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A B S T R A C T   

The human brain constantly monitors the environment for unexpected changes. Under the prediction violation 
account, the Inferior Frontal Cortex (IFC) is involved in prediction-related processes for deviance detection 
processes in the Superior Temporal Cortex (STC). Consistent with this account, previous studies revealed an IFC- 
to-STC-followed-by-IFC mismatch response pattern to physical changes using event-related optical signals 
(EROS). However, detecting physical changes can be achieved by direct comparison of physical features between 
stimuli without making predictions, thus direct evidence supporting the prediction nature of the IFC-STC 
network in pre-attentive change detection was lacking. To address this issue, this study examined the EROS 
mismatch responses of the IFC-STC network when detecting the violation of an abstract rule. The rule “the higher 
the frequency of a tone, the stronger the intensity” established by standards was violated by deviants of 12 
deviance levels. When deviants were preceded by a short train of standards, early IFC, STC, and late IFC EROS 
mismatch responses linearly increased with the deviance levels. When deviants were preceded by a longer train 
of standards, the STC but not the early or late IFC EROS mismatch responses were elicited by all the deviants 
without modulation by deviance levels. These results demonstrate a functional role of the IFC in the abstract 
change detection when insufficient rule-conforming information could be extracted from the preceding standards 
and are consistent with the predictive violation account of pre-attentive change detection.   

1. Introduction 

The human brain constantly monitors the auditory environment to 
detect unattended changes, which is known as automatic or pre- 
attentive change detection. The change in the auditory environment 
elicits an event-related potential (ERP) component called the mismatch 
negativity (MMN; Näätänen and Michie, 1979). In the laboratory set-
tings, MMN is recorded from a passive oddball paradigm, in which 
infrequent deviant events are presented randomly among a stream of 
standard events, while participants perform an irrelevant task (e.g., 
watching a silent movie). MMNs can be elicited by deviance in physical 
features, such as changes in frequency (Tse and Penney, 2008) and in-
tensity (Takegata et al., 2001), or by violations of abstract rules or 
regularities shared among the standards (Näätänen, 2000; Paavilainen, 
2013; Tse et al., 2021; Xiao et al., 2018). 

The mismatch brain responses to both physical and abstract changes 
can be explained by the regularity violation hypothesis (Winkler, 2007) 
under the predictive coding framework (Friston, 2005, 2010, 2011; 

Garrido et al., 2007, 2009). Under this hypothesis, the invariant prop-
erties of the standards are extracted to establish a model of the acoustic 
environment for predicting the upcoming events. When there is a 
mismatch between the prediction and the upcoming event, a prediction 
error or mismatch brain signal, such as MMN, is elicited to trigger a 
model updating mechanism to improve future prediction. 

The establishment of the prediction model for deviance detection is 
proposed to be implemented in a brain network consisted of the inferior 
frontal cortex (IFC) and the superior temporal cortex (STC) with forward 
and backward connections (Garrido et al., 2007, 2008; Phillips et al., 
2016). The IFC is assumed to take part in prediction-related processes 
(Dürschmid et al., 2016, 2018; Phillips et al., 2016; Wacongne et al., 
2011), which include extracting the regularity to establish the model 
and updating the model with the latest information from the environ-
ment, while the STC is responsible for the change detection-related 
process, such as comparing the incoming event with the prediction 
and generating the prediction error signal. Earlier studies suggested a 
general predictive role of the IFC by showing the IFC’s contributions to 
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regularity extraction (Tse et al., 2007, 2012; Vossel et al., 2011) and 
predictions of action outcomes (Avenanti et al., 2017). 

Evidence supporting the IFC-STC network in pre-attentive change 
detection was demonstrated by mismatch responses in both brain re-
gions using electroencephalography with source localization (EEG; 
Garrido et al., 2008; Yago et al., 2001), magnetoencephalography (MEG; 
Rinne et al., 2000; Tiitinen et al., 2006; Wacongne et al., 2011), elec-
trocorticography (ECoG; Dürschmid et al., 2016), functional magnetic 
resonance imaging (fMRI; Doeller et al., 2003; Molholm et al., 2005; 
Opitz et al., 2002; Rinne et al., 2005; Schall et al., 2003), 
positron-emission tomography (PET; Müller et al., 2002) and 
event-related optical signal (EROS; Tse and Penney, 2007, 2008; Tse 
et al., 2006, 2013, 2015). EROS captures the change in optical properties 
associated with neuronal brain response and is able to localize brain 
responses temporally and spatially in the millisecond and 
sub-centimeter range, respectively (Gratton and Fabiani, 2010). Thus, 
EROS is an effective tool to unfold the spatiotemporal dynamics of the 
IFC-STC network. EROS is different from the functional near-infrared 
spectroscopy (fNIRS), which is similar to the fMRI BOLD signal and 
measures the hemodynamic response. 

Previous EROS studies (Tse and Penney, 2008; Tse et al., 2013, 2015) 
revealed an IFC-to-STC-followed-by-IFC activation pattern from around 
70 ms–240 ms in pre-attentive change detection. From the prediction 
violation perspective, the early IFC mismatch response associates with 
the activation of the predictive model or fitting the deviance into the 
model; while the STC mismatch response represents the comparison 
process, the detection of the deviants, and the generation of the pre-
diction error signal; the late IFC mismatch response indicates the 
updating of the predictive model after deviance detection in the STC. 

The IFC and the STC EROS mismatch responses to changes in time of 
occurrence and omission (Sable et al., 2007; Tse and Penney, 2007; Tse 
et al., 2006), frequency (Tse and Penney, 2008), duration (Rinne et al., 
1999; Tse et al., 2013), and audiovisual speech (Tse et al., 2015) have 
been demonstrated. However, these EROS studies and most of the brain 
imaging studies mentioned above focused on the mismatch responses to 
physical changes which can be achieved by comparisons of the physical 
features between the standards and deviants but may not necessarily 
require the prediction process assumed in the prediction violation ac-
count. Supports for the prediction mechanism in pre-attentive change 
detection are mainly based on the ERP MMN studies on the detection of 
abstract changes (Winkler, 2007). In abstract change detection, the 
deviants are identical to the standards in physical features, but different 
from the standards in a higher-order relationship between physical 
features or by violating an abstract rule governing the relationship be-
tween standards. For example, MMNs to abstract changes were elicited 
by deviants with a pitch and intensity relationship different from the 
standards (i.e., violating a feature conjunction rule; Paavilainen et al., 
2001), or by deviants violating a relative pitch relationship in the 
standards (Xiao et al., 2018). With the abstract change design, the MMN 
responses can be attributed to the deviation from regularity embedded 
in the standards and prediction violation. Only a few EEG/ERP studies 
with source localization studies have been conducted to investigate the 
IFC and the STC generators to abstract changes; however, they showed 
mixed results. The generators of abstract MMN were found only in the 
STC (Korzyukov et al., 2003), only in the right IFC (Hofmann-shen et al., 
2020), or in both the STC and the IFC (Bendixen et al., 2008; Schröger 
et al., 2007). 

The current study investigated the spatiotemporal dynamics of the 
IFC and the STC mismatch responses in abstract change detection with 
EROS. Specifically, the IFC and STC EROS mismatch response profile to 
the deviants violating the feature conjunction rule “the higher the fre-
quency of a tone, the higher the intensity” (Paavilainen et al., 2001) at 
multiple deviance levels was examined. As the probabilities of each 
frequency and intensity level in the standards and deviants were 
matched, the mismatch responses could not be elicited by differences in 
the physical features but the violation of the feature conjunction rule. In 

addition, the similarity in feature conjunction between the deviants and 
the standards (i.e., deviance level) and the number of standards pre-
ceding the deviant standards (i.e., standard train length) were manip-
ulated to examine the interactions of these factors in modulating the 
spatiotemporal dynamics of the IFC-STC network in detecting an ab-
stract change. 

Previous studies investigated either the effect of standard train 
length or the deviance level, but not their interactions on the mismatch 
brain responses, and were limited to physical change detection. Increase 
in the STC mismatch response with deviance levels had been consis-
tently shown in detecting pitch (Doeller et al., 2003; Opitz et al., 2002; 
Tse and Penney, 2008) and duration changes (Rinne et al., 2005; Tse 
et al., 2013). However, different modulation patterns of the IFC 
mismatch response by deviance level were reported (Opitz et al., 2002; 
Rinne et al., 2005). While the ERP/MEG MMN (Cowan et al., 1993; 
Matuoka et al., 2008) and the STC mismatch response increases with the 
number of preceding standards (Cacciaglia et al., 2019), the IFC 
involvement in deviance detection was only found when the deviant was 
preceded by a short but not a long standard train (Tse et al., 2018; Xiao 
et al., 2020; Lui et al., 2021). These studies suggested that the IFC could 
be actively involved in the model establishment when insufficient rule 
conforming information can be provided by the short standard train. 
However, some studies failed to show an association between the IFC 
mismatch response and the number of preceding standards (e.g., Cac-
ciaglia et al., 2019). The inconsistent results could be driven by the 
interaction of deviance level and standard train length. 

In this study, we hypothesized an early IFC-STC-late IFC brain 
network in abstract change detection. The STC mismatch response 
would increase with deviance level and the train length of the preceding 
standards. If the IFC is involved in the establishment of the prediction 
model as proposed by the regularity or prediction violation hypothesis, 
the IFC mismatch response should be more prominent when insufficient 
rule-conforming information was provided by a short preceding stan-
dard train. 

2. Methods 

2.1. Participants 

Thirty university students (15 females; age 18–35 years, mean age 
22.2 years) participated in this study. Informed consent was given by 
each participant at the beginning of the experiment. The study was 
approved by the Joint Chinese University of Hong Kong – New Terri-
tories East Cluster Clinical Research Ethics Committee. Based on the 
scores of the Edinburgh Handedness Inventory (Oldfield, 1971), all 
participants were right-handed. They reported having normal hearing, 
normal or corrected-to-normal vision, and no history of neurological 
disease or head trauma. During the experiment, the participants 
watched a self-selected silent movie with subtitles and were told to 
ignore auditory stimuli presented through a pair of speakers. 

2.2. Stimuli and experimental design 

A total of 225 types of pure tones constructed from 15 frequency and 
15 intensity levels were presented in an auditory passive oddball para-
digm. The 15 frequency levels ranged from the musical note F#5 to G#6 
with steps of 1 semitone; while the 15 intensity or sound pressure levels 
ranged from 60 dB to 95 dB with steps of 2.5 dB. Within this frequency 
range, tones with the same intensity level are perceived as having 
similar loudness (Suzuki and Takeshima, 2004). The probabilities of 
each frequency or intensity level were kept equal among the tones. The 
duration of each tone was 100 ms including a 5 ms-rise and a 5 ms-fall 
period. The stimulus onset asynchrony (SOA) was 510 ms. 

The standard and deviant tones were defined by the conjunctions of 
the frequency and intensity levels. The standards were composed of the 
15 tones with the same arbitrarily defined frequency and intensity levels 
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(i.e., F1I1, F2I2, F3I3, … F15I15; Fig. 1). Each of the 15 standard tones were 
presented with the same probability to produce the feature conjunction 
rule: “the higher the frequency of a tone, the higher the intensity”. 

The remaining 210 types of tones which violated the conjunction 
rule shared by the standard tones served as the deviants. The deviants 
were tones with frequency and intensity of different levels (e.g., F6I5). 
Each deviant had a counterpart with the reversed frequency and in-
tensity levels (e.g., F5I6). The deviants and their counterparts formed 
symmetrical pairs. As shown in Fig. 1, the deviants and their counter-
parts can be identified along a line perpendicular to the diagonal line 
occupied by the standards. The deviants with the same distances from 
the standards were regarded as having the same deviance level. For 
example, the deviant tones F1I10, F2I11, F3I12, F4I13, F5I14, and F6I15 and 
their counterparts, F10I1, F11I2, F12I3, F13I4, F14I5, and F15I6, were 9 steps 
away from the standards and regarded as deviant tones with the same 
deviance level 9 (i.e., Deviant 9). There were 12 deviance levels in total; 
the deviance levels 12, 13, and 14 were combined into deviance level 12 
during the analysis. 

The tones with varying frequencies and intensities were presented in 
a pseudorandom order. Each deviant was preceded by a train of 2–8 
standards. The deviants preceded with 2–4 standards were grouped into 
the short preceding standard train condition, while the deviants pre-
ceded with 5–7 standards were grouped into the long preceding stan-
dard train condition. In calculating the mismatch brain responses, the 
deviants were subtracted with the corresponding standards presented at 
the same position of the train. For example, a deviant preceded by 3 
standards (i.e., at the 4th position of a train) was subtracted with the 4th 
standard of the 4-standard train (Fig. 2). The deviant preceded by an 8- 
standard train was omitted in the analysis due to the absence of standard 
at the 9th position. 

In each recording block, each type of standard was repeated 70 
times, while each type of deviant was presented only once, for a total of 
1050 (83.33%) standards and 210 (16.67%) deviants. With this design, 
the probability of each frequency or intensity level could be kept equal 
and independent of the frequency-intensity conjunction property. If the 
probability of each deviance level was equal and each standard was 
presented with the same number of times, the probability of each 

frequency or intensity level could not be kept equal. In other words, the 
“joint” probability of the conjunction property would no longer be in-
dependent of the “marginal” probabilities of frequency and intensity 
level. 

As the probabilities in presenting each deviant have to be equal, the 
probabilities of the deviants with smaller deviance levels would be 
higher than those of the higher deviance levels. However, any modu-
lation of the mismatch brain responses by deviance levels would not be 
explained by this probability difference among deviants of different 
deviance level, but the differences of deviance levels in conjunction 
property. Each of the 210 deviant tones was presented with the same 
probability. If the mismatch responses are sensitive to the probabilities 

Fig. 1. Conjunction properties of the standard and 
deviant tones. The 225 conjunctions of tones were 
composed of 15 frequency and intensity levels pre-
sented with equal probabilities. The conjunctions of 
the standards followed the rule “the higher the fre-
quency of a tone, the higher the intensity” while the 
deviants violated this abstract rule at 12 deviance 
levels. The red boxes indicate an example of a sym-
metrical deviant pair and the pink boxes indicate the 
corresponding physically identical standard pair. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 2. Deviants and the corresponding standards in calculating the mismatch 
responses. The deviants at train positions 3–5 (dark blue) were compared to the 
standards at positions 3–5 (light blue) in calculating the mismatch brain re-
sponses for the short train conditions; while the deviants at positions 6–8 (dark 
green) were compared to the standards at positions 6–8 (light green) in 
calculating the mismatch brain responses for the long train conditions. (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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of the deviants only, all of the deviants would elicit identical mismatch 
brain responses, which are independent of how the deviants are 
grouped. In other words, the mismatch responses of deviants belong to 
different deviance levels would also be identical. The modulation of 
mismatch brain responses (e.g., linear response pattern) by deviance 
levels could only be produced if the deviants are grouped according to 
the deviance level in conjunction properties, and deviants further away 
from the standards elicit a stronger mismatch response. Therefore, with 
the current design, modulation of mismatch responses could not be 
explained by the differences in probabilities of the deviants but have to 
be associated with the deviance levels in conjunction properties. In 
addition, as the 15 standard and 210 deviant tones were constructed 
from a frequency-intensity features space of 15 levels which is much 
larger than previous studies (e.g., 4 standards and 4 deviants with 4 
levels), the mismatch brain response would not be produced by the 
mismatch of stimuli with different physical features but at the 
conjunction rule level. 

A total of 9 recording blocks with 9450 standards and 1890 deviants 
was recorded. There were at least 36 trials for each deviance level and 
standard train length condition in the analysis. A previous EROS study 
(Tse et al., 2018) showed that EROS mismatch responses can be reliably 
recorded with this number of trials. The tones were presented by using 
the software MATLAB 12.0 (Math Works, Natick, MA, USA) and Psy-
chophysics Toolbox (Brainard, 1997). 

The current study does not assume that the prediction violation 
mechanism is not involved in detecting non-abstract or physical change. 
In fact, the prediction violation mechanism could be involved in 
detecting both physical and abstract rule violations (Tse et al., 2021); 
the IFC mismatch responses to simple physical changes were also re-
ported in previous brain imaging studies (e.g., Opitz et al., 2002; Tse 
et al., 2013). However, the mismatch responses to simple physical 
changes may not necessarily require a prediction process and can be 
elicited by comparisons of the physical features between standards and 
deviants. Consistent with this idea, other studies reported the absence of 
IFC mismatch response to physical changes (e.g., Liebenthal et al., 2003; 
Sabri et al., 2006). Violations of abstract rule with varying physical 
features and the absence of physical regularity could exclude the sensory 
process based alternative hypothesis; however, a physical rule violation 
condition could not provide evidence supporting nor falsifying the 
prediction violation hypothesis and was not included in the current 
study. 

The full set of tones with 15 frequency and intensity levels (F1I1 to 
F15I15) were presented randomly and repeatedly as the standard. The 
relationships of the frequencies and intensity were interpolated to 
establish the abstract rule. While the features of the standards and the 
deviants were identical, the recombinations of features produced de-
viants violating the rule. To detect the deviance, it is not necessary to 
identify the exact frequencies or intensity levels, but only to approxi-
mate the relative differences from the standards. The extent to which the 
relationship of frequency and intensity of the deviant tone differs from 
the relationship of the features in the standard tones determines the 
deviance level. Our hypothesis only predicted a relative increase in the 
mismatch responses with larger deviance. Although stimuli with 1 step 
difference from the standards (e.g., F4I5) were regarded as deviant 
stimuli, our hypothesis does not imply that even the smallest deviant 
must be large enough to produce a statistically significant mismatch 
response. It also means that strict matching of the specific frequency and 
intensity levels, absolute pitch or intensity perception, or high precision 
in discriminating the frequency and intensity levels were not assumed in 
the experimental design. 

2.3. Event-related optical signal recording and analysis 

EROS was recorded with a frequency-domain oximeter (Imagent, 
ISS, Inc., Champaign, IL). Frequency-modulated (110 MHz) near- 
infrared light (830 nm) was produced from laser diodes and carried to 

the participants’ scalps via plastic clad silica optical source fibers (2.5 m 
long with a 480 μm diameter core). After passing through the scalp and 
brain, the optical signals were collected by fiber optic detector bundles 
(3 mm diameter) connected to the photomultiplier tubes (PMTs) in the 
oximeter. The PMT signals were mixed with a 110.003125 MHz signal, 
generating a 3.125 kHz cross-correlation frequency. The analog-to- 
digital converter sampled the signal at 50 kHz. The output current 
was fast-Fourier-transformed (FFT) to calculate the DC (average) in-
tensity, AC (amplitude) intensity, and relative phase delay measures. 
Only phase delay data were analyzed in this study, due to better sensi-
tivity in measuring the EROS using phase delay data (Gratton et al., 
2006). 

A custom-built head mount was used to hold the source and detector 
fibers on participants’ heads (Fig. 3). The montage was designed to re-
cord the EROS from the right IFC and the right STC. Previous studies 
have suggested right lateralization of the frontal response (Opitz et al., 
2002; Tse and Penney, 2007, 2008; Tse et al., 2013) and a bilateral 
temporal response (Szycik et al., 2013; Tse and Penney, 2007). Due to 
the limited number of detector fibers, and to best capture the fronto-
temporal dynamics, the EROS was only recorded from the right hemi-
spheres of the IFC and the STC. In total, there were 16 detectors and 24 
sources. Each detector received signals from 16 time-multiplexed sour-
ces, which resulted in a total of 256 source-detector pairs. The sampling 
rate was 39.625 Hz, requiring 25.6 ms to sample the entire area (i.e., 256 
channels). 

The EROS data pre-processing steps were identical to those of pre-
vious EROS studies (refer to Fig. 1 in Tse et al., 2010 for the analysis flow 
chart). Specifically, the functional optical data were co-registered with 
individual structural MRIs (Chiarelli et al., 2015; Whalen et al., 2008). 
T1-weighted 3-D anatomical MRIs were obtained by using a Philips 3 T 
Achiva scanner. The pre-auricular points were marked with Beekley 
Spots (Beekley Corporation Bristol, CT) prior to each MRI scan. The 
fiducial points, the source and detector locations, and an additional 100 
points scattered around the scalp and eye socket regions were digitized 
into 3D space using a Polhemus Fastrak 3D digitizer (Vermont, United 
States) for the co-registration with individual structural MRIs. The 
recorded locations were transformed into Talairach space using AFNI 
software and Opt3D to reconstruct the expected light path for each 
channel and participant in a common Talairach space (Gratton and 

Fig. 3. Montage for the EROS recording. The blue and red dots on the head 
model represent the locations of 16 detector and 24 source optical fibers. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

X.-Z. Xiao et al.                                                                                                                                                                                                                                 



Neuropsychologia 164 (2022) 108093

5

Fabiani, 2010). The optical data were phase wrapping corrected, 
normalized, pulse corrected, and filtered with a 0.01–10 bandpass filter. 
Data were then averaged by channel, time point, using a 50 ms 
pre-stimulus baseline for the 12 deviance levels (Deviant 1 to Deviant 
12) and the two train lengths (short and long). Channels with 
source-detector distances shorter than 15 mm, longer than 55 mm, or 
with phase variability (i.e., the standard deviation of a channel across 
trials and time points) greater than 160 ps were excluded from the 
analysis to improve the signal quality in the data. 

The averaged data for each channel were reconstructed into the 
voxel space and a statistical parametric map (SPM) for analysis using the 
Opt-3D software (Gratton, 2000; Wolf et al., 2000). Only the data from 
the middle sagittal plane to the surface of the right hemisphere were 
included in the analysis based on the montage setting. An 8 mm FWHM 
spatial filter was applied for each 25.6 ms time point. t-statistics were 
computed across participants for each voxel and were converted to 
z-scores. The SPM in the Talairach space was projected onto the right 
lateral view of a template brain. A random field theory approach was 
used for the corrections of multiple comparisons (Friston et al., 1994). 
Talairach coordinates of brain responses on the y (anterior–posterior) 
and z (inferior–superior) axes were reported for statistical mapping, 
along with a lateral projection view of the template brain. 

The EROS mismatch responses to the 12 deviance levels for the short 
and long train length conditions were calculated separately by sub-
tracting the EROS responses of the symmetrical deviant pair with that of 
the corresponding standard pair, which has the same intensity and fre-
quency but different conjunction of intensity and frequency and pre-
sented at the same train position (Figs. 1 and 2). SPM analyses were 
conducted for the EROS mismatch responses to each deviance level and 
for each train length condition, from 76 ms to 330 ms. Three Regions 
and Intervals of Interest (RIOIs) were set up based on previous EROS 
studies (Tse and Penney, 2007, 2008; Tse et al., 2006, 2013, 2018): 1) 
the early IFC mismatch response from 76 ms to 127 ms, 2) the STC 
mismatch response from 153 ms to 204 ms, and 3) the late IFC mismatch 
response from 230 ms to 307 ms. 

To capture the mismatch response pattern in each RIOIs, peak 
response based and SPM based trend analyses were carried out to 
parameterize the response patterns across the deviance levels sepa-
rately. In the peak response based approach, the peak EROS mismatch 
responses were extracted from the early IFC, the STC, and the late IFC 
RIOIs for each of the deviance levels in the short and long train length 
conditions. Trend analyses with ANOVAs on the relationships between 
the extracted peak mismatch responses and deviance levels were carried 
out for each RIOI and train length condition separately. In the SPM 
based approach, the trends (i.e., the contrast weights) were used to 
model the mismatch responses across the deviance levels at every voxel 
and time point within each RIOI and train length condition to identify 
the specific locations and time intervals that can be described by the 
trends with multiple comparison correction. The peak response based 
and SPM based approaches have different assumptions on the spatio-
temporal properties of the mismatch responses. The SPM based 
approach has a relatively stringent assumption that the modulation of 
the responses takes place at the same voxel and time point across all 
deviance levels. The peak response based approach only assumes a trend 
in the mismatch responses among the region and time window specified 
by each RIOI, but not necessarily at the same location and time point. 
The peak response based approach is more sensitive in identifying 
possible trends in the mismatch responses across the deviance levels, 
especially for the higher order trends, than the SPM based approach. 
Robust results should not be driven by the sensitivities of the analysis 
approaches. Both approaches showed the presence of linear trend and 
the absence of higher order trend patterns in the mismatch responses in 
the results presented below. 

To further examine the slopes and intercepts of the linear model 
based on the peak EROS mismatch responses with the within participant 
variance included in the model, linear mixed-effects model analyses 

using the fitlme function in MATLAB R2017b with the deviance level 
modeled as a fixed effect and the participant modeled as a random effect 
were performed separately for each RIOI and train length condition. The 
model specifications for the short and long train length conditions were 
as follows: early IFC mismatch response ~ Deviance level + (Deviance 
level | participant); STC mismatch response ~ Deviance level + (Devi-
ance level | participant); late IFC mismatch response ~ Deviance level +
(Deviance level | participant). 

The differences in the parameters (e.g., the slope and intercept of a 
linear trend) of statistically significant trend relationship between the 
EROS mismatch responses and deviance levels for the short and long 
train length conditions in the early IFC, the STC, and the late IFC in the 
SPM trend analyses were further examined by omnibus tests. Omnibus 
repeated measures analyses of variance (ANOVA) with the factors Train 
Lengths (Short and Long), RIOIs (early IFC, STC, and late IFC), were used 
to compare the linear relationships between the EROS mismatch re-
sponses and deviance levels in the RIOIs when preceded by standards of 
different train lengths for each model parameter of the significant trends 
(e.g., slope and intercept for linear trend). When the deviance level is 
equal to zero, the intercept is not meaningful. Thus, the intercept re-
ported below was the estimated EROS mismatch response when the 
deviance level was equal to 1. Follow-up paired Student’s t-tests (2- 
tailed) were conducted to compare differences of each parameter be-
tween the short and long train length conditions in each RIOIs. A 
Greenhouse-Geisser correction was applied, using the epsilon (ε) 
correction factor, when appropriate. 

3. Results 

The peak EROS mismatch responses in the early IFC, the STC, and the 
late IFC to the deviants of the 12 deviance levels in the short and long 
standard train conditions are shown in Fig. 4A. Trend analyses with 
ANOVAs showed that the peak EROS mismatch responses increase lin-
early with the deviance levels in the early IFC, the STC, and the late IFC 
(Fs(1, 29) = 8.25, 9.79, and 13.82, ps = .008, .004, and 0.001, partial eta 
square (ŋp

2) = 0.22, 0.25, and 0.32, respectively) when the deviants 
were preceded by short standard trains. However, when preceded by 
long standard trains, no linear relationship was found in the early IFC, 
the STC, or the late IFC (Fs(1, 29) = 0.018, 0.044 and 0.024, ps = .89, 
.84, and 0.88, ŋp

2 = 0.001, 0.002, and 0.001, respectively). The 
quadratic to the eleventh order relationships between the peak EROS 
mismatch responses and deviance levels were absent when preceded by 
long or short standard trains (ps > .05). 

The results of the SPM based trend analyses were similar to the re-
sults of the trend analyses on the peak EROS mismatch responses. Only 
linear, but not higher order relationships, between the EROS mismatch 
responses and deviance levels, were found. The SPMs of the slopes and 
intercepts of the linear trend analyses from 76 to 307 ms after the 
deviant onset projected onto the right lateral view of a template brain 
are shown in Fig. 5. When the deviants were preceded by short standard 
trains, the EROS mismatch responses in the early IFC, the STC, and the 
late IFC increased with the deviance levels, as indicated by the statisti-
cally significant linear slopes. However, when preceded by long stan-
dard trains, no significant linear slope or linear relationship between the 
EROS mismatch responses and deviance levels was found in the early 
IFC, the STC, or the late IFC. Interestingly, the intercept of the linear 
model in the STC was statistically significant when the deviants were 
preceded by long standard trains. Combining with the slope results, the 
intercept result indicates similar STC mismatch responses to the deviants 
of different deviance levels in the long train conditions. This result is 
further confirmed by significant STC mismatch response averaged across 
all deviance levels. The intercepts in the early or late IFC and train 
length conditions were not significant. The z scores, critical z value, and 
Talairach coordinates of the peak EROS mismatch responses in the early 
IFC, the STC, and the late IFC are summarized in Table 1. 

The SPM based trend analyses results were replicated in the linear 
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mixed-effect model analyses on the peak mismatch responses extracted 
from each RIOIs, deviance levels, and train length conditions. The 
equations of the linear mixed-effect model are shown in Fig. 4A. When 
preceded by short standard trains, the slope results revealed that the 
early IFC (β = 0.11, t = 2.70, p = .007), the STC (β = 0.14, t = 2.96, p =
.003), and the late IFC mismatch responses (β = 0.076, t = 2.75, p =
.006) increase with the deviance levels, while the corresponding in-
tercepts were not significant (βs = − 0.20, − 0.22, and 0.084, ts = − 0.92, 
− 0.79, and 0.46, ps = .36, .43, and 0.64, respectively). However, when 
preceded by long standard trains, the slope results showed absence of 
linear relationships between the mismatch responses and the deviance 
levels in the early IFC, the STC, and the late IFC (βs = 0.0046, 0.0099, 
and 0.00037, ts = 0.17, 0.24, and 0.19, ps = .87, .81, and 0.85, 
respectively); a significant intercept was found for the STC mismatch 
responses (β = 1.1, t = 3.19, p = .002), but not for the early IFC or late 
IFC mismatch responses (βs = 0.29 and 0.35, ts = 1.59 and 1.73, ps = .11 

and .084, respectively). 
The omnibus repeated measures ANOVA on the slope parameter with 

the factors Train Lengths (Short and Long) and RIOIs (early IFC, STC, 
and late IFC) showed significant main effect of Train Lengths (F(1, 29) =
12.74, p = .001, ŋp

2 = 0.31), but not RIOIs (F(2, 29) = 0.53, p = .59, ε =
0.72, ŋp

2 = 0.018). The interaction between Train Lengths and RIOIs was 
not significant (F(2, 29) = 0.57, p = .53, ε = 0.85, ŋp

2 = 0.019). The 
follow-up paired t-tests showed larger positive slopes for the early IFC, 
the STC, and the late IFC mismatch responses in short train conditions 
compared to the long train conditions (ts(29) = 2.26, 2.44, and 2.71, ps 
= .031, .021, and 0.011, Cohen’s d (ds) = 0.41, 0.45, and 0.49, 
respectively). 

The omnibus repeated measures ANOVA on the intercept parameter 
with the factors Train Lengths (Short and Long) and RIOIs (early IFC, 
STC, and late IFC) revealed significant main effects of Train Lengths (F 
(1, 29) = 11.29, p = .002, ŋp

2 = 0.28) and RIOIs (F(2, 29) = 4.75, p =

Fig. 4. (A) Peak EROS mismatch responses to de-
viants preceded by short or long trains of standards in 
the early IFC, STC, the late IFC. The modulation of the 
mismatch responses by deviance levels were repre-
sented by the linear models. The error bars indicate 
the standard errors of the means. (B) Slopes and in-
tercepts of the linear models for the short and long 
standard train conditions in the early IFC, STC, and 
late IFC. The intercepts represent the estimated EROS 
mismatch responses when the deviance level is equal 
to 1. * indicates p < .05; n.s. indicates a non- 
significant difference.   
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.019, ε = 0.84, ŋp
2 = 0.14). More importantly, interaction between Train 

Length and RIOIs was significant (F(2, 29) = 4.08, p = .037, ε = 0.73, ŋp
2 

= 0.12). Follow-up paired t-tests revealed a significantly larger intercept 
of the STC mismatch response in the long train condition compared to 
that in the short train condition (t(29) = 3.18, p = .003, d = 0.58). 
However, no difference in the intercepts between the long and short 
train conditions in the early IFC and late IFC (ts(29) = 1.71 and 0.98, ps 
= .09 and .33, respectively) was found. 

These results revealed increases in EROS mismatch responses with 
the degree of conjunction rule violation in the early IFC, the STC, and the 
late IFC when the deviants were preceded by short, but not long stan-
dard trains. However, when preceded by long standard trains, EROS 
mismatch responses were elicited in the STC independent of the devi-
ance levels, while the IFC mismatch responses were absent. These results 
are consistent with the prediction violation account of pre-attentive 
change detection. 

4. Discussion 

The current study examined the spatiotemporal dynamics of the 
frontotemporal network in detecting the violation of a feature 
conjunction rule by measuring the EROS counterparts of the ERP MMN 
responses. The EROS mismatch responses in the early IFC, the STC, and 
the late IFC increased with the discrepancy between the deviants and the 
feature conjunction rule, only when the deviants were preceded by short 
standard trains. When the deviants were preceded by long standard 
trains, mismatch responses of similar amplitudes were elicited across the 
deviance levels in the STC, and no mismatch response was observed in 
the early or the late IFC. The differences in the modulation of mismatch 
responses to abstract changes by deviance level and preceding standard 
train length in the early IFC, the STC, and the late IFC support the 
prediction violation account in pre-attentive change detection. These 
results also extend previous findings showing mismatch responses of the 
frontotemporal network from physical change detection (e.g., Sable 
et al., 2007; Tse and Penney, 2007, 2008; Tse et al., 2006, 2013, 2018, 
2021) to abstract change detection. 

The empirical supports for applying the prediction violation hy-
pothesis to interpret the results were mainly provided by studies on 
abstract change detection (Winkler, 2007). The feature conjunction rule 
adopted in the current study is one of the classical designs supporting the 
predictive violation hypothesis. In addition, other studies using roving 
standard paradigms with changing rules or regularities (e.g., An et al., 
2021b, 2021a) demonstrated the predictive nature of the pre-attentive 
change detection mechanism. A recent study (Lui et al., 2021) applied 
transcranial magnetic stimulation (TMS) on the IFC during prediction 
model establishment revealed a causal effect on subsequent mismatch 
responses. These studies provided the fundamentals for understanding 
pre-attentive change detection from the prediction violation 
perspective. 

The early IFC, STC, and late IFC connections form the brain network 
underlying pre-attentive change detection (Friston, 2005, 2010, 2011; 
Garrido et al., 2007, 2009); however, their mismatch responses do not 
have to be modulated in a similar fashion. Our previous study (Tse et al., 
2013) suggested that due to the differences in the functional roles of the 
early IFC, the STC, and the late IFC under the prediction violation hy-
pothesis, their functional demands would be different in detecting 
salient, ambiguous, and small deviants leading to differential modula-
tions of their mismatch responses by deviance levels. The deviance 
levels and information provided by the preceding standard trains 

Fig. 5. Statistical parametric maps of the EROS IFC and STC mismatch re-
sponses overlaid on the right lateral view of a template brain. The columns 
present the SPMs of the slopes and intercepts of the EROS responses measured 
from 76 to 307 ms after stimulus onset, with a time window of 25.6 ms, in the 
short and long train conditions. The upper, middle, and lower panels show the 
results for the early IFC, STC, and late IFC mismatch responses, respectively. 
Darker grey color on the template brain shows the recording areas covered by 
the optical montage. The green box indicates the region of interest in the IFC, 
and the light blue box indicates the region of interest of in the STC. The white 
cross indicates the location of the peak EROS response, and the pink box in-
dicates the time window that shows a significant EROS response. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 1 
EROS mismatch responses in the SPM linear trends analyses.  

Slopes Early IFC STC Late IFC 
Short 
Train 

Long 
Train 

Short 
Train 

Long 
Train 

Short 
Train 

Long 
Train 

Peak z 
(Critical z) 

2.31* 
(1.92) 

1.23 
(2.18) 

2.27* 
(2.09) 

1.23 
(2.12) 

2.06* 
(1.95) 

1.30 
(2.16) 

Peak Latency 
(ms) 

127 127 179 179 255 230 

Talairach 
Coordinate 
(y, z) 

19, 4 19, 17 − 37, 9 − 46, 9 29, 7 34, 2 

Intercepts Early IFC STC Late IFC 
Short 
Train 

Long 
Train 

Short 
Train 

Long 
Train 

Short 
Train 

Long 
Train 

Peak z 
(Critical z) 

− 1.22 
(2.05) 

− 0.23 
(1.64) 

0.63 
(2.05) 

2.47* 
(2.15) 

0.33 
(1.96) 

0.38 
(1.94) 

Peak Latency 
(ms) 

76 102 204 179 204 255 

Talairach 
Coordinate 
(y, z) 

20, 11 20, 15 − 46, 9 − 43, 9 19, 2 19, 14 

Note: *, Peak z > Critical z, with p < .05 with correction for multiple 
comparisons. 
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produce different functional demands on the frontotemporal network in 
pre-attentive change detection (Tse et al., 2021). 

According to the prediction violation hypothesis, when a mismatch 
between the prediction and the incoming event is detected, a prediction 
error or mismatch signal is generated in the STC. Compare to a small 
deviant, a large deviant elicits a larger STC mismatch response repre-
senting a larger prediction error. Consistent with this hypothesis, the 
current study revealed a linear increase in the STC mismatch responses 
to deviants with increasing levels of violation in feature conjunction. To 
distinguish the 12 deviance levels from the feature conjunction rule 
involving 225 unique events, direct comparisons between the frequency 
and intensity conjunction property of the deviants with the feature 
conjunction rule would be more efficient than the comparisons of each 
physical feature of the deviants with individual standard (Paavilainen 
et al., 2001). Due to the difference in cognitive mechanisms involved, 
the result of the current study is qualitatively different from that of the 
previous EROS (Tse and Penney, 2008; Tse et al., 2013) and fMRI (Opitz 
et al., 2002) studies. These studies showed the modulation of STC 
mismatch responses by 3 deviance levels of a physical feature. As only 1 
type of standard and 3 types of deviants were involved, change detection 
could be achieved by comparisons between the physical features of the 
deviants and the standard while a prediction process may not necessarily 
be needed in the detection of physical change. 

The modulation of the STC mismatch responses by standard train 
length could also be explained by the prediction violation hypothesis. 
When preceded by a short standard train, the STC mismatch response 
was linearly modulated by deviance levels. However, when preceded by 
a long standard train, the STC mismatch responses with similar ampli-
tudes were elicited by deviants with different deviance levels. A short 
standard train may not offer sufficient rule-conforming information to 
establish a stable and well-defined predictive model (Bendixen et al., 
2012), thus the detection system is less sensitive to smaller deviants but 
more sensitive to larger deviants, leading to the linear trend in mismatch 
responses for increasing deviance levels. In contrast, a long standard 
train provides sufficient rule-conforming information to establish a 
stable and well-defined predictive model to detect deviants of different 
deviance levels with similar sensitivity and elicit STC mismatch re-
sponses of similar amplitudes. 

The early IFC mismatch response is responsible for the reinstatement 
of the predictive model or the fitting of the deviant into the model, while 
the late IFC mismatch response updates the predictive model after a 
deviant is detected. A small deviant, compared to a large deviant, would 
be less likely to involve the early IFC to reinstate the model or to initiate 
the fitting of deviant into the model, as demonstrated by the linear 
modulation of the early IFC responses with increasing deviance levels. In 
addition, smaller deviants evoked smaller STC mismatch responses and 
were less likely to initiate the model updating process in the late IFC. In 
comparison, larger deviants produce larger prediction errors that 
require modification or updating of the model. Computational model-
ling studies (Friston, 2005; Garrido et al., 2007, 2008) suggested that the 
late IFC reflects a bottom-up process to integrate the deviance detected 
by the STC into the model for improving future prediction. The updating 
function of the IFC was also revealed during perception, attention, and 
motivational learning (den Ouden et al., 2012; Schultz and Dickinson, 
2000). 

When preceded by a short standard train, the lack of rule-conforming 
information makes the prediction model less stable and imposes higher 
demands on model reinstatement and fitting to facilitate deviant pro-
cessing; the model updating process would also be more crucial for 
improving a less stable prediction model leading to the linear modula-
tion of the early IFC-STC-late IFC mismatch responses by deviance levels 
in the short standard train condition. 

When preceded by a long standard train, the predictive model is 
well-established. The contrasts between the deviants and the predictions 
increase, and the demands on model reinstatement and fitting decrease. 
The demand on model updating is reduced as the detection of deviants 

does not provide sufficient new information to modify or update the 
prediction model which is already well-established. As a well-defined 
predictive model allows processing and detection of deviants with 
different deviance levels with similar sensitivity and similar functional 
demands, modulations of the IFC responses were absent when preceded 
with long standard trains. 

Previous studies (Bendixen et al., 2007, 2008; Tse et al., 2018, 2021; 
Xiao et al., 2020) demonstrated train length modulation effects on the 
mismatch responses. TMS applied on the IFC 80 ms after the onset of 
deviance abolished the STC mismatch response at 150 ms–200 ms when 
the deviant was preceded by a short train of standards (Tse et al., 2018). 
A similar train length modulation effect was observed in another 
TMS-EROS study (Xiao et al., 2020) on abstract rule violation. A recent 
TMS-EEG study (Lui et al., 2021) further demonstrated that TMS on the 
IFC in processing the initial stimuli of a short but not a long standard 
train abolished the subsequent MMN responses in detecting deviants. 
These studies suggested that the IFC is particularly important when 
insufficient information from the standards is available for establishing 
the prediction model. 

Other hypotheses on the functional role of the IFC, including contrast 
enhancement (Opitz et al., 2002), attention switching (Näätänen, 1990), 
attention or response inhibition (Rinne et al., 2005), and deviant pre-
diction (Dürschmid et al., 2016), have been proposed based on the 
mismatch brain responses in pre-attentive detection of physical change. 
Interestingly, the IFC mismatch responses to abstract change observed in 
the current study were not compatible with the predictions from these 
hypotheses. 

The early IFC mismatch response was suggested to serve a contrast 
enhancement function (Opitz et al., 2002) to amplify subtle differences 
between the standard and deviant. A larger early IFC mismatch response 
would be elicited by the small or medium deviant compared to the large 
deviant. Consistent with this prediction, an inverse linear or inverted 
U-shape relationship between the IFC mismatch responses and deviance 
level was observed in previous fMRI (Opitz et al., 2002; Doeller et al., 
2003; Rinne et al., 2005) and EROS (Tse et al., 2013) studies in detecting 
physical change. However, the linear modulation of the early IFC re-
sponses to abstract changes observed in the current study is not 
consistent with the prediction from the contrast enhancement 
hypothesis. 

The attention switching (Näätänen, 1990) and attention or response 
inhibition (Rinne et al., 2005) hypotheses associate the late IFC 
mismatch response with a reallocation of attentional resources. The 
attention switching hypothesis proposed that a large deviant is more 
likely to trigger subsequent attentional process after deviance detecting; 
while the attention or response inhibition hypothesis suggested that a 
small deviant is more likely to elicit a larger IFC response to inhibit 
subsequent attentional process or behavioral response. These hypothe-
ses predict relationships between the late IFC mismatch response and 
deviance level independent of the standard train length and could not 
explain the absence of the late IFC mismatch responses to deviants 
preceded by a long standard train observed in the current study. 

The deviant prediction hypothesis proposed that the IFC response 
increases with the expectation of the deviant (Dürschmid et al., 2018). 
As the expectation in encountering a deviant increases with the number 
of standards, a larger IFC response would be elicited by the deviant 
preceded by a long standard train while the IFC response would be 
smaller or absent when preceded by a short standard train. However, the 
current study showed an opposite result pattern; the IFC responses were 
only found when preceded by a short but not a long standard train. 

The inconsistent results mentioned above can be explained in three 
ways. First, earlier studies did not consider the effect of the preceding 
standard train in their analyses. The interaction of the train length and 
deviance level may produce inconsistent result patterns across studies. 
Second, the parametric design in previous studies was typically limited 
to 3 deviance levels only; as only a part of the linear trend was captured, 
the differences between the levels could be relatively small and more 
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susceptible to noise in the trend analysis. Third, the IFC may play 
different functional roles in detecting physical versus abstract change 
leading to different response patterns. Different IFC responses to simple 
and complex deviants were shown in previous studies (Hofmann-shen 
et al., 2020; MacLean et al., 2015). 

The abstract rule “the higher the frequency, the stronger the in-
tensity” is a brief description of the frequency and intensity relationship 
given the statistical properties or distributions of the frequency and in-
tensity features of the standard stimuli presented in the experiment. The 
abstract rule was established by the increased probability of the stimuli 
with a certain frequency and intensity relationship. In other words, the 
conclusion of the current study is limited to the specific ranges of fre-
quency and intensity. 

Due to the pre-attentive nature of the study, it is difficult to know if 
the stimuli or their features were processed in a linear fashion. In fact, 
previous studies (e.g., Optiz et al., 2002) showed a non-linear or 
non-monotonic change in the mismatch response that can be attributed 
to the non-linear perception of stimuli. There is no direct evidence 
supporting linearity in processing the deviants by the pre-attentive 
mechanism; however, for the exact same reason, it motivates the cur-
rent study to investigate the linear or non-linear mismatch response 
pattern to multiple deviance levels. The solution adopted in the current 
study was to present a set of features with perceived linear relationship 
in attentive tasks and to capture the linear or non-linear brain responses 
in the analysis procedure. It also means that our hypothesis did not and 
could not specify a linear mismatch response pattern. 

The supports for the experimental design and stimulus selection 
came from the literature in several areas: 1) the perception of the fre-
quency and intensity range used in this experiment is roughly linear in 
attentive tasks (e.g., Suzuki and Takeshima, 2004); 2) previous MMN 
studies showed correlations between mismatch responses and perceived 
differences (e.g., Pakarinen et al., 2007); 3) the previous MMN 
conjunction rule study (Paavilainen et al., 2001) using the same range of 
frequencies and intensities with 4 deviance levels showed linear change 
in MMN responses. At last, in the current study, the linear trend in the 
mismatch responses when preceded by short standard trains provided 
empricial support for the linear interpolation of the frequency-intensity 
relationship. 

This study focuses on investigating the profile of the frontotemporal 
mismatch responses to multiple deviance levels under the prediction 
violation hypothesis. The prediction violation hypothesis provides ex-
planations for the functional role of the IFC in abstract change detection, 
which highlight the theoretical significance of the current study. It 
should be noted that the current study did not directly test the prediction 
violation hypothesis against other hypotheses. Future works can focus 
on the predictive functions of the IFC during model establishment and 
the model updating stage in abstract change detection. In addition, due 
to the limited number of trials per standard train length in the current 
study, the standard train lengths were collapsed into two levels, short 
and long, in the analysis. To investigate the non-linear train length effect 
on the model establishment and deviance detection, a parametric design 
with multiple levels on standard train length should be adopted to 
demonstrate the interactions between deviance levels and standard train 
length in future studies. 

In summary, the current study demonstrates the IFC and STC 
mismatch responses to the abstract changes and the modulation of 
spatiotemporal dynamics of the frontotemporal network by standard 
train lengths and deviance levels. This study contributes new knowledge 
on the functional roles of the IFC in the pre-attentive abstract change 
detection when rule-conforming information is insufficient, which is in 
line with the regularity or prediction violation account of MMN. 
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