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Photoacoustic imaging of microenvironmental
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Abstract: As a traditional medicine practice, cupping therapy has been widely used to relieve
symptoms like fatigue, tension, and muscle pain. During the therapy, negative pressure is applied
to the skin for a while with an intention to enhance blood circulation or induce micro-bleeding.
The therapeutic effect, however, is not clear due to the lack of direct quantification. Aiming at
a quantitative assessment of the treatment effect, we explore optical-resolution photoacoustic
microscopy (OR-PAM) in monitoring the structural and functional changes after cupping. We
find that, after 5-minutes of ∼ 20 kPa negative pressure cupping, more capillaries appear in the
focus, and micro-blooding is observed from the capillaries. We quantify the images and find the
blood vessel density is increased by 64%, and the total hemoglobin concentration in both the
veins and the arteries exhibits 62% and 40% elevation, respectively. Oxygen saturation in the
vein and artery decreased by 17% and 3% right after cupping, respectively. After two hours of
recovery, the three blood-related parameters return to their original levels, indicating that the
effects in the tissue last only a short period after cupping at the given pressure and time duration.
Note that no significant cupping marks are induced with the treatment parameters in this study.
This work proposes OR-PAM to quantitatively monitor and evaluate the effect of cupping therapy
from the perspective of imaging. The method is also useful for accurate control of the therapeutic
outcome.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cupping therapy is a traditional medicine practice that applies negative pressure to the skin,
leading to increased blood circulation or micro-bleeding in local tissue. It is claimed that cupping
can increase capillary permeability, enhance tissue gas exchange, promote blood circulation, and
relieve symptoms like fatigue, tension, and muscle pain [1,2]. After cupping treatment, marks
caused by capillary expansion or micro-bleeding may appear on the skin surface. They usually
exhibit skin protrusions of different colors, yet sometimes bleeding points and blisters may show
up due to excessive negative pressure and long treatment time [3].
Cupping therapy has been used for thousands of years to relieve soreness and pain [4].

Nowadays, the clinical practices of cupping have extended, such as to treat herpes zoster,
acne vulgaris, cervical spondylosis, cough, scapula, periarthritis of the shoulder and facial
paralysis [5–15]. However, due to the lack of quantitative assessment tools, the effectiveness,
the optimal negative pressure and time duration of cupping therapy have not been thoroughly
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studied. Recently, some researchers have interpreted cupping therapy from the perspective
of microenvironment changes based on parameters obtained from optical sensing tools. For
example, in 2017, Li et al. used near-infrared spectroscopy to investigate the hemodynamics in
the tissue around the cupping site [16]. A significant drop in deoxyhemoglobin but an elevation
in oxyhemoglobin was recorded, indicating an enhancement of oxygen uptake around the cupping
site. Right at the cupping site, in 2019 the same team reported increased deoxyhemoglobin but
declined oxyhemoglobin [17]. The results from these two studies are quite consistent, suggesting
improved blood circulation due to the cupping treatment. Similar measurements were repeated
by Jae Gwan et al., who embedded an optical sensor within the therapy cup to monitor the
hemodynamic changes during cupping [18]. They observed elevation of both deoxyhemoglobin
and oxyhemoglobin at the cupping site but drop of both parameters at the surrounding positions,
confirming cupping can increase the oxygen and blood supplement to cupping site.

Although promising, the aforementioned studies are based on optical sensing, which results in
spatially averaged measurements. It is preferred if the microenvironment parameter changes can
be spatially resolved and mapped to the micro-circulation system. Therefore, high-resolution
optical imaging is desired for cupping assessment. Taking advantage of optical absorption contrast
and subcellular spatial resolution, optical-resolution photoacoustic microscopy (OR-PAM) is
exploited in this study to image the microenvironmental changes [19–25] in cupping. OR-PAM
can provide label-free quantitative imaging of the micro-vessels and oxygen saturation in vivo
[26,27]. Cupping with low negative pressure and photoacoustic (PA) imaging is performed on
the mouse ear. The dynamic change in the treated tissue is recorded using OR-PAM. Structural
and functional parameters, including the total hemoglobin concentration, vascular density, and
oxygen saturation, are quantitatively monitored from the images in the whole process of cupping.

2. Methods

A schematic of OR-PAM is shown in Fig. 1. A 532-nm pulsed laser (7 ns pulse width, VPFL-G-20,
Spectra-Physics) provides the excitation laser source. The 532-nm laser beam is divided into two
paths by a polarizing beamsplitter (PBS1, PBS051, Thorlabs Inc). A half-wave plate (HWP1,
GCL-060633, Daheng Optics) is placed before the PBS to adjust the energy ratio between the
two daughter paths. One path transmits in free space, with a half-wave plate (HWP3) and a
polarization beamsplitter (PBS2) to produce a small portion of the light to be sampled by a
photodiode to monitor and compensate for the laser fluctuations. The other path is coupled into a
100-m multimode fiber (MMF, GIMMSC (50/125) P, Fibercore) to generate a 558-nm wavelength
via the Stimulated Raman Scattering (SRS) effect [28,29]. To maximize the SRS efficiency,
another half-wave plate (HWP2) is put before the 100-m fiber to tune the polarization state of the
input beam. In addition, the 100-m MMF causes ∼ 500-ns delay with respect to the other path.
In order to pass the 558-nm wavelength and reject others, a band-pass filter (central wavelength
558 nm, bandwidth 10 nm, FB560-10, Thorlabs Inc) is placed after the MMF fiber. The two laser
beams are recombined by a dichroic mirror (T550lpxr-UF1, CHROMA). The combined beams
are coupled into a 2-m single-mode fiber (SM, P1-460B-FC-2, Thorlabs Inc) and delivered to
the OR-PAM probe. The two sequential laser pulses at 532 nm and 558 nm are focused on the
sample through the probe, generating two temporally separated PA signals. The energy applied
to the mouse ear is about 50 nJ per pulse. An optical/acoustic beam combiner in the PA probe
reflects the optical beam and transmits the ultrasonic beam. A 50-MHz piezoelectric transducer
(V214-BC-RM, Olympus-NDT) detects the ultrasonic waves. We align the optical excitation
beam with the acoustic detection beam coaxially and confocally to optimize the sensitivity. Raster
scanning the PA probe allows for acquiring volumetric images. It takes ∼ 16 minutes to acquire a
PA image of 2.5x2.5 mm2. The imaging resolution is 5 µm in the transverse plane and 40 µm
along the acoustic axial direction.
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Fig. 1. Schematic of the photoacoustic-based microenviroment montioring system. HWP1-
3, half-wave plate; MMF, multimode fiber; PBS1-2, polarizing beamsplitter; SF, single-mode
fiber; UT, ultrasound transducer.

In experiment, a 6-week ICR mouse was anesthetized with isoflurane, and the mouse ear
was mounted on a glass platform with double-sided tape. All procedures involving animal
experiments were approved by the animal ethical committee of the City University of Hong
Kong. Before cupping therapy, we first acquired a PA image as a baseline. Then, a facial cup
was applied to the mouse ear for 5 minutes. The outer and inner diameters of the facial cup
opening are 1.5 cm and 0.7 cm, respectively, and the cup length is 5 cm. As a result, the region
of the cupping area is around 1.54 cm2 in the experiment. The pressure exerted on the mouse
ear was about -20 kPa. After the cupping process, we acquired several PA images with a time
interval of two hours (including the pre-processing time and the imaging time; the actual resting
time for the mouse is about 1 hour, which is comparable with the operation time) to monitor the
microenvironment changes at the region of interest. Based on these images, blood vessel density,
total hemoglobin concentration, and oxygen saturation are computed and analyzed.

3. Results and discussion

Structural images of the same region on the mouse ear pre- and post-cupping are shown in
Fig. 2(a) and (b). Compared with the pre-cupping image, 64% more blood vessels (corresponding
to vascular density, the calculation method mentioned in the following part) show up in the image
right after the cupping. Moreover, the blood vessels, PA signal (the averaged PA intensity of
the whole figure) increases ∼ 37% after cupping. Figure 2(c) and (d) are the close-up of white
dashed boxes in (a) and (b), respectively. Thus, blood in vessels contributes to the majority of
the PA signals in this scenario, and more small blood vessels lead to stronger PA intensities
after the cupping. Thus, due to the cupping, more capillaries are congested under the negative
pressure and more blood flow into the optical focus, the field of view of the PA imaging system.
PA intensities from other small and large blood vessels pre- and post-cupping have not expressed
many differences, indicating that this phenomenon is caused by the cupping effect rather than the
optical focus changes. Benefiting from the high resolution, we can even clearly see micro-bleeding
in the tissue, as pointed by the arrows. It takes about 16 minutes to acquire an image. Although
slow, such an imaging speed has not influenced the results due to the fast B-scan speed, and the
obtained figures have a relatively constant background (large blood vessels in a and b show close
PA intensities).
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Fig. 2. OR-PAM structural imaging of the same region of a mouse ear before (a) and right
after (b) cupping. (c) Close-up of the dashed box in (a). (d) Close-up of the dashed box in
(b).

As a qualitative verification, we acquired a series of photographs before and after cupping,
as shown in Fig. 3(a). The camera settings remained unchanged during the whole process. In
the photographs, the mouse ear surface as a whole turned red right after the cupping and then
recovered to the original status two hours later. Due to the low contrast, photographs cannot
provide more detailed information. In contrast, as shown in Fig. 3(b), OR-PAM images of the
same mouse ear as circled in Fig. 3(a) were acquired at 532 nm. PA signal strength (the averaged
PA intensity of the whole figure) significantly increases ∼ 37% right after the cupping but recovers
to its original level in two hours. After two hours, there are no significant changes in the PA
signal strength. No cupping marks were left after the treatment. Two pairs of blood vessels in
Fig. 3(b) are chosen to analyze the changes of normalized hemoglobin concentration in cupping
through PA signal intensity at 532 nm. Because the absorption coefficients of deoxyhemoglobin
and oxyhemoglobin are almost the same at 532 nm, the PA intensity is calibrated to measure
the total hemoglobin concentration [30]. As shown in Fig. 3(c), both the veins and arteries
exhibit increased hemoglobin concentration significantly right after the cupping. The hemoglobin
concentration increased 62% in the veins and 40% in the arteries (forty 10x10-pixel areas in the
blood vessel are calculated. p< 0.05 from One-way ANOVA, and the sample size is 40). The
observed increase is highly consistent with the photographic and morphological PA imaging
results in Fig. 3(a) and (b). After two hours, the hemoglobin concentration in the arteries and
veins declines to their original levels. Based on the PA images in Fig. 3(b), we quantify the blood
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vessel density. Four times of the standard deviation of the background is used as a threshold to
extract the vascular signals. The number of pixels occupied by blood vessels is counted, from
which the vascular density is estimated as the ratio between the vessel pixel number and the
total pixel number. The vascular density increases by 64% right after the cupping. After the
negative pressure is removed, the vessels and capillaries recover back to their original states, and
so does the vascular density. Collectively, the changes in the ear photographs and PAM images,
and the calculated total hemoglobin concentration and vascular density consistently suggest that
the facial cupping treatment does boost the local blood perfusion. With 5 minutes of ∼ 20 kPa
pressure, the local microenvironment recovers within two hours.

Fig. 3. Ear vessel photographs (a), OR-PAM images (b), total hemoglobin concentration
(c), and vascular density (d) changes before and after the cupping treatment. In (c), changes
of artery and vein within the white box in (b) are presented with the red (yellow) line and
blue (green) dashed line, respectively. ?, p< 0.05 (tested by one way ANOVA). The error
bars in (c) are standard deviations.

We further quantify the oxygen saturation (sO2) in the microenvironment through [31]

sO2 =
εde (λ558)P (λ532) − εde (λ532)P (λ558)

[εox (λ532) − εde (λ532)]P (λ558) − [εox (λ558) − εde (λ558)]P (λ532)
(1)

where εox and εde are the molar extinction coefficients of oxy- and deoxyhemoglobin at 532
or 558 nm, PA is the photoacoustic signal amplitude at the two wavelengths. In Fig. 4(a), the
sO2 images at different time points are computed. The sO2 value in the artery is higher than
that in the vein. As shown in Fig. 4(b), the average sO2 values change with time in the regions
labeled with the white box. The sO2 values in the veins are from 0.5 to 0.7, and above 0.95
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in the arteries. Right after the cupping, the sO2 values in veins and arteries reduced by 17%
and 3% (forty 10x10-pixel areas in the blood vessel were chosen for calculation; p< 0.05 from
One-way ANOVA, and the sample size is 40), respectively. The decrease of sO2 values in blood
vessels indicates that more oxygen is consumed in the cupping site or has been transported to
the surrounding tissues, promoting the metabolism at the cupping site. During the recovering
process, the sO2 values in both veins and arteries return to their original levels. The results are
consistent with Fig. 3 and other reports [16–18].

Fig. 4. Dynamic changes in oxygen saturation before and after cupping. (a) sO2 map of the
mouse ear within the cupping process. (b) Averaged sO2 changes of the artery (red/yellow
line) and the vein (blue/green dashed line) for regions labeled with the rectangle in (a). ?,
p< 0.05 (tested by One-way ANOVA). The error bars in (b) are standard deviations.

4. Conclusion

To better understand the mechanism and quantify the effectiveness of cupping therapy, we
introduce OR-PAM to investigate microenvironment changes before and after cupping practice.
Considering the imaging depth of OR-PAM is limited within 1 mm, living mouse ear is chosen as
the cupping site in this study for its appropriate thickness of around several hundred micrometers.
100 µm). Although not perfect, such a model, as shown in this study, is sufficient to support
OR-PAM to monitor and quantify the microenvironment changes associated with cupping therapy.
As seen, right after the cupping, superficial capillaries have 37% stronger PA intensity compared
with the pre-treatment ones. Some capillaries may bleed under the negative pressure. The
total hemoglobin concentration in both veins and arteries is elevated significantly right after the
cupping treatment, suggesting that cupping enhances blood circulation. In addition, more oxygen
is consumed at the cupping site or stimulated to be transported to capillaries and the adjacent
tissues out of the field of view, promoting the metabolism at the cupping site. In two hours after
the cupping, the parameters go back to their original level in pre-cupping. This result shows that
facial cupping (∼ 20 kPa in 5 minutes) produces a temporary effect and does not cause long-time
marks in the skin. In cupping with higher pressure and longer time, marks may stay up to weeks,
indicating a more sustainable treatment effect, which, however, waits for further confirmation.
The results are well consistent with other reported findings [16,17]. This pilot study is the first
step to interpret cupping from a microscopic imaging perspective. We show that the use of
OR-PAM can monitor and quantify the cupping effect with high spatial resolution, which can
be further used to optimize the pressure and time duration of the cupping treatment. Future
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explorations will move onto human patients, and acoustic resolution photoacoustic imaging will
be used to visualize deeper (mm∼cm) microenvironmental changes due to cupping.
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