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A novel time-delayed correlation method decomposes mismatch
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Abstract— The mismatch response (MMR) is thought to be a
neurophysiological measure of novel auditory detection that
could serve as a translational biomarker of various neurological
diseases. When recorded with electroencephalography (EEG) or
magnetoencephalography (MEG), the MMR is traditionally
extracted by subtracting the event-related potential/field
(ERP/EREF) elicited in response to “deviant” sounds that occur
randomly within a train of repetitive “standard” sounds. To
overcome the limitations of this subtraction procedure, we
propose a novel method which we call weighted-BSS7x, which
uses only the deviant response to derive the MMR. We
hypothesized that this novel weighted-BSS7. method highlights
responses related to the detection of the deviant stimulus and is
more sensitive than independent component analysis (ICA). To
test this hypothesis and the validity and efficacy of the weighted-
BSS7x in comparison with ICA (infomax), we evaluated the
methods in 12 healthy adults. Auditory stimuli were presented
at a constant rate of 2 Hz. Frequency MMRs at a sensor level
were obtained from the bilateral temporal lobes with the
subtraction approach at 96-276 ms (the MMR time range),
defined on the basis of spatio-temporal cluster permutation
analysis. In the application of the weighted-BSS7x, the deviant
responses were given a constant weight on the MMR time range.
The ERF elicited by the weighted deviant responses
demonstrated one or a few dominant components representing
the MMR with a high signal-to-noise ratio and similar
topography to that of the sensor space analysis using the
subtraction approach. In contrast, infomax or weighted-infomax
revealed many minor or pseudo components as constituents of
the MMR. Our new approach may assist in using the MMR in
basic and clinical research.

Clinical Relevance—Our proposed method opens a new and
potentially useful way to analyze event-related MEG/EEG data.

I. INTRODUCTION

The mismatch negativity component in
electroencephalography (EEG), and its
magnetoencephalographic (MEG) counterpart the mismatch
field (or mismatch response, MMR), is an event-related
response (ERP/ERF) widely used to measure auditory
processing in cognitive neuroscience [1-4]. The MMR is
recorded using an oddball paradigm where the repeated
presentation of a stimulus (standard) is occasionally replaced
by a different stimulus (deviant). The MMR is then computed
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as the difference between the deviant and standard responses
(subtraction approach).

However, there are several problems associated with the
subtraction approach. First, the subtraction reduces the signal-
to-noise ratio (SNR) because the noise present in the standard
responses is added to the noise in the deviant responses.
Second, the neural adaptation process, especially with
frequency MMR, can affect the difference waveform. In the
classic oddball protocol, the neural response to standard
stimuli is attenuated by repetition suppression effects. This
suppression is greater for the standard stimuli than for the less
frequent deviant stimuli. Thus, the subtraction approach does
not reflect simply the MMR, i.e., a memory-based comparison,
but also the differential adaptation of neurons.

We proposed a novel method of BSS called the 77k
(fractional) type of decorrelation method (BSS7x) [7-10]. This
method shares the fundamental concept underlying time-
delayed correlation approaches such as SOBI (second-order
blind identification), but is more focused on the periodicity of
the target signal. For the MMR paradigm, we here propose to
use a modification of BSS7x, which we term “weighted-BSS7i”.
Using only deviant responses, we hoped to extract one or a few
dominant components that can discriminate the MMR from
background brain noise and other artifacts or other irrelevant
ERFs. Specifically, in the weighted-BSS7x, deviant responses
are assigned a constant weight on the MMR time range.

We therefore tested whether our proposed procedure
performs better than the conventional subtraction approach
in MMR analysis. We hypothesized that our procedure
would allow us to extract a cleaner MMR and obtain an
increased SNR in comparison with the conventional
subtraction approach. We applied both BSSzx and
independent component analysis (ICA; infomax) separately
to the same multi-channel MEG data, then statistically
compared SNR and topography. It was not our aim to use
the BSSra/weighted-BSStx to separate independent MMR
sources. Typically, statistically independent components
separated by preprocessing with ICA are expected to be
associated with one or two dipolar sources [11-14]. We
instead make a more general assumption that a component
extracted by BSSta/weighted-BSS7x will relate to multiple
sources or a network of activity generating the MMR.
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II. MATERIALS AND METHODS

A. Participants, stimuli and procedures

The participants in the experiment were 12 healthy
adults. The paradigm consisted of auditory stimulus
sequences composed of standard stimuli with a probability
of 80% and deviant stimuli with a probability of 20%
delivered in random order. Tone bursts of 500 Hz for
standard stimuli and 550 Hz for deviant stimuli (10 ms rise
and 20 ms fall) with a 100 ms duration were delivered to the
right ear. The stimulus onset asynchrony (SOA) was 500 ms
and the presentation rate of the stimuli was 2 Hz
(represented by f,). MEG was acquired using a 306-channel
(204 planar gradiometers and 102 magnetometers) whole-
head system (Elekta-Neuromag, Helsinki, Finland) in a
magnetically shielded room. The sampling rate was 1000
Hz, with a band-pass filter of 0.03—-330 Hz.

B. Data analysis

Data from the 204 planar gradiometer was used for all
analyses. The MMR difference sensor waveform was
calculated by subtracting the averaged deviant ERFs from
the averaged standard ERF's for each subject (subtraction
approach). The decomposition methods of BSS7x« and
infomax were applied separately to each original sensor
dataset before lowpass filtering;

x(n) = As(n), Q)
where x(n) represents the MEG sensor data at the discrete
time », A is a mixing matrix and s is a signal source.
Regarding a period T = 1/f, with sampling frequency f;, the
time-delayed parameters can be defined by;

BSSti: tm =[f/fp] /m, m=1,2, .. k 2
where /...] rounds the value to the nearest integer. Here, 7=
0.5 s and f, = 2 Hz, with the repetitive stimuli constantly
presented at a rate of 2 Hz. After applying the decomposition
methods (BSS7xand infomax) to the sensor space data, we
obtained the MMR difference source waveform, in the same
way as in the subtraction approach for sensor space analysis
(subtraction approach; subtraction-BSSr« and subtraction-
infomax); subtracting the averaged deviant responses from
the averaged standard responses in each component.

The basics of weighted approach lie in the periodical
arrangements and assignments of weights on the MMR time
range. To obtain periodical arrangements, we picked all
deviant epochs in the sensor space (500 ms epoch length
from 204 sensors) and concatenated them to form new raw
data. To highlight the MMR that was included in the deviant
epochs, we then weighted the MMR time range (around
100-200 ms, from n; to n2) defined by spatio-temporal
cluster permutation using the sensor space (n1 = 96, n2 =
276) with the weight described by the window function of
the rectangular window; within the MMR time range we
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assigned 1, outside of it, we put 0.2. We then applied the
BSStx method and the infomax method separately to the
weighted data (weighted-BSS7# and weighted-infomax).
Finally, after lowpass filtering (30 Hz), we obtained ERFs
elicited by the weighted deviant stimulus, instead of
subtraction. Weighted approach is not using subtraction but
using only deviant epochs.

The reference standard was defined based on the spatio-
temporal cluster permutation approach from MMR
difference sensor waveform, since it is the only way of
identifying MMR; the selection of 44 MMR sensors
(bilateral front-temporal sensors) among the 204
gradiometers within the MMR time.

To investigate the resemblance of each component to the
reference standard individually, we measured the cosine
similarity (C) as spatial similarity, and the similarity of
morphology (S) as a measure of temporal similarity. Cosine
similarity refers to the similarity between two column
vectors [15, 16];

Cosine similarity (C):

C(a(n),b) = |am)"h|, n, <n<mn, 3)
where d(n) = a(n)/|al is the normalized column vector
containing the spatial distribution of the reference standard,
andb =b /|b| is one of normalized column vectors of 4 in
(1). The symbol 7 means the transpose of @(n). In the
following, we use the maximum of C (C,,,, ) across the
MMR time range for 4 methods (subtraction-BSSrx,
subtraction-infomax, weighted-BSSx and weighted-
infomax).

Each component was reconstructed into the sensor space.
In one sensor, we investigated the correlation to the
reference standard;

_ _&XuYp)
XMy

1=1,2,3,...,44. 4)

L]

where (X, Y) is the inner product. Here, X is one row vector
() of the reference standard, which corresponds to one
sensor, and Y is one row vector (/) of the same sensor of
reconstructed data.

Similarity of morphology (S):

XuYo)

nlivl =52,

1=1,2,3, ..., 44. )

gives the similarity of morphology (S), with S comparing the
similarity of the waveform between the reference standard
and reconstructed waveforms regarding temporal correlation
and amplitude in the given sensor. Among the 44 MMR
sensors, we took the maximum of S (S,,,4,) across the MMR
sensors for each method.



After obtaining the scatter plot of S,,,,, and C,, ., the
relative relationships regarding the component distribution
patterns among the different methods were investigated. To
achieve this, each S,,,, and C,,,, value derived from all
components were individually standardized (z-score).

By setting the z-score > 1.65 (90%) for both S,,,,, and
Cinax» the components’ locations were classified into four
quadrants (left upper, LU; right upper, RU; left lower, LL;
and right lower, RL), with right referring to high S,,,,, and
upper meaning high C,,,,. Salient components were
delineated individually on the LU, RU, and RL quadrants. A
component in the RU quadrant may be a major component
with a high contribution to the MMR. To the contrary, a
component in the LU quadrant, which has low S,,,, and
high C,, 4, should be a minor component regarding the
MMR; most of these components have either small
amplitude or low correlation to the reference standard. A
component in the RL quadrant may be a pseudo component
regarding the MMR, which suggests that the temporal
resemblance is high only in a limited number of MMR
sensors. This component may relate to non-MMR sensors,
which suggests a false generator (or network) of MMRs. A
component in the LL quadrant (inconsequential component)
means nothing regarding the MMR, or a component that is
related to other ERFs or artifacts.

To investigate the distribution pattern of the salient
components, principal component analysis (PCA) was
computed. Two individual PCA components were obtained,
with most of the variance being captured by the subspace of
the 1% PCA component. The center of the distribution of
salient components taken as the cross-point of the 1% and 2™
PCA components, and the slope of the 15 PCA component,
were obtained.

C. Statistics

Two-way repeated-measures analysis of variance
(rmANOVA) was used to analyze the center (z-scored S,
and z-scored C,,,,, respectively) and slope of the 15 PCA
component with a within-subjects factor of APPROACH
(subtraction vs. weighted) and a within-subjects factor of
DECOMPOSITION (BSS7« vs. infomax). As post-hoc tests,
multiple comparisons were performed using paired #-tests
with Bonferroni correction.

III. RESULTS

Fig(A) represents the results of decomposition together
with sensor space analysis from a representative subject
(Subject 2). Clearly, one component in the weighted-BSSzx
was prominent with similar morphology (upper panel, red
line, BSS107) and a similar topographical map (right panel)
to the reference standard of the peak time (left, 140 ms).
Accordingly, the corresponding component has remarkable
Smax and Cp,q,1n the scatter plot (lower panel, red arrow).
No components are remarkable with the infomax methods.
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The subtraction-BSS7x provides two components (red and
green arrows) that have a moderate value of S,,,,, and C,, -

In Fig(B), scatter plots of z-scored S,,,,, and C,, 4, for
each salient component are depicted for the four different
methods for all subjects. Remarkably, the salient
components were mostly located in the RU quadrant in the
weighted-BSStx, whereas in the subtraction-BSSm« they were
equally distributed between the RU and RL quadrants. The
two infomax methods had salient components mostly in the
LU or RL quadrants.

The averaged center of the distribution of the salient
components and the 1 PCA component are superimposed
on the z-scored plots of salient components in Fig(B). The
rmANOVA results, shown in Fig(C), revealed that the
distribution of the salient components is mostly in the RU
quadrant with weighted-BSS7x, in the RL quadrant with
subtraction-BSStx, and in the LU or RL quadrants with the
two infomax methods.

IV. CONCLUSION

BSS7x method using only deviant epochs could extract an
MMR confined to one or a few dominant components
(Figs(A-C)). The salient components had positive spatio-
temporal correlation with the MMR (Fig(C)). To the
contrary, ICA decomposed the MMR into an assembly of
minor or pseudo components with negative spatio-temporal
correlation. In particular, our method could avoid having to
use a subtraction approach to reveal the MMR. Our method
could help with the use of the MMR in basic and clinical
research and open a potentially useful window into complex
event-related brain data in various fields.
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(A) Sensor and decomposition results from a representative subject (B) Z-scored plots for all subjects
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Figure. (A) Results from Subject 2. Sensor space analysis using subtraction (left). Red and pink lines within the MMR time
(purple line) refer to the reference standard. Decomposition results are shown in the remaining spaces for subtraction-BSSzx,
weighted-BSSmx«, subtraction-infomax, and weighted-infomax. Upper panels: source waveforms, lower panels: scatter plots of
Smax and C,, 4, for each component. The color map in the scatter plot indicates the value of C,, 4, (from 0 to 1). In each
decomposition result, three components are depicted in different colors (red, green, and yellow) with a corresponding
topographical map. It can be noted that BSS107 in the weighted-BSSz« (red line) is outstanding, with similar morphology and
a similar topographical map to the reference standard of the peak time (140 ms). Accordingly, the values of S,,,4, and C,,, 4
are the highest in this component (red arrow in the scatter plot). (B) The averaged center of the distribution of salient
components and the slope of the 1% PCA component superimposed on the z-scored plots of salient components. Red dotted
lines indicate z-scores > 1.65 (90%). The error bars indicate the standard error. Salient components are mostly distributed in
the right upper quadrant in weighted-BSSzx, in the right lower quadrant in subtraction-BSSt#, and in the left upper or right
lower quadrant in the two infomax methods. (C) The results of repeated measures ANOVA of Z-scored S,,,,, of the center
(left), z-scored Cy,q, Of the center (middle), and the slope of the 1 PCA component (right). The error bars indicate the

standard error.
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