ms for locating the peak MMN response.
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Fig. 3. Scalp distributions of MMN responses from 100 ms to 200 ms after deviant onset for each standard train condition.
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condition in IFC TMS block. This observation is consistent with the
one sample t-tests results on the MMN responses (Fig. 4).

Repeated measures ANOVA with the factors Block Type (IFC
TMS, Vertex TMS Control, and Auditory Control), Number of Stan-
dardswith TMS (2 and 5), and Number of Standards without TMS (1
and 4) was performed (Fig. 4). All of the main effects, including
Block Type (F(2,30) ¼ 1.05, p ¼ .36, partial eta square, hp

2 ¼ 0.07),
Standards with TMS (F(1,15) ¼ 2.79, p ¼ .12, hp2 ¼ 0.16), and Stan-
dards without TMS (F(1,15) ¼ 0.01, p ¼ .94, hp2 ¼ 0.00) were not
Fig. 4. Mean MMN amplitudes in each standard train condition. Error bars indicate the stand
results.
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statistically significant. The two-way interaction between Block
Type and Standards without TMS was significant (F(2,30) ¼ 3.93,
p ¼ .03, hp2 ¼ 0.21), while the two-way interactions between Block
Type and Standards with TMS (F(2,30) ¼ 1.06, p ¼ .36, hp2 ¼ 0.07) or
between Standards with TMS and Standards without TMS
(F(1,15) ¼ 0.58, p ¼ .46, hp

2 ¼ 0.04) was not significant. Most
importantly, the three-way interaction of Block Type, Standards
with TMS, and Standards without TMS was statistically significant
(F(2,30) ¼ 5.11, p ¼ .01, hp2 ¼ 0.25). Follow-up repeated measures
ard error calculated across participants. * indicates p < .05. n.s. indicates non-significant
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one-way ANOVAs of the three-way interaction were carried out to
examine theMMNdifferences among the three block types for each
of the four combinations of Standards with TMS (2 and 5) and
Standards without TMS (1 and 4).

In the 2W1O condition, there was a significant difference of
MMN among the Block Type (F(2,30) ¼ 5.54, p ¼ .009, hp2 ¼ 0.27).
Follow-up paired t-tests (2-tailed) showed that the MMN in IFC
TMS block was significantly smaller than both Vertex TMS Control
block (t(15) ¼ 2.47, p ¼ .03, Cohen’s d (d) ¼ 0.85) and Auditory
Control block (t(15) ¼ 3.07, p ¼ .008, d ¼ 1.05). There was no sig-
nificant difference between the MMNs in Vertex TMS Control and
Auditory Control blocks (t(15) ¼ 0.53, p ¼ .60, d ¼ 0.16). The MMNs
among the Block Type were not significant in the 5W1O condition
(F(2,30) ¼ 0.14, p ¼ .87, hp

2 ¼ 0.01), the 2W4O condition
(F(2,30) ¼ 1.80, p ¼ .18, hp2 ¼ 0.11), as well as the 5W4O condition
(F(2,30) ¼ 1.31, p ¼ .29, hp2 ¼ 0.08).

In summary, the results show that the IFC plays a critical role in
processing the standard stimuli presented at the initial positions of
a standard train for later deviance detection when the standard
train is short (i.e., 2W1O condition). The comparisons between the
MMN responses in the IFC TMS block and the Vertex TMS Control
and Auditory Control blocks suggests that the TMS effect on IFC is
location specific and cannot be ascribed to the TMS pulse noise in
the auditory environment.

Additional analysis comparing the global mean field amplitude
(GMFA) of the ERP responses of the last standard with TMS (2W or
5Wpositions) among the train length conditions in the IFC TMS and
Vertex TMS Control blocks showed that the absence of MMN in the
2W1O condition of the IFC TMS block was not driven by TMS
related artifacts or TMS evoked scalp muscle artifacts (see Sup-
plementary Results 2 and Supplementary Figure 1).

A supplementary experiment was conducted to compare the
ERP responses when TMS of the same intensity was applied on the
IFC versus the motor cortex. The IFC TMS Block results in the main
experiment above were replicated in the supplementary experi-
ment. The result pattern of the Motor Cortex TMS Control Block in
the supplementary experiment was similar to that of the Vertex
TMS Control and Auditory Control blocks in the main experiment
(see Supplementary Results 3, Supplementary Figure 2, and
Supplementary Table 2). These supplementary results demon-
strated that the TMS effect on IFC could not be produced by stim-
ulation of a non-attention related brain region (e.g., motor cortex).

Discussion and conclusion

The current study examined the functional role of the IFC in
processing the standards for subsequent deviance detection by
applying TMS to the standards and measuring the MMN responses
to the deviants. MMN response to the deviant was abolished when
the deviant was preceded by a 3-standard train with IFC TMS
applied on the first 2 standards (i.e., 2W1O). However, MMN re-
sponses were preserved when the first 2 standards of the 3-
standard train were paired with sham TMS at vertex or TMS
sound recording only. Furthermore, the MMN responses remained
intact when the deviants were preceded by a longer standard train
having the first 2 or 5 standards (i.e., 5W1O, 2W4O, and 5W4O)
paired with IFC TMS, sham TMS at vertex, or TMS sound recording.
These results demonstrated that the IFC plays a critical functional
role in processing the standards at the initial positions of a short
standard train for generating later MMN responses to deviants; the
IFC is not only involved in the pre-attentive deviant detection
process but also in processing the standards for detecting unex-
pected changes.

From the prediction violation account of pre-attentive change
detection, sufficient information needs to be extracted from the
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standards to establish a prediction model for detecting deviants
and eliciting theMMNs. TMSwas applied to disrupt the functioning
of the IFC at the initial 2 standards in the 2W1O standard train
condition; the only remaining standard without IFC TMS was not
able to provide sufficient information to establish the prediction
model for deviance detection leading to the absence of MMN.
However, in the 2W4O or 5W4O conditions, the extra standards
without IFC TMS could provide additional information for building
the prediction model for later deviance detection. Given these re-
sults, observing the MMN response in the 5W1O condition of the
IFC TMS block is surprising, as the only standard without TMS
would not be expected to provide sufficient information to build
the prediction model. This result may indicate that the functioning
of the IFC in building the prediction model was not completely
abolished by the TMS on the IFC. A prediction model could still be
established based on the information from the standards at the 3 to
5 positions even under the IFC TMS effect. Alternatively, the IFC
may only facilitate the processing of the first 2 standards or
contribute to the earlier model establishment stage, such as model
initiation or re-activation, rather than the later model maintenance
stage [45,46].

Apart from the prediction model hypothesis, deviant prediction
[47] and contrast enhancement [14] hypotheses on the functional
role of IFC in pre-attentive change detection have been proposed.
However, these hypotheses are not compatible with the results
observed in the current study. The deviant prediction hypothesis
suggested that the IFC is associated with an increase in expectation
of the deviant. The longer the time has passed from the last deviant,
the more probable it is for a deviant to occur [48]. Following the
same principle, as the number of standards in a train increases, the
probability in encountering the deviant as the next stimulus also
increases [49]. The IFC is expected to be more important in pro-
cessing the standards at the later, but not the initial positions of the
train. This prediction is not consistent with the results observed in
the current study. Nevertheless, examination of the IFC’s role in
expecting a deviant is beyond the scope of the current study as it
requires a naturalistic or a fully randomized sequence.

The contrast enhancement hypothesis [14] proposed that the
IFC amplifies subtle differences between the predicted event and
the incoming event in deviance detection. The prediction model
may not be well established in the initial positions of a standard
train; a stronger contrast enhancementmay be required to examine
the incoming standards. However, the contrast enhancement
function of the IFC should be limited to the processing of the cur-
rent standard stimuli; the disruptive IFC TMS effect on the pro-
cessing of the current standard should not be carried to the
processing of the deviant several stimuli down the train.

The results in the current study cannot be explained by a reg-
ularity established by the TMS pulses. Specifically, the absence of
MMN in the 2W1O condition could be explained by having insuf-
ficient number of standards with TMS to establish a rule, while the
presence of MMN in the 5W1O condition could be produced by
violating the rule established from a longer standard train with
TMS. First, when TMS on vertex or TMS sound recording were
presented, MMNs were observed in the 2W1O conditions and no
difference in MMN amplitudes was observed between the 2W1O
and the 5W1O conditions. Second, no MMN was observed in the
first standards without TMS (first O) after the train of standards
with TMS and no difference was found between the IFC TMS and
Vertex TMS Control at the 180e280 ms time window (see Sup-
plementary Discussion and Supplementary Figure 3 and 4). Last,
the MMNs observed at 100 mse200 ms were consistent with the
tone onset, but not the onset of the TMS pulse or TMS sound
recording presented at 80 ms after tone onset. Hence, the
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modulation pattern observed cannot be attributed to the regularity
of the TMS pulses.

The conclusion of the current study is mademainly based on the
absence of MMN in the 2W1O condition when TMS was applied on
the IFC. Null results are potentially problematic in cognitive
neuroscience research as it may be produced by confounding fac-
tors, such as suboptimal stimulation protocol, incorrect stimulation
location, or insufficient power [50]. To address these issues, a ste-
reotactic system was used to locate the TMS target location ac-
cording to the structural MRI of each participant [50]. In addition,
multiple control conditions were adopted [25], such that the
conclusion of the current study is not merely based on the absence
of MMN in the IFC TMS block, but the differences in MMN re-
sponses between the IFC TMS and multiple control conditions.

In conclusion, the current study revealed a critical functional
role of IFC in processing the standards for subsequent pre-attentive
deviance detection. The functioning of IFC is crucial in processing
the first 2 standards of a short train which is important for pre-
diction model establishment and initiation according to the pre-
diction violation account of MMN. The current study also
demonstrated the application of single pulse TMS in combination
with EEG/ERP to study the spatiotemporal dynamics of the neural
mechanism in MMN generation.
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