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Abstract: Acupuncture has been a powerful clinical tool for treating chronic
diseases. However, there is currently no appropriate method to clarify the
therapeutic effect of acupuncture. Here, we use photoacoustic tomography
(PAT) to study the effect of acupuncture on mouse brain blood vessels. Ten
healthy mice were stimulated with acupuncture needles on two acupoints.
PAT images were obtained before and after acupuncture. We report that
stimulation of certain acupoints resulted in changes in hemodynamics/blood
flow at these points. The results demonstrate that PAT can non-invasively
detect blood flow changes in mouse brain under acupuncture. This pilot
study shows the potential of PAT as a visualization tool for illuminating the
mechanism of acupuncture and promoting its clinical applications.
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1. Introduction

Acupuncture is one of the essences of Chinese traditional medicine and has two-thousand
years of application history. In recent years, progresses in the research of clinical acupuncture
and meridian theory have driven acupuncture to an elevated stage in the international arena. In
1996, the world health organization (WHO) initially confirmed 64 kinds of diseases indicated
by acupuncture. Although the mechanism of acupuncture is not clear, several hypotheses have
been proposed. A research proposed that the neural system generates neural electrical signals
evoked by acupuncture [1]. Another study indicated that acupuncture produces an effect by
regulating the nervous system [2]. Hui observed that acupuncture can activate the limbic
system and produce relevant responses with the sensorimotor system [3]. When acupuncture of
Yongquan was applied to small animals, Yang et al. discovered some activated areas included
bilateral frotal, lobe cortex, primarily section 1, 2;cingulated gyrus, primarily section 1, 2;
contralateral caudate nucleus, insula, backlimb representation cortex and parietal lobe cortex
and primarily section 1 [4]. Overall, acupuncture is regarded as an exogenous stimulation, and
the mechanism is likely linked to the neuroendocrine system. Acupuncture primarily
influences the neural system, respiratory system and cardiovascular systems.

During acupuncture, the brain’s cortical area is activated while the subject receives various
sensory stimulations. This is correlated with increased blood flow, increased oxyhemoglobin
levels and increased metabolic rates. Studies [5—17] using functional magnetic resonance
imaging (fMRI) and positron emission tomography (PET) have attempted to quantitate the
brain effects of acupuncture. In addition, near-infrared spectroscopy [18] has been used to
study acupuncture effects. In fMRI, signals are influenced by the oxygen level of blood. The
reconstructed fMRI image reflects the corresponding nerve activity by measuring changes in
oxygen levels of blood. Although fMRI provides the simultaneous structural and functional
images, it is expensive and has low spatial and temporal resolution. Likewise, although PET
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records glucose metabolism and blood flow, it has low spatial and temporal resolution, and is
invasive as patients need to be injected with tracer isotopes before imaging. Therefore, it is
urgent to find a replacement which is affordable and noninvasive. Furthermore, high
spatial-temporal resolution is required for studying temporal and spatial characteristics of the
brain under acupuncture.

In this report, photoacoustic tomography (PAT) is used in brain imaging during
acupuncture. PAT employs short laser pulses to generate ultrasonic waves from biological
tissues with frequencies raging from 20KHz to 20MHz [19]. As the light is absorbed by tissue,
it produces heat bilges, cold shrinks and subsequent ultrasonic waves [20]. The optical
absorption coefficient will vary with different biological tissues, and the absorption
distribution can be reconstructed with algorithms. In short, PAT combines high ultrasonic
resolution and strong optical contrast in a single modality, capable of providing both structural
and functional images [21]. In addition, parameters such as oxygen hemoglobin, blood flow,
oxygen saturation and metabolic rate are accessible using PAT. Compared with fMRI and
PET, PAT can identify the cerebrovascular state and provide an ideal method to image the
change of blood flow during acupuncture.

In this study, we developed a PAT system to examine the change in blood flow in mouse
brain in response to needle simulation on Yongquan acupoints. The blood vessels were imaged
using the PAT system before and after acupuncture, and the one-dimensional and
two-dimensional distributions of optical absorption were analyzed.

To our best knowledge, this work provides the first study using PAT to study brain blood
vessel changes during acupuncture. Our work shows the potential of PAT as a visualization
tool for studying the mechanism of acupuncture.

2. Materials
2.1 Experimental setup

The schematic of experimental setup was discussed in our previous work [22], presented as
Fig. 1 in this article. A Q-switched Nd: YAG laser light was used at a wavelength of 532 nm
with duration of 6.5 ns and a repetition rate of 1 Hz. A mirror was used to change the light path
by 90 degrees. The laser beam was expanded by a concave lens. To obtain a uniform laser
beam, ground glass was used. A hole was placed at the bottom of water tank with a diameter of
6 cm. A polytetrafluoroethylene film, transparent to light and ultrasound, was employed as a
separation layer between water and mouse brain tissue. During the experiment, the
homogeneous beam illuminated the intact mouse head. The energy density on the brain surface
was below 15mJ/cm’. An ultrasonic transducer with a central frequency of SMHz and a
diameter of 0.8mm was motor driven by a computer. During the experiment, the transducer
rotated around the mouse brain 360 degrees with a step size of 2 degrees at the scanning
position. The detector received the photoacoustic signals generated by the brain tissues at each
step. The signal was then sent to an amplifier and transmitted into a data acquisition card. After
the scanning, the delay and sum algorithm was adopted for reconstructing the distribution of
the optical absorptions within the tissues.
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Fig. 1. Setup for photoacoustic imaging of the mouse brain

We also conducted a group of control experiments on mouse brain without acupuncture
where the time interval between each experiments were the same as that used in the
experiments with acupuncture (see below). The results from the control experiments are given
in Fig. 2. We can see from Fig. 2 that the images at different time points are almost the same
from the control group.

(a) (b)

¥/ mm

= mm
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(cl) (c2) (c3)
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Fig. 2. PAT images from control experiments at the 3, 8, 13 minutes respectively . (al)-(a3) is
the magnified image of box 1,2 and 3 in (a). (b1)-(c3) are acquired similarly in (b) and (c).

From the above images, we can get a conclusion that experimental results at different time
points are almost same. To better understand the results, we marked three boxes located in

#211500 - $15.00 USD Received 8 May 2014; revised 6 Jul 2014; accepted 12 Jul 2014; published 9 Jan 2015
(C) 2015 OSA 1 Feb 2015 | Vol. 6, No. 2 | DOI:10.1364/BOE.6.000433 | BIOMEDICAL OPTICS EXPRESS 436



different blood vessels in figure (a)-(c) in the same place and applied magnification. From
(al)-(cl), (a2)-(c2) and (a3)-(c3), the light absorption distribution are consistent basically.

2.2 Animal model

Ten healthy Kunming mice, weighing 32.9 + 8.4g, were used for imaging. Before the
experiment, the mice were not exposed to any procedures that would affect their mental or
physical health. In addition the mice were not treated with any drugs prior to this study. The
mice were exposed to adaptive feeding from birth and adapted to the living environment for
one month. Before imaging, the mice were anesthetized by intraperitoneal injection of chloral
hydrate solution. The hair on the mouse head was removed using depilatory paste and the head
was coated with a layer of ultrasound coupling agent. The mouse was placed in a homemade
mounting bracket and then was adjusted so the head was consistent to the transducer scanning
plane. After the data acquisition for PAT, each mouse was sacrificed with overdasage.

2.3 Acupoints selection

We chose Yongquan acupoints located in the middle of the hind paw as the stimulated
position. In Chinese traditional medicine, Yongquan is related to insomnia, irritability and
eclampsia. The acoupoints were selected based on published data [23]. The selected acupoints,
labeled LYA and RYA are shown in Fig. 3.

RYA LYA

Fig. 3. Selected acupoints of a mouse photographed before the PAT experiment. RYA: Right
Yongquan acupoint. LYA: Left Yongquan acupoint.

2.4 Methods

Ten mice were imaged using PAT before and after acupuncture on both RYA and LYA,
respectively. We conducted acupuncture on the mouse for 2 minutes and obtained images with
3 min following.

2.5 Statistical analysis

Data were analyzed after the experiment on ten mice using a t-test. The criterion for
significance was p < 0.05.
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3. Results
3.1 Acupuncture on RYA

OR:

yimm

yimm

yimm

Fig. 4. Noninvasive PAT imaging of a mouse brain at a wavelength of 532nm with skin and
skull intact. Photoacoustic image acquired (a) before acupuncture (at the 3 minutes), (b) after
acupuncture (at the 8 minutes), (c) after rotation of the needle (at the 13 minutes). (al)-(a3) is
the magnified image of box 1,2 and 3 in (a). (b1)-(c3) are acquired similarly in (b) and (c). (d)
Photograph of the small mouse brain obtained after the PAT experiment. MCA, middle cerebral
artery. BL, branch vessel.

Figure 4 shows the cerebral hemodynamic changes in response to acupuncture in the right hind
paw. Figure 4(a) shows the image before acupuncture, while Fig. 4(b) and Fig. 4(c) were
obtained after acupuncture and needle rotation, respectively. Our current PAT system has
limitations in resolution, which results in low clarity of some blood vessels. However, the
images of Figs. 4(a)-4(c) were matched with the anatomical photographs obtained after
imaging shown in Fig. 4(d). To better understand the results, we marked three boxes located in
different blood vessels in Figs. 4(a)-4(c) in the same place and applied magnification.
Longitudinally, Figs. 4(al)-4(a3) and Figs. 4(b1)-4(b3) indicate that there was significant
difference between the non-stimulation periods and the stimulation phases. Blood flow
changed more intensively after needle rotation as shown in Figs. 4(c1)-4(c3). The distribution
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of blood flow showed significant changes between the middle cerebral artery and branch
vessel. The increased blood flow occurred at different positions, indicating that changes in
response to acupuncture are dynamic.
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Fig. 5. (a) before acupuncture. (b) After acupuncture. (c) After rotation of the needle. The
horizontal axis represents the distance along MRC in Fig. 4, and the vertical axis represents the
relative light absorption.

Figure 5 shows the relative light absorption distribution of the middle cerebral artery in Fig.
4 along the same MCA position. . It reveals that the maximum values of the relative light
absorption are located in different place before and after acupuncture, indicating dynamic
changes in blood flow. The dashed line is a reference for comparison. In Fig. 5(a) to Fig. 5(b),
the value of relative absorption is about 2.5 before acupuncture with increment increases, with
a maxim value of 2.876 after acupuncture. Figure 5(c) shows no significant increase in the
maxim value compared with Fig. 5(b). Instead, a slight decrease appears after needle rotation
which does not represent an experimental trend. In summary, mice received needle stimulation
followed by brain cortex response and increases in blood flow.
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After obtaining three sets of reconstruction data before acupuncture, after acupuncture and
after needle rotation, subtraction is performed among the three sets of data to intuitively
observe the blood flow changes before and after acupuncture. The results were shown in Fig. 6.
Significant changes could be perceived in branch vessels after acupuncture as Fig. 6(a) shows
and is more obvious after needle rotation shown in Fig. 6(b).

@ 4

Fig. 6. Subtraction between images in Fig. 4. (a) Before acupuncture and after acupuncture. (b)
Before acupuncture and after needle rotation

3.2 Acupuncture on LYA

(b) -

Fig. 7. Noninvasive PAT imaging of a mouse brain at a wavelength of 532nm with skin and
skull intact. Photoacoustic image acquired (a) before acupuncture. (b) After acupuncture.
(al)-(a3) Is the magnified image of box 1,2 and 3 in (a). (b1)- (b3) Are acquired similarly in (b).

Figure 7 shows the cerebral hemodynamic changes in response to acupuncture in the left hind
paw. The hemodynamic changes in the blood vessels in the superficial cortex are apparent after
acupuncture in Fig. 7(b) compared with Fig. 7(a) obtained before acupuncture. To better
understand the results, we marked three boxes located in different blood vessels in Fig. 7(a)
and Fig. 7(b) in the same place and applied magnification. Significant changes can be seen in
the magnified figures, shown as Figs. 7(al)-7(b3). These results indicate that visual change
regions can be monitored using PAT. The increased light absorption represent photoacoustic
signal enhancement, which are likely induced by acupuncture.
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Figure 8 shows the relative light absorption distribution of the middle cerebral artery in Fig.
7 along the same position. The relative value was roughly 2.5 before acupuncture and rose to
2.8 after simulation, indicating that acupuncture leads to increased blood flow.

(@ 35 : - : . .
g I (1.589,2.495) |
- /
g 2 i
2 N Adw Y
< ,W Wy !
= AT X i
w2 Y R A
ii / \
E 15} / N, W |
= f LA / M
2 / k‘u"\\ . M W
\;t 1 F -.'V \J \\\ N fv LJ\ B
s /ﬂ'\_ﬂ[ AN W
0 5 1 L 1 1 1 1 1 1
0 05 1 1.5 2 25 3 35 4 4.5
x/mm
(®) 35 ; ; ;
TN
roy
o 3l A (3.897,3.43) / \ |
8 AT [
2 Mo WU / \
g' [/’l' V H.J k'tj\h’\ @f lw‘
@ J / |
5 25 tf " f %
S r \ J W
fn A \,m‘ ;, n
=, / Y Fi \m
g [ N I \
‘5 / YAl /
= [ Vi /
B | v W,
= 15l / J
>
\AW,V'-» \/ \f
1 1 L L L 1 1 L 1
0 a5 1 1.5 2 25 3 35 4 45
x/mm

Fig. 8. (a) Before acupuncture. (b) After acupuncture. The horizontal axis represents the
distance along the middle cerebral artery in Fig. 7, and the vertical axis represents the relative
light absorption.

Similarly to the previous experiment, we conducted acupuncture on nine mice and used
PAT to detect the blood change before and after acupuncture on both RYA and LYA,
respectively. The data were processed using the following method: assuming that number ‘1’
represented an effect of acupuncture on Yongquan to cause changes in blood flow of brain,
while number ‘0’ indicates no effect. The statistical analysis on changes in blood flow from ten
mice was ere summarized in Table 1.A z-test was used after obtaining reconstruction data from
ten mice received acupuncture. The results were shown in Table 1. It reveals that acupuncture
on Yongquan acupoints had a significant effect on mice cerebral blood flow (p<0.05). The
results verified the ability of PAT to monitor the effect of acupuncture.

Table 1. Measure of changes under acupuncture on the right and left hind paw.

. N=10
Acupoint p- value t-value
4o %
RYA 8 2 6.851E-4 6.324
LYA 9 1 2.77E-5 9.486

+ *: Number of samples with changes in blood flow after acupuncture.
-*: Number of samples without changes in blood flow after acupuncture.
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4. Discussion

Because anesthesia impacts the nervous system of mice, we conducted an experiment to find
the most appropriate dose of anesthesia to ensure that mice would not display movement but
could respond to acupuncture. To do this, 5 mice were anesthesitized with different dose of
chloral hydrate via intraperitoneal injection. One mouse could move freely. Three mice lacked
autonomous movement after 2 minutes but responded to needle rotation. One mouse lost
consciousness after one minute. In summary, mice injected with 0.0027 + 0.00017ml/g chloral
hydrate did not experience abnormal movements and could effectively respond to
acupuncture.

Due to the use of a single ultrasonic transducer, the temporal resolution of the PAT system
could not be performed in real-time. Because the image acquisition time is 3 minutes, we can
currently observe the average change of blood flow over time. However, the system can be
improved by using an ultrasonic transducer array to reduce the imaging time from minutes to
milliseconds, which enable us to capture real-time blood flow changes in mouse brain
following acupuncture.

Acupuncture points have different distinct structures compared with other acupoints.
However, compared with non-acupoints, the structural distinction is vague. The mission of
research on the mechanism of acupuncture is to examine the relationship between active brain
regions and acupuncture, to verify the exact effect of acupuncture and to study the specificity
of acupoints. Applying PAT to study the effect of acupuncture represents new method for
measuring the effects of acupuncture.

Diagnosis and treatment of cerebrovascular disease has been the focus of medical research.
A large number of studies have shown that acupuncture has therapeutic effects on
cerebrovascular disease, such as stroke. Acupuncture can enhance blood flow in the brain and
relieve the ischemia and edema. Photoacoustic imaging of the brain is beneficial to locate brain
vascular lesions. Hence PAT could potentially be used to perform targeted acupuncture. This
work provides the first demonstration of using PAT to study acupuncture at the micron level.
This study suggests that PAT can be applied to cerebrovascular disease detection and clinical
acupuncture treatment monitoring.

5. Conclusions

With this development a non-invasive and visual tool for acupuncture monitoring, we have
presented preclinical results using the PAT system. Photoacoustic imaging was conducted
before and after acupuncture using mice. Our results show that the cerebral hemodynamic
changes can be detected non-invasively using PAT. The blood flow of mouse brain increased
after the mouse received acupuncture and the effect was more pronounced after needle
rotation. This represents a step toward developing a visualization tool for acupuncture. Future
work will improve the quality of reconstruction images and measure the effects of acupuncture
in real-time. This pilot study shows the potential of PAT as a visualization tool for illuminating
the mechanism of acupuncture and promoting its clinical use.
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