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This paper presents photoacoustic and ultrasonic dual-mode imaging for real-time detection of submucosal gastric
cancer with a combination of gastroscopy. The diagnostic capacity was directly addressed via several phantoms and ex
vivo experiments. Results demonstrated that superficial and submucosal gastric cancer can be diagnosed with a perceptible
depth of 6.33 mm, a lateral accuracy of 2.23 mm, and a longitudinal accuracy of 0.17 mm though capturing the morphology
of angiogenesis, which is a main character of the therioma-related change. The capability of gastroscopy-conjugated
photoacoustic and ultrasonic dual-mode imaging system will own great potential in improving the clinical diagnostic rate

of submucosal gastric cancer.

Keywords: photoacoustic imaging, intracavity pulsed laser irradiation, extra abdominal receiving photoacous-

tic signal, submucosal gastric cancer
PACS: 42.30.—d, 42.62.Be, 43.35.4+d, 43.80.+p

1. Introduction

Gastric cancer is one of the most common malignancies
in digestive system, with a mortality of approximately 8.2%
and 1 million newly diagnosed cases annually in the world.!-!
Presently, white light endoscope (WLE) plus pathology biopsy
is a conventional medical examination for gastric cancer
screening with direct observation, diagnosis, and treatment. (3]
However, its imaging mode based on photosensor fundamen-
tally limits its ability to provide deep physiological and func-
tional information for gastric tumor, especially for submu-
cosal gastric cancer.l*l Moreover, WLE-invisible region and
the practical background of clinician are restricted factors in
the low diagnosis rate (less than 20% ) of submucosal gas-
tric cancer.®! Since the multitype gastroscopies>®! provide
more accurate information of lesion, they are generally used
as further gastric cancer diagnosis to WLE. Nevertheless, their
imaging volume or specificity limits its application in the
diagnosis of submucosal gastric tumor.!”! In fact, consider-
able numbers of submucosal carcinoma are misdiagnosed by
gastroscopy. (8]

Photoacoustic imaging (PAI)[®! uses photoacoustic
effect!!”! to provide anatomical and functional information
with scalable spatial resolutions and imaging depths for can-
cer tissuel! =171 while an excellent signal to noise ratio is
achieved.[!8-22] Notably, taking intrinsic hemoglobin in can-
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cer tissue as photoacoustic contrast agent increases the sen-
sitivity for detecting abnormal angiogenesis, which is a main

23-27] Fyrthermore,

character of the therioma-related change.!
PAI might provide accuracy invasive depth and preopera-
tive staging for cancer diagnosis by yielding vital functional
information and lymphovascular information from physio-
logically specific endogenous contrasts.?8=33] Most notable,
the optical absorption of gastric cancer around the near in-
frared wavelengths is raised remarkably due to the property

(16191 Accordingly, we

of hemoglobin’s absorption spectrum.
can determine PAI with near infrared pulsed laser to generate
PA signals inside the submucosal gastric cancer higher than
the surrounding normal tissues.

Recently, photoacoustic microscopy combined with ul-
trasound system!!33% has explored its application in clini-
cal imaging of digestive tract tumors. However, its scanning
equipment does not sufficiently support intragastric scanning
imaging. In this paper, we report a clinical diagnostic applica-
tion of photoacoustic and ultrasonic dual-mode imaging com-
bined with gastroscopy for submucosal gastric cancer charac-
terized by evaluating the invasive depth and the morphology
of cancer tissue. The related results of dual-mode imaging
have been reported in our previous work, 'l in which the only
difference is that we apply for diagnosing the superficial gas-

tric tumor rather than submucosal gastric cancer. According
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to the structural characteristic of gastric tissue, the WLE was
employed in our system to guide optical fiber to enter the gas-
tric cavity through the esophagus, and a pulsed laser irradiates
gastric cancer tissue intracavity to produce photoacoustic sig-
nal. More importantly, an extra abdominalacoustic transducer
was employed to receive the photoacoustic signals on the left
abdomen. By performing several phantoms and ex vivo ex-
periments, we analyzed the photoacoustic signal intensity, the
structure information, and the infiltrative depth of samples to
reveal the potential of submucosal gastric cancer detection.

2. Imaging system
2.1. Principle

Angiogenesis is the symbolization of invasiveness of
tumors.?%2’1 When nanosecond-pulsed laser illuminated the
gastric tissue, absorbed optical energy in hemoglobin caused
thermoelastic expansion of the gastric tumor, and induced
pressure waves were generated and propagated in the medium.
The relationship between photoacoustic pressure and optical
energy density can be given as follows: 3%

2
VPz(r,t)clzgtzP(r,t)gpgtH(r,t), (1)
where P(r,t), H(r,t), r = (x,y,2), B, Cp, and t denote pho-
toacoustic pressure, optical energy density, position, thermal
expansion coefficient, constant pressure specific heat capacity,
and time, respectively. Optical energy density is the result of
interaction between luminous flux F(7) and optical absorption
coefficient 1, (). Because the laser pulse is sufficiently short,
the relationship between photoacoustic pressure and light en-

ergy deposition satisfies the following equation
P(r) =T pa(r)F (), 2)

where I represents the Gruneisen coefficient. When optical
energy density and the temperature of the medium are fixed,
F and I' can be regarded as constants. Hence, the diagno-
sis based on photoacoustic signals is related upon only u, of

hemoglobin in angiogenesis.

2.2. Gastroscopy-conjugated photoacoustic and ultrasonic

dual-mode imaging system

The schematic diagram of the real-time photoacoustic and
ultrasonic dual-mode imaging system is shown in Fig. 1. An
Nd:YAG laser (Sutelite I-10, Continnum) generated a 532-nm
pulsed laser with the repetition rate of 10 Hz and the pulse
width of 6 ns. The pulsed laser was sent to optical paramet-
ric oscillation (OPO) to produce 808-nm wavelength with the
average laser intensity of 13 mJ/cm?, which is below the max-
imum permissible exposure (MPE).[*3! The 808-nm laser was

coupled to a customized multimode optical fiber by a focus-

ing lens, and then the fiber was delivered to endoscopy (GIF-
LV1, Olympus) to enter the gastric cavity through the esoph-
agus. By utilizing an imaging processing apparatus (CV-V1
(A), Olympus), the pulsed laser was guided by the endoscopy
to irradiate gastric tissue directly. Additionally, the gener-
ated photoacoustic signals from gastric tissue were collected
by a two-dimensional (2D) ultrasound array transducer (L.14-
5 W/60 Linear, Ultrasonix). The bandwidth of the array trans-
ducer is 5 MHz-14 MHz, and the focus depth ranges from
2 cmto 9 em. The sampling rate of data acquisition is 40 MHz.
In order to process the data, received photoacoustic data were
transferred to a DAQ (Sonix DAQ, Ultrasonix) from the clini-
cal US system (Sonix Tablet, Ultrasonix), and pulsed Nd: YAG
laser triggered DAQ to received photoacoustic signals syn-
chronous. In addition, the array transducer was controlled by
an XY scan stage which was also controlled by stepper motor
(SC300-2B, Zolix, Beijing, China). Stepper motor was con-
trolled by the clinical US system for moving the transducer to
do scanning along the x axis with a step size of 0.1 mm. At
the same time, we employed the clinical US system to collect
the ultrasonic signal synchronously. Finally, an improved US
dynamic receive delay-and-sum algorithm was used to recon-

struct the photoacoustic signals.

sonix tablet

XY scan stage

Fig. 1. The schematic diagram of real-time photoacoustic and ultrasonic
dual-mode endoscopy imaging system.

3. Results
3.1. Spatial resolution

A diameter of 0.2-mm human hair was embedded in
a phantom to measure the lateral and longitudinal resolu-
tions of the system. Spatial resolutions of photoacoustic and
ultrasonic dual-mode imaging system are shown in Fig. 2.
The PA data and 2D PA image of the hair are shown in
Figs. 2(b) and 2(c), respectively. The vertical resolution based
on the full width at half maximum (FWHM) of the envelope

for Hilbert-transformed vertical PA signal is estimated to be
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Fig. 2. Spatial resolutions of the photoacoustic and ultrasonic dual-mode imaging system. (a) Photo image of the agar with a hair; (b) PA data of the hair;
(c) 2D PA image of the hair; (d) Vertical resolution of the system; (e) Transverse resolution of the system.

0.17 £ 0.08 mm, as shown in Fig. 2(d), which is accord
with the theoretical value (0.26 mm, calculated by Eq. (3) in
Ref. [36])

R, = 0.88¢s/Af, 3)

where Ry, cg, and Af denote the vertical resolution of system,
speed of sound, and the bandwidth of transducer.

In addition, the FWHM of the transverse point spread
function of PA signal represents the transverse resolution
of the system (2.23 +0.13 mm for the dual-mode imag-
ing system), as shown in Fig. 2(e). The transverse resolu-
tion can be improved to submillimeter level by the means of
deconvolution,?”-38 and so on, thereby improving the diag-
nostic rate of micro-gastric cancer.

3.2. Dual-mode imaging system for submucosal simulated

tumors

The intensity of PA signals produced in gastric cancer is
proportional to the concentration or content of hemoglobin,
which is an index of angiogenic in gastric cancer. For the sake
of imitating the submucosal gastric cancer, five pseudo-gastric
lesions were introduced by intragastric injection of different
concentrations of fresh blood and fat emulsion mixture, in con-
sideration of the increased angiogenic nature of gastric can-
cer and therefore relatively increased hemoglobin levels.*]
The absorption coefficient of five simulated tumors was de-
tected by UV VIS spectrophotometer and integrating sphere
combined with KM theory!*? with five times measurements
replicated, as shown in Table 1. Pseudo-gastric lesions (five

simulated tumors) were introduced in a stomach, as shown in

Fig. 3(a). The thinness of mucosa and muscular layers are
shown in Fig. 3(d). Before the photoacoustic and ultrasonic
imaging, the WLE was used to guide the tailor-made optical
fiber to irradiate simulated tumors. WLE image for five simu-
lated tumors is shown in Figs. 3(b) and 3(c).

Real-time 2D US image for simulated tumor ID 5 in
Fig. 3(e) was obtained from clinical ultrasonic system. Struc-
ture information of gastric wall tissue can be accurately de-
scribed. Real-time 2D PA image and dual-mode image of
simulated tumor ID 5 are shown in Figs. 3(f) and 3(g), re-
spectively. Dual-mode image can obtain the location and mor-
phological characteristics of tumors, thus revealing the depth
of invasion of tumors and the boundaries with normal tissues.
Figure 3(h) shows normalized mean optical absorption and PA
intensity of five submucosal simulated tumors. Aside from
PA signal intensity, structure information and invasive depth
of five submucosal simulated tumors were quantitatively an-
alyzed, as shown in Fig. 3(i). Besides, signal-to-noise ratio
(SNR) and contrast degree for 2D PA and US images of five
submucosal simulated tumors were also quantitative analyzed,
as shown in Fig. 3(j). Results show that the infiltration for tu-
mor by PA can be discriminated at the depth of 6.33 mm with
the lateral resolution of 2.23 mm and the vertical resolution
of 0.17 mm. Moreover, the quantitative characterization for
accurate structure features of gastric wall and the morphology
of tumors, as well as the location and boundary of cancer can
all be obtained. Multi-mode imaging system can obtain better
SNR and contrast images than single-mode imaging in cancer

detection, so that to provide more information for diagnosis.
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Table 1. Parameters of five simulated tumors and the corresponding absorption coefficients.

Simulated tumor ID  Volume of blood/ml ~ Volume of fat emulsion/ml  Blood solubility/%  Total volume/ml  Absorption coefficient/mm~!
1 0.25 0.25 50 0.5 0.1334+0.02
2 0.33 0.17 66.7 0.5 0.1794+0.04
3 0.375 0.125 75 0.5 0.199+0.01
4 0.4 0.1 80 0.5 0.2074+0.03
5 0.5 0 100 0.5 0.260+0.08

The value of absorption coefficient denotes mean =+ standard deviation (SD).
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Fig. 3. Comparison between the five submucosal simulated tumors. (a) Photo image of gastric sample; (b) Photographs of five submucosal simulated tumors
under endoscope; (c) Optical fiber under endoscopy; (d) Photo image of gastric wall; (e) Real-time 2D US image of simulated tumor ID 5; (f) Real-time 2D
PA image of simulated tumor ID 5; (g) Real-time 2D photoacoustic and ultrasonic dual-mode imaging of simulated tumor ID 5; (h) Normalized mean optical
absorption and PA intensity of five submucosal simulated tumors; (i) Structure information and infiltration depth of five submucosal simulated tumors;
(j) SNR and contrast degree for 2D PA and US images of five submucosal simulated tumors.

3.3. Photoacoustic imaging of gastric cancer in vitro

Four gastric tumors with 2 cases poorly differentiated and
2 cases moderately differentiated in vitro and normal gastric
tissue were added to verify the diagnostic capability and accu-
racy of photoacoustic imaging. All gastric samples were pro-
vided by the Pathology Department of the Fuzhou First Hos-
pital affiliated to Fujian Medical University. All samples were
obtained with patient’s consent and approved by the Institu-
tional Review Committee for clinical investigation of human
subjects in biomedical research. All samples were taken from
each patient and divided into two parts. One was used for his-
tological analysis for the criteria of gastric cancer in pathology.
Another one was for the in vitro photoacoustic study. Repre-
sentative photoacoustic images for all gastric cancers and nor-
mal tissues ex vivo are shown in Fig. 4.

Figures 4(a) and 4(b) show the histological images of
poorly differentiated adenocarcinoma and normal gastric tis-
sue, figures 4(c) and 4(d) show the histological images of mod-

erately differentiated adenocarcinoma and normal gastric tis-
sue. Figures 4(e), 4(f), 4(g), and 4(h) show the photo images of
corresponding samples. In addition, figures 4(i), 4(j), 4(k), and
4(1) present the reconstructed three-dimensional (3D) PA im-
ages of samples. The 3D PA images present 450 B-scan slices
with 100-pum intervals for samples of each case. It is impor-
tant to note that the PA intensity of gastric cancer is drastically
overtopping the normal gastric tissue in reconstructed PA im-
ages on account of the tiny weak or even undetectable pho-
toacoustic signals of normal tissues. Moreover, normalized
mean PA signal intensities for all gastric cancer and normal
gastric tissue were calculated, as shown in Fig. 5. Quantita-
tive statistics show that the photoacoustic intensity of gastric
cancers is also higher than that of normal tissues. The results
place special emphasis on that the increased angiogenesis na-
ture and hemoglobin level of gastric cancer tissue in support of
the diagnosis of gastric cancer by photoacoustic and ultrasonic
dual-mode imaging system.
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Fig. 4. Comparison between the normal gastric tissue and cancer for different degrees of differentiation. First row shows the pathological images of gastric
cancer and normal tissue [panels (a), (b), (c), and (d)], second row shows the photo images [panels (e), (f), (), and (h)]. The last row shows the corresponding
reconstructed 3D PA images [panels (i), (j), (k), and (1)] of gastric cancer and normal tissue.
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Fig. 5. Normalized mean PA intensity for all in vitro samples. ID 1 and ID 2
were for the poorly differentiated adenocarcinoma, ID 3 and ID 4 were for
the moderately differentiated adenocarcinoma.

4. Conclusion and discussions

In this study, we proposed a gastroscopy-conjugated pho-
toacoustic and ultrasonic dual-mode imaging method to diag-
nose submucosal gastric cancer by using the angiogenesis as
the vinculum and the hemoglobin as the target for imaging.
The level of hemoglobin, which is a significant indicator of
tumor growth, aggression, and metastasis, is directly raising
the optical absorption of tumor so that the specificity of pho-
toacoustic diagnosis can be improved. The imaging results
demonstrated that the infiltrative depth of submucosal gastric
tumor can be realized to 6.33 mm with the lateral resolution
of 2.23 mm and the vertical resolution of 0.17 mm. Moreover,
the quantitative characterization for accurate structure features
of gastric wall and the morphology of tumors, as well as the

location and boundary of cancer can all be obtained. Ben-
efitting from the multidimensional information provided by
photoacoustic and ultrasonic dual-mode modality, the optimal
treatment strategy and assessing prognosis can further be cus-
tomized and selected. However, further study is still needed
to improve the resolutions to identify the tumor with a size
smaller than the current resolution. In addition, tissue penetra-
tion urged us to upgrade the laser system to realize centimeter-
level detection of submucosal gastric cancer. Although the
high metabolism of cancer can lead to higher photoacoustic
signal of gastric cancer than that of normal tissue, in vitro gas-
tric cancer tissue will cause blood loss during operation, thus
a larger patient pool and in vivo study are needed to be further
validated.

In summary, photoacoustic and ultrasonic dual-mode
imaging with the combination of endoscopy can diagnose sub-
mucosal gastric cancer from its surrounding tissues via de-
tecting the intensity difference of PA signals in absorption
from hemoglobin. Furthermore, quantification of the precision
and resolutions were demonstrated to verify the application
feasibility for submucosal gastric tumor diagnosis of this ap-
proach. The capability of the dual-mode imaging system can
be used for in vivo detection of clinical gastric cancer after fur-
ther improvement. Consequently, the photoacoustic and ultra-
sonic dual-mode imaging with the combination of endoscopy
is a promising imaging method for employing as an effective
emerging diagnosis modality to increase the rate of diagnosis
of superficial and submucosal gastric cancer.
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