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Modulatory Effects of Acupuncture on Resting-State
Networks: A Functional MRI Study Combining
Independent Component Analysis and Multivariate
Granger Causality Analysis
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Purpose: To investigate acupuncture specificity by
exploring causal relationships of brain networks following
acupuncture at GB40 (Qiuxu), with the acupoint KI3
(Taixi) as a control (belonging to the same nerve segment
but different meridians).

Materials and Methods: Needling at acupoints GB40 and
KI3 was performed in 12 subjects separately. The specific
coherent patterns, resting-state networks (RSNs), were
retrieved by independent component analysis (ICA) from
functional magnetic resonance imaging (fMRI) data of
resting state and post-acupuncture resting states, respec-
tively. Then multivariate Granger causality analysis
(mGCA) was applied to evaluate the effective connectivity
within and among the detected RSNs—default model,
memory, executive, auditory, and motor brain networks.

Results: Following acupuncture at GB40, the strength of
causal connectivity between the superior temporal gyrus
(STG) and anterior insula was enhanced, while the con-
nection strength between the STG and postcentral gyrus
increased following acupuncture at KI3. Additionally, the
causal influences within the auditory network increased
following acupuncture at GB40, in comparison with the
executive network following acupuncture at KIS3.
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Conclusion: The current study demonstrates that acu-
puncture at different acupoints could exert different mod-
ulatory effects on RSNs. Our findings may help to under-
stand the neurophysiological mechanisms underlying
acupuncture specificity.
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ACUPUNCTURE ORIGINATED IN CHINA over two mil-
lennia ago and is emerging as an important modality
of alternative and complementary medicine in the
Western world (1). Unfortunately, the neural mecha-
nisms underlying the efficacy of acupuncture are not
well understood and controversy still remains. As one
of modern in vivo neuroimaging techniques, func-
tional magnetic resonance imaging (fMRI) provides an
effective tool to safely monitor brain activity evoked by
acupuncture.

Scientific evidence regarding the specific modula-
tory effect of acupuncture splits into two sides.
Several investigations report that acupuncture stimu-
lation at some “vision-related” acupoints can selec-
tively evoke neural responses in the visual cortices,
but such neural activities do not emerge after stimu-
lation at a nearby non-acupoint (2,3). However, one
recent study shows no significant difference of fMRI
signal changes in occipital cortex among acupuncture
stimulation at vision-related acupoints (UB60 and
GB37) and a non-acupoint (4). In another study,
Wesolowski et al (5) observed no significant activa-
tions in primary auditory cortex during stimulation of
the hearing-related acupoint GB43 or a sham point.
These two prior studies do not support the specificity
of function-specific acupoints in comparison with
another acupoint or a non-acupoint as control condi-
tions. Despite stimulation at different acupoints, acu-
puncture may elicit overlapped spatial distribution of
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neural responses in the limbic-paralimbic-neocortical
brain networks (6). Therefore, previous fMRI studies
on acupuncture mainly focus on spatial distributions
of increased and decreased activities of brain regions
during needling manipulations (2-6). We speculated
that the extant controversy of acupuncture specificity
may be attributed to methodological problems.

On the whole, most previous fMRI studies that deny
or evade the acupuncture specificity have generally
adopted the blocked-designed model-based analysis
(4,6-8). The estimates of the blood oxygenation level-de-
pendent (BOLD) response derived from the model-based
analysis (general linear model [GLM]) are completely
limited by the design of the experimental paradigm and
whether the stimuli can be turned on and off repeatedly
(9). However, both abundant clinical reports and the
Traditional Chinese Medicine theory suggest that the
analgesic effects of acupuncture may last a long period
even after the needling process is terminated (10,11).
As one of the specific cases, psychophysical analysis
from Price et al (12) demonstrates that the analgesic
effects of acupuncture may actually peak long beyond
the needling session. Considering the sustained effects
of acupuncture, the temporal profile of BOLD responses
to acupuncture may violate the “on-off” assumptions of
blocked-designed GLM estimates. The effects of the ele-
vated activity during resting state may reduce or elimi-
nate the activity during acupuncture stimulation condi-
tions or even reverse the sign of brain activation using
conventional GLM analysis (9).

The sustained effects of acupuncture have been
widely applied to clinical treatment; thus, we assumed
that the relatively functional specificity of acupoints
may evolve as a function of time. Some studies have
already paid attention to the sustained effects of acu-
puncture (9,13-16), and explored its impact on the
resting-state networks (RSNs) (17-19). Extensive sig-
nal attenuations evoked by acupuncture are observed
in the core areas of the “default mode” network (DMN)
(17). Additionally, increased DMN connectivity with
pain, affective, and memory-related brain regions, and
increased sensorimotor network connectivity with
pain-related regions, have been observed following
verum acupuncture, rather than the sham control
(17). Bai et al (19) have suggested that acupuncture
may not only enhance the dichotomy of the anticorre-
lated RSNs, but also modulate the intrinsic coherences
of the wide interoceptive-autonomic brain networks,
including the paralimbic regions and brainstem
nuclei. Therefore, we assumed that acupuncture prob-
ably involved interactions of multiple brain networks.
Our study focused on the relatively functional specific-
ity of different acupoints via analyzing the poststimu-
Ius RSNs modulated by acupuncture.

In terms of the well-identified physical effects of acu-
puncture needling and its purported clinical efficacy,
we presume that acupuncture acts in maintaining a
homeostatic balance of the internal state within and
across multiple brain systems (10,11). Previous studies
have explored the modulatory effects of acupuncture on
multiple RSNs with standard functional connectivity
analysis, which investigated undirected relations
between different brain regions (17-19). However, little
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is known about the causal interactions within and
among these RSNs modulated by acupuncture. In the
present study we combined independent component
analysis (ICA) and multivariate Granger causality anal-
ysis (mGCA) to explore causal relationships of the post-
stimulus resting brain networks modulated by acu-
puncture at GB40 (Qiuxu), with a different meridian
acupoint KI3 (Taixi) as a control condition. The data-
driven method ICA can spatially isolate the spatial pat-
terns of function-related neural networks from the spa-
tial patterns of activity related to artifacts, such as
subtle movements, machine noise, and cardiac and re-
spiratory pulsations (20-22). The RSNs detected from
ICA have also been proven to be highly reproducible
and stable across subjects and sessions (21). The RSNs
comprise the DMN, memory, executive, auditory, and
motor networks. The DMN comprises the inferior tem-
poral gyrus, anterior cingulate cortex, and posterior
cingulate cortex/precuneus. The memory network
includes the superior parietal lobule, frontopolar area/
prefrontal cortex, and middle temporal gyrus. The exec-
utive network contains the dorsolateral prefrontal cor-
tex and medial frontal gyrus. The auditory network
embraces the superior temporal gyrus and anterior
insula. The motor network contains the postcentral
gyrus and precentral gyrus (21). The mGCA was then
applied to evaluate the effective connectivity between
these brain regions, as it can detect direct causal inter-
actions within and among RSNs by computing directed
transfer function (DTF) from a multivariate autoregres-
sive (MVAR) model (23). By applying ICA and mGCA to
explore modulatory effects of acupuncture on RSNs, we
may provide a new clue to explore the neurophysiologi-
cal mechanisms underlying acupuncture specificity.

In this study we combined ICA and mGCA to inves-
tigate the causal interactions within and among brain
networks during the poststimulus resting state follow-
ing acupuncture at GB40, with KI3 as a control. We
chose the acupoint KI3 as a control because it is used
to obtain similar physiologic effects from a function-
ally irrelevant acupoint, since it is innervated by the
same spinal nerve as GB40, but belongs to different
meridians. If significantly different modulatory effects
on resting-state brain networks are observed during
the poststimulus resting states following acupuncture
at GB40 and KI3, then it stands to reason that differ-
ent acupoints may bear some relative specificity. We
attempted to explore the relative modulatory effects
underlying acupuncture at different acupoints by
examining both the directions and strengths of causal
interactions within and among brain networks during
the poststimulus resting states. By comparing the
effective connectivity patterns of the resting state and
post-acupuncture resting states, we expected to pro-
vide additional evidence to support the relative func-
tion-oriented specificity of acupuncture effects.

MATERIALS AND METHODS
Subjects

Twelve healthy Chinese right-handed volunteers (nine
males, age 23.5 = 1.2 years) were recruited from a
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Figure 1. Experimental paradigm. a: A 6-minute resting state. b: Acupuncture stimulation was performed at acupoint KI3
on the right leg (Taixi, arrow pointing to red dot). ¢: Needling was performed at acupoint GB40 on the right leg (Qiuxu, arrow
pointing to blue dot). The red line refers to epoch with needle administration, and the blue line represents no acupuncture
manipulation, while the long green line indicates a 6-minute resting state and 6-minute post-acupuncture resting states. In
this study, the three 6-minute rest epochs were employed, while the rest were used for further analysis. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

homogeneous group in order to reduce intersubject
differences. None of them had experienced neurologi-
cal or psychiatric disorders. All of them were free of
any intake of prescription medications within the last
month, as well as any contraindications for exposure
to a high magnetic field. All subjects were acupunc-
ture-naive and gave written informed consent as
approved by the local Ethics Committee. All experi-
ments were in accord with the Declaration of Helsinki.

Experimental Paradigm

All subjects first underwent a resting state scan, then
half of them experienced a scan of poststimulus rest-
ing state at GB40. To mitigate any potential long-last-
ing effects following the acupuncture intervention,
another scan of post-acupuncture resting state at KI3
was performed 7 days later. The other half of the sub-
jects first received acupuncture treatment at KI3,
then GB40 after 7 days. The acupoint GB40 on the
right leg is located in a depression at the anteroinfe-
rior side of lateral malleolus and lateral to the long ex-
tensor muscle of toes (arrow pointing to blue dot in
Fig. 1), while KI3 on the right leg is located in a
depression between the medial malleolus and heel
tendon (arrow pointing to red dot). Figure 1 shows an
ON/OFF blocked-designed experimental paradigm
during the fMRI scan. The three stimulation epochs
were separated by two intervals of 1 minute without
acupuncture stimuli. Then another 6-minute poststi-
mulus resting scan was performed after removing the
needle. A sterile disposable stainless steel acupunc-
ture needle (0.2 mm in diameter and 40 mm in length)
was used to deliver acupuncture stimulation. The
needle was rotated manually clockwise and counter-
clockwise for 1 minute at a rate of 60 times per mi-
nute by a balanced “tonifying and reducing” technique
during the experiment (7). Due to the anatomical dif-
ferences of different acupoints, the needling depth of

GB40 was 2.0-2.5 cm, while it was 2.5-3.0 cm for
KI3. The precise locations of needling, the presumed
acupuncture effects, and the stimulation paradigm
were not divulged to the subjects. The procedure was
performed by the same experienced and licensed acu-
puncturist on all subjects.

During the experiment, all subjects were instructed
to keep their eyes closed and remain relaxed without
engaging in any mental tasks. At the end of each
scanning, the subjects were asked to quantify throb-
bing, aching, soreness, heaviness, fullness, warmth,
coolness, numbness, tingling, dull or sharp pain, and
any other sensations they experienced during the
stimulus (8). The sensation rates ranged from O to 10
(0 = no sensation, 1-3 = mild, 4-6 = moderate, 7-8 =
strong, 9 = severe, and 10 = unbearable sensation).

Data Acquisition and Analysis

All MRI data were acquired on a 1.5 T ACS-NT15 Phi-
lips scanner (Best, Netherlands) equipped with a
standard head coil. Head movements were prevented
by a custom-built head holder. The images were paral-
lel to the AC-PC line and covered the whole brain.
Thirty axial slices were obtained using a T2*-weighted
single-shot, gradient-recalled echo planar imaging
sequence (field of view [FOV] = 230 x 230 mm, matrix
= 64 x 64, thickness = 5 mm, TR = 4000 msec, TE =
50 msec, flip angle = 90°). After the functional run,
high-resolution structural information on each subject
was also acquired using 3D MRI sequences with a
voxel size of 1 mm® for anatomical localization (TR =
2510 msec, TE = 15 msec, matrix = 384 x 512, FOV
= 230 x 230 mm, flip angle = 30°, thickness = 5 mm).

The first five volumes were discarded for eliminating
nonequilibrium effects of magnetization (24). After
that, all images were preprocessed using statistical
parametric mapping (SPM5, http://www fil.ion.ucl.
ac.uk/spm/). First, the image data underwent



Modulatory Effects of Acupuncture

575

Figure 2. Spatial independent components (brain activation networks) of group results represented with a slice. a-e: Default model,
memory, motor, auditory, and executive brain networks of resting-state fMRI data. a'-€’,a”"-e”: Five RSNs during poststimulus resting
state following acupuncture at GB40 and KI3, respectively. Images are Z statistics overlaid on the average high-resolution scan
transformed into standard (MNI152) space. Red to yellow are Z values, ranging from 1.5 to 9.0. The left hemisphere of the brain corre-
sponds to the left side of the axial slice. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

realignment for head motions using least-squares
minimization. None of subjects had head movements
exceeding 1 mm on any axis and head rotation greater
than 1°. A mean image created from the realigned vol-
umes was coregistered with the subject’s individual
structural T1-weighted volume image. Then the
standard MNI template provided by SPM5 was used in
spatial normalization with resampling at 2 x 2 x 2
mm. Then these data were filtered by using a band-
pass filter (0.01-0.08 Hz) to reduce the effect of low-
frequency drift and high-frequency noise (25,26). In
the end, the functional images were spatially
smoothed with an isotropic Gaussian kernel (full-
width at half-maximum [FWHM] = 6 mm).

ICA

We performed a group spatial ICA operation on the
smoothed data of all subjects during the 6-minute
resting state and the 6-minute post-acupuncture rest-
ing epochs of GB40 and KI3 with the fMRI Toolbox
(GIFT, http://icatb.sourceforge.net/). The images
were reduced to 40 dimensions using principal com-
ponent analysis, and the number of independent com-
ponents (ICs) was estimated to be 25 using the MDL
criteria (27). The mean ICs of all subjects, the corre-
sponding mean time courses and ICs for each subject
were obtained from group ICA separation and back-
reconstruction (28). The maps of these ICs across all
subjects were generated for a random effect analysis
using a one-sample t-test (P < 0.05, false discovery
rate [FDR] corrected). Six ICs were identified as ana-
tomically relevant areas across subjects based on the
activation patterns by visual inspection for resting
state and post-acupuncture resting states separately
(21,22). They comprised five functionally relevant

regions involved in DMN, memory (including two ICs,
bilateral brain), executive function, auditory process-
ing, and motor function (Fig. 2). The visual-related
regions were absent in this study because none of the
stimulated acupoints was related to visual function.
The intensity values in each spatial map were con-
verted to Z-values to indicate the voxels that contrib-
uted most strongly to a particular IC. Voxels with
absolute Z-values greater than 1.5 are considered
active voxels of the IC in this study (29).

We compared the altered activity patterns of brain
regions between resting state and post-acupuncture
resting states at GB40 and KI3, respectively. The 12
regions of interest (ROIs), as mentioned in the Intro-
duction, were selected in five functional brain net-
works (21). The inferior temporal gyrus (Brodmann
area [BA] 20/37), anterior cingulate cortex (BA 24/
32), and posterior cingulate cortex/precuneus (BA
23/31) are included in the DMN. The superior parietal
lobule (BA 7/40), frontopolar area/prefrontal cortex
(BA 10/11), and middle temporal gyrus (BA 21)
belong to the memory network. The dorsolateral pre-
frontal cortex (BA 9/46/45) and medial frontal gyrus
(BA 11) are located in the executive network. The
superior temporal gyrus (BA 41/42) and anterior
insula are included in the auditory network. The post-
central gyrus (BA 3) and precentral gyrus (BA 4)
belong to the motor network. The spherical ROIs were
defined as the sets of voxels included in 6-mm
spheres centered on the local maximum activation
clusters extracted from ICA. For bilaterally activated
regions, we only selected the hemisphere anatomical
area with a more significant “Z-score” as the represen-
tative ROI (shown in Table 1). Then, the time series
were averaged across voxels within each ROI. Finally,
the averaged time course across subjects within each
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Table 1

Zhong et al.

Coordinates and Z-scores of the Peak Voxel Within Group ROIs Following Acupuncture at Two Acupoints Compared With the Rest State

(P < 0.05, FDR-corrected)

RS PRSG PRSK

Talairach 7 Vv Talairach 7 Y M 7 vV

Regions Hem x y z Value Voxels Hem x y z Value Voxels Hem x y z Value Voxels

ITG R 55 -7 -27 1.68 69 L -55 -9 -20 222 51 L -55 -11 -21 2.06 46
MeFG L -2 50 -18 3.67 38 L -2 59 21 2.06 34 L 2 57 21 524 39
PCC R 2 -53 21 4.21 54 R 4 -51 25 194 40 L 2 -51 25 2183 38
SPL R 40 -62 49 4.27 64 R 40 -62 49 476 64 R 40 -62 49 465 64
DLPFC L -42 47 -2 458 110 R 48 23 38 4.13 44 L -82 58 3 411 51
MTG L -44 -63 29 220 26 R 50 -63 29 2.18 30 R 48 -63 29 259 26
OFC L -2 42 22 157 49 L 2 42 19 478 36 L -2 38 -20 8.51 54
ACC L 2 36 24 241 47 L 2 44 -6 4.05 33 L -2 38 -10 4.93 48
STG L -57 -19 8 4.60 43 R 46 -2 -5 4.07 51 L -59 -21 10 4.27 54
Al L -46 -15 10 344 67 R 44 -4 -3 3.67 51 L -49 -23 14 285 50
Postcentral L -59 -21 14 3.92 53 L -59 -21 14 334 53 L -59 -21 14 3.81 53
Precentral R 34 -14 63 3.55 51 R 57 -1 24 334 55 L -8 -18 67 3.30 42

RS, resting state; PRSG, poststimulus resting state at GB40; PRSK, poststimulus resting state at KI3; Hem, hemisphere; ITG, inferior
temporal gyrus; MeFG, medial frontal gyrus; PCC, posterior cingulate cortex/precuneus; SPL, superior parietal lobule; DLPFC, dorsolat-
eral prefrontal cortex; MTG, middle temporal gyrus; OFC, frontopolar area/prefrontal cortex; ACC, anterior cingulate cortex; STG, superior
temporal gyrus; Al, anterior insula; Postcentral, postcentral gyrus; Precentral, precentral gyrus.

group (resting state and post-acupuncture resting
states) was normalized to form a single vector per ROI
which then served as the inputs for mGCA.

mGCA

The mGCA has proven effective to investigate the
causal networks according to previous neuroimaging
studies (30-32). In the current study, we only paid
attention to the effective connectivity patterns of the
post-acupuncture resting states and the resting state.
Let X(8) = (x;(0,x2(0),. . .,xn(0)T be a matrix representing
data from the summary time series of the ROIs. Here,
x( (i=1,...,N) is a time series corresponding to the
ith ROI and T denotes matrix transposition. In the fol-
lowing, bold letters represent time domain matrices
and capital letters in normal font denote their fre-
quency domain counterparts. The MVAR model of
order p is given by:

X(t) — ZP:A(n)X(t —n)=E(t)

n=1

1]

where A(n) is the matrix of model parameters con-
sisting of elements ay(n) and E(f) is the vector corre-
sponding to the residual error. The order of the
autoregressive model was set to 1 using the Schwarz
criterion (26,29,30). Then Eq. [1] is transformed to
the frequency domain as follows:

X(f) = AT (NE(f) = H(NE()
H(f) = A™'(f)

where a;(f) =85 — >.b_; ag(n)e 27" and the element
a; corresponds to the matrix A. Here, §; is the delta
1, i=
0, i#

Jj = 1...N. H(f] is the frequency domain transfer matrix

2]
3]

function, expressed as §; = { j Also, i =1...N,

and hy(f) represents its element in the ith row and jth
column. hy(f) is defined as the nonnormalized DTF
corresponding to the influences of ROI j to ROI i (33).
The direct DTF (dDTF) is obtained by multiplying hy(/)
with the partial coherence between ROIs i and j. This
operation emphasizes the direct causality rather than
mediated influences.

To calculate the partial coherence, the cross-spectra
are computed as:

S(f) = H(H)VH"(f)

Here, V is variance of the matrix E(f)] and H in the
upper right corner denote conjugate transpose. Then
we obtained the partial coherence between ROIs i and
J using:

(4]

M (f)

M (f)My(f)

where My(f] is the cofactor of the matrix S. The partial
coherence is confined to the range of [0, 1]. A O value
here indicates no direct relation between a pair of
ROIs in a statistically significant way, while a 1 value
indicates there is complete direct association. The
dDTF is defined as the sum of all frequency compo-
nents of the product of the nonnormalized DTF and
partial coherence as given in the equation:

05(f) (5]

dDTFy = hy(f)05(f) (6]
S

Eventually, we obtained the value of dDTF, which
only reflects the magnitude of causal influences
between the ROIs. To assess the significance of path
weights, a null distribution was obtained by generat-
ing 2500 sets of surrogate data and calculating the
dDTF from these datasets (34). The dDTF value was
compared with the null distribution for a one-tailed
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Figure 3. Averaged psychophysical response (n = 12). a: The
percentage of subjects who reported the given sensations (at
least one subject experienced the nine sensations listed). The
frequency of aching was found greater following acupuncture
at GB40. b: The intensity of sensations measured by an aver-
age score (error bars show 95% confidence intervals) on a scale
from O denoting no sensation to 10 denoting an unbearable
sensation. Significant differences in soreness, fullness, throb-
bing, tingling, and sharp pain were observed following stimulus
at two different acupoints. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

test of significance with a P-value of 0.05. The effec-
tive connectivity network of the 12 ROIs was con-
structed by scaling the significant dDTF values.
Finally, the measure of In-Out degree was applied to
compare the relative information flow in three mGCA
networks (26). The In-Out degree of a node is defined
as the difference between its number of causal in-
flows and number of causal out-flows. In-Out degree
can identify nodes that differentially affect, or are
affected by the other ones.

RESULTS
Psychophysical Results

The prevalence of the sensations (deqi) is expressed
as the percentage of individuals in the group that
reported the given sensations (Fig. 3a). The intensity
is expressed as the average score = SE (Fig. 3b). No
significant differences in the overall frequency of expe-
rience were found between acupuncture at GB40 and
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the control (paired t-test, P > 0.05). The difference
only existed in the aching sensation (GB40: 100%;
KI3: 83%). The average stimulus intensities (mean =+
SE) were 2.72 = 0.65 at GB40 and 2.19 * 0.57 at
KI3. We also calculated the Pearson correlation coeffi-
cient between the intensity or frequency scores and
activity extent of the selected ICs (the percentage of
activity voxels). The results of both conditions (GB40
and KI3) indicated that no correlations were observed
between individual deqi scores and the activated voxel
rate of the ICs.

Effective Connectivity Patterns of the Resting
State and Post-Acupuncture Resting State

In this study we explored the causal interactions
within and among the resting brain networks modu-
lated by acupuncture at GB40 and KI3. The effective
connectivity patterns of brain networks were
described as directed graphs. The thickness of con-
necting lines and the directions of arrows indicate
strength and directions of the causal influences (green
line in Fig. 4). Only significant effective connectivity (P
< 0.05) was divided into four levels (25%, 50%, 75%,
and 100%) relative to the maximum significant dDTF
value and presented in the graphs. The raw mGCA
values are also tabulated in Tables 2-4, with signifi-
cant paths in red color. Significant path weights (on a
scale of 0-0.5) were also coded in color matrices and
the blue color indicates no significant causality
between ROIs from column to row (Fig. 4).

During the resting state, strong causal interactions
were observed within the auditory network, between
the DMN, executive network, and memory network
(shown in Fig. 4a). Following acupuncture at GB40,
the superior temporal gyrus (STG) and anterior insula
(Al) served as central targets in the network and the
central sources were the Al and STG. As shown in
Fig. 4b, a bidirectional regulation was forged between
the STG and AI, and increased causal influences
emerged within the auditory network following acu-
puncture at GB40. Increased causal relations between
the STG and other nodes were also observed, indicat-
ing that the interactions between the auditory net-
work and other networks were enhanced following
acupuncture stimulation at GB40.

Following acupuncture at KI3, the dorsolateral pre-
frontal cortex (DLPFC) within the executive network
emerged as the central target in the network and the
STG was the central source. As shown in Fig. 4c, the
reciprocal relation with maximal strength emerged
between the STG and the postcentral gyrus. In con-
trast with Fig. 4b, the number of causal connections
incoming into or outgoing from the STG also
increased in comparison with that of the resting state.
In addition, the causal influences flowing into or out-
going from the middle temporal gyrus (MTG) within
the memory network increased. Additionally, the
causal influences increased markedly between the ex-
ecutive network and motor network. In order to com-
pare the mGCA networks during resting state, post-
acupuncture resting states at GB40 and KI3, we
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Figure 4. Causal interactions
from the mGCA results. The
red dots refer to the 12 ROIs.
The relative causal influence
strength was divided into four
levels relative to the maximum
significant dDTF value and

GB 49_& - D_}ITG

D_PCC 12345678 9101112 represented by the thickness

of the green line. Significant
path weights were also coded
in color matrices (P < 0.05)
and the blue color indicated
no significant influences from
“‘column” ROI to “row” ROI.
Labels and abbreviations: A_,
D_, E_, Me_, and Mo_ repre-
sent auditory, default mode,
executive, memory, and motor
networks, respectively; 1: A_Al
(anterior insula); 2: A_STG
(superior temporal gyrus); 3:
D_ACC (anterior cingulate cor-
tex); 4: D_ITG (inferior tempo-
ral gyrus); 5: D_PCC (posterior
cingulate cortex); 6: E_MeFG
(medial frontal gyrus); 7:
E_DLPFC (dorsolateral prefron-
tal cortex); 8: Me_SPL (superior
parietal lobule); 9: Me OFC
(the frontopolar area/prefrontal
cortex); 10: Me MTG (middle
temporal gyrus); 11: Mo_Post-
central (postcentral gyrus); 12:
Mo_Precentral (precentral gyrus).
[Color figure can be viewed in
the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Table 2
Path Weights (Raw mGCA Values) During Resting State and Significant Paths (P < 0.05) Are Shown in Italic
Al STG ACC ITG PCC MeFG DLPFC SPL OFC MTG  Postcentral Precentral

Al 0.0323 0.0852 0.0054 0.0001 0.0000 0.0000 0.0001 0.0006 0.0011 0.0050 0.0175 0.0858
STG 0.1479 0.0020 0.0039 0.77172 0.0003 0.0001 0.0006 0.0512 0.0000 0.0040 0.2676 0.0005
ACC 0.0007 0.0409 0.0838 0.0092 0.0000 0.0013 0.0000 0.0025 0.0423 0.0116 0.0300 0.0027
ITG 0.0000 0.0033 0.0047 0.1857 0.0000 0.0029 0.0001 0.0007 0.0051 0.0849 0.0380 0.0002
PCC 0.4865 0.0067 0.1910 0.0000 0.0236 0.0001 0.7487 0.0039 0.0005 0.0423 0.0001 0.0003
MeFG 0.0822 0.0019 0.0016 0.0064 0.0000 0.0678 0.0000 0.0001 0.0566 0.0013 0.0008 0.0002
DLPFC 0.2090 0.0116 0.0001 0.0028 0.0000 0.0020 0.0242 0.1709 0.0002 0.0025 0.0160 0.0001
SPL 0.0002 0.0020 0.0039 0.0019 0.0003 0.0001 0.0006 0.0512 0.0000 0.0040 0.0017 0.0005
OFC 0.0506 0.0152 0.0429 0.0097 0.0000 0.0475 0.0000 0.0000 0.1251 0.0004 0.0557 0.0005
MTG 0.0004 0.0022 0.0066 0.0743 0.0008 0.0006 0.0001 0.0015 0.0002 0.2123 0.0021 0.0044
Postcentral 0.0004 0.1056 0.1344 0.0113 0.0000 0.0001 0.0000 0.0002 0.0019 0.0006 0.6867 0.0005
Precentral  0.0000 0.0004 0.0050 0.0007 0.0000 0.0004 0.0000 0.0006 0.0009 0.0142 0.0054 0.0803

Al, anterior insula; STG, superior temporal gyrus; ACC, anterior cingulate cortex; ITG, inferior temporal gyrus; PCC, posterior cingulate
cortex; MeFG, medial frontal gyrus; DLPFC, dorsolateral prefrontal cortex; SPL, superior parietal lobule; OFC, frontopolar area/prefrontal
cortex; MTG, middle temporal gyrus; Postcentral, postcentral gyrus; Precentral, precentral gyrus.



Modulatory Effects of Acupuncture 579

Table 3

Path Weights (Raw mGCA values) During Poststimulus Resting State at GB40 and Significant Paths (P < 0.05) Are Shown in ltalic

Al STG ACC ITG PCC MeFG DLPFC SPL OFC MTG  Postcentral Precentral

Al 0.2848 0.2486 0.0024 0.0000 0.0000 0.0000 0.0002 0.0000 0.0017 0.0013 0.0007 0.0009
STG 0.2699 0.2456 0.0022 0.0000 0.0001 0.0000 0.0002 0.0000 0.0018 0.0011 0.0016 0.0008
ACC 0.0318 0.0268 0.0104 0.0000 0.0005 0.0080 0.0000 0.0002 0.0052 0.0002 0.0032 0.0005
ITG 0.0000 0.0002 0.0000 0.0629 0.0007 0.0003 0.0005 0.0005 0.0000 0.0020 0.0143 0.0006
PCC 0.0007 0.0022 0.0008 0.0024 0.0057 0.0000 0.0004 0.0023 0.0001 0.0014 0.0000 0.0000
MeFG 0.0001 0.0007 0.0081 0.0008 0.0000 0.0090 0.0002 0.0007 0.0003 0.0003 0.0026 0.0000
DLPFC 0.0096 0.0088 0.0000 0.0041 0.0010 0.0008 0.0030 0.0075 0.0000 0.0021 0.0075 0.0000
SPL 0.0005 0.0004 0.0003 0.0014 0.0018 0.0007 0.0022 0.0276 0.0000 0.0007 0.0008 0.0000
OFC 0.0311 0.0305 0.0073 0.0001 0.0001 0.0004 0.0000 0.0000 0.0239 0.0000 0.0004 0.0000
MTG 0.0160 0.0121 0.0002 0.0044 0.0009 0.0003 0.0006 0.0006 0.0000 0.0315 0.0015 0.0002
Postcentral 0.0028 0.0059 0.0009 0.0707 0.0000 0.0007 0.0005 0.0002 0.0001 0.0005 0.0642 0.0000
Precentral  0.0585 0.0427 0.0026 0.0074 0.0001 0.0001 0.0000 0.0000 0.0003 0.0012 0.0003 0.0040

Abbreviations as in Table 2.

sorted In-Out degrees of three effective connectivity
networks in a descending order as shown in Fig. 5.

DISCUSSION

In the current study we found that different causal
influences within and among the RSNs can be modu-
lated by acupuncture at GB40, compared with KI3 as
a control condition (belonging to the same nerve seg-
ment but different meridians). Our results were con-
sistent with previous findings and provided further
evidence to support that acupuncture can exert sus-
tained modulatory effects on the poststimulus resting
brain networks (14,16,17,19). More important, we
also demonstrated that acupuncture at different acu-
points may exert heterogeneous modulatory effects on
the causal interactions of brain networks during the
poststimulus resting period. Following stimulation at
GB40, the STG and AI within the auditory network
displayed remarkably increased causal influences in
comparison with that of the resting state. As for the
control acupoint KI3, no remarkable changes within
the auditory network were observed. By comparing
the causal brain networks of the resting state and
post-acupuncture resting states, we found that acu-

puncture could exert different modulatory effects on
RSNs at functionally irrelevant acupoints.

The exploration of resting-state brain networks has
recently gained popularity (19,21,29), and some
researchers focused on the modulatory effects of acu-
puncture on RSNs, mainly using functional connectiv-
ity analysis (17,19). This method primarily focused on
correlated patterns between a seed region and other
brain structures involved in certain functions
throughout the brain. However, it might not directly
characterize causal interactions among multiple brain
regions. Alternatively, the Granger causality analysis
may be an appropriate approach to study the direc-
tional interactions within and among the RSNs. How-
ever, a pairwise Granger causality framework does not
take into account the influences of a third brain
region and cannot discern the direct or indirect causal
connectivity (35). Hence, we introduced mGCA to
detect the direct causal relations among multiple
brain areas and discern both the direction and
strength of information flow within and among brain
networks.

In agreement with the previous study, our ICA
results of the consistent networks included DMN,
memory network, executive network, auditory net-
work, and motor network (21). In addition, the pres-
ent study suggested that the frontopolar area/

Table 4
Path Weights (Raw mGCA Values) During Poststimulus Resting State at KI3 and Significant Paths (P < 0.05) Are Shown in lItalic
Al STG ACC ITG PCC MeFG DLPFC SPL OFC MTG  Postcentral Precentral

Al 0.0827 0.0058 0.0067 0.0006 0.0004 0.0004 0.0000 0.0002 0.0077 0.0011 0.0000 0.0006
STG 0.0006 0.2963 0.0000 0.0000 0.0032 0.0018 0.0026 0.0000 0.0000 0.0012 0.2988 0.0009
ACC 0.0059 0.0003 0.0235 0.0000 0.0001 0.0004 0.0000 0.0000 0.0088 0.0004 0.0000 0.0000
ITG 0.0039 0.0031 0.0005 0.0011 0.0001 0.0030 0.0022 0.0010 0.0030 0.0025 0.0005 0.0050
PCC 0.0005 0.0406 0.0001 0.0000 0.0175 0.0002 0.0007 0.0003 0.0000 0.0039 0.0411 0.0003
MeFG 0.0005 0.01917 0.0005 0.0004 0.0001 0.0218 0.0060 0.0000 0.0016 0.0000 0.0229 0.0014
DLPFC 0.0000 0.0285 0.0000 0.0003 0.0006 0.0064 0.0316 0.0028 0.0004 0.0007 0.0346 0.0015
SPL 0.0003 0.0003 0.0000 0.0003 0.0005 0.0001 0.0056 0.0083 0.0020 0.0020 0.0001 0.0022
OFC 0.0093 0.0007 0.0134 0.0004 0.0000 0.0023 0.0006 0.0013 0.0256 0.0002 0.0000 0.0002
MTG 0.0022 0.0253 0.0008 0.0009 0.0066 0.0000 0.0016 0.0020 0.0003 0.0188 0.0246 0.0007
Postcentral  0.0000 0.2830 0.0000 0.0000 0.0031 0.0020 0.0029 0.0000 0.0000 0.0011 0.3019 0.0003
Precentral  0.0006 0.0777 0.0000 0.0006 0.0002 0.0016 0.0015 0.0012 0.0001 0.0004 0.0041 0.0298

Abbreviations as in Table 2.
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Figure 5. The In-Out degrees of each node in three mGCA
networks were ranking in descending order. A node with a
highly positive In-Out degree can be considered to be largely
affected by other nodes. On the contrary, a node with nega-
tive causal flow exerts a strong causal influence on other
ones. Only the brain regions with a nonzero value of In-Out
degree are listed. Labels and abbreviations as in Fig. 4.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

prefrontal cortex (OFC) and posterior cingulate cor-
tex/precuneus (PCC) served as central targets in the
network following acupuncture at GB40, and the cen-
tral sources were the Al and STG (Fig. 5). Enhanced
interactions emerged within the auditory network,
and also existed between it and other networks since
GB40 is an audition-related acupoint (37). Following
acupuncture at KI3, we identified that the DLPFC
emerged as the central target in the causal network
and the STG was the central source. Lee et al (38)

Zhong et al.

pointed out that acupuncture at KI3 could improve
mood and cognitive functions of patients with Alzhei-
mer’s disease. The DLPFC is exactly located in the
frontal lobe and associated with cognitive and execu-
tive function (39). In contrast to the resting state, the
causal influences between the auditory network and
others were unchanged, but between the executive
network and others were enhanced, suggesting that
the cognitive level grew higher following acupuncture
at KI3 because the frontal lobe is an important region
among cognitive brain areas (40). The PCC, as one of
the cognitive-related vital nuclei (36), had two causal
inflows coming into it following acupuncture at KI3,
but no causal connection was found following acu-
puncture at GB40. These different effective connectiv-
ity patterns of post-acupuncture resting state may be
related to the special effects of acupuncture in clinical
settings. The above results likely validate the rela-
tively functional specificity of different acupoints.

A recent fMRI study on DMN demonstrated that a
causal target in the neuronal activity propagation pro-
cess tends to have a stronger BOLD activity, suggesting
that causal influences may predict the neuronal activity
levels (26). This article also indicated that the power
spectral intensity of the mean time series extracted
from a brain region is in direct proportion to causal
inflows of the brain region. Since strength is a reflection
of the energy flow (26), we speculated that the strength
of neural activity would be stronger if the sum of causal
inflows with weight was larger within and among multi-
ple RSNs. A strictly quantitative measure will be a fur-
ther task. The acupoints KI3 and GB40 may share
some common features of the BOLD response following
acupuncture because they belong to the same nerve
segment. Our results indicated that Al and STG both
had stronger strength in the network following acu-
puncture at GB40. As for KI3, the regions with stronger
strength were the postcentral gyrus and STG. There-
fore, the postcentral gyrus, Al, and STG may show
sustained activation during post-acupuncture resting
states. This speculation was consistent with the investi-
gation that the insular cortex and sensorimotor areas
consistently give positive responses after acupuncture
stimulation, regardless of acupoint locations or manip-
ulation modes (8,9). Furthermore, decreased neural ac-
tivity within DMN was observed following acupuncture
manipulations (17). In our results, decreased connec-
tivity emerged in the PCC within DMN following acu-
puncture at GB40 in comparison with the ITG within
DMN following acupuncture at KI3 in the network, and
both nuclei are probably regions of deactivation.

In conclusion, the current study demonstrated that
acupuncture at different acupoints could exert differ-
ent causal influences within and among the RSNs and
these effects can last a long period after the needling
process is terminated. We propose that acupuncture
as an external intervention may regulate the RSNs
dissimilarly across different acupoints. These prelimi-
nary investigations are expected to provide a new clue
for deciphering the relatively function-oriented speci-
ficity of acupuncture effects. Our findings may help to
understand the neurophysiological mechanisms
underlying acupuncture specificity.
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