()]
0
c
()]
0
()]
0
(&
o)
)]
2
()]
>
=
©
(&
(0))
()]
=
c
Y
0
©
c
&
)
0
)

Published online: March 30, 2019

Original Research

IVIR Prass

Cerebral cortex functional networks of magnetic stimulation
at acupoints along the pericardium meridian

Yang-yang Dai'+2, Ning Yin1:2*, Hongli Yu!2 and Gui-zhi Xu!2

LState Key Laboratory of Reliability and Intelligence of Electrical Equipment, Hebei University of Technology, Tianjin,

300130, China

2Key Laboratory of Electromagnetic Field and Electrical Apparatus Reliability of Hebei Province, Hebei University of

Technology, Tianjin, 300130, China
*Correspondence: yinning@hebut.edu.cn (Ning Yin)

DOI: 10.31083/.jin.2019.01.126

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.org/licenses/by-nc/4.0/)

The coordinated regulating mechanism of magnetic stimu-
lation at acupoints along the pericardium meridian was
studied by cerebral cortical functional networks. Elec-
troencephalogram signals of 14 subjects (eight males and
six females) were recorded in resting state and follow-
ing magnetic stimulation at Neiguan and Daling acu-
points along the pericardium meridian. The correspond-
ing cortical functional networks were constructed and an-
alyzed by group independent component analysis, stan-
dard low-resolution brain electromagnetic tomography,
short-time Fourier transform, and complex network theory.
Results showed that during magnetic stimulation at Daling
and Neiguan acupoints, the functional connections of the
nodes in the brain areas associated with movement re-
spectively decreased by 7.3% and 19.9%, and the func-
tional connections of the nodes in brain areas associated
with advanced cognitive functions such as emotion, mem-
ory and language respectively increased by 24.9% and
18.8%. Changes of topological structure were similarly
related to the efficacy of acupoints along the pericardium
meridian. Magnetic stimulation also caused different topo-
logical changes consistent with the therapeutic function of
specific acupoint. This study provided new evidence re-
vealing mechanisms of brain functional integration and
network synergy in the acupoint stimulation pathway.

Keywords
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cerebral cortex functional network

1. Introduction

Acupuncture is widely used in the rehabilitation of various dis-
eases (Chen et al., 2016; Tao and Ma, 2016). The effect of clin-
ical treatment by acupuncture is obvious. However, the mech-
anism of acupuncture has no explaination based on modern bi-
ology and medical science. Traditional acupuncture depends on
the experience of the physician and is difficult to quantify (Sun
et al., 2014; Guo et al., 2015). Magnetic stimulation is noninva-
sive and widely recognized in the rehabilitation of neurological
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disease. The combination of magnetic stimulation and traditional
acupoint theory helps to achieve a quantifiable international tech-
nical standard (Yin et al., 2013). Currently, magnetic stimulation
at acupoints has been applied to treat diseases such as depression
(Xiong et al., 2018).

According to modern medical theory, the brain is the mate-
rial basis of all functional activities of organism. The brain net-
work makes it possible to reveal the acupuncture mechanism of
brain functional integration (Cai et al., 2018). It is found that the
topological structure of brain network established by the electrode
positions directly as network nodes changes during magnetic stim-
ulation at acupoints (Yin et al., 2013; Guo et al., 2017; Xing et al.,
2016). It is unclear whether there is a correspondence between
the functional network connectivity of the cerebral cortex and the
function of specific acupoints.

The acupoints along the pericardium meridian can usually be
used to calm the mind and treat mental diseases in clinic (Han et
al., 2014). Neiguan (PC6) and Daling (PC7) are two acupoints
along the pericardium meridian. PC6 can be used to treat diseases
such as senile dementia, depression, and insomnia (Lu et al., 2014;
Fuetal., 2005; Xia et al., 2012). PC7 is often used to treat affective
disorders such as, cognitive disorders, and insomnia (Yuan et al.,
2003; Hua et al., 2012; Zhang and Gu, 2011). Here, PC6 and PC7
were selected as stimulus targets and electroencephalogram (EEG)
signals were recorded. Group independent component analysis
(Group ICA), standard low-resolution brain electromagnetic to-
mography (SLORETA) (Pascual-Marqui, 2002), and graph theory
were combined to construct cortical functional network (Xia et al.,
2013). Brain integration in the stimulation pathway was analyzed
from the perspective of the complex network. It helped in reveal-
ing the intrinsic interaction mechanism of “acupoint-brain-organ”,
and provided new evidence for the regulating mechanism of acu-
point stimulation.

2. Materials and Methods
2.1. Subjects

Healthy right-handed subjects (eight males and six females)
aged 21 to 25 years old without history of mental illness were re-



cruited. The experiment was approved by the Biomedical Ethics
Committee of Hebei University of Technology (approval number
HEBUThMEC?2018005). No ethical issues were involved and the
study conformed to the Helsinki Declaration. Experimental meth-
ods and operations were consistent with approved guidelines. All
subjects signed informed consent before the experiment.

2.2. Acupoint selection

Left-hand PC6 and PC7 acupoints along the pericardium
meridian were selected as stimulus targets, as shown in Fig. 1.
PC6 and PC7 are between the palmaris longus tendon and the
carpal flexor tendon of the radial side. PC6 is located on the volar
side of the forearm, five centimeters above the carpal transverse
stripe. PC7 is located at the midpoint of the carpal palmar trans-
verse stripe.

2.3. Experiment

Magstim Rapid? repetitive pulse magnetic stimulator (Magstim
company, UK) with an "8" shaped coil (model number 9925-00)
was used for repetitive stimulation. The coil was placed approx-
imately 0.5 cm above the skin, and the focus center was directly
opposite the acupoint. Stimulation intensity was set to 80% of
the maximum output intensity (2.2 Tesla) and the stimulation fre-
quency was one Hertz. EEG signals were recorded (NeuroScan
Company, USA) at a sampling frequency of 1000 Hz using 64
Ag-AgCl electrodes placed according to the international 10-20
system.

Subjects sat eyes closed with earplugs inserted. The experi-
ment flowchart is given in Fig. 2. The main steps were:

(1) Resting state EEG recorded for 60 seconds.

(2) EEG signals recorded for 60 seconds as PC7 stimulated.
(3) Subjects rested for 60 minutes.

(4) EEG signals recorded for 60 seconds as PC6 stimulated.

EEG signals were pre-processed to remove interference prior
to construction of the cortical functional network. EEG data was
preprocessed off-line by 0.5-40 Hz band-pass filtering, artifact re-
moval, abnormal segments elimination, converting data to average
reference, segmentation, and baseline correction.

(a) (b)

Figure 1. Position of acupoints. (a) PC7. It is located at the midpoint
of the carpal palmar transverse stripe. (b) PCé. It is located five
centimeters above the midpoint of the carpal palmar transverse stripe.

2.4. Group ICA

Group ICA was employed to separate source signals from the
mixed EEG data of multiple subjects. Row-wise Group ICA
(Schmithorst and Holland, 2004) is suited for analysis of brain area
activation when subjects are in a single specific stimulation state.

The mathematical model is:
[X1,X2,..., X0 =A[S1,52,...,8n], (1)

where X, is a K x V matrix, which represents the EEG data of sub-
ject N. K gives the number of electrodes, and V' gives the number
of time points.

2.5. Source localization

sLORETA is a method of source localization employed to re-
construct the current density of the cerebral cortex (Chen et al.,
2013; Yang et al., 2015; Li et al., 2017). The relationship between
EEG signals on the scalp and sources on the cortex can be ex-
pressed as:

9 =KJ, (2)

where ¢ represents the EEG signals, K is a m X n (n > m) ma-
trix of forward model coefficients, and J is a n x [ matrix that
represents the current density of signal sources.

Eq. (2) can be uniquely solved by zero-order Tikhonov-Philips
regularization. The cost function is:

F=lo—KJ|*+a|J|?, ®3)

where « is the regularization parameter and & > 0.
To solve for J, the given values of K, ¢, and « are inserted into
Eq. ( 3) and the minimum cost function is taken:

S=To, (4)

where T = K [KK" +aH|", H=1—-1I" /"I, I is the identity
matrix, and / is the unit vector.

]+

2.6. Construction of cerebral cortex functional network

First, Group ICA was employed to analyze preprocessed EEG
data. Components related to brain activity were then selected
to reconstruct EEG data. The current density distribution of the
cerebral cortex was calculated by SLORETA based on the recon-
structed EEG data. Areas with the maximum current density were
considered to be network nodes (Chen et al., 2013; Yang et al.,
2015). The relationship between the nodes was given by the cross-
correlation coefficients of the alpha-band power spectrum (Chen
et al., 2013).

Second, a short-time Fourier transform was calculated to ob-
tain power spectrums of the selected EEG components. The cross-
correlation coefficient matrix was calculated based on a cross-
correlation analysis. To improve the normality of the data, a Fisher
Z transform was performed on the cross-correlation matrix. Any
significant differences between the cross-correlation coefficients
and zero were then assessed by two-sided one-sample 7-test, and a
false discovery rate (FDR) correction was applied to multiple test
results (Salvador, 2005).

Subsequently, binary matrices were generated. If the element
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Magnetic stimulation at PC7
and recording EEG signals
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Magnetic stimulation at PC6
and recording EEG signals
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Subject rested for 60 minutes

Figure 2. Schematic diagram of experiment time line. EEG signals of resting state, stimulation at PC7 and PCé respectively recorded for 60

seconds.

in the matrix was one, it corresponded to the cross-correlation co-
efficients with statistically significant results (p < 0.05, FDR cor-
rected). Finally, network connection edges were generated accord-
ing to the binary matrix.

2.7. Parameters of the functional brain network
The degree of a node refers to the number of edges directly
connected to a given node. It reflects the importance of the node
in the network. The mean degree is given by:
1N

D=—YD 5
Nil ; ()

where N is the number of nodes and D; is the degree of the ith
node.

3. Results

The source localization of EEG data reconstructed by the com-
ponent related to brain activity is shown as Fig. 3. In this figure
the corresponding current density distribution in the cerebral cor-
tex of the reconstructed EEG signals was estimated and the Mon-
treal Neurological Institute 152 brain template coordinate of the
maximum current density position in the three-dimensional cere-
bral cortex at five millimeters resolution was given. On the color
bar, the + and — preceeding each number indicates current flow
direction. Moving from the middle of the color bar to either side
the current density gradually increases.

The binary matrix is given in Fig. 4. The abscissa and ordi-
nate represented the serial number of nodes. White represented
one, and black represented zero. If an element in the matrix was
1, there was a connection edge between the corresponding nodes.
Fig. 4(a), Figure 4(b) and Fig. 4(c) give the binary matrices of the
resting state and magnetic stimulation at PC7 and PC6, respec-
tively.

The alpha-wave cortical cerebral functional network is illus-
trated from the sagittal, axial, and coronal directions in Fig. 5. The
small red spheres give the node locations of the functional net-
work. Labels of the network nodes indicate cortical Broadmann
Areas (BA) (Brodmann, 1909; Garey, 2006). Blue lines give the
connection edges between network nodes. Fig. 5(a), Fig. 5(b), and
Fig. 5(c) illustrate the functional network of the resting state and
magnetic stimulation at PC7 and PC6, respectively.

The node number and mean node degree of each Brodmann
Area is shown in Fig. 6. The changes in the number of nodes for
each BA of the resting state and the magnetic stimulation at PC7
and PC6 are indicated in Fig. 6(a) by a dotted line with a circle,
square, and triangle, respectively. In Fig. 6(b), white, gray, and
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black histograms are used to show changes in the mean degree of
nodes at each BA of the resting state, and magnetic stimulation at
PC7 and PC6, respectively.

BAI, BA2, BA3, BAS and BA7 in Fig. 6 are brain areas related
to somatic sensation. BA4 is the main source of motor activa-
tion. BA6 and BA8 comprise anterior motor cortex. BA18 and
BA19 are areas associated with vision. BA9, BA10, BA11, BA21,
BA38, BA39, BA40, BA45, BA46, and BA47 are related to ad-
vanced cognitive functions. BA9, BA10, and BA1l are closely
related to functions such as emotion and memory. BA38 partici-
pates in the processes of behavior, affection, and decision. BA46
is concerned with maintaining attention and managing working
memory. BA21, BA39, BA40, BA45 and BA47 are involved with
processing and expression of language.

In the brain areas related to somatic sensation the mean degree
and number of nodes in BA1 and BA7 increased, the nodes in BA2
disappeared, the mean degree in BA3 decreased, and the mean de-
gree in BAS increased during stimulation at PC7 compared with
the resting state. In brain areas associated with movement the
mean degree in BA6 increased but the number of nodes decreased,
the mean degree and the number of nodes in BA8 both decreased,
and the mean degree and number of nodes in BA4 both increased.
In visually-related areas the mean degree in BA18 decreased but
the number of nodes increased. Conversely, in BA19 the mean
degree of nodes increased but the number of nodes decreased. In
areas associated with advanced cognitive function the mean degree
in BA9 and BA45 increased, the mean degree in BA10, BA21, and
BAA47 decreased, and the mean degree in BA11 increased but the
number of nodes decreased, BA38 was activated and the mean de-
gree and the number of nodes in BA39 and BA40 both increased.

During stimulation at PC6 the nodes in BA1 and BA2 disap-
peared, the mean degree in BA3 increased, and the mean degree
and the number of nodes in BA5 and BA7 increased comparing
with the resting state. There were no nodes in BA4. The mean
degree in BA6 increased but the number of nodes decreased. The
mean degree of nodes in BA8 increased. The mean degree and
number of nodes in BA18 increased, as did the mean degree in
BA19. The mean degree and the number of nodes in BA9 and
BA47 both increased. The mean degree in BA10, BA39, BA40,
BA45, and BA46 increased. The mean degree in BA11 increased
but the number of nodes decreased. The mean degree and number
of nodes in BA21 both decreased.

The number of nodes and the mean degree are combined to re-
flect changes of functional connectivity in each Brodmann Area.
Usually, multiple Brodmann Areas are responsible for a specific
brain function. If the change trend of the two indicators is consis-
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Figure 3. Source localization of the EEG component. It gives the results of source localization from three directions. The current density
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Figure 4. The binary matrix (a) Resting state. (b) Stimulation at PC7. (c) Stimulation at PCé. The abscissa and ordinate represent the serial

number of nodes. White represents the element in the matrix is 1, and black represents O.

tent in all Brodmann Areas, the changes in functional connectivity
of specific nodes in the specific functional areas can be approxi-
mately estimated. Otherwise, in-depth analysis is required.

The number of connections in specific functional areas is given

[T}

in Table 1, where indicates absence of network nodes in the
given area in the corresponding state. From data in Table 1, the cal-
culated functional connectivity related to somatic sensation gener-
ally increased by 26.0% and 21.2% during the stimulation at PC7
and PC6, respectively, compared with the resting state. The func-
tional connections associated with movement decreased by 19.9%
and 7.3% during stimulation at PC6 and PC7, respectively. The
functional connections associated with vision increased by 37.9%
and 3.9% during the stimulation at PC6 and PC7, respectively. The
functional connections of the nodes in brain areas associated with
advanced cognitive functions during magnetic stimulation at PC7
and PC6 increased by 24.9% and 18.8%, respectively.

4. Discussion

The pericardium meridian has an important influence on hu-
man cognitive activity and spiritual consciousness. Acupoints
along the pericardium meridian can be used to treat mentally re-
lated disease (Yu et al., 2016; Zhang et al., 2012; Hua et al., 2012).
For example, PC6 can be used to treat diseases such as senile de-
mentia, depression, and insomnia (Lu et al., 2014; Fu et al., 2005;
Xia et al., 2012). PC7 is often used to treat affective disorders,
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cognitive disorders, and insomnia (Yuan et al., 2003; Hua et al.,
2012; Zhang and Gu, 2011). These diseases seriously affect emo-
tion, memory, language, and other advanced cognitive functions.
Results show that during magnetic stimulation at PC6 and PC7
functional connectivity of brain areas related to advanced cogni-
tive functions such as emotion, memory, and language increased
by 18.8% and 24.9%, respectively. This suggested that advanced
cognitive functions were somewhat promoted in the condition of
stimulation at PC6 and PC7 along the pericardium meridian (Zhao,
2008; Fu et al., 2005). When stimulating PC7 and PC6, the func-
tional connections of the nodes in the brain areas associated with
movement decreased by 19.9% and 7.3%, respectively, compared
to the resting state. This indicated that motor function of brain
areas was restrained to a certain extent. This is conducive to the
maintainence of quiet or calm, making it easier for people to calm
the mind and stabilize the spirit (Han et al., 2014).

The functional connectivity of the nodes in brain areas related
to somatic sensation increased by 21.2% and 26.0% during stim-
ulation at PC6 and PC7, respectively. It was speculated that so-
matosensory cortex enhances the integration and modulation of
tactile information during magnetic stimulation of acupoints (Ma
et al., 2016). It has been reported that the occipital lobe, associ-
ated with vision, was activated when stimulating acupoints along
the pericardium meridian (Zhou et al., 2014). Here it was found
that the functional connectivity of nodes located in visual areas

Dai et al.
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Figure 5. a-wave cortical cerebral functional network. (a) Resting state. (b) Stimulation at PC7. (c) Stimulation at PC6. The columns from left

to right represent the sagittal, axial, and coronal directions. The small red spheres and blue lines respectively give the node locations and the

connection edges between nodes.

increased by 37.9% and 3.9% during stimulation at PC6 and PC7,
respectively. This provides new evidence for the study of the re-
lationship between vision and the acupoint function of the peri-
cardium meridian.

Additional to similarities described above, there were differ-
ences in functional brain networks during stimulation at PC6 and
PC7 along the pericardium meridian. PC7 was effective in the
clinical treatment of affective disorders (Yuan et al., 2003). Re-
sults showed that BA38, closely related to emotional processes,
was activated only when PC7 was stimulated. This indicated that
the effect of stimulation at acupoints along the pericardium merid-
ian was consistent with their specific therapeutic function (Lu and
Shan, 2010). Further, some brain areas such as BA18 and BA19,
that seem to have no obvious relation to acupoint function, were
also activated (Gabrieli et al., 1995; Rosenbaum et al., 2007). This
indicated that the brain performed a variety of neural activities
through the combination of multiple brain areas (Tu et al., 2013).

Limitations remain with this report. For example, the effect of
magnetic stimulation at other acupoints and long-term effects have
not been explored. In future work, feature extraction and classifi-
cation can be performed on functional brain networks, which has
the prospect of clinical application in the evaluation of the efficacy
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of acupoint stimulation therapy. Additionally, the methods of this
paper can also be extended to analyze brain networks related to
disease, which may be helpful for their diagnosis.

5. Conclusion

Cortical functional networks based on EEG signals in re-
sponse to magnetic stimulation at PC6 and PC7 along the peri-
cardium meridian were constructed then analyzed by group ICA,
SLORETA, and complex network analysis. Results showed that
some common brain areas were activated and some similar topo-
logical changes of the structure of brain networks were induced by
magnetic stimulation at PC6 and PC7. This was basically consis-
tent with the efficacy of acupoints along the pericardium merid-
ian. Specifically, connections related to movement decreased, and
the connectivity of nodes located in brain areas associated with
advanced cognitive functions, such as emotion, memory, and lan-
guage, increased during magnetic stimulation. Beyond that, mag-
netic stimulation at PC6 and PC7 caused some different changes in
functional networks, which were related to the specific therapeutic
function of acupoints. It was found there was a certain correspon-
dence between cortical functional network connectivity and the
function of PC6 and PC7. In summary, this study provides new
evidence for the regulatory mechanisms of acupoint stimulation
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Table 1. The number of connections in specific functional areas.

Brain function Resting state

PC7 Magnetic stimulation

PC6 Magnetic stimulation

Somatic sensation 288
Movement 381
Vision 309
Advanced cognition 414

363 349
355 305
321 426
517 492
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Figure 6. Number and mean degree of nodes in each Brodmann
Area. (a) Number of nodes. A dotted line with circle, square, and
triangle respectively indicates the number of nodes in each BA of the
resting state and the magnetic stimulation at PC7 and PCé. (b) Mean
degree of nodes. White, gray, and black histograms respectively
show the mean degree of nodes in each BA of the resting state, and
magnetic stimulation at PC7 and PC6.

through cortical functional networks corresponding to the clinical
functions of PC6 and PC7 along the pericardium meridian.
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