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Investigation of Acupuncture-specific BOLD Signal Changes
Using Multiband Acquisition and Deconvolution Analysis

Tomokazu Murase1*, Masahiro Umeda1, and Toshihiro Higuchi2

Purpose: We investigated the temporal dynamics of blood oxygen level-dependent (BOLD) signal responses
during various stimuli, including real acupuncture, sham acupuncture, and palm scrubbing. For this purpose,
deconvolution analysis was used to performmeasurements usingmulti-band (MB) echo-planar imaging (EPI),
which can improve time resolution, and to analyze brain responses without an expected reference function.

Methods: We devided 26 healthy right-handed adults into a group of 13 who received real acupuncture
stimulation with manual manipulation and the other group of 13 who received sham acupuncture and palm
scrubbing tactical stimulations. Data analysis was performed with a combination of analysis packages.

Results: We found stimulus-specific impulse responses of the BOLD signal in various brain regions.
During real acupuncture, activated areas were observed in the secondary somatosensory cortex (SII) and
insula during stimulation and in the anterior cingulate cortex (ACC), supplementary motor area (SMA), and
thalamus after the stimulation. During sham acupuncture, activated areas were observed in the SII, insula, and
thalamus during simulation. During the scrubbing condition, activated areas were observed in the contral-
ateral primary somatosensory cortex (SI), SII, insula, and thalamus during stimulation. In particular, during
the real acupuncture condition, significantly delayed and long-sustained increased signals were observed in
several brain regions, in contrast to the signals induced with sham acupuncture and palm scrubbing.

Coclusion: We speculated that the delayed and long-sustained signal increases were caused by peripheral
nociceptors, flare responses, and time-consuming processing in the central nervous system. We used
deconvolution analysis with MB EPI and tent functions to identify the delayed increase in the BOLD signal
in the area related to pain perception specifically observed in real acupuncture stimulation. We propose
that the specific BOLD signal change observed in this study will lead to the elucidation of the mechanism
underlying the therapeutic effect of acupuncture stimulation.
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Introduction

For longer than 2000 years, acupuncture has been used
worldwide to treat various diseases and symptoms.
However, the mechanism and effectiveness of acupuncture

remain to be elucidated. Functional MRI (fMRI) studies
on acupuncture have typically been performed using block
designs and analyzed using a general linear model (GLM).
However, in GLM analysis using acupuncture stimulation
timing, since the activation area is narrow, recent studies
have called into question the equivalence of stimulation
and sensation in block-design acupuncture experiments.1,2

Furthermore, a previous study showed that prolonging
of the needling sensation, introduced by acupuncture need-
ling, could occur.3 We previously reported that manual
acupuncture triggers a characteristic temporal signal change
that increases delay and long-lasting blood oxygen level-
dependent (BOLD) signals using tent functional deconvolu-
tion analysis.4 Since this characteristic temporal signal
change may indicate acupuncture stimulation differing
from other somatosensory stimuli, it is necessary to investi-
gate the changes in the time-varying signal in more detail.
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Recent advances in multi-band (MB) echo-planar imaging
(EPI) have enabled acquiring fMRI data with higher spatial
and temporal resolutions. MB-EPI, which can accelerate
the acquisition’s temporal resolution to excite multiple
slices simultaneously,5 has therefore recently become a pop-
ular acquisition modality for fMRI. In this study, we used
MB-EPI and deconvolution analysis to examine precisely
signal changes in brain activity caused by acupuncture
stimulation.

Materials and Methods

Twenty-six healthy, right-handed adults (16 men and 10
women) aged 18 to 33 years provided written informed
consent to participate in this study, which was approved by
the Ethics Committee of Meiji University of Integrative
Medicine. The 26 subjects were divided into two groups,
with one group receiving real acupuncture stimulation with
manual manipulation and the other receiving both sham
acupuncture and scrubbing stimulations as control.

The right acupuncture point Hegu (LI-4), which is
located on the dorsum of the right hand radial to the mid-
point of the second metacarpal bone, was selected for the
acupuncture stimulation site. The real acupuncture stimula-
tion consisted of the following two steps. First, a non-
magnetic silver needle (0.20 mm in diameter, 39-mm
long; Asahi Iryouki, Saitama, Japan) was inserted into
LI-4 to a depth of approximately 15 mm before beginning
the fMRI scan run. Then, it was subsequently manually
rotated bidirectionally approximately 180° at 1 Hz. Two
types of tactile stimulation were used as controls: tapping
with a von Frey monofilament (sham acupuncture) and
scrubbing with a scrubbing sponge. Sham stimulation has
been used as a tactile stimulus in the previous studies of
fMRI,6 and a scrubbing sponge has been used as a simple
somatosensory stimulus.7 Sham acupuncture was delivered
to the skin surface at LI-4 by gentle tapping with a 5.88 von
Frey monofilament. During the stimulation block, tapping
was continuously applied at approximately 4 Hz. Another
control stimulation was administered by scrubbing the
subject’s right palm with a scrubbing sponge in one direc-
tion at approximately 4 Hz. All acupuncture and tactile

stimulations were performed by a single licensed and
experienced acupuncturist. All fMRI run sequences con-
sisted of five 15-s stimulation blocks (ON) that were inter-
spersed between one 43-s and five 45-s rest blocks (OFF)
for a total scanning time of 343 s (Fig. 1).

Subjects were in the supine position and wearing ear-
plugs while in the scanner. In order to minimize head
motion, soft foam padding was inserted into the 32-channel
head coil. fMRI scanning was conducted on a 3-T
MAGNETOM Trio, A Tim System (SIEMENS, Munich,
Germany) MRI scanner. Anatomical images were acquired
with 3D T1-weighted magnetization-prepared rapid acqui-
sition with gradient echo TR, 1900 ms; TE, 2.52 ms; inver-
sion time, 900 ms; fractional anisotropy [FA], 9°; FOV,
25 cm; 176 axial slices; slice thickness, 1.0 mm; matrix
size, 256 × 256, sagittal). Axial BOLD MR images were
acquired with a MB gradient-echo EPI sequence from
Minnesota University5,8 (TR, 1000 ms; TE, 30 ms; FA,
60°; MB factor, 2; iPAT factor, 2; FOV, 22.4 cm; 36 axial
slices; slice thickness, 3.5 mm; matrix size, 64 × 64). Based on
previous research, data analysis was performed with a combi-
nation of analysis packages, including SPM8 (http://www.fil.
ion.ucl.ac.uk/spm, Department of Cognitive Neurology,
London, UK), MarsBaR (http://marsbar.sourceforge.net),9

and the Analysis of Functional NeuroImages (AFNI) software
program (http://afni.nimh.nih.gov/afni/).10 Preprocessing was
performed in the same manner as that reported in the previous
research.4 All functional images were aligned to the first
volume, and the 3D anatomical images were then c-registered
with the first volume of the functional scan. The 3D T1-
weighted volume was spatially normalized to the Montreal
Neurological Institute T1-weighted MRI template. The same
transformation parameters were applied to all functional
volumes, which included 3D spatial smoothing with an 8-
mm full-width at half-maximum Gaussian kernel. The first
13 data points from each dataset were discarded to ensure that
the analyzed data were acquired in the stable state. For statis-
tical analysis, 3dDeconvolve, which is part of the AFNI pack-
age, was used to extract the impulse response functions (IRFs)
of the fMRI signals on a voxel-wise basis. First, we assumed
that 60 TRs, which included 15 TR periods for stimulation,
were sufficient for extracting the IRFs. Then, the 31 tent basis

Fig. 1 All fMRI run sequences consisted of five 15-s stimulation blocks (ON) that were interspersed between one 43-s and five 45-s rest
blocks (OFF) for a total scanning time of 343 s. The first 13 data points from each dataset were discarded to ensure that the analyzed data
were acquired from the stable state. fMRI, functional MRI.
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functions (1T–31T) covering-4 to 56 TRs (relative to the sti-
mulus onset) were used to estimate the fitting coefficient (beta
estimate). In this study, the 3T–10T functions corresponded to
the actual stimulation period, and the 31 beta estimates were
estimated for IRF extraction.11,12 In order to eliminate
the variance in each condition of interest across subjects, a
random-effects analysis was performed using a one-sample t-
test at each voxel across subjects based on their individual beta
maps (P < 0.001, uncorrected) and clusters with a threshold
size of over 10 voxels were then superimposed on high-
resolution anatomical images (Fig. 2). Further, to examine
the IRF, a cubic region of interest was defined using a set of
voxels in a 4 × 4 × 4 mm3 portion centered at the maximum t
value for the area of activation cluster within each Brodmann
area. Finally, the extracted IRF time course was calculated as
the difference between the first time point’s IRF and the IRF
of each of the following time points, and then one sample t-test
analysis at each time point.

Results

Figure 2 shows the activated areas and temporal evolution of
the brain responses during each stimulus. These data were
consistent with the IRFs from the deconvolution analysis.
During real acupuncture, areas of stimulus-induced activation
were observed on both sides in the secondary somatosensory
cortex (SII) and the insula in 5T–10T and on both sides in the
anterior cingulate cortex (ACC), the supplementarymotor area
(SMA), and the thalamus after 11T (Fig. 2, red). In later phases,
activation was also observed in the contralateral primary
somatosensory cortex (SI) (data not shown). Results from the

fMRI performed during sham acupuncture showed activation
in the contralateral SI, SII, SMA, the insula, and the thalamus
during stimulation (5T–8T) (Fig. 2, blue). During the scrubbing
condition, activated areas were observed in the contralateral
SI, SII, insula, and thalamus during stimulation (5T–10T)
(Fig. 2, green). These results demonstrated many similarities
in activation between the sham acupuncture and scrubbing
stimulation conditions. In contrast, real acupuncture induced
more widespread brain activity and more delayed and long-
sustained brain activity than the tactile stimulations did.

Figure 3 shows stimulus-dependent changes in IRF
extracted from various brain regions. In SII, the insula, and
the thalamus, we observed significant increases in BOLD
signal amplitude during any stimulation type. These increases
in amplitude peaked about 6 seconds after the start of stimula-
tion and then declined. For real acupuncture stimulation only,
the amplitude increased again after the end of the stimulation
to a maximum peak around 5 seconds after the end of stimula-
tion, and decreased thereafter. In the thalamus, this decrease
was gradual, and was followed by another significant increase
in amplitude 45 seconds after the end of stimulation. In the S1,
the amplitude increased during the stimulation period with
scrub and sham acupuncture stimuli. This peaked around 6
seconds into the stimulation period, followed by a decrease in
amplitude. In contrast, with real acupuncture stimulation, we
observed a significant increase in amplitude 15 seconds after
the end of stimulation. This lasted 10 seconds before decreas-
ing. In the SMA, we observed a significant increase in ampli-
tude with scrub stimuli only during the stimulation period.
Here, the amplitude peaked around 4 seconds after the start
of stimulation and then decreased. With real acupuncture

Fig. 2 Overlapped group statistical maps for each tent function in the three groups (z = 0, 22, 44, and 66). Regions exhibiting significant
activation during real acupuncture (red: N = 13), sham acupuncture (blue: N = 13), and the scrubbing (green: N = 13). A random analysis
was performed, and activations overlapped onto an axial slice of a standard brain (P < 0.001, uncorrected). 1T–13T indicate the temporal
axis, and each interval of T represents 2 s (= 2 TR). T, tent function.
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Fig. 3 Time-course of the beta amplitude changes (means ± SE) for real acupuncture (red), sham acupuncture (blue), and scrubbing (green)
in the following regions: a) SII, b) insula, c) thalamus, d) SI, e) SMA, and f) ACC. The gray line indicates the stimulation period. Significant
differences by region and at each TR are indicated. (*P < 0.01, **P < 0.005, ***P < 0.001). ACC, anterior cingulate cortex; SE, standard error;
SI, primary somatosensory cortex; SII, secondary somatosensory cortex; SMA, supplementary motor area.
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stimulation, the amplitude increased both during and after the
stimulation period, reached a peak around 5 seconds after the
stimulation end, and then decreased. In the ACC, we observed
an increase in amplitude during the stimulation period under
all stimulation conditions, but only sham stimulation showed
a significant increase. However, with real acupuncture
stimulation, we observed a significant increase in amplitude
30 seconds after the end of the stimulation, which lasted about
10 seconds before decreasing.

Discussion

In this study, we investigated the temporal dynamics of BOLD
signal responses during various stimuli, including real acu-
puncture, sham acupuncture, and palm scrubbing. In our pre-
vious work, the measurement environment was a 1.5T MRI
machine (Signa; GE Healthcare, Waukesha, WI, USA) and a
1-ch standard head coil with a time resolution of 3 seconds,
whichwas not enough to discuss dynamic changes in detail. To
achieve a more suitable time resolution for observing dynamic
changes in this study, we verified the multi-band EPI (which
can improve time resolution) to increase the time resolution by
a factor of three. We found stimulus-specific impulse
responses of the BOLD signal in various brain regions. With
real acupuncture stimulation, we observed a bimodal change
with a signal increase both during and after stimulation.

We found that scrubbing stimulation was associated with
more prominent activation of the sensorimotor brain regions
(SI, SII, insula and SMA) during stimulation compared to
those associated with real acupuncture and sham acupunc-
ture. In addition, the IRF of palm scrubbing in these areas
increased in signal at the start of stimulation and declined
after the end of stimulation in all areas where activation was
observed. Although we observed similar changes in BOLD
signal amplitude in the SI, SII, the insula, and the thalamus
with sham acupuncture stimulation, we noted differences in
activation of the SMA and ACC. The function of the SMA
relates to preparing for spontaneous movement, and for this
area, we found BOLD signal amplitude increases when
scrubbing the palm. The activation of SMA was considered
to have been activated by the movement of fingers by scrub-
bing stimulus.4 The function of the ACC relates to cognitive
processing (such as experiencing pain). Since the acupoint
has a low pressure-pain threshold,13 this control stimulus
may activate some of the pain-related areas in the ACC.

Conversely, with real acupuncture stimulation, we observed
a bimodal change with an increase in BOLD signal amplitude
both during and after stimulation. Signal elevation immediately
after stimulation is considered a common to reaction somato-
sensory stimuli, but persistent signal elevation is considered a
specific reaction to acupuncture stimulation. It has been sug-
gested that the peripheral receptors involved in acupuncture
stimulation are polymorphic C-fiber nociceptors.14 As pre-
viously reported, manual acupuncture stimulation activates
C fibers by releasing chemical substances resulting from deep

tissue injury.15 In animal experiments on heat pain, a time lag
until the threshold temperature of heat pain was reached that
also delayed brain activity associated with noxious stimuli.16

The acupuncture technique performed this time may have been
somatosensory stimulation only for a short time, but it may
be input as a noxious stimulus by continuing for a certain
period of time. C-fiber activation is associated with the induc-
tion of a local reaction (flare reaction) by acupuncture
stimulation.17,18 Neurogenic inflammation induces local hyper-
algesia. Furthermore, repeated C fiber input causes a reaction
called windup increase after C fiber stimulation, which is
considered to strengthen the input over time.19 Because C
fiber input does not stop immediately after the end of stimula-
tion, it is considered that delay in signal change and long
sustained signal increase will occur. The specific reaction
induced by acupuncture stimulation is termed “de-qi”.20,21

The sense of “de-qi” reportedly includes tingling and heaviness
and numbness, and the perception of sensation induced by
acupuncture stimulation is associated with time-consuming
complicated processing in the central nervous system.
Furthermore, fMRI in animal experiments has been reported
to be affected by stimulation-induced changes in systemic
physiological parameters, thus delaying signal increase due to
electrical stimulation by approximately 10 seconds under
medetomidine and urethane anesthesia.21 Acupuncture stimu-
lation has been reported to modulate the autonomic nervous
system,22 and delay in signal increase may indicate the effec-
tiveness of acupuncture.

Conclusion

The bimodal signal changes in brain activity were observed by
acupuncture stimulation in this study; one occurred in com-
mon with somatosensory stimulation immediately after stimu-
lation, and the other after the end of stimulation only real
acupuncture stimulation. We suggest that the delayed and
long-sustained signal increases were caused by peripheral
nociceptors, flare responses, hemorrhagic changes caused by
acupuncture and processing in the central nervous system.

We used deconvolution analysis with MB EPI and tent
functions to identify the delayed increase in the BOLD signal
in the area related to pain perception specifically observed in
only real acupuncture stimulation. We propose that the spe-
cific BOLD signal change observed in this study will lead to
the elucidation of the mechanism underlying the therapeutic
effect of acupuncture stimulation.
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