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Abstract

The previous research reveals the presence of relatively strong spatial correlations from
spontaneous activity over cortex in Electroencephalography (EEG) and Magnetoencephalography
(MEG) measurement. A critical obstacle in MEG current source mapping is that strong
background activity masks the relatively weak local information. In this paper, the hypothesis is
that the dominant components of this background activity can be captured by the first Principal
Component (PC) after employing Principal Component Analysis (PCA), thus discarding the first
PC before the back projection would enhance the exposure of the information carried by a subset
of sensors that reflects the local neuronal activity. By detecting MEG signals densely (one
measurement per 2x2 mm2) in three piglets neocortical models over an area of 18x26 mm?2 with a
special shape of lesion by means of a uSQUID, this basic idea was demonstrated by the fact that a
strong activity could be imaged in the lesion region after removing the first PC in Delta, Theta and
Alpha band, while the original recordings did not show such activity clearly. Thus, the PCA
decomposition can be employed to expose the local activity, which is around the lesion in the
piglets’ neocortical models, by removing the dominant components of the background activity.
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1. Introduction

Magnetoencephalography (MEG) measures the weak magnetic field produced by small
current flow in the brain. MEG signals can be transformed to obtain a first-order estimate of
coherent current flow below a 4-channel superconducting quantum interference device
(SQUID) array [1]. Cohen et al. has shown originally that the outputs from two orthogonally
oriented pairs of planar gradiometer detectors can be used to measure the magnitude and
direction of the current located below the center of such a detector [1]. The two pairs of
gradiometers can be emulated by the microSQUID (uSQUID), by combining the outputs
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from an orthogonal pair to measure the gradient of B,along the x-axis, ABJAx, and by
combining the outputs from the other pair to measure AB/Ay. Both of these gradients are
maximum below the center of the detector array. It can be shown that both the magnitude
and phase of the current vector at the center of the detector array can be correctly estimated
to a scale factor. Therefore, the magnitude /of a current is given as

4R \/(ABZ>2+(ABZ>2
pod Az Ay (1)

Where Ris the distance from the current vector to each coil, d'is the separation between the
diagonally opposite sensors and /4 is the permeability of free space. The phase ¢ is given by

ABZ/Am)

arCtan(m (2)

Cohen et al. believed this model could be applied for the dc current imaging that produces
the dc magnetic field in entire human body [1]. Henceforward, this model for detecting the
current source beneath its center is believed to establish a base for imaging cortex activity
magnetically. If every coil contains only the local information, then the gradient should
reflect the center current flow beneath the two coils.

However, real cortex is far from the dc current model as above. Due to the distance from the
sources, a coil could never reflect only the local information. In particular, there are many
random sources firing simultaneously in the cortex. The non-stationarity of EEG and MEG
is well documented [2]. Thus, the approach above needs improvement for current
localization in cerebral cortex with MEG.

The strong spatial correlation across the recording sites was reported in MEG data [3-5].
The previous work already learnt that spontaneous MEG measurement from pig cortex
detected by our 4-coil SQUID system was highly correlated [6]. The generation of such
activity is not clear. It is perhaps caused by spontaneous potential or the sufficient external
noise. The lead field of 4-coil SQUID is believed to produce high correlation. Besides that,
there are bleed across the measurement area, which may be also one reason for the
correlation. Based on the analysis above, the high correlation could be hardly related to local
tissues. This correlated activity occurred over the whole cortex making it difficult to specify
local activity. Therefore, that removal of the highly spatially correlated components might be
better to reveal local activity.

When preprocessing multi-channel data, Principle Component Analysis (PCA) is usually
used as a denoising approach to improve the signal to noise ratio (SNR) by keeping the first
few PCs while discarding the residuals [7]. An opposite use of the PCA, namely Principal
Component Elimination Method (PCEM), was previously proposed to remove the
spontaneous MEG, which is considered as noise in the analysis of evoked data, and enhance
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the SNR for evoked MEG measurement by eliminating the 1st PC [8]. In this paper,
spontaneous MEG over the piglets’ neocortex was scanned by a 4-channel uSQUID array
with two orthogonally oriented pairs of planar gradiometer detectors in the recording plane
of about 18 mm by 26 mm with 2 mm step. It is hypothesized that the activity around the
border of the lesion in the neocortex was strong local activity, which was orthogonal to the
background recordings. Based on such a hypothesis, the utility of PCA preprocessing was
investigated in animal MEG recordings at revealing local activity after the background
activity has been removed. Because MEG and EEG share many similar characteristics and
are often analyzed using the same methods and tools, the results should be applied broadly
to both MEG and EEG.

2. Materials and methods
2.1. Methods

2.1.1. Normalized Principal Component Analysis—In our study, the multi-channel
signal model at a time point is described by Eqg. (3).

S:Sspont+slesion+Seztcmal+sn (3)

Where the multi-dimensional data detected by the MEG system are composed of 4
components. They are the on-going spontaneous activity Sgpons the lesion activity Sjesjop, the
external interferences Sgyzemar@nd the normally distributed white noise S, The first step in
our data analysis procedure is to normalize the amplitude from each channel by its own
standard deviation (SD) to set the same weight for all sensors before applying PCA
decomposition, as expressed by Eq. (4).

S=S/SD  (4)

Sis the normalized recording based on each channel’s SD. The PCA decomposition could
be applied after filtering. The transformation is defined by a set of 4-dimensional vectors of
weights or loadings ws) = (W, ..., Wg)k) that map each vector 5‘(i) of Sto a new vector of
principle component scores t(jy = (ty, ..., ta)(), given by

=50 Va)  (5)

The individual variables of #considered inherit the maximum variance from S The first
loading vector w(y) has to satisfy

Biomed Signal Process Control. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gao et al.

Page 4

llwll=1 i

W(1)=arg max (t )2¢ }
) {Z L (i) (©)

The first PC can then be define as the corresponding vector in the original variables {5(,) :
W1)}W(y). In this paper, there are only 4 channels for MEG measurement, and the hypothesis
is that the first PC represents the dominant component of background activity. The largest
PC also captures external interference Sgyermas Since interference from distant sources
appears more or less in all channels. Local, activity carried by relatively a few channels is
the interested activity in our study. The normalization is a very important step to avoid a
special situation where a few channels with very strong magnitude in our model are
recognized as the major PC; this ensures that only the globally distributed temporal patterns
in the data can be represented by the first PC. Here, globally indicates all or most of the
channels in the sensor array.

After discarding the back projection of the largest PC, the background activity across
sensors is reduced, and the residual is named as g,__, as represented by Eq. (7).

Sres:SSpont_ res+Slesion+Seztemal_ res"’sn (7)

Wherein Sspont resand Sexzernal res are the retained residuals after discarding the largest PCs.

2.1.2. Local information ratio—In our study, local information ratio is defined as the
ratio of the average SD in the lesion region over that in the rest of the scanning area for each
channel:

_ ave_ SDlesz'on
ave_ SDrest (8)

Wherein rrepresents local information ratio, ave_SDjgsjop, is the average SD over the lesion
area, and ave_SD,.4 is the average SD in the rest area. The ave _SDy,¢ stands for the
background activity, while the ave_SD.¢i0n represents the local activity, which is around the
lesion in our paper. The rest region was obtained by subtracting lesion area from the
scanning region here.

The data were processed by Matlab software in our study.

2.2. Animal experiments

Three juvenile farm pigs (Sus scrofa, 3-5 weeks old, 7-12 kg) were studied while
maintaining the animals in stable condition. Animals were prepared as previously described
[9-11] using a protocol approved by the University of New Mexico School of Medicine and
Albuquerque VA Medical Center. The piglets were initially sedated with 1% thiopental
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sodium (25 mg/kg, i.t.) or with a combination of ketamine (16 mg/kg, i.m.) and xylazine (4
mg/kg, i.m.) in the animal facility, and were transported to the operating room. The animals
were then anesthetized intravenously with sodium thiopental (9 mg/kg/h), artificially
ventilated and secured in a custom-made head holder using paramagnetic materials (copper
and flex glass). Additional anesthetics were given as needed to maintain a surgical level of
anesthesia. The scalp and skull were removed and the right hemisphere was turned up to
face the sensors of the MEG system called uSQUID designed specifically for in vivo and in
vitro studies [10]. Barbiturate anesthesia was reduced to 3 mg/kg/h in order to achieve a
light anesthetic level corresponding to stage I/11 sleep level. The sleep level was
continuously monitored with ECoG (Electrocorticography). Tubocurarine chloride was
given 0.3 mg/kg/h intravenously to prevent reflexive movements. The electrocardiogram was
monitored continuously to ascertain sufficient anesthetic levels. Blood gas was monitored to
check for adequacy of ventilation.

The uSQUID was housed in a magnetically shielded room. It is equipped with four first-
order, symmetric channels of the magnetometers with 4.0 mm diameter pickup coils, 8.5
mm diagonal separation between channels, 16 mm baseline, 1.2 mm separation between the
detection coils and the outside surface of the cryogenic container of the uSQUID with a

noise level of 50 T/ V. Hz \ith an exception that one channel (channel 1) has a higher

noise level (80 fT/ V'Hz), The four-channel configuration in the uSQUID is schematically
illustrated in Fig. 1(a) and Fig. 1(b). The SQUID outputs were fed to a 4-channel amplifier
with a 24 db/octave Butterworth filter. All magnetic field data were collected with a
bandpass filter with a high- and low-pass cut-off frequency of 0.1 Hz and 1 KHz,
respectively. Constrained by the configuration of the uSQUID, the neocortical area of
interest cannot be fully covered with simultaneous recordings; therefore, the area of interest
was scanned by moving the animal platform relative to the uSQUID at steps of 2 mm as in
Fig. 1(a). At each scan location, 16 seconds of data were recorded. Prior to making a lesion,
a baseline measurement was carried out by scanning the uSQUID over a predetermined,
relatively flat region of primary somatosensory cortex (SI) by recording the normal
spontaneous brain activity. Our strategy was to create a lesion surgically with non-active
tissue in close proximity to active background neuronal sources. The lesion was ablated by
sucking off a special shape of neocortex and then filled with biocompatible material (3%
agar prepared with saline solution). The location of the lesion measuring ~6 mm in diameter
was chosen by avoiding the visually sizable arterials as in Fig. 1(a), in order to reduce the
damage to the surrounding brain. Along with the MEG detectors, 28 channels of ECoG,
centered on the lesion, over the predetermined flat cortical region were simultaneously
recorded (Fig. 1(c)). The ECoG electrode pat was custom-made by weaving silver wires
(125 micrometer in diameter, coated with Teflon) with a thin nylon net sheet. The active tips
of the electrodes were silver-silver chloride. After a multichannel pre-amplifier (customarily
made to be compatible with biomagnetic signal detection in the p.SQUID magnetically
shielded room) with 5x amplification, ECoG signals were fed to a signal conditioner
(SCXI-1000, National Instruments) for anti-aliasing filtering. MEG and ECoG were sampled
at 2048 Hz using self-made data collection software developed in Labview (National
Instruments). ECoG is usually taken as a gold standard to describe the neocortical neuronal
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activation [12]. The ECoG recordings were used as a reference to analyze the
simultaneously recorded MEG signals.

Spontaneous MEG over the neocortex was scanned by the uSQUID in the recording plane of
about 18 mm by 26 mm with 2 mm step (Fig. 1(a)). The recording plane was 5.5 mm above
the cortex. Three replications of 16 seconds MEG with sampling frequency of 2048Hz were
recorded consecutively to check reliability of mapping for each piglet. As mentioned above,
ECoG was also recorded in the neo-cortex of the piglets by 28 silver chloride electrodes
with 5 mm space, as shown in Fig. 1(c).

Spontaneous activity from the pig cortex detected by the 4-coil uSQUID system was
strongly correlated [6]. In order to prove that PCA processing can remove overall
background activity and thus expose the local information, PCA was applied to de-correlate
the 4 channels and to locate the inactive area of the cerebral cortex. The activity in Delta
band (0.1-5 Hz) is a sign of neurological damage [13-15], therefore the effect of PCA
decomposition was studied on the separation of local and global background activity in the
Delta frequency band. Additionally, the effect of PCA removal was also explored in main
physiological frequency bands including: Theta (5-8 Hz), and Alpha (8-13 Hz) band. The
SD matrix of the recorded MEG before and after applying our preprocessing procedure at
each detection site over the scanned area was imaged to investigate the magnetic field
distribution.

Fig. 2(a) reveals the location of three selected electrodes, where 3 individual electrodes are
located in the lesion, at the edge of the lesion, and at an intact neocortical area which is
about 18 mm far away from the edge of the lesion. Fig. 2(b) shows 10 seconds ECoG
signals, among them the spontaneous signal from the intact neocortex region has an SD that
is 3 times smaller than the signal coming from the electrode at the border of the lesion
(periphery), while the electrode in the lesion (agar) did not detect any noticeable signals. The
frequency spectrum of the ECoG signals at the periphery and the intact area was generated
via a Fourier transform of the signal, and the resulting value was usually presented as power
plotted versus frequency. The corresponding spectrum of the two electrodes was plotted in
Fig. 2(c). Note that the spectrum for the electrode in the lesion was not shown due to the
obvious zero value in Fig. 2(b). The gold standard, ECoG data, showed strong Delta activity
(0.1-5 Hz) at the border of the lesion illustrated by Fig. 2. Additionally, the activities at
Theta (5-8 Hz) and Alpha (8-13 Hz) band were also stronger than the intact area, but
relatively weaker than Delta activity.

The SD value imaging calculated from ECoG signal was plotted to provide the evidence for
the existence of inactivity area in Fig. 3. It demonstrated that the lesion area generated weak
activity, while the strong activity was produced by the periphery. Although the measurement
scope in ECoG was not completely the same as in MEG, it still shows the animal model was
established with strong activity in the lesion periphery.
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Fig. 4(a) shows a typical 1-second long spontaneous MEG signal recorded over Sl region by
the 4-channel uSQUID. A common pattern in the background dominated the recordings and
was spatially correlated in sensor space. A PCA analysis of the signal shown in Fig. 4(a) is
illustrated in Fig. 4(b) from PC 1 to 4, respectively, which demonstrates that the PC1
represents the largest variance of the recordings with a percentage of 57.93%. After
projecting the first PC back to the measurement space, i.e. the 4 channels of the uSQUID, it
can be clearly seen the strongly correlated background signals characterized with the same
dynamic pattern as in the original signal over all channels, as depicted in Fig. 4(c). The
correlation coefficients between Fig. 4(a) and Fig. 4(c) are 0.9433, 0.6583, 0.6281, and
0.7748 for each channel respectively, which quantitatively validate the claim that they indeed
share ‘the same dynamic pattern’.

As shown above, the 15t PC has the largest variance. The study then concentrated on the
signals back projected from the remaining 3 PCs, and compared with the original recordings
to determine if local activity could be better identified. Channel 2 was used to indicate the
results by imaging the SD value in Delta, Theta and Alpha frequency band. Fig. 5(a)
indicates an ideal model pattern of SD imaging for Channel 2. In the left three plots in Fig. 5
(Fig. 5(b), Fig. 5(e) and Fig. 5(h)), the SD value of the original coil 2 was shown in the Delta
(0.1-5 Hz), Theta (5-8 Hz), and Alpha (8-13 Hz) frequency band respectively. Fig. 5(b)
demonstrates that a neocortical lesion filled with agar is a reasonable model to generate local
strong Delta activity compared with the large neocortical surface, while the activity in Theta
and Alpha band could not recognized in Fig. 5(¢) and Fig. 5(h). Due to the strong Delta
wave generated at the margin of the lesion, resolution of the MEG measurement cannot
distinguish the margin from the lesion itself compared with the image of ECoG recordings
in Fig. 3. The SD value of the PC1 projection to coil 2 in the same frequency band is plotted
in the middle plots in Fig. 5, while SD value of the reconstruction by back projection of
PC2, PC3, and PC4, i.e., the residuals, is in the right plottings in Fig. 5 in the Delta (0.1-5
Hz), Theta (5-8 Hz), and Alpha (8-13 Hz) frequency band respectively. In the Delta band,
Fig. 5(c) demonstrates the lesion with strong Delta activity, which is similar to Fig. 5(b),
while Fig. 5(d) shows a faint inactive spot in the corresponding area. As to Theta and Alpha
frequency band, interestingly, a lesion opening with strong activity can also be ambiguously
seen in Fig. 5(f) and Fig. 5(i) after PCA preprocessing, while weak activity can be seen
faintly in the lesion region in Fig. 5(g) and Fig. 5(j), although other three coils always left
hot spots around the lesion.

Again, Channel 2 was employed to demonstrate the results by imaging the SD value at
Delta, Theta and Alpha band, after normalizing each channel at each recording site prior to
the PCA decomposition (see the left three plots in Fig. 6, i.e. Fig. 6(a), Fig. 6(d) and Fig.
6(g)). The middle three plots in Fig. 6 (Fig. 6(b), Fig. 6(e), and Fig. 6(h)) illustrate the SD
value of the PC1 projection to coil 2 in the same frequency band, while SD value of the
reconstruction by back projection of the residuals, is plotted in right three plots in Fig. 6
(Fig. 6(c), Fig. 6(f), and Fig. 6(i)) corresponding to Delta, Theta and Alpha band. As
expected, the lesion is not as visible for the original data with normalization (Fig. 6(a), Fig.
6(d) and Fig. 6(g)). Compared with the imaging without normalization in Fig. 5(b) in Delta
band, the original image as shown in Fig. 6(a) faintly shows a relative stronger activity at the
center, but is associated with several other hot spots. That is, the strong local activity is no
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longer dominant with normalization. The images of the 15t PC projection, as shown in Fig.
6(b), Fig. 6(e) and Fig. 6(h), clearly demonstrate that there is a lack of background activity
in the lesion, which was filled with foreign materials, i.e., agar in our studies. The
comparison between lesion and background activity in Delta band (Fig. 6(b)) is obviously
stronger than in Theta band (Fig. 6(e)) and Alpha band (Fig. 6(h)). In contrast, Fig. 6(c), Fig.
6(f), Fig. 6(i) indicate a strong local activity in the lesion area, although the lesion activity in
Theta (Fig. 6(f)) and Alpha band (Fig. 6(i)) is not so clear as in Delta band (Fig. 6(c)). Fig. 6
demonstrates that the global (Fig. 6(b), Fig. 6(e) and Fig. 6(h)) and local (Fig. 6(c), Fig. 6(f)
and Fig. 6(i)) information is clearly separated by the normalized PCA, which poses a
contrast with PCA without normalization in Fig. 5. Fig. 6 demonstrates that PCA
decomposition after normalization retains the large amplitude, but spatially limited signal.
Consistent results, not shown here, were obtained for the other three coils.

The effect of normalized PCA on the MEG signals was explored. The time series of MEG
signals in the intact area and lesion area were selected respectively as in Fig. 7(a), and the
frequency spectrum of the original signal after normalization, the first PC, and the residuals
after discarding the first PC was calculated in Fig. 7(b) to Fig. 7(d) for the signal in the
lesion, and in Fig. 7(e) to Fig. 7(g) for the signal in the intact area. Fig. 7(b) reveals rather
strong Delta activity in the lesion area for the original data after normalization, while Fig.
7(e) indicates activity in Delta, Theta and Alpha band. After PCA preprocessing, the strong
Delta activity was retained in the residuals for the signal in the lesion as in Fig. 7(d), while
the PC1 contains mostly the very weak activity in 0.1 Hz to 10 Hz as in Fig. 7(c), which
demonstrates that the activity in the lesion could not represent the global activity, and the
first PC could hardly captures its activity. In contrast, the first PC represents most activities
for the signal in the intact area in physiological frequency bands (Fig. 7(f)) compared with
the residuals (Fig. 7(g)). That’s why the first PC reveals strong activity in the background
and the relative weak activity in the lesion area, while the residues show opposite
phenomenon.

The same procedure of SD imaging without and with normalized PCA preprocessing was
performed in three piglets. The images of other two piglets, not shown here, indicate the
consistent pattern, although the lesion areas are not all centered. Fig. 8 demonstrates the
average local information ratio over four channels with and without normalized PCA for
three piglets, i.e. the average local information ratio for original data and the residuals after
normalization, in Delta (0.1-5 Hz), Theta (5-8 Hz), and Alpha (8-13 Hz) band. The results
demonstrate that the average local information ratio with preprocessing is larger than the
ratio for original data. A t-test was performed on average local information ratio with and
without normalized PCA preprocessing across the 3 piglets here in different frequency bands
respectively. A null hypothesis is that the average local information ratio with and without
preprocessing comes from distributions with equal means. The results demonstrate the
hypothesis can be rejected at 5% level in all the frequency bands, which statistically proves
the effect of normalized PCA on enhancing local information ratio across three piglets.
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4. Discussions and conclusions

In multichannel recordings, PCA is usually used to improve the SNR by discarding the
smaller PCs. In this paper, the PCA was applied opposite to the convention such that the
largest PC was discarded while the smaller PCs remained. It must be emphasized that our
approach does not aim at improving the overall SNR, but on increasing the local information
ratio.

Because of the external noise, the field effect spread to the sensors caused by the large
distance between the magnetometer coils and the sources, and the ubiquitous spontaneous
potential over cortex, MEG yields relatively large extracranial coherence even when the
underlying brain sources are uncorrelated [16,17]. In addition, each MEG coil is sensitive to
a large region of the cortex [18]. Therefore, the background activity results from the external
noise, the field effect between coils and cortex, the overlap of the sensitivity area of different
coils, and the spontaneous potential. The PCA decomposition is already known for the
improvement of SNR for evoked responses, prior to averaging, by eliminating the influence
of the spontaneous potential [8]. For this research, initially an animal model was used to
well define the activity around the lesion as local activity. Then this lesion activity was
separated from the background activity by removing the first PC from recordings taken,
which confirmed our basic idea that the local information can be enhanced by discarding the
first PC in a multichannel MEG recording system. The frequency spectrum of first PC after
normalized PCA in Fig. 7 indicates that the removed PC mainly falls into physiological
frequency bands, which proves that the normalization PCA here is not a preprocessing
approach to remove the noise and enhance the SNR, but focus on the separation of local
activity from global activity mainly resulting from spontaneous activity.

In this study, the SD imaging results of animal data with normalized PCA decomposition
preprocessing demonstrated that the first PC mainly contained the overall correlated
components of the MEG recordings, and that the local information was enhanced by keeping
the rest of the PCs. After removing the first PC, each coil kept enough “local” information in
order to image the underlying sources. Fig. 5(b) shows that there was strong activity in the
lesion region and the activity was, apparently, locally distributed in Delta band, while there
is no distinguishable activity in Theta and Alpha band in Fig. 5(¢) and Fig. 5(h) . After PCA
preprocessing without normalization, the lesion activity could almost be recognized,
although it is ambiguous and greatly influenced by other channels. After applying the
normalized PCA, the first PC representing the activity in the background, clearly illustrated
a weak activity in the lesion area that was different from the intact neocortex, as shown in
Fig. 6(b) in Delta band, Fig. 6(e) in Theta band, and Fig. 6(h) in Alpha band, while the local
activity in the lesion area was well captured by the residuals after removing the 1st PC in
Fig. 6(c), Fig. 6(f) and Fig. 6(i) correspondingly. Thus, it could be inferred that the average
local information ratio could be improved by the normalized PCA as in Fig. 8. The
consistent pattern was obtained in three piglets.

Delta band activity is regarded as a marker to reflect structural damage, e.g., cerebral infarct,
contusion, local infection, tumor, subdural hematoma, mild cognitive impairment, aphasia,
dyslexia, schizophrenia or depression [13-15]. Nagata et al found a significant correlation
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between the location of Delta activity and the lesion location with CT scans and rCBF [19].
Persistent focal Delta activity around lesion was also revealed in patients with brain tumors
after surgery [20]. In our studies, the SD imaging of the original MEG around the lesion area
showed strong activity in the Delta band, while the data far away from the lesion revealed
relatively weak activity within Delta band, which is consistent with the conclusion of
previous researches.

An issue is that the original ‘C’ shape looks like circular area in ECoG and MEG images due
to, 1) spatial resolution, but mainly 2) some neighbor points presented strong activities that
changed the imaging. The analysis on ECoG could not reveal the true ‘C’ shape of the hole,
which provides sound evidence for the surrounding strong activities smearing the lesion
shape information to some extent (Fig. 3). Additionally, because of the relatively low spatial
resolution of MEG, the MEG imaging could not distinguish the inactivity area in the lesion,
and it was masked by the strong activity in the periphery.

At the beginning of the analysis, the famous Gradient method proposed by Cohen was tried
to use to locate the lesion [1]. However, the results are not satisfying. The results are ignored
here. If every coil contains only the local information then the gradient should reflect the
center between two coils. The neural activity is a stochastic process, according to the
Gaussian Central Limit Theorem, the distribution of the sum of the two stochastic processes
will converge toward the normal distribution. In particular, there are so many random
sources firing simultaneously in the cortex. The real cortex in our study is far less-than-ideal
model. It might be the reason why the results of the Gradient method are not satisfying here.

In conclusion, it demonstrates that the first PC represents background activity, and PCA
decomposition can be employed to remove it in order to expose the local activity. It is
expected to be applied to research on the mapping of lesion area of brain injury, and
inactivity area of brain disease, such like Cerebral Palsy, Cerebral Infarct, and Aphasia.
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Fig. 1.

Ar?imal experiment. (a) Primary somatosensory (SI) cortex of the right hemisphere of a
piglet was exposed, and a ‘C’ shape lesion was ablated and filled with agar. The black dash
frame depicts the scan area, while the number 1, 2, 3 and 4 represent the 4 uSQUID coils at
one scan location. Note that here the scan area corresponds to the geometric center of the
two-pair of orthogonal coils. The array of 4 coils was shifted by 2 mm along the x and y
axes in recording plane of about 18 mm by 26 mm with light dots indicating recording sites.
(b) Schematic diagram of the 4-coil configuration. The coils were 4 mm in diameter,
separated by 8.5 mm diagonally and arranged orthogonally. (c) Light dots indicate 28 ECoG
recording electrodes positioned relative to the neocortex. The Ag/AgCI electrodes were
made from silver wire with a diameter of 125 um with 50 um Teflon coating. The wires were
interleaved with a nylon mesh sheet which kept the electrodes 5 mm apart along x and y
axes.
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Fig. 2.
10 seconds recordings of ECoG signals at 3 locations of a piglet, i.e., lesion, the periphery of

the lesion, and the intact area, and their amplitude-frequency spectrum. (a) The selected
electrodes at the lesion, the periphery, and the intact area; (b) The signals in time domain; (c)
Their corresponding frequency spectrum. Note that the spectrum at lesion that was filled
with agar was ignored in (c) due to zeros in (b). The signal at the lesion border presented
strong Delta (0.1~5 Hz) activity, and also Theta (5-8 Hz) and Alpha (8-13 Hz) activity.
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Fig. 3.
The image of SD value calculated from the ECoG recordings. The lesion area is in dashed

line. Note that the measurement scope of ECoG was not completely the same as MEG. The
activity in the lesion was weak, whereas the activity in the periphery was strong compared
with the background.
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Fig. 4.

Agtypical 1 second spontaneous recording of MEG and the PCA decomposition of a piglet.
(@) The spontaneous MEG signals (offline filtered to 0.1-100Hz) recorded by our uSQUID
system over neocortex Sl area of a piglet; (b) Four PCs after PCA decomposition show that
the first PC grabs the prominent common activity in the background; (c) The first PC was
projected back to the sensor space to show the common activity in the background. It was
multiplied by SD after PCA preprocessing. Note that although channel 1 suffered from
higher noise, it still captured the same background activity pattern as the other 3 channels.
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Fig. 5.

(a)gSD value imaging model of Channel 2. SD value imaging of a piglet calculated from the
MEG recordings in Delta, Theta, and Alpha frequency band of Channel 2 for original data
((b), (e) and (h)), first PC ((c), (f) and (i)), and residuals ((d), (g) and (j)) after removing first
PC. The lesion location seen by the coil is in dashed line. The images by other channels
were similar, but are not shown here. Note that the image is in the sensor coordinate system.
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Fig. 6.
The images of SD value calculated from the MEG recordings by coil 2 after normalization

in Delta, Theta, and Alpha frequency band for original data ((a), (d) and (g)), first PC ((b),
(e) and (h)), and residuals ((c), (f) and (i)) after removing first PC. The lesion area seen by
the coil is in dashed line. A clear lesion opening, although not exactly the same shape as the
lesion, can be seen in (b), (¢) and (h), while a strong activity can be seen in the lesion region
in (c), (f) and (i). Note that the activity in the lesion periphery was too strong and actually
masked the lesion.
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Fig. 7.

30

The frequency spectrum of the MEG recordings by Channel 2 in the lesion and intact area,
respectively, for original data after normalization, first PC, and residuals after removing first
PC. (a) The location of the selected MEG signals at the lesion and intact area; (b)—(d) The
frequency spectrum of the MEG in the lesion for the original data after normalization, first
PC and residuals; (e)—(g) The frequency spectrum of the MEG in the intact area for the
original data after normalization, first PC and residuals.

Biomed Signal Process Control. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Gao etal.

average local information ratio

3,

25

2

1.5

1k
. I I

o
1 2 3

Page 19

W without preprocessing
W with preprocessing

t-test: H=1; P=0.0132

subject number

(a) Delta band (0.1-5 Hz)

3

2 | I I
o 1 2 3
subject number

(b) Theta band (5-8 Hz)

[ vithout preprocessing
[ with preprocessing

average local information ratio
- o

-]
o

Fig. 8.

t-test: H=1; P=3.2415-e004

average local information ratio

3.5r

3

N
[

N

)

-

0.5

I without preprocessing
I with preprocessing

[ I t-test: H=1; P=0.0090
1 2 3

subject number

(c) Alpha band (8-13 Hz)

Average local information ratio over four channels with and without normalized PCA
preprocessing in (a) Delta (0.1-5 Hz), (b) Theta (5-8 Hz) and (c) Alpha (8-13 Hz) of three
piglets in our study. The average ratio without preprocessing is shown as blue bar, while the
ratio with preprocessing as red bar. H and P are the t-test results on average local
information ratio with and without normalized PCA preprocessing. A null hypothesis is that
the average local information ratio with and without preprocessing comes from distribution
with equal means. H=0 indicates the null hypothesis cannot be rejected at the 5%
significance level, while H=1 demonstrates it can be rejected at 5% level. P value is the

probability if the null hypothesis is true.
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