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1 | INTRODUCTION

The human brain is able to detect environmental changes automati-
cally, which is also known as preattentive change detection. Not only

simple physical changes but also changes that violate invariant

Chun-Yu Tse'

Abstract

Current theories of automatic or preattentive change detection suggest a regularity or
prediction violation mechanism involving functional connectivity between the inferior
frontal cortex (IFC) and the superior temporal cortex (STC). By disrupting the IFC func-
tion with transcranial magnetic stimulation (TMS) and recording the later STC mismatch
response with event-related optical signal (EROS), previous study demonstrated a causal
IFC-to-STC functional connection in detecting a pitch or physical change. However,
physical change detection can be achieved by memory comparison of the physical fea-
tures and may not necessarily involve regularity/rule extraction and prediction. The cur-
rent study investigated the IFC-STC functional connectivity in detecting rule violation
(i.e., an abstract change). Frequent standard tone pairs with a constant relative pitch dif-
ference, but varying pitches, were presented to establish a pitch interval rule. This
abstract rule was violated by deviants with reduced relative pitch intervals. The EROS
STC mismatch response to the deviants was abolished by the TMS applied at the IFC
80 ms after deviance onset, but preserved in the spatial (TMS on vertex), auditory (TMS
sound), and temporal (200 ms after deviance onset) control conditions. These results
demonstrate the IFC-STC connection in preattentive abstract change detection and

support the regularity or prediction violation account.
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relationships between events in the environment can be detected
(Paavilainen, 2013; Winkler, 2007; Xiao et al., 2018). Current theories
(Friston, 2005, 2010, 2011; Winkler, 2007) suggest a mechanism that
involves extracting the regularity or rule from the environment for

making prediction of future events. For example, when fully engaged
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in reading a newspaper with music playing in the background, the
brain is constantly monitoring the acoustic environment for unex-
pected events. The sound of a fire alarm is automatically detected and
captures attention. An event-related brain potential (ERP) component,
the mismatch negativity (MMN; Naiténen, Paavilainen, Rinne, & Alho,
2007; Naatinen & Michie, 1979), is elicited by the unexpected
change. The MMN response is regarded as an error signal indicating
the violation of the regularity or prediction (Friston, 2005, 2010,
2011; Winkler, 2007). MMN is typically elicited in the laboratory set-
ting using a passive oddball paradigm, in which randomly occurring
deviant events among a sequence of standard events are presented to
participants who engage in an irrelevant task, such as watching a
silent movie.

Earlier studies demonstrated MMNs to physical feature changes
of auditory events, such as pitch (e.g., Sams, Paavilainen, Alho, &
N&itanen, 1985) and intensity (e.g., Naitinen, Paavilainen, Alho,
Reinikainen, & Sams, 1989). However, the detection of physical
change could be achieved by comparing the physical features
between the standard and deviant (Naitdanen & Winkler, 1999). In
other words, the regularities or rules governing the properties of the
events may not be extracted and a prediction process is not necessary
for detecting a physical change. The regularity or prediction violation
account of preattentive change detection was supported by MMN
responses to deviants violating an abstract regularity or pattern
established by a train of standard events (Paavilainen, 2013; Winkler,
2007). For example, using auditory events composed of tone pairs
(e.g., Sarrinen, Paavilainen, Schroger, Tervaniemi, & Naitinen, 1992),
MMN was elicited by presenting deviants with rising pitch (i.e., the
pitch of the second tone is relatively higher than the first tone) among
standards with falling pitch (i.e., the pitch of the second tone is rela-
tively lower than the first tone). While the absolute pitches of the
tones (i.e., a physical feature) varied among the events, the regularity
of the standard events could only be established by the relative pitch
difference between the first and second tone (i.e., an abstract feature),
but not by the absolute pitches of the tones. The regularity or predic-
tion violation account of preattentive change detection was further
demonstrated by MMNSs to the violation of an abstract regularity pat-
tern established not only by a constant abstract relationship between
physical features, but also by a constant abstract relationship between
abstract features, among the standard events (Xiao et al., 2018).

Under the predictive model framework of preattentive change
detection (Friston, 2005, 2010; Garrido, Kilner, Kiebel, & Friston,
2007; Kiebel, Garrido, Moran, Chen, & Friston, 2009), the inferior
frontal cortex (IFC) and the superior temporal cortex (STC) are hierar-
chically organized to establish a model for predicting future events.
The model is updated to minimize the discrepancy between the
predicted and the actual events. The discrepancy is regarded as the
prediction error and elicits the mismatch brain responses (Winkler,
2007). The IFC is responsible for establishing or reinstating the predic-
tive model and conveying predictive information to the STC for
detecting events violating the prediction.

MMN associated mismatch responses in the IFC and the STC to
physical changes have been consistently reported by using different

neuroimaging techniques, including functional magnetic resonance
imaging (fMRI; Doeller et al., 2003; Molholm, Martinez, Ritter, Javitt, &
Foxe, 2005; Opitz, Rinne, Mecklinger, von Cramon, & Schroger, 2002;
Rinne, Degerman, & Alho, 2005; Schall, Johnston, Todd, Ward, &
Michie, 2003), magnetoencephalography (Hsu, Lin, Hsu, & Lee, 2014;
Lappe, Steinstrater, & Pantev, 2013; Rinne, Alho, lImoniemi, Virta-
nen, & Naatanen, 2000), electroencephalography (EEG) with source
localization analysis (Caclin et al., 2006; MacLean, Blundon, & Ward,
2015; Paavilainen, Valppu, & Naatanen, 2001; Takegata, Huotilainen,
Rinne, Naitianen, & Winkler, 2001; Wolff & Schréger, 2001), ele-
ctrocorticography (Dirschmid et al., 2016; Phillips et al., 2016), and
event-related optical signal (EROS; Rinne et al., 1999; Sable et al.,
2007; Tse & Penney, 2007, 2008; Tse, Rinne, Ng, & Penney, 2013;
Tse, Tien, & Penney, 2006).

By using EROS, sequential activation of the IFC and the STC in
preattentive detection of physical changes, including time of occur-
rence and omission (Sable et al., 2007; Tse et al., 2006; Tse & Penney,
2007), frequency (Tse & Penney, 2008), duration (Rinne et al., 1999;
Tse et al., 2013), and audiovisual speech sound (Tse, Gratton, Garnsey,
Novak, & Fabiani, 2015), has been revealed. The right IFC response to
ambiguous deviants typically began approximately 80 ms after stimulus
onset and bilateral STC responses began after 120-200 ms (Tse et al.,
2013; Tse & Penney, 2008). EROS measures the change in the optical
property of neurons associated with a cognitive function and is able to
localize brain response spatially and temporally in the subcentimeters
and milliseconds scales (Gratton & Fabiani, 2001). EROS is different
from another optical brain imaging method, the functional near-infrared
(NIR) spectroscopy, which measures the hemodynamic response, similar
to the fMRI blood oxygen level dependent (BOLD) signal. The EROS
mismatch responses in the IFC and the STC correlate with simulta-
neously recorded ERP MMN responses (Tse et al., 2013; Tse & Penney,
2008). Thus, these EROS mismatch responses are conceptualized as
the optical counterpart of the ERP MMN. However, observing an acti-
vation sequence or coactivation pattern of the IFC and the STC is not
sufficient to support a causal relationship or functional connection
between the two brain regions due to the correlational nature in brain
imaging. For example, the observed activation sequence could be pro-
duced by a third brain region driving both mismatch responses in the
IFC and the STC, but with different time delays.

Our previous study (Tse et al., 2018) evaluated the functional
connectivity of the IFC and the STC in the preattentive detection of
physical change by combining transcranial magnetic stimulation (TMS)
with EROS (Parks, 2013). Specifically, TMS is applied to disrupt the
functioning of the IFC to examine whether the IFC is critical for the
later mismatch response in STC. Because the optical signal measured
in EROS is inert to the electromagnetic energy of TMS, the causal
connection of brain regions in generating the mismatch brain response
can be examined by the combined TMS-EROS method. The critical
functional role of the IFC to the later STC mismatch response was
demonstrated by the abolishment of the STC response from 150 to
200 ms, when TMS was applied to the IFC 80 ms after the onset of a
pitch deviant. However, the STC mismatch response remained intact

when a sham TMS was applied on vertex, or when TMS was applied
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to the IFC 200 ms after the onset of the deviant. This study demon-
strated a functional connection between the IFC and the STC in pre-
attentive detection of physical changes; however, it remains unknown if
a similar connection between the IFC and the STC is essential for
detecting abstract changes or rule violation as suggested by the regular-
ity or prediction violation account. In fact, the IFC and STC mismatch
brain responses in the brain imaging studies mentioned above were
elicited by deviance in physical features. Only a few EEG studies with a
distributed source localization analysis suggested the involvement of
both the IFC and the STC in the preattentive detection of abstract
changes, including change in the pitch pattern of a tone train (Korzyukov,
Winkler, Gumenyuk, & Alho, 2003; Schréger, Bendixen, Trujillo-Bar-
reto, & Roeber, 2007), the pitch-duration association (Bendixen, Prinz,
Horvath, Trujillo-Barreto, & Schroger, 2008), as well as, the rhythmic and
melodic patterns of auditory events (Lappe et al., 2013).

The current study examined whether the functioning of the IFC
in the predetection stage is critical for the later STC mismatch
response in detecting the violation of a pitch interval rule, by using
TMS and EROS. For an auditory event consisted of a tone pair, the
relative pitch interval or difference of the two tones represented an
abstract property of the auditory events. The pitch differences were
kept identical among the standard events to establish a pitch interval
rule, while the absolute pitches of tones varied between events. The
pitch interval rule was violated by deviant events with reduced pitch
intervals. Larger deviance from the expected or standard pitch interval
would elicit a stronger MMN response (Xiao et al., 2018). Although
the EROS STC mismatch response to abstract changes has not been
investigated, larger deviance in the physical feature had been consis-
tently shown to elicit a stronger EROS STC mismatch response previ-
ously (e.g., Tse et al., 2013; Tse & Penney, 2008).

Similar to the design in our previous TMS-EROS study (Tse et al.,
2018), the STC mismatch responses elicited by deviants violating the
pitch interval rule were compared when TMS was applied on the IFC,
on the vertex for a sham stimulation, or when only the TMS sound
recording was presented. To establish the temporal specificity of the
TMS effect, the STC mismatch responses were compared when TMS
or TMS pulse noise was presented at the predetection stage of 80 ms
or the postdetection stage of 200 ms. If the IFC plays a critical role in
eliciting the later STC mismatch response to an abstract change, TMS
applied on the IFC with an 80 ms delay from the deviance onset
should abolish the later STC mismatch response to the abstract
change. The STC mismatch responses should be intact when TMS was
applied on the IFC with 200 ms delay from deviance onset, when
sham TMS was applied on vertex with 80 or 200 ms delay, or when

TMS sound recording was presented with 80 or 200 ms delay.

2 | METHODS

21 | Participants

Twenty-four university students (14 females; age 18-28 years, mean

age 21.3 years) participated after giving informed consent. The study

was approved by The Joint Chinese University of Hong Kong, New
Territories East Cluster Clinical Research Ethics Committee. All partici-
pants reported having normal hearing, normal or corrected-to-normal
vision, no history of neurological disorders or head trauma, and no
contraindication to TMS (Rossi et al., 2009; Wassermann & Wasser-
mann, 1998). All participants were right handed according to their
Edinburgh Handedness Inventory (Oldfield, 1971) scores. Each partici-
pant took part in two identical TMS-EROS sessions. The two sessions
were 10-20 days apart to prevent the establishment of long-term
TMS effect (Nyffeler, Hartmann, Hess, & Muri, 2008). In both ses-
sions, the participants watched self-selected silent movies with subti-
tles and were told to ignore any auditory events.

After the experiment, the participants provided responses to four
questions about their conscious experience of the auditory events:
(a) Did you enjoy the movie? (b) Did you pay attention to the tones
presented in the background? (c) Did you notice any rule or regularity
in the tone sequence? (d) Did you find any tones special or different
from the others? If yes, what is the difference? All participants
reported that they enjoyed the movie and did not pay attention to the
tones. Twenty participants (83.33%) reported hearing the falling and
rising contours of the tone pairs; however, none of them reported the
rule or regularity in the tone pairs. Only two participants reported
hearing tones that were different from the others, but they could not
tell how these tones were different from the others. These results
indicated that they were not attending to the auditory events
presented.

2.2 | Stimuli and experimental design
Each auditory event presented in this study was composed of two
pure tones (i.e., a tone pair). The tone frequency could be one of the
26 semitones ranging from the musical notes D4 to Dé#, or from
293.66 to 1,244 Hz. In this frequency range, the perceived loudness
varies minimally (Suzuki & Takeshima, 2004). The frequency differ-
ence or the number of semitone steps between the tones of a pair
defined the frequency interval. An increase in frequency interval
(i.e., the frequency of the second tone is higher than that of the first
tone) was described as a rising contour, while a decrease in frequency
interval was described as a falling contour. Each tone was 50 ms in
duration which included a 5-ms rise and a 5-ms fall period. The tones
of an auditory event were separated by a 100-ms silent period. The
total duration of an event was 200 ms. The interevent interval was
1,093 ms (Figure 1a). The interevent interval is equivalent to the inter-
trial interval as each trial was consisted of one auditory event. Previ-
ous studies (Bidelman & Chung, 2015; Denham, Gyimesi, Stefanics, &
Winkler, 2013; Mittag, Takegata, & Winkler, 2016; Sable et al., 2007;
Sable, Gratton, & Fabiani, 2003; Sussman, Gomes, Nousak, Ritter, &
Vaughan, 1998; Xiao et al., 2018) demonstrated perceptual grouping
of tones with similar spectral and temporal properties.

Similar to our previous TMS-EROS study (Tse et al., 2018), the
auditory events were presented in four types of block: IFC TMS, ver-

tex TMS control, auditory control, and equal probability control
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blocks. The IFC TMS, the vertex TMS control, and the auditory control
blocks shared the same auditory passive oddball design. In each of
these blocks, 81.82% of the auditory events were standards while the
remaining 18.28% were deviants. Half of the standards or deviants
had a rising contour, while the other half had a falling contour. The
stimuli with rising or falling contour were randomly presented.
The mixture of the rising or falling contour could further ensure the
abstract nature of the pitch interval rule. Both the standard and devi-
ant events varied in their tone frequencies. The frequency intervals of
the standards were maintained at 10 semitone steps (denoted as
—10/10 in Figure 1b), while the frequency intervals of the deviants
were either 5 semitone steps (small deviant; denoted as —5/5 in
Figure 1c) or 3 semitone steps (large deviant; denoted as —3/3 in
Figure 1d). Half of the deviants (9.1% of all events) was small deviants,
whereas the other half was large deviants. A smaller frequency inter-
val between the tones of an event would produce a stronger sensory
adaptation effect (May & Tiitinen, 2010). With this design, a larger
mismatch response elicited by the large deviant could not be
explained by the release of sensory adaptation effect.

The deviant events were presented in a pseudorandom order,
with the constraint that deviants were preceded by 2-7 standards.
Our previous study (Tse et al., 2018) on pitch deviants showed

Falling Contour

Rising Contour

modulation of mismatch responses by standard train length. Mismatch
responses were elicited by pitch deviants preceded by at least 4-5
standards. As the current study involved detection of abstract
changes, mismatch responses were expected to be elicited by devi-
ants preceded by a longer standard train. Consistent with this predic-
tion, the STC mismatch responses to deviants preceded by 4-5
standards was absent in all of the control blocks. The following ana-
lyses focus on the mismatch responses to deviants preceded by 6-7
standards.

In each TMS-EROS session, each block type was repeated five
times. The whole study consisted of two identical TMS-EROS ses-
sions, and a total of 2,640 trials (2,160 standards and 480 deviants)
were presented for each of the four block types. All four block types
were presented in each TMS-EROS session to prevent possible con-
founds due to session differences. Blocks of the same type were pres-
ented in succession to shorten the time required to reposition the
TMS coil. The presentation order of block types was counterbalanced
across participants using the Latin square method to control for order
and carryover effects among the block types. There were four presen-
tation sequences: [AB D C], [B CA D], [C D B A], and [D A C B]; each
letter represents a block type. Each presentation sequence was

repeated six times and randomly assigned to the 24 participants. The
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auditory events were presented using MATLAB software
(MathWorks, Inc., Natick, MA) and Psychophysics Toolbox (Brainard,
1997) through a pair of Etymotic Research 2 (ER2) in-ear-type ear-
phones (Etymotic Research, Elk Grove Village, IL).

The deviant events were paired with the application of a real
TMS pulse (Figure 2). To ensure a similar auditory environment, other
than the change in the frequency intervals, for the standard and devi-
ant events, each of the standard and deviant events was also paired
with a TMS sound recording. As repeated, frequent, and irregular fir-
ing of the TMS coil produces overheating, it was not possible to pair
the standard events with TMS sounds produced by firing of the TMS
coil. The TMS sound recording was presented by a set of speakers
positioned near the TMS coil. The volume of the TMS sound recording
was adjusted to mask the sound of the TMS pulse, such that the
events with the TMS sound recording could not be distinguished from
the events with both TMS pulse and sound recording.

Half of the standard (deviant) events was randomly paired with a
TMS sound recording (with a TMS sound recording and a TMS pulse)
at 80 ms after the second tone onset. For the other half, the pairing
of the events and a sound recording with/without a TMS pulse took
place at 200 ms after the second tone onset (Figure 2). The 80 ms
delay corresponds to the latency of the IFC optical mismatch response
at a predetection stage, whereas the 200 ms delay refers to a post-
detection stage after the STC optical mismatch response (Tse et al.,
2006, 2013; Tse & Penney, 2008). The 200 ms delay condition served
as a within-block control to demonstrate that the TMS effect with
80 ms delay is specific to the predetection stage. Half of the deviant
events paired with 80 or 200 ms TMS sound/pulse delay was pre-
ceded by four or five standards and the other half was preceded by
six or seven standards. There were 40 deviant trials for each combina-
tion of deviance level (small/large), TMS pulse delay (80/200 ms), and
standard train length (4 or 5/6 or 7).

Depending on the block type, real TMS, sham TMS, and TMS
pulse noise were paired with the deviant event (Figure 3a). In the IFC
TMS block, the deviant stimuli were paired with the TMS pulses
applied at the right IFC. In the vertex TMS control block, the TMS was

TMS with 80 ms Delay

TMS sound recording

1st 2nd :q)) with/without real TMS
Tone Tone
-150 ms Oms 80 ms Time

TMS with 200 ms Delay

\ TMS sound recording
1st 2nd ‘))with/without real TMS
Tone Tone >

-150 ms Oms

200 ms Time

FIGURE 2 lllustration of the auditory events (tone pairs) paired
with a TMS sound recording with/without a real TMS pulse at 80 ms
(upper) or 200 ms (lower) after the onset of second tone. IFC, inferior
frontal cortex; TMS, transcranial magnetic stimulation

applied on the vertex to control for nonlocation-specific TMS effects.
Specifically, if the STC response is abolished in the IFC TMS block but
preserved in the vertex TMS control block, the abolishment of the
STC response in the IFC TMS block can be ascribed to the specific
TMS effect at the IFC. In the auditory control block, the TMS coil was
positioned next to the right IFC and rotated toward the front to
deliver a TMS pulse to the empty space next to the participant's head.
The auditory control block was used to measure a baseline optical
mismatch response in an auditory environment similar to that of the
IFC TMS and vertex TMS blocks but without TMS applied on the
brain.

In the equal probability control block, the location and orientation
of the TMS coil were identical to the auditory control block. Different
from the oddball design of the auditory control block, 11 types of fre-
quency intervals were presented randomly with the same probability
(i.e., 9.1% for each interval; 240 trials for each interval, and 2,640 tri-
als in total). This probability was identical to the two deviants' proba-
bilities in the other three types of blocks. In addition to the three
frequency intervals of the standard and the two deviants (—-3/3, —5/5,

(a) TMS Coils Locations

TMS sound recording from speakers
paired with each auditory events

TMS coil paired .
with deviant
events

Vertex TMS

IFC TMS
Block Control Block

Auditory
Control Block

b
(b) EROS Recording Montage

‘ Detector

. Source

FIGURE 3 (a) The placement of TMS coils for the IFC TMS,
vertex TMS control, and auditory control blocks. The blue-colored
coils indicate the locations and orientations of the coils paired with
the deviant event. The speakers indicate the TMS sound recordings
paired with the standard, deviant, control, and filler events.

(b) Montage for EROS recordings. The blue and red dots on the head
model represent the locations of the 16 detector and 8 source optical
fibers. EROS, event-related optical signal; IFC, inferior frontal cortex;
TMS, transcranial magnetic stimulation
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and -10/10), eight filler events with intervals, —1/1, -2/2, —-4/4,
-6/6, -7/7, —8/8, —=9/9, and —11/11, were presented in the equal
probability control block. The semitone step distributions of the first
and second tones in the equal probability control block were matched
with that of the other three block types. By subtracting the EROS
responses of the physically identical control events presented with
the matched semitone step distributions in the equal probability con-
trol block from EROS responses of the deviants presented in other
three types of block, the genuine EROS mismatch responses could be
obtained (Jacobsen & Schroger, 2001).

The paradigm design and comparison procedure ensure that the
mismatch brain responses could not be elicited by the mismatch in
physical features between the standards and deviants but a violation
of the regularity pattern shared among the standards. First, the EROS
STC mismatch response was calculated by comparing brain responses
to the same stimuli presented in different context (i.e., deviant minus
control). The deviant events in the oddball blocks (i.e., IFC TMS, vertex
TMS control, or auditory control blocks) were presented in a context
with a constant pitch interval shared among the standards, while the
physically identical control events in the equal probability control
block were presented in a context with varying pitch intervals, in
which the interval of the previous events could not establish a regular
pattern or provide a predictive value for the next events. Second, the
absolute pitches of the tone pairs varied among both the standard
and deviant events. The regularity pattern or prediction could not be
established based on the varying absolute pitches of the tones but the
constant relative pitch differences. Third, although mismatch in physi-
cal features or sensory memories between the deviant and the pre-
ceding standard might exist in the oddball blocks, this mismatch
would be identical to that between the control events of the deviants
and the preceding filler events in the equal probability control block,
as the pitch distributions of the tones were matched between the

oddball blocks and the equal probability control block.

2.3 | Transcranial magnetic stimulation

The deviant stimuli were paired with TMS pulses produced by a
monophasic single-pulse TMS stimulator (Neuro-MS/D, Neurosoft,
Ivanovo, Russia) with an angulated 100-mm figure-of-eight coil. The
TMS intensity was set to 80% of each participant's motor threshold.
This TMS intensity level can produce a temporary functional disrup-
tion of the targeted brain region which abolishes the subsequent neu-
ral (Corthout, Uttl, Juan, Hallett, & Cowey, 2000; Tse et al., 2018) and
behavioral responses (Davey, Romaiguere, Maskill, & Ellaway, 1994).
The motor threshold of the hand region in the right motor cortex for
each participant was measured using the 5-cm rule method. At first,
the TMS coil was positioned 5 cm to the right of the vertex, with a
45° orientation pointing toward the midline and tangential to the
scalp surface. The location of the hand region was fine-tuned by mov-
ing the TMS coil along an imaginary grid with 1-cm steps. To search
for the motor threshold, the intensity was first set at 30% of the stim-

ulator's maximum output and increased by 5% in each step. The

resting motor threshold was determined by the minimum TMS inten-
sity producing visible movement in any finger or the wrist in four out
of eight consecutive trials.

A neural navigation system (Brain Science Tools BV, Utrecht, The
Netherlands; https://www.brainsciencetools.com/) was used to moni-
tor the TMS application on the right IFC and to locate the position of
the EROS recording montage over the left STC in each participant
(Figure 3b). The software Analysis of Functional Neurolmages (AFNI;
Cox, 1996) was used to transform the Talairach coordinates of the
target IFC and STC locations based on the previous studies (right IFC:
x=60,y=29,z=14;left STC. x = 60, y = —27, z = 7; Tse & Penney,
2008; Tse et al., 2013, 2015) to the native coordinates for each partic-
ipant according to the individual's structural MRI. First, the structural
MRI in native space was transformed to Talairach space to generate a
native-to-Talairach space transformation matrix. Then, this transfor-
mation matrix was inverted and applied to reverse transform the coor-
dinates of target IFC and STC locations from the Talairach space to
the native space of each participant. The target coordinates in the
native space of each participant were then entered into the neural
navigator system for the TMS application and the EROS recordings.
The stimulation intensity and the stimulation location were adjusted
to reduce discomfort due to facial muscle twitches, jaw movements,
or eyeblinks produced by TMS. However, the minimum stimulation
intensity was higher than 75% of the motor threshold, and the stimu-
lation location was maintained within 10 mm of the targeted IFC
coordinates.

24 | EROS recording and analysis

The EROS recording and analysis procedure (summarized in Figure 1 of
Tse, Gordon, Fabiani, & Gratton, 2010) was similar to that used in the
previous TMS-EROS (Tse et al.,, 2018) and EROS MMN studies (Tse
et al., 2006, 2013; Tse & Penney, 2007, 2008). Specifically, the EROS or
fast optical signal was recorded using a frequency domain oximeter
(Imagent, ISS, Inc., Champaign, IL). NIR light of 830 nm with intensity
modulated at 110 MHz was emitted from laser diodes and carried by
the plastic-clad silica optical fibers (2.5 m long; 400-um diameter core)
to the participants' scalps. The NIR light passing through the partici-
pants' scalps, skull, and brain was collected by fiber optic detector bun-
dles and carried to the photomultiplier tubes (PMTs) of the oximeter.
The signal passed to the PMT was mixed with a 110.003125 MHz signal
to generate a signal with 3,125 Hz cross-correlational frequency. This
output signal was sampled at 50 kHz by the analog-to-digital converter;
then the digitized signal was fast-Fourier transformed to compute the
DC intensity, AC intensity, and relative phase delay measures. Only
phase delay data were analyzed in this study, as phase delay measure
provides better sensitivity in measuring the EROS (Gratton et al., 2006).
EROS was recorded from the left STC region with 8 light source and
16 detector fibers or a total of 128 source-detector pairs using a
custom-built head-mount (Figure 3b). Each light source was turned on
for 1.6 ms and time-multiplexed through the eight sources over a
12.8-ms period (i.e., 78.125 Hz).
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Due to space limitations which made placing both the TMS coil
and the EROS head mount on the right side of the head difficult,
EROS was only measured on the left STC. Although it is possible to
apply TMS to and record EROS from the same brain area using a low-
profile head mount for optical fibers to reduce mechanical interfer-
ence between the optical fibers with the TMS coil (Parks, 2013), there
are drawbacks to this approach. The placement of the TMS coil limits
the space for positioning the optical fibers and may sacrifice both the
temporal and spatial resolution of the EROS measurements. To over-
come these difficulties, TMS was applied to the right IFC, while the
EROS was measured on the left STC. Previous studies have reported
bilateral STC responses (Hsu et al., 2014; Liebenthal et al., 2003;
Opitz et al., 2002; Rinne et al., 2005; Szycik, Stadler, Brechmann, &
Minte, 2013; Tse et al., 2013; Tse & Penney, 2007) and right-
dominant IFC responses (Doeller et al., 2003; Tse et al., 2013; Tse &
Penney, 2007) in the preattentive detection of physical changes. EEG
source localization studies have also reported the right IFC and the
bilateral STC MMN generators in detecting abstract changes
(Bendixen et al., 2008; Schroger et al., 2007).

The EROS data were coregistered with the T — 1 weighted struc-
tural MRI of each participant (Tse et al, 2010; Whalen, Maclin,
Fabiani, & Gratton, 2008). The structural MRIs with preauricular and
nasion points marked by Beekley Spots (Beekley Corporation, Bristol,
CT) were recorded using a high-field 3.0-T whole-body scanner
(Achieva TX, Philips Healthcare, Best, the Netherlands) with an eight-
channel head coil. In each EROS session, a three-dimensional
(3D) digitizer (Visor, ANT) was used to record the 3D locations of the
fiducial points, the source and detector fibers, and 150 other points
scattered around the scalp and ocular regions. The locations were cor-
egistered with the MR anatomical data using a surface fitting method
(Whalen et al., 2008). The locations of the source and detector fibers
on the scalp were used to reconstruct the expected light path for each
channel and participant in a common Talairach space (Talairach &
Tournoux, 1988).

The optical data were corrected for phase wrapping, normalized,
pulse corrected (Gratton & Corballis, 1995), and filtered with a
0.01-10-Hz band-pass filter. The filtered data were averaged for each
time point, channel, condition, and participant, separately, using a
100-ms prestimulus baseline. The channels with a source-detector
distance shorter than 20 mm or longer than 55 mm, or with phase
variability (i.e., SD of a channel across trials and time points) greater
than 160 ps were not included in the data analysis. The averaged data
for each channel and each participant were reconstructed into the
voxel space data and analyzed with Opt-3D software (Gratton, 2000).
Specifically, the EROS for a given voxel was the average of the chan-
nels that overlapped at that particular voxel for each participant (Wolf
et al., 2000), and t statistics were calculated across participants, for
each voxel and each time point, and converted to z scores.

The statistical parametric map (SPM) of the EROS data was pro-
jected on a left lateral view of a template brain in Talairach space with
an 8 mm full-width half-maximum (FWHM) spatial filter for each time
point of 12.8 ms. Regions of interest (ROIs) and intervals of interest

(IOls) statistical analyses of the EROS data were based on previous

ERP studies on abstract change detection (Bendixen et al., 2008;
Paavilainen, Arajarvi, & Takegata, 2007; Schréger et al., 2007) and
previous EROS studies on physical change detection (Tse et al., 2006,
2013, 2018; Tse & Penney, 2007, 2008). The random field theory
approach (Friston, Worsley, Frackowiak, Mazziotta, & Evans, 1994)
was applied for multiple comparisons corrections. The y (anterior-
posterior) and z (superior-inferior) Talairach coordinates were
reported for the SPM with a lateral projection view.

SPM analyses were conducted on the EROS mismatch responses
from 131 to 208 ms (Bendixen et al., 2008; Paavilainen et al., 2007;
Schréger et al.,, 2007; Tse et al., 2006, 2013, 2018; Tse & Penney,
2007, 2008) after the onset of the second tone of the tone pair for
both large and small deviants in the IFC TMS, vertex TMS control, and
auditory control blocks. SPM analyses with one-sample t tests against
zero were performed to examine the presence of the EROS mismatch
responses in each condition. Two sets of interaction effect contrasts
were separately conducted for the 80 and 200 ms pulse delays. The
first contrast examined the difference in EROS mismatch response
between the large and small deviants in the vertex TMS control and
the auditory control blocks (vertex TMS — auditory control contrast in
Table 1). The second contrast examined whether the average of the
EROS mismatch responses difference between the large and small
deviants in the vertex TMS control and auditory control blocks is
larger than the EROS mismatch response difference between the
large and small deviants in the IFC TMS block ([vertex TMS + auditory
control] — IFC TMS contrast in Table 1). When both interaction effect
contrasts were not statistically significant, a main effect contrast was
conducted to examine whether the averaged EROS mismatch
responses to the large deviants were larger than those to small devi-
ants across the IFC TMS, vertex TMS control, and auditory control
blocks.

In addition to the SPM analyses, repeated measures analysis of
variance (ANOVA) with the factors deviance level (small and large),
block type (IFC TMS, vertex TMS control, and auditory control), and
TMS pulse delay (80 and 200 ms) was conducted on the peak EROS
STC mismatch responses within the ROI and IOl of each condition.
Follow-up repeated measures ANOVAs and paired t tests (two tailed)
were performed to compare the differences in the EROS STC mis-
match responses to large and small deviants among the block types
and TMS pulse delays. The Greenhouse-Geisser correction, with the

epsilon () correction factor, was applied when appropriate.

3 | RESULTS

EROS STC responses from 131 to 208 ms after the onset of the sec-
ond tone projected onto the left lateral view of a template brain are
shown in Figure 4. Consistent with our prediction, no statistically sig-
nificant STC mismatch response was elicited by the large deviant
when TMS was applied to the IFC with an 80 ms delay after the onset
of the second tone. However, significant STC mismatch responses
(Brodmann area 21 and 22) to large deviants were found in the vertex

TMS control and auditory control blocks when the TMS pulse was
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TABLE 1 Contrast weights for SPM analyses
Vertex TMS — auditory control® (Vertex TMS + auditory control) — IFC TMSP Large - small®
Small Large Small Large Small Large
Block type IFC TMS 0 0 1/2 -1/2 -1/3 1/3
Vertex TMS control -1/2 1/2 -1/4 1/4 -1/3 1/3
Auditory control 1/2 -1/2 -1/4 1/4 -1/3 1/3

Abbreviations: IFC, inferior frontal cortex; SPM, statistical parametric map; TMS, transcranial magnetic stimulation.
¥Large - small) in vertex TMS control - (large - small) in auditory control.

b[(Large - small) in vertex TMS control + (large - small) in auditory control]/2 - (large - small) in IFC TMS.

“(Large - small) in IFC TMS + (large - small) in vertex TMS control + (large - small) in auditory control)/3.
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FIGURE 4

Statistical maps of
the EROS STC mismatch responses
projected onto left lateral views of
a template brain. The upper and
lower panels demonstrate the
results for conditions with 80 and
200 ms TMS pulse delays,
respectively. The darker gray color
marked on the template brain
represents the EROS recording
regions covered by the optical
montage. The green box indicates
the ROI, and the white cross
indicates the location of the peak
EROS response. EROS, event-
related optical signal; STC, superior
temporal cortex; TMS, transcranial
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XIAO ET AL.

WILEY_| 2"

applied with an 80 ms delay. Significant STC mismatch responses to
large deviants were also found in the IFC TMS, vertex TMS control,
and auditory control blocks when the TMS pulse was applied with a
200 ms delay. No mismatch response was found for the small devi-
ants in any of the blocks with 80 or 200 ms TMS pulse delay. The
Z scores, critical Z values, latencies, and Talairach coordinates of the
peak EROS STC mismatch responses are shown in Table 2.

The interaction contrast comparing the difference in EROS STC
mismatch responses to the difference of the large and small deviants
between the IFC TMS block and the averaged vertex TMS and audi-
tory control blocks was statistically significant when TMS pulses were
applied with 80 ms delay, but not with 200 ms delay. The interaction
effect contrast comparing the EROS mismatch response difference of
the large and small deviants between the vertex TMS control and
auditory control blocks was not statistically significant for TMS pulse
delay of 80 or 200 ms. The contrast comparing the EROS STC mis-
match responses to the large and small deviants averaged across the
IFC TMS, vertex TMS control, and auditory control blocks was statisti-
cally significant for the 200 ms delay but not the 80 ms TMS pulse
delay condition (Table 3).

Repeated measures ANOVA, with the factors deviance level
(large and small), block type (IFC TMS, vertex TMS control, and audi-
tory control), and TMS pulse delay (80 and 200 ms) was conducted on
the peak EROS STC mismatch responses extracted from each condi-
tion (Figure 5). The main effects of deviance level (F[1, 23] = 3.86,
p = .06), block type (F[2, 23] = 0.88, p = .42), and TMS pulse delay (F
[1, 23] = 0.56, p = .46), as well as the two-way interactions between
deviance level and block type (F[2, 46] = 1.12, p = .33), between block
type and TMS pulse delay (F[2, 46] = 1.18, p = .31), and between devi-
ance level and TMS pulse delay (F[1, 23] = 2.12, p = .16) were not sta-
tistically significant. However, the three-way interaction of deviance
level, block type, and TMS pulse delay was significant (F[2, 46] = 3.62,
p = .040, partial eta square, n; = 0.14). Follow-up repeated measures
ANOVAs, with the factors deviance level (large and small) and block
type (IFC TMS, vertex TMS control, and auditory control) were con-
ducted separately for the peak responses in the 80 and 200 ms pulse

delay conditions.

For the 80 ms TMS pulse delay condition, the main effects of devi-
ance level (F[1, 23] = 0.65, p = .43) and block type (F[2, 46] = 1.12,
p = .34) were not statistically significant. However, the interaction effect
of deviance level and block type was significant (F[2, 46] = 4.20,
p =.021, np = 0.15). Follow-up one-way repeated measures ANOVAs
showed significant difference in the EROS STC mismatch responses
to the large deviant among the three block types (F[2, 46] = 5.19,
p = .018, ny = 0.18) but not to the small deviants among the three
block types (F[2, 46] = 0.08, p = .92). Follow-up paired-wise compari-
sons with t tests showed significant differences in the EROS STC
mismatch responses to the large deviants between IFC TMS block
and vertex TMS control block (t[23] = 3.91, p <.001, Cohens' d [here-
after d] = .80) and between IFC TMS block and auditory control block
(t(23) = 2.52, p = .018, d = .52), but not for the difference between
vertex TMS control block and auditory control block (t[23] = —0.50,
p = .10). For the 200 ms TMS pulse delay condition, significant main
effect of deviance level was observed (F[1, 23] = 4.76, p = .040,
77,2, =.17), while the main effects of block type (F[2, 46] = 0.99, p = .36),
and interaction effect of deviance level and block type (F[2, 46] = 0.11,
p = .89) were not statistically significant.

Both the SPM analyses and peak EROS mismatch response ana-
lyses demonstrate that the IFC at the predetection stage served a crit-
ical functional role in eliciting the later STC mismatch responses when
deviants violated an abstract rule established by the standard events.
The differences in EROS STC mismatch responses between the IFC
TMS and vertex TMS control blocks and between the 80 and 200 ms
TMS pulse delay conditions established the spatial and temporal spec-
ificity of the TMS effects, respectively. In addition, the comparison
between the IFC TMS and auditory control blocks demonstrates that
the IFC TMS effect on the STC mismatch response cannot be attrib-
uted merely to the difference in TMS pulse noise between standard
and deviant stimuli.

The peak latencies of STC mismatch responses were not statisti-
cally different among the 80 ms TMS pulse delay conditions (F
[1, 23] = 0.71, p = .71), the 200 ms TMS pulse delay conditions (F
[2, 46] = 0.81, p = .45), or among all five conditions with a significant
STC mismatch responses (F[4, 92] = 0.93, p = .44). This result is kind

TABLE 2 EROS mismatch responses at STC
Block type IFC TMS
Deviance magnitude Small Large
TMS pulse delay 80 ms
Peak Z (critical Z) 0.92 (1.64) 0.50 (2.13)
Peak latency (ms) 157 157
Talairach coordinate (y, z) -26,9 -13,-3
TMS pulse delay 200 ms
Peak Z (critical Z) 0.50 (1.64) 2.89* (2.20)
Peak latency (ms) 182 170
Talairach coordinate (y, z) -21,-3 -13,-3

Vertex TMS control Auditory control

Small Large Small Large

1.02 (1.82) 2.56* (2.36) 0.68 (1.64) 2.62* (2.19)
170 157 170 195

-26,9 -18-1 -26,9 -13,-1
0.14 (1.79) 2.86* (2.23) 1.22 (1.96) 2.94* (2.10)
157 182 182 157

-26,9 -13,-1 -13,-3 -16,2

Abbreviations: EROS, event-related optical signal; IFC, inferior frontal cortex; STC, superior temporal cortex; TMS, transcranial magnetic stimulation.
Note: Asterisk (*) indicates peak Z > Critical Z with p < .05, with corrections for multiple comparisons.
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TABLE 3 Contrast analyses of the peak STC mismatch responses
Contrast Vertex TMS - auditory control (Vertex TMS + auditory control) - IFC TMS Large - small
TMS pulse delay 80 ms
Peak Z (critical 2) 0.81 (1.64) 2.69* (2.58) 1.65 (1.86)
Peak latency (ms) 208 182 170
Talairach coordinate (y, 2) -14, -1 -18,4 —14, -3
TMS pulse delay 200 ms
Peak Z (critical Z) 1.21(1.91) 1.03 (1.94) 2.46* (2.41)
Peak latency (ms) 157 157 170
Talairach coordinate (y, z) -28,4 -28,2 -18,7

Abbreviations: IFC, inferior frontal cortex; STC, superior temporal cortex; TMS, transcranial magnetic stimulation.
Note: Asterisk (*) indicates peak Z > Critical Z with p < .05, with corrections for multiple comparisons.
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FIGURE 5 Peak amplitude of the averaged EROS mismatch

response within the region and interval of interest to the large and
small deviants in the IFC TMS, vertex TMS control, and auditory
control blocks. The upper and lower panels show the results for TMS
with 80- and 200-ms delay. Error bars indicate the SEM-computed
across participants. *p < .05. EROS, event-related optical signal; n.s.,
nonsignificant difference; TMS, transcranial magnetic stimulation

of expected as statistically significant STC mismatch responses were
consistently found at 170 and 182 ms for the 80 ms TMS pulse delay
conditions and at 157, 170, and 182 ms for the 200 ms TMS pulse
delay conditions (highlighted in blue frames in Figure 4). Although the
peak latencies of the STC mismatch responses were not aligned at the
same time/data point, the peak responses were measured from the
same STC mismatch response, which is typically observed in previous
EROS studies (Tse et al., 2006, 2013, 2018).

4 | DISCUSSION

The present study investigated the functional connectivity between
the IFC and the STC in the preattentive detection of abstract rule vio-
lation by perturbing the functioning of the IFC at the predetection
stage with TMS and observing the later STC mismatch response with
EROS. A pitch interval rule was established by maintaining a constant
relative pitch difference between the tones of the standard tone pairs,
while the absolute pitches of the tones were allowed to vary. Deviant
tone pairs were different from the standard tone pairs by reduced rel-
ative pitch differences that violated the pitch interval rule. When a
TMS pulse was applied on the IFC at 80 ms after the deviance onset,
the EROS STC mismatch response to large deviant was abolished.
However, the STC mismatch responses to large deviants were consis-
tently observed when TMS was applied to the IFC at 200 ms, or when
sham TMS at vertex or TMS sound recording was delivered at 80 and
200 ms. These results extend the findings of our previous TMS-EROS
study (Tse et al., 2018) demonstrating a critical functional role of the
IFC for the later STC mismatch response from the preattentive detec-
tion of physical change to the detection of abstract change or abstract
rule violation and provide support for a generic frontotemporal net-
work in preattentive change detection suggested in the regularity vio-
lation hypothesis (Winkler, 2007) and the predictive coding
perspective of the mismatch response (Friston, 2005, 2010; Garrido
et al., 2007).

A common predictive mechanism is hypothesized in the pre-
attentive detection of both physical and abstract changes in the regu-
larity violation hypothesis (Winkler, 2007) and under the predictive
coding framework (Friston, 2005, 2010; Garrido et al., 2007). The reg-
ularity violation hypothesis suggests that the regularity in the acoustic
environment is extracted for predicting future events (Winkler, 2007;
Winkler & Schroger, 2015). The predictive coding account further pro-
poses a forward and backward circuit between the IFC and the STC
underlying the prediction mechanism. Although our earlier study (Tse
et al., 2018) demonstrated the critical role of the IFC in eliciting the
STC mismatch responses to physical change, the mismatch response
to physical change can be triggered by the mismatch in physical fea-
tures between the deviant and the standard events or by violating the
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prediction or regularity pattern (Winkler & Schréger, 2015). It remains
inconclusive if the regularity among the standard events is extracted
for making predictions of future events and detecting events deviating
from the prediction. To address this issue, the current study adopted
a passive oddball paradigm in which the absolute pitches of the stan-
dard tone pairs varied, while the relative pitch differences among the
standard tone pairs were kept constant. The regularity pattern could
only be extracted from the relative pitch difference (i.e., an abstract
feature) among the standard events, but not from the varying absolute
pitch (i.e., a physical feature), in the change detection process to elicit
the mismatch response.

In addition, the differences in physical features between the devi-
ant and the standard in the IFC TMS, vertex TMS control, and audi-
tory control blocks, and between the control for deviant events and
the filler events in the equal probability control block were similar.
Comparisons between the deviants in the IFC TMS, vertex TMS con-
trol, and auditory control blocks and the control for deviants in the
equal probability control block would produce null differences. Thus,
the EROS STC mismatch response observed could only be explained
by the regularity or prediction violation, but not differences in the
physical features of the events.

The IFC and STC are suggested to be hierarchically organized
with forward and backward functional connections for building the
predictive model (Garrido et al, 2007; Garrido, Kilner, Kiebel, &
Friston, 2008; Gratton, 2018). Dynamic causal modeling of the MMN
responses to pitch change demonstrated better model fit at 200 ms
after the deviance onset with both forward (bottom-up) connection
from the STC to the IFC generator and the backward (top-down) con-
nection from the IFC to the STC than the model with the forward con-
nection only (Garrido et al., 2007). The backward connection was
hypothesized to be important for updating the predictive model in the
IFC (Friston, 2012). The disruptive IFC TMS effect at 80 ms on the
later STC mismatch responses in the current study demonstrated an
earlier IFC-to-STC top-down connection which may indicate the recall
of the regularity pattern, the activation of the prediction model,
and/or the transfer of the prediction information for change detection
in the STC. The TMS effect may also indicate the involvement of the
recursive forward and backward IFC-STC connection as early as
80 ms. The difference in the latency of the IFC-to-STC connection in
the EEG/ERP modeling studies (e.g., Garrido et al., 2007) and the
TMS-EROS studies can be explained by the difference in neuronal sig-
nals measured by these brain imaging methods. EEG/ERP is more sen-
sitive to the neuronal signals of the pyramidal cells, while EROS is
more sensitive to the neuronal signals of the smaller interneuron
(Gratton & Fabiani, 2009). Previous studies with simultaneous
EEG/ERP and EROS recording had demonstrated both similarities and
differences in the ERP N200, P300, N400, P600, and MMN and their
EROS counterparts (Tse et al., 2013, 2015; Tse, Low, Fabiani, &
Gratton, 2012; Tse & Penney, 2007, 2008). Future studies can delin-
eate the time course of the recursive circuit by stimulating and record-
ing the brain responses at both the IFC and the STC. Earlier studies
have demonstrated an [FC-to-STC followed by IFC mismatch
response pattern in the pre-attentive change detection process

(e.g., Tse et al., 2013). By applying TMS on the IFC 80 ms or on the
STC 150 ms after deviant onset, and recording the STC at 150 ms and
the IFC after 200 ms with EROS, we could examine the connection of
the early IFC-to-STC, and the STC-to-late IFC recursive connections
of the frontotemporal network. TMS on the early IFC or the STC
would abolish the subsequent brain responses in the recursive circuit.

The current study provides evidence for the functional connectiv-
ity between the IFC and the STC in the preattentive abstract change
detection, which is assumed by the prediction model hypotheses
(Friston, 2005, 2010; Garrido et al., 2007; Winkler, 2007). However,
this result could not eliminate nonmutually exclusive alternative expla-
nations such as the contrast enhancement hypothesis (Opitz et al.,
2002) which also assumes the IFC's involvement in the stimulus analy-
sis process before the change detection response occurs in the STC.
Specifically, the IFC is involved in amplifying the difference between
the deviant and the standard/prediction when the difference is small
or ambiguous. This hypothesis was first developed based on the
results on physical change detection and did not predict the brain
responses to abstract changes. However, as physical and abstract
changes are not independent, it is possible that the same mechanism
could be involved in detecting both physical and abstract changes. In
general, changes in abstract properties are less salient compared to
changes in physical properties. In physical change detection, a smaller
change would require stronger contrast enhancement (i.e., indicated
by the IFC mismatch response) than a larger change. However, in
abstract change detection, a large change may also require the con-
trast enhancement process, while a small change may not be able to
initiate the contrast enhancement process. Based on these predic-
tions, our findings are also in line with the contrast enhancement
hypothesis.

The functional role of the IFC in detecting abstract changes was
concluded based on the abolishment of the STC mismatch response
produced by the disruptive TMS effect. However, in addition to the
TMS effect, the absence of brain responses could be driven by incor-
rect stimulation location and/or latency, weak stimulation intensity, or
the lack of statistical power (de Graaf & Sack, 2011). To address these
issues and ensure a valid interpretation of the results, we applied the
experimental design and analysis procedures adopted in our previous
TMS-EROS study (Tse et al., 2018) which was recommended by de
Graaf and Sack (2011). The target IFC TMS location and latency were
selected based on previous EROS studies (Tse et al., 2006, 2013;
Tse & Penney, 2007, 2008) and the TMS-EROS study (Tse et al.,
2018). The TMS location was identified and monitored during the
experiment by using the neural navigation system with the structural
MRI of individual participant. The stimulation locations were
maintained within a 10-mm radius of the targeted location. Several
experimental control conditions were incorporated into the current
design to ensure the spatial, temporal, and functional specificity of the
TMS effect. The conclusion of a disruptive effect of IFC TMS was
drawn from comparisons between the EROS responses in the IFC
TMS block with those in the control conditions. First, the vertex TMS
control block served as a control for the TMS location to establish the
spatial specificity of the TMS effect. Second, the 200 ms TMS delay
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condition was designed to establish the temporal specificity of the
IFC TMS effect. With this temporal control, the effects of the IFC
TMS applied with an 80 ms delay cannot be attributed to general
brain activity changes triggered by the energy from the TMS pulse.
Third, the auditory control block was included as the baseline condi-
tion to show that the STC mismatch response can be elicited without
the application of TMS to the brain but in a similar auditory environ-
ment. Fourth, the modulation of the STC mismatch responses by devi-
ance level demonstrated that the cognitive function implicated by the
brain response is abolished by the TMS on the IFC. Last, the STC mis-
match responses were repeatedly observed in multiple control condi-
tions in both the current and our previous TMS-ERQOS study (Tse
et al., 2018), the absence of the STC mismatch response to the devi-
ants in the IFC TMS block is not likely to be driven by insufficient sta-
tistical power.

The small-deviant conditions were included in this study to provide
a contrast of the STC mismatch responses between small and large devi-
ant conditions within each block type. The small deviant conditions
served as a cognitive control condition to exclude possible confounds
due to the auditory and somatosensory sensations induced by a specific
TMS effect (e.g., TMS on the IFC). If the STC mismatch responses were
elicited by the sensory effects produced by the TMS pulse or TMS
sound recording, but not prediction violation, the STC mismatch
responses to both large and small conditions of the same block type
would be identical. Ideally, the STC mismatch responses elicited by the
small deviant conditions should be smaller than the large deviant condi-
tions, and statistically different from zero, in all the conditions except for
the IFC TMS with 80 ms delay condition. To produce this ideal pattern,
the deviance level has to be carefully selected based on the results of
previous or pilot studies, but such information is not available in the lit-
erature to our best knowledge. Although the current study found non-
significant mismatch responses to the small deviants in all the
conditions, the differences in STC mismatch responses between the
large and small deviant conditions provide the evidence to exclude pos-
sible confounds due to the sensory responses induced by TMS, and to
interpret the STC mismatch response as a brain response specific to pre-
diction violation by the large deviant.

To control for the sensory effects produced by the TMS pulse, it
is logical to pair both deviants and standards with TMS on the IFC.
However, as suggested by the prediction violation account, the IFC
may also be involved in extracting the regularity among the standards
for building a prediction model, pairing the standards with TMS on the
IFC may also disrupt these processes lead to the absence of STC mis-
match responses to the deviants. Our recent study (Lui et al., in
review) showed that pairing the initial two standards in a train of stan-
dards with TMS on the IFC with 80 ms delay would abolish later mis-
match responses to deviants. Considering the possible disruptive TMS
effect on processing the standards, we should be cautious about
introducing TMS pulses on the standards.

In the TMS-EROS study on preattentive detection of physical
change (Tse et al., 2018), significant mismatch responses were observed
in deviants preceded by 4-7 standards. However, significant mismatch

responses were only observed in deviants preceded by 6-7 standards in

the current study. The difference in the number of standards preceding
the deviant eliciting the STC mismatch responses in the two studies
could be driven by the differences in the abstractness of the regularity
pattern embedded in the standard events. The current study adopted
the pitch interval rule which required a longer standard train to provide
sufficient rule-conforming information to establish the regularity pat-
tern. Modulation of mismatch responses by standard train length was
also found in previous studies. For example, a pitch change preceded by
2-3 standards could elicit a significant MMN (Bendixen, Roeber, &
Schréger, 2007), while a change in the contingency between pitch and
duration of a tone only elicited MMN responses when preceded by a
train with at least 15 standards (Bendixen et al., 2008).

A direct structural connection between the right IFC and the left
STC is not required for the functional connectivity argument in the
current study. Studies using diffusion tensor imaging have revealed
the structural connections between the IFC and the STC (Frihholz &
Grandjean, 2013) and between bilateral temporal cortices (Hofer &
Frahm, 2006). It is possible that the functional connection between
the right IFC and the left STC is mediated through the right STC or
another brain region. With the TMS applied on the IFC at an earlier
stage and the abolishment of later STC mismatch response, the func-
tional connectivity of the IFC leading to the STC mismatch responses
could be established.

In summary, the current study made use of the superior spatio-
temporal localization abilities of both TMS and EROS, and the absence
of electromagnetic inference between the two techniques to investi-
gate the functional connectivity between the IFC and the STC in
abstract change detection. The results demonstrated a disruptive IFC
TMS effect on the later STC mismatch response to the violation of a
pitch interval rule, and provided evidence for a directional functional
connectivity between the IFC and the STC in the abstract change
detection. The consistent IFC-STC connection revealed in the current
study and our previous study (Tse et al., 2018) provided support for a
generic frontotemporal network suggested by the prediction violation

account of preattentive change detection.
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