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Altered brain functional networks after
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Abstract.
BACKGROUND: As a unique traditional Chinese medicine therapy, the central effect of acupuncture has received increasing
attention. Functional brain networks can provide connectivity information among brain regions.
OBJECTIVE: The study goal is to explore the regulatory effect of acupuncture on the brain functional network.
METHODS: This paper analyzes the electroencephalography (EEG)-based power spectrum and brain functional network
elicited by acupuncture at Quchi (LI 11).
RESULTS: The power spectrum results showed that acupuncture at LI 11 decreased the energy in the alpha frequency, mainly in
the central region, left parietal lobe, left temporal lobe and left frontal lobe. Moreover, functional brain networks converted from
the magnitude-squared coherence matrix in the alpha band are reconstructed. The results show that acupuncture did not alter the
basic properties of the brain functional connection network. During acupuncture, the average node degree, average clustering
coefficient, and small-world property of the brain functional connection network decreased after acupuncture compared with that
before it. However, the average characteristic path length increased after acupuncture compared with before.
CONCLUSION: Acupuncture at LI 11 altered the brain’s electrical activity. In the meantime, this acupuncture reduced the
network’s internal connectivity and information transfer efficiency.
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1. Introduction

As a therapy unique for traditional Chinese medicine (TCM), acupuncture is crucial in treating nervous
and motor system diseases and mental illnesses. Recently, the central effect of acupuncture has received
increasing attention, as it may be involved in the working pathway of acupuncture. Acupuncture stimulates
receptors in nerve endings at the acupoints. Upon stimuli, the peripheral nerves send impulses to the
central nervous system, which are integrated and modulated by the nerve centers at all levels. Thus, the
nucleus masses in the related brain functional regions are activated. The neurohumoral system is further
involved in controlling neurotransmitter release, which ultimately regulates target organ functions [1].
Analyzing the influence of acupuncture on brain functions can inform our understanding of the central
nervous pathways by which acupuncture works [2]. The brain’s functional connectivity network can gain
new insights into the central mechanism of acupuncture. Function connectivity is the temporal correlation
between long-range neural oscillation activities. Acupuncture can influence the functional connection
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network of the brain under physiological conditions. Since stimulating different acupoints will lead to
different changes in the functional connection network of the brain, it is speculated that the functional
connectivity network and the working mechanism of acupuncture are closely related [3].

Electroencephalography (EEG) is a noninvasive method to record an electrogram of the brain’s
spontaneous electrical activity with high temporal resolution. This technique can provide real-time data
for plotting electrical activity during neurotransmission. EEG can detect slight differences in the power
distribution of brain waves. Existing studies have shown that power spectral density can measure the
influence of acupuncture on EEG power spectra. Based on EEG power spectrum, the effect of high-
frequency and low-frequency acupuncture at Hegu (LI 4) was investigated. The results showed that
acupuncture at high frequency reduced the power intensity in the theta frequency band [4]. Gao et al.
estimated the sedative effects of electroacupuncture based on EEG power spectral density. They found
that the sedative effects of electroacupuncture were associated with the increase of delta wave power
intensity and the decrease of alpha wave power intensity [5]. Although EEG power spectra can be used to
differentiate between different stages of acupuncture in the frequency domain, they are only applicable
to single-channel data. EEG power spectra cannot measure the correlation between data in different
channels and hence cannot reflect functional connections between different brain regions [6]. EEG is very
sensitive to the functional status of the brain [7] and offers a precise assessment of the functional network
features [8,9]. Synchronization likelihood, coherence, directed transfer function, and Granger causality,
which are algorithms measuring energy connectivity based on EEG data, have been widely applied to
study the working mechanism of acupuncture [10–13]. Yu et al. employed the synchronization likelihood
method to calculate the function connectivity between EEG channel signals in healthy subjects, thereby
revealing the effects of acupuncture at Zusanli (ST 36) on the brain functional connectivity network. They
found that acupuncture dramatically regulated functional brain activity, promoting information transfer
between different brain regions [10]. Temporal synchronization between two signals in the frequency
domain can be evaluated by coherence, which is the spectral correlation between EEG signals in two
channels. Li et al. used coherence estimation to analyze the influence of acupuncture at acupoint ST 36
on EEG-based brain functional connection network of healthy volunteers. It was found that acupuncture
at this acupoint helped coordinate the electrical activity between the brain regions [11].

LI 11 is the confluence acupoint of the large intestine channel of Hand-Yangming and is usually
stimulated concomitantly with other acupoints. Acupuncture at LI 11 has proven efficacy in hypertension,
chronic pain, sedation, and anesthesia [14–16]. Several studies have demonstrated that electroacupuncture
at LI 11 activates algesthesia, the visceral regulation center, and some other brain regions. The complex
information integration process occurring in the subcortical structures corresponds to the hypothesis
about the information transfer pathway in the central nervous system (CNS), which, in turn, is associated
with the working mechanism of acupuncture at LI 11 [17,18]. Zou et al. found that electroacupuncture
at the acupoint combination consisting of Hegu (LI 4), Shousanli (LI10), and LI 11 could regulate the
power of the delta and beta bands in the primary motor cortex of stroke patients. Their study revealed the
electrophysiological mechanism of electroacupuncture-enabled rehabilitation in stroke [19]. Qiao et al.
found that the electrical stimulation of LI 11 and Neiguan (PC 6) increased the entropy of EEG signal
samples, brain activity complexity, muscle activity’s orderliness, and brain-myoelectricity synergy [20].

The existing studies proved that acupuncture with different acupoint combinations containing LI 11 had
CNS effects. However, few studies have focused on acupuncture at LI 11 alone. Studying the functions of
a single acupoint can help screen suitable acupoints for treatment. Building a brain functional connectivity
network based on EEG is a modern medical technique to reveal the acupoint-brain correlation. This study
covered healthy participants, for which EEG was given in combination with conventional therapy. The
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brain functional connectivity network was built based on EEG power spectral density and magnitude-
squared coherence (MSC). Then, the response characteristics of the functional brain network with or
without acupuncture were detected, revealing the central mechanism of acupuncture at LI 11.

2. Method

2.1. Participants and experiment procedures

Fifteen healthy right-handed adults (seven males and eight females of 18–26 years and mean age of
22) were recruited through advertising. Experiment procedures do not involve any violation of ethical
principles or moral issues. Participants were informed of the acupuncture stimulation in the experiments
and agreed in writing to participate before the experiment.

In the experiment, a licensed acupuncturist used disposable stainless steel needles with a diameter of
0.25 mm and a length of 40 mm to manually perform acupuncture at LI 11 (Quchi) point on the left arm
(Fig. 1a). We adopted the lifting-thrusting method with a frequency of 90 times/min. The experiment
lasted for approximately 22 min. The experimental procedure is as follows: EEG data of participants who
were at rest for 10 minutes were collected synchronously, referred to as the pre-acupuncture state. After
conventional disinfection, insert the needle into LI 11 acupoint to a depth of 1 cun (∼3.030 cm) until
attaining the deqi sensation (i.e., “the arrival of vital energy”). Then, the lifting-thrusting operation was
performed for 2 min, referred to as the acupuncture state. After the operation, participants remained at
rest for 10 minutes, referred to as the post-acupuncture state. Finally, the experiment was completed after
removing the needle.

2.2. Electroencephalogram signal recording and data processing

The Emotiv system with 32 electrodes was used to record the EEG signal (sampling frequency: 128 Hz;
hardware filter passband: 0.2 Hz–45 Hz). The electrodes were placed according to the standard 10–
20 system. Bilateral mastoid references were used. EEG signals were recorded at 30 channels (Fig. 1b
and c). The median EEG data of 60 seconds before, during and after acupuncture were selected for each
participants. The EEGLAB toolbox was to preprocess scalp EEG data in MATLAB 2014a. The EEG data
of each channel were re-referenced to the average of all channels. High-pass filtering was performed by
setting the cutoff frequency to 1 Hz to eliminate low-frequency artifacts. Visible electrooculogram and
electromyogram artifacts were removed using independent component analysis and ADJUST to obtain
EEG signals with a high signal-to-noise ratio.

2.3. Power spectrum analysis

Power spectral estimation was performed using Welch’s method (window: 1S, 50% overlap length of
the window). The average power spectrum density of the whole brain was calculated. Five frequency
bands were analyzed: delta (0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma
(30–45 Hz).

2.4. Functional network construction

In this study, the channel is defined as a node, and the edge is defined as the magnitude-squared
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Fig. 1. The locations of LI 11 and the EEG recording. (a) Locations of LI 11. (b) Emotiv EPOC EEG headset and (c) the EEG
signals recorded. EEGs were recorded before (Pre-acupuncture), during (Acupuncture) and after acupuncture (Post-acupuncture).

coherence (MSC) from any two channels. MSC estimates the extent to which two temporal signals are
linearly related to each other at frequency f . It reflects the degree of supersynchronization between
signals [21]. We estimated the pairwise MSC between channel signals of alpha-frequency band.

For the time series xi(t) and xj(t) in EEG channels i and j, the Fourier transforms areXi(f) andXj(f),
respectively. The cross-power spectrum between Xi(f) andXj(f) is Sij ≡ 〈Xi(f)Xj ∗ (f)〉, where *
represents complex conjugation and 〈 〉 is the expected value. Coherence was defined as follows [22]:

COHij(f) ≡
|Sij(f)|

(Sii(f)Sjj(f))1/2
(1)

Where, Sii(f) and Sjj (f) are the power spectra of Xi(f) and Xj(f), respectively.
We used MSC as a frequency-domain measure of static functional connectivity, as defined below:
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Fig. 2. Brain functional networks before, during, and after acupuncture at a threshold of 0.80. The x-axis and y-axis in the first
row in the figure represent electrodes (1–30). (a–c) Functional networks before, during, and after acupuncture at LI 11.

MSCij(f) = COH2
ij(f) =

|Sij(f)|2

(Sii(f)Sjj(f))
(2)

We performed a Fourier transform using a symmetric Hann window (length: 128 samples) and a
window overlap rate of 50%. The average of MSCij(f) was taken for each frequency band to obtain the
MSC, falling within the interval [0, 1].

This paper calculated the MSC of each pairwise EEG channel in each frequency band to obtain the
30 × 30 adjacency matrix. Threshold selection would directly affect the properties of the functional
network. Here, we selected the threshold according to the following principle: The threshold was such
that there were no solitary nodes in the network. In addition, for each subject, the functional connectivity
network built within the threshold interval had small-world properties, with an average degree not
below 2InN ≈ 6.8, where N is the lead number 30. We quantified a series of thresholds (T ) of MSC
(0.60 6 T 6 0.90) with an interval of 0.05 to detect network topological properties. Figure 2 illustrates
one example of brain connectivity under three conditions at the threshold of 0.80.

2.5. Graph theory analysis

We investigated the nodal (average nodal degree) and global network properties (average clustering
coefficient, average characteristic path length, and small-worldness) of the “small-world” network in
pre-acupuncture, acupuncture, and post-acupuncture conditions [23].
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2.5.1. Average nodal degree
The nodal degree is an index to evaluate the importance of nodes in the network. It represents the

number of sides connected to this node; the larger the value, the more important the node is in the network.
The nodal degree can be expressed as:

ki =

N∑
j=1

aij (3)

Where, N is the number of nodes in the network; aij = 1 indicates that there is a side connecting nodes
i and j; otherwise, there is no side connecting the two nodes.

Average nodal degree k is the average of all node degrees in the brain network, as defined below:

k =
1

N

N∑
i=1

ki (4)

2.5.2. Average clustering coefficient
The clustering coefficient C is a measure parameter of brain network function separation ability. The

clustering coefficient of the node refers to the ratio of the actual number of sides connecting all nodes
adjacent to the current node to the maximal possible number of connecting sides. C is the average of all
C of all nodes, as defined below:

C =
1

N

N∑
j=1

2Ej

Vj(Vj − 1)
(5)

Where, N is the number of nodes in the network, Ej is the number of sides connecting the nodes
adjacent to node j, and Vj is the node degree of node j.

2.5.3. Average characteristic path length
The average characteristic path length L is the average shortest path length among all node pairs. L is

an index of the integration of the brain network, as defined below:

L =
2

N × (N − 1)

N−1∑
i=1

N∑
k=i+1

dij (6)

Where, N is the node number i of brain network, i and j are any nodes, and dij is the shortest path
length between nodes i and j.

2.5.4. Small-worldness
Small-worldness S reflects the balance between segregation and integration of the brain. The smallworld

network generally has a larger clustering coefficient C, and its characteristic path length is similar to that
of random network. This index should be larger than 1 for small-world networks and was expressed as:

S =
C/Crand

L/Lrand
(7)

Where, C and Crand are the clustering coefficients of the network to be calculated and the random
network; and L and Lrand are the characteristic path lengths of the network to be calculated and the
random network, respectively. The random network was generated with the same number of connecting
sides as the brain functional connectivity network.
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Table 1
Electrodes with observed energy changes during acupuncture at LI 11

Condition Electrodes with energy rise Electrodes with energy drop
Acupuncture None Cz, FCz, Fz, F3, F7, C3, FC3, FT7, T7, TP7, CP3, O1, CPz, P8, CP4, FC4,

C4, F8, Fp2, F7

2.6. Statistical analysis

The results were expressed as the mean ± standard error of the mean (SEM). EEG spectral power and
network characteristics were compared between pre-acupuncture, acupuncture, and post-acupuncture
conditions. If the variables were fit into a normal distribution, then the Student’s t-test was applied.
Otherwise, the Wilcoxon rank-sum test was used. The threshold of statistical significance was set to P <
0.05.

3. Results

3.1. Power spectrum analysis

We calculated the brain-wide averaged energy in each frequency band before, during and after acupunc-
ture operation. Statistically, it was found that the alpha-band EEG spectral power decreased dramatically
(169.20 ± 15.07 µV 2 vs. 125.88 ± 9.52 µV 2, z = −2.271, p = 0.023) during acupuncture at LI 11
compared with the values before acupuncture. The power spectrum results of each electrode are also
observed one by one. The electrodes with increased and decreased alpha-band EEG spectral power are
shown in Table 1. The electrodes with diminished alpha-band EEG spectral power during acupuncture at
LI 11 were mainly in the central region, left parietal lobe, left temporal lobe, and left frontal lobe.

3.2. Graph theory analysis

We calculated the average nodal degree, clustering coefficient, characteristic path length and small
worldness for the pre-acupuncture, acupuncture, and post-acupuncture conditions with various thresholds.
Figure 3 demonstrate that all three cases exhibited small-world properties. Four mean network metrics
were also compared before, during and after acupuncture operation. It was discovered that the acupuncture
condition exhibited a smaller average nodal degree, clustering coefficient, small-worldness, and a larger
characteristic path length than the other two cases.

Figure 3a shows the average nodal degree (k) in the pre-acupuncture, acupuncture, and post-acupuncture
conditions. As the threshold gradually increased from 0.60 to 0.90, the average node degree dropped in
all cases. In addition, we observed lower k under the threshold interval [0.80, 0.90] in the acupuncture
condition after the statistical analysis. Figure 3b shows the average clustering coefficient (C) under
three conditions. As the threshold gradually increased from 0.60 to 0.90, C decreased under all three
conditions. In addition, we observed lower C under the threshold interval [0.70, 0.90] in the acupuncture
condition after the statistical analysis. Figure 3c shows the characteristic path length (L) under three
conditions. Within the threshold range, L increases with the increase of the threshold. At the threshold
level of 0.90, the group difference in characteristic path length (L) was statistically significant. Figure 3d
shows small-worldness (S) for the three conditions. As the threshold gradually rose from 0.60 to 0.90,
S increased in all cases. After the statistical analysis, we observed lower S under the threshold interval
[0.85, 0.90] for the acupuncture condition.



S436 K. Zhang and H. Yang / Altered brain functional networks after Quchi (LI 11) acupuncture

Fig. 3. Comparison of brain network properties under three conditions: pre-acupuncture (Pre), acupuncture (Acu), and
post-acupuncture (Post). (a–d) Measure of average nodal degree, average clustering coefficient, average characteristic path
length, and small-worldness, respectively. Properties during acupuncture vs. those before acupuncture, ∗P < 0.05 and ∗∗P <
0.01. The curves show the network indicators under different thresholds. The horizontal axis represents the threshold, while the
vertical axis represents the network property indices.

4. Discussion

This study was aimed to investigate the acupuncture effect on the functional networks. We acupunctured
acupoint LI 11 in the left arm to acquire EEG signals. Then, the power spectrum densities of five
frequency subbands (delta, theta, alpha, beta, and gamma) were analyzed using Welch’s method under
three conditions: pre-acupuncture, acupuncture, and post-acupuncture. By computing the MSC, we
calculated the degree of synchronizations between each two EEG channels and obtained the functional
connectivity matrices. Under a series of thresholds (T ), functional connectivity matrices were converted
into networks. The average nodal degree, clustering coefficient, characteristic path length, and small-
worldness were investigated within the threshold range. This approach was general and fruitful, making it
lucrative for analyzing other types of EEGs, including nerve disease-influenced ones in future studies.

With EEG power spectrum analysis, it was found that acupuncture at LI 11 decreased brain rhythms in
the alpha band in healthy subjects, including the central region, left parietal lobe, left temporal lobe, and
left frontal lobe, indicating that the brain plays a crucial role in acupuncture research [24]. According
to traditional Chinese medicine theory, stimulating LI 11 can achieve antihypertensive, analgesic, and
sedative effects. Changes in EEG power are closely related to neural activity, which, in turn, can be
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inhibited or activated by acupuncture [6]. These trends are in concert with those of Gao et al. [5], who
reported that electroacupuncture at ST 36, Shenmen (HT 7), and Sanyinjiao (SP 6) acupoints had a
sedative effect with the increased delta-frequency power and the decreased alpha-frequency power.
Percutaneous electrical stimulation of LI 11 and Neiguan (PC 6) can reduce fluctuations in heart rate,
mean arterial pressure, and hemodynamic indicators [25]. Research by Hsu et al. on the evaluation of
acupuncture on EEG, heart rate variability, and pulse rate variability revealed that acupuncture at either
Sishencong or Shenmen might calm the mind, slow down the heart rate, activate the parasympathetic
nerves, and inhibit the sympathetic nerves [26]. Acupuncture also could change EEG activity, especially
in the alpha-frequency band. Acupuncture was assumed to play a role by influencing cerebral blood
flow (CBF). In addition, the change of alpha-frequency band (8–13 Hz) corresponded spatially to CBF
response [27]. Electroacupuncture-induced sedation could lead to changes in EEG delta and alpha
oscillations, closely related to an altered state of consciousness [28]. The results of this paper show that
acupuncture at LI 11 altered alpha-band power, which might be related to clinical antihypertensive and
sedative efficacy.

The paper combined graph theory analysis and brain functional networks to clarify neural plasticity
after acupuncture. The human brain is regarded as a large-scale complex network with many topological
characteristics [29]. Magnitude-squared coherence (MSC) is a classical method to estimate neural
synchronization. By computing the MSC, the synchronization matrices can be obtained. A high MSC
usually indicates increased neuronal synchronization. Although it is assumed that functional connectivity
depend upon structural and physical connections, MSC measures the statistical dependence of bivariate
time series signals. The temporal sequence signals are only partially subjected to physical connection
limitations [30]. Given the significant differences in the alpha band during acupuncture, we built up the
alpha-band functional network before, during and after acupuncture. EEG-based brain function networks
have small-world properties [31]. Different from the random network, small-world networks had higher
clustering coefficients, shorter path lengths, and stronger capacity in information transfer. Moreover, the
latter better meets the requirement for balancing segregation and integration in the human brain [6]. All
three conditions manifested small-world properties, indicating that acupuncture at LI 11 did not alter the
functional network’s basic properties [32]. Several previous studies have proven that the small-world
property of the brain’s functional network is closely associated with consciousness [33]. Sedation and
anesthesia are usually associated with a dramatic reduction in functional network connectivity [34]. The
small-worldness of the functional network upon acupuncture at LI 11 decreased significantly compared
with before, indicating a significant reduction of the information transfer efficiency.

The results of graph theory analysis show that the average nodal degree and average clustering coeffi-
cient during acupuncture are lower than those before acupuncture. In contrast, the average characteristic
path length during acupuncture is higher than that before acupuncture. The average clustering coefficient
decline suggested that associated nodes were closely connected during acupuncture [35]. Moreover,
the decrease in average node degree and the reduction in average characteristic path length indicate
decreased integration within functional regions of the network [36]. These changing trends are similar to
those of Xu et al. [37], who reported that magnetic stimulation of the HT 7 acupoint resulted in reduced
connectivity between nodes in the brain network and weakened node synchronization in the network,
which was conducive to calming mood and improving sleep [37]. Therefore, acupuncture at LI 11 can
reduce the network’s internal connectivity and information transfer efficiency, which could further result
in an inhibitory effect on nervous excitation.

Some limitations of the present work include a limited sample size, which could deteriorate the
analysis’s accuracy. Besides, the study covered only healthy subjects. We will conduct further experiments
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in clinical to verify the relationship between these potential neurodynamics and acupuncture treatment
effects. Finally, only the lifting-thrusting method was investigated. Alternative acupuncture manipulation
methods (reinforcing and reducing, lifting-thrusting and twirling), their frequency and intensity are known
to have different effects on the human body. In the follow-up study, we plan to analyze and compare the
effects of various acupuncture manipulation methods on central responses in the brain.

5. Conclusion

In this paper, the brain function network method is used to analyze the EEG induced by acupuncture
at LI 11. It was found that acupuncture decreased brain rhythms in the alpha band in healthy subjects,
including the central region, left parietal lobe, left temporal lobe, and left frontal lobe. This indicates
that acupuncture at LI 11 altered brain electrical activity. In order to evaluate the changes caused by
acupuncture quantitatively, this paper calculated the average node degree, average clustering coefficient,
average characteristic path length and small-worldness. This study proved that acupuncture reduced the
internal connectivity and information transfer efficiency of the network after acupuncture at LI 11 but did
not alter the basic properties of the functional connectivity network in the brain. The proposed quantitative
approach is considered instrumental in making acupuncture more standardized and visualized, i.e., adding
more modern theory to the ancient art of acupuncture.
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