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In illuminating tissues, a cylindrical di®user (CD) has an advantage over regular laser sources due
to its ability to illuminate a larger volume of the target tissue. This paper presents a co-registered
large volume photoacoustic (PA) and ultrasonic (US) imaging for early endometrial cancer
(EEC) detection using CD. It has the advantage that the US imaging system is outside the body
and only the PA excitation device is inside the body, which makes the system more e±cient and
less invasive for EEC detection. The paper reports on two sets of experiments. The ¯rst set
produced real-time PA images of blood vessel phantom. The second set demonstrated the im-
aging of pig uterus ex vivo. The results show that the system has the potential for imaging and
characterizing of EEC.
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1. Introduction

Cancer of the uterine corpus is often referred to as
endometrial cancer because most cases (92%) occur
in the endometrium (lining of the uterus).1 It is the
most common female pelvic malignancy, with 63,230
cases estimated to be diagnosed in the United States
in 2018 and 11,350 deaths expected.2 Moreover,
cancer of the uterine corpus (body of the uterus) is the
¯fth most common cancer for women and has a sig-
ni¯cant upward trend in age-standardized incidence
rates in China.3 Worldwide, cancer of the uterine
corpus is more frequently diagnosed in developed
countries than developing countries.4 The patho-
logic condition is staged with the International
Federation of Gynecology and Obstetrics (FIGO)
system.5 There are four stages for the cancer of the
endometrium. In stage I — early or localized cancer
of the endometrium — the tumor is con¯ned to the
corpus uteri. The 5-year overall survival rate for
women with endometrial cancer is 80% to 90% for
patients with stage I endometrial cancer, 60% to
80% for stage II, and widely divergent for stage III
(30% to 80%), because of the diverse disease extent
for tumors classi¯ed as FIGO stage III.6 Technology
capable of reliably diagnosing endometrial cancer in
earlier stages or before the development of invasive
disease could reduce the mortality and the large
economic impact of this disease. Stage I is sub-
classi¯ed into stage IA (invasion of less than half of
the myometrium) and stage IB (invasion of at least
half of the myometrium). Most clinicians agree that
the only candidates for conservative management
of endometrial cancer are women with anticipated
stage IA.7 Therefore, we focused on diagnosis of
stage I endometrial cancer in this paper.

The main tests for diagnosing cancer of the uterus
are transvaginal ultrasound (US), magnetic reso-
nance imaging (MRI), computed tomography (CT),
hysteroscopy and biopsy.8 US is limited by the
overlapping acoustic characteristics of benign and
malignant solid lesions.9 MRI and CT are e®ective,
but very expensive. Hysteroscopy and biopsy are
invasive and increase the patient's mental burden.
Photoacoustic (PA) imaging is a promising tech-
nique that complements US and is able to distin-
guish benign from malignant tumors. PA imaging
systems are considerably less expensive than con-
ventional MRI and CT imaging systems and show
promise for real-time clinical applications. Recently,
Nie et al.10 demonstrated the PAmicroscopy system

with synergistic theranostic strategy to be a multi-
plexing platform for tumor diagnosis at a very early
stage. Lv et al.11 applied a hemispherical PA im-
aging system for imaging of the mouse heart. Nev-
ertheless, these systems could only be used in small
organs. Wang et al.12 presented simultaneous PA
and US dual-mode endoscopy and showed its ability
to image internal organs in vivo, thus illustrating its
potential clinical application. Salehi et al.13 pre-
sented a hand-held transvaginal probe suitable for
co-registered PA and US imaging of ovarian tissue.
However, imaging depth is only up to 30mm which
is not deep enough to be practical. Miranda et al.14

presented a 2.92mm diameter imaging probe which
allows for entry into the human endometrial, in
order to use PA imaging and high-resolution US to
investigate the uterus. Liu et al.15 developed a dual-
modality endoscope composed of PA and hyper-
spectral imaging by a custom-mode Grin-lens with a
diameter of 2mm. However, they all used a focused
US transducer which included optical ¯ber. That
means both the PA excitation and capture are
located inside the body. Since all the operations
must be done inside the body, it is harder to control
and more invasive. Our technique uses a small
intrauterine PA excitation source but has the US
transducers outside the body, which is easier to
control and less invasive.

A small modi¯cation of current US scanners
results in a shared detector platform (an array
detector) that facilitates a natural integration of
PA and US imaging, creating a hybrid imaging
technique that combines functional (PA) and struc-
tural (US) information, ¯t for clinical translation.16

Mitcham et al. investigated a PA image using an in-
terstitial irradiation source with a clinical US system,
which was shown to yield improved PA signal quality
at distances beyond 13mm.17 However, the side-¯re
¯bers or conical-tip ¯bers can not illuminate a whole
tissue at the same time. Cyindrical di®users (CD) are
widely used in light therapies, such as photodynamic
therapy,18 photoimmunotherapy,19 photothermal
therapy,20 and photocoagulation.21 Kang et al. pro-
posed a catheter-based CD as a feasible therapeutic
tool to photocoagulate endometrial cell layers in an
e±cient and safe manner.22 In previous work by our
team, we proposed a PA method for the estimation
and reconstruction of 3D light distribution produced
by a CD in biological tissue.23

This paper describes a co-registered PA and US
imaging system for EEC detection based on a CD.

Y. Lin et al.
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A CD is inserted the uterus through the vagina and
cervix to excite the PA signal; a clinical US trans-
ducer captures the signal outside the lower abdo-
men as shown in Fig. 1. Thus, only a thin ¯ber
(diameter � 1mm) needs to reside inside the
patient's body. This reduces the patient's discom-
fort and simpli¯es the surgery process. It is label-
free and combines the good sensitivity and high
contrast-to-noise ratio of PA imaging with the clear
morphological features of US imaging in visualizing
uterus lesions. It can illuminate almost the entire
uterus at once which makes the imaging more e±-
cient. The system is able to obtain PA and US cross-
sectional images in real-time and reconstructs 3D
images by transducer scanning. To demonstrate the
initial feasibility of the system, a blood vessel
phantom and an ex vivo pig uterus were imaged.

2. Materials and Methods

When a short-pulsed laser beam irradiates the tis-
sue, some of the light is absorbed by it. This causes
a small transient temperature rise which is then
further converted to a pressure rise via thermo-
elastic expansion. The pressure rise is propagated as
an ultrasonic wave, which can be detected by an US
transducer as shown in Fig. 1. The initial local
pressure (P0) generated by the PA e®ect can be

described as24

p0 ¼ ��th�aF ; ð1Þ
where � is the dimensionless Grneisen coe±cient;
�th is the percentage of absorbed light converted
into heat; �a is the optical absorption coe±cient
(cm�1) and F is the local laser °uence (J/m2).
� and �th are usually approximated as constants,
although they have been found to depend on the
tissue type; After the generation of the initial
pressure p0, an acoustic wave starts to propagate in
the material at the speed of sound. In US image
reconstruction, the acoustic wave is ¯rst transmit-
ted from the US transducer through a medium, with
a speci¯c velocity re°ected at boundaries with im-
pedance mismatching, and the backscattered sound
is picked up by the US transducer. In clinical US
systems, a conventional US dynamic receive-delay-
and-sum algorithm is designed based on the entire
acoustic time-of-°ight (TOF) during this process,
which can be formulated as25

tUSðrF Þ ¼
1

c
ðjrT j þ jrRjÞ; ð2Þ

where rF is the focus point originating from the US
image coordinates, rT is the vector from the emit-
ting element to the focal point, rR is the vector from
the focal point to the pickup element, and c is the

Fig. 1. Schematic of co-registered PA and US imaging system for EEC.

Co-registered photoacoustic and ultrasonic imaging for early endometrial cancer detection
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speed of sound. The acoustic TOF of PA signals is
half that of US, because the acoustic wave is gen-
erated at the target by absorbing light energy, and
the optical transmission side of time travel is neg-
ligible. Therefore, a PA dynamic receive-delay-and-
sum algorithm was designed based on the acoustic
TOF which can be formulated as

tPAðrF Þ ¼
jrRj
c

: ð3Þ

The co-registered PA and US imaging system can
display the real-time US images and PA images at
the same time by employing di®erent receive-delay-
and-sum algorithms.

2.1. Monte Carlo simulations

A 3D triangular mesh optical model of the uterus
was built using the histological structure shown in
Fig. 2. To investigate the light propagation beyond
the uterus in an optically scattering medium,
3D Monte Carlo simulations were performed with
a 66mm� 66mm� 84mm homogeneous back-
ground tissue and a resolution cell of 0.3mm. To
investigate what shape of the di®used light source
would provide the best illumination for the EEC
detection, two main di®erent shapes of the light
source (cylinder, sphere) were implemented in the
simulation. A cubical di®user was considered but
since it would have almost the same e®ect as the
spherical di®user (SD) due to their small size com-
paring to the uterine cavity, it was not imple-
mented. A length of 2 cm and radius of 0.3mm
isotropic CD and a diameter of 0.6mm isotropic SD

were set in the center of the cavity (z ¼ �10mm),
respectively. The azimuth angles of the two di®u-
sers were from 0� to 360� and de°ection angles were
from 0� to 180�. The penetration depth of light in
the uterine wall is greatest at wavelength 800 nm,26

so the wavelength was set to 800 nm. Simulated
undiluted raw and homogenized milk (URHM) was
¯lled into the uterine cavity to make the light dis-
tribution more homogeneous in the cavity of the
uterus. Monte Carlo simulations were implemented
using the latest published version of the Molecular
Optical Simulation Environment (MOSE 2.3).27

The background optical properties of the ab-
sorption coe±cient of �a ¼ 1mm�1, scattering co-
e±cient of �s ¼ 1e�5 mm�1, anisotropy factor of
g ¼ 1 and refractive index of n ¼ 1 and the uterine
wall26 of �a ¼ 0:011mm�1, �s ¼ 9:1mm�1, g ¼ 0:9
and n ¼ 1:4 were considered. In order to make a
comparison, URH Milk28 of �a ¼ 0:014mm�1,
�s ¼ 50mm�1, g ¼ 0:96 and n ¼ 1:34 and air of
�a ¼ 1e�5 mm�1, �s ¼ 1e�5 mm�1, g ¼ 1 and n ¼ 1
were ¯lled in the uterine cavity, respectively. The
total incident photon number was 500,000. Carte-
sian coordinates were used for the simulation.

MC simulations were implemented by laser en-
ergy (from 10�3 J to 1 J) of the CD at wavelength
800 nm to compare irradiated area. Meanwhile, to
analyze the impact of the scattering coe±cient to
the light absorption distribution (LAD) in the
uterine cavity, MC simulations were also imple-
mented by the uterine model ¯lled with di®erent
scattering coe±cient (from10�4 mm�1 to 102 mm�1)
materials at laser wavelength 800 nm.

2.2. Experimental imaging setup

The experimental system schematic is shown in
Fig. 3(a). To obtain a laser wavelength of 800 nm,
we used a pulsed Q-switched Nd:YAG laser (Sur-
elite I-10, Continuum) at a wavelength of 532 nm,
6 ns pulse duration, and the 10Hz repetition rate to
pump a tunable optical parametric oscillator (Sur-
elite OPO Plus, Continuum) at the wavelength of
800 nm. After exiting the optical parametric oscil-
lator, the collimated light beam through the ¯lter
lens and plane-convex lens was sent to the optical
¯ber coupler. The radiation levels are maintained
below the maximum permissible exposure (MPE)
imposed by the American National Standards In-
stitute (ANSI) for human skin.29 Before entering
the ¯ber, the laser beam's total input energy was

Fig. 2. (a) Histological structure of the uterus and (b) 3D
optical model of uterus.

Y. Lin et al.
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150mJ. The pulse light was then coupled to a ¯ber
transmitter to the CD, as shown in Fig. 3(b) for the
tissue illumination. The total radiated energy on the
surface of the CD was approximately 4 mJ

cm 2 at
800 nm, well below the ANSI safety limit 31:70 mJ

cm 2

at 800 nm. The ¯ber was inserted into the sample,
which was immobilized in the water tank. The lin-
ear array US transducer (0.3mm pitch, 128 ele-
ments, 5–14MHz bandwidth, 2–9 cm depth range)
was also placed in the water tank, facing the sample,
so as to capture the outgoing acoustic signal. The
sampling rate for data acquisition was 40MHz.
The transducer was held in position by a precise
XY -stage motion controller (SC300-2B, Zolix)
which displaced it for scanning with a step size of
0.1mm along the axis x. The whole system was
controlled by a clinical US computer (Sonix Tablet)
with an attached data acquisition device (Sonix
DAQ) both manufactured by Ultrasonix. The
pulsed laser sends synchronous pulse signals to
the Sonix DAQ while emitting light, to make sure
the Sonix Tablet can acquire the signal in time.
After acquiring signals, the transducer is moved to a
new position and the Sonix Tablet sends synchro-
nous signals to the motion controller to acquire new
signals. The data from the transducer is acquired by
the Sonix tablet. The Sonix tablet is able to recon-
struct the real-time 2D PA and US images by
employing di®erent receive-delay-and-sum algo-
rithms. Furthermore, it can reconstruct 3D images
by transducer scanning.

The spatial resolution of the system was de-
scribed in our previous study.30 The e®ective image

rate of the real-time PA and US imaging system is
limited to 10 images per second. However, the whole
uterus is illuminated by a CD so that the light
source doesn't need to adjust for ¯nding a best il-
lumination position. This saves lots of time and
makes operation of the co-registered PA and US
imaging system easier. That is to say, it reduces the
patient's discomfort and simpli¯es the surgery pro-
cess which would be result in faster implementation
of the clinical using.

2.3. Phantom experiments

To demonstrate the system performance, A custom-
made 6.8mm height � 6.0mm width uterine cavity
model with two fallopian tubes, made of acryloni-
trile butadience styrene (ABS) material and con-
structed with a 3D printer (the cavity surface was
polished) as shown in Fig. 4(a) was employed.
Uterine phantom was fabricated from a solution of
agar powder and distilled water at a ratio of 2.5 g to
100mL. At the beginning of the fabrication, the
agar powder and distilled water were continuously
stirred while heated. After mixing well, they were
poured into a beaker with the uterine cavity model
immobilized center inside. The uterine cavity model
was taken out after solidi¯cation of the mixed so-
lution. A photograph of the uterine phantom is
shown in Fig. 4(b). A blood vessel was made by
polyethylene tube (Inner diameter 0.5mm, outer
diameter 1mm, and length 10mm) ¯lled with pig
blood. The blood vessel was placed inside the uter-
ine phantom which is about 1.5 cm away from the

(a) (b)

Fig. 3. (a) Experimental system schematic and (b) photograph of the CD.

Co-registered photoacoustic and ultrasonic imaging for early endometrial cancer detection
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center of the uterine cavity as shown in Fig. 4(c).
The transducer was aligned orthogonally to the
blood vessel, in order to maximize the spatial reso-
lution. Medical US couplant gel was put between
the transducer and uterine phantom as shown
in Fig. 4(d), to produce reliable nondestructive
inspection result. We reconstructed 2D PA images
at steps of 0.1mm.

2.4. Pig uterus ex vivo experiments

The top-view of a pig uterus sample is shown in
Fig. 5(a). The region of interest (ROI) is a rectan-
gular area of the sample (blue dotted rectangle).
In order to simulate stage I of EEC, pig blood was
injected into the pig uterus, which resulted in a
blood-rich region of 5mm in diameter, as shown on
the right side in Fig. 5(a). Binder clips were used to
prevent the sample °oating up when securing the
sample in the water tank. All the experiments were
implemented by the experimental system described

before. A photograph was taken as shown in
Fig. 5(b) by using 532 nm wavelength laser which is
observable by human eye. The transducer was
placed about 4 cm away from pig uterus. The ex-
periment was ¯rst conducted to detect the PA sig-
nals of the pig uterus with nothing inside, then
detect the PA signals of the pig uterus ¯lled with
enough Intralipid-20%, which is a reasonable
substitute for URHM.31

3. Results and Discussion

3.1. Simulation results

LAD simulation results produced by CD or SD,
¯lled with air or URHM, at 800 nm in yz-plane
are shown in Fig. 6. The LAD values in Figs. 6(c)
and 6(d) are bigger than the LAD values in
Figs. 6(a) and 6(b) due to the uterine cavity ¯lled
with URHM. Comparing Figs. 6(a) and 6(b) or 6(c)
and 6(d), slight LAD di®erences were obtained by

(a) (b) (c) (d)

Fig. 4. Photograph of (a) uterine cavity model, (b) uterine phantom, (c) a schematic diagram of the phantom experiment and (d)
photograph of the uterine phantom experiment.

(a) (b)

Fig. 5. Photograph of (a) the pig uterus sample and (b) ex vivo pig uterus experiment.
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exciting the uterine model with CD and SD ¯lled
with air or URHM. However, the LAD di®erences of
the uterine wall are hard to identify by the human
eye. By contrast, the LAD pro¯les of the two laser
sources can be easily observed. The LAD shape of
CD is oval while the LAD shape of SD looks like
circle. LAD of uterine model in xz-plane were not
discussed because the 3D uterine model was
designed in cylindrical symmetry along z-axis ex-
cept for the fallopian tube. we have enough reason
to believe that the same LAD of uterine model

would be found in xz-plane except for the fallopian
tube which can only be observed in yz-plane.

In order to give a quantitative comparison of the
irradiated range by the CD or SD ¯lled with air or
URHM at wavelength 800 nm, LAD through the
center of the light sources (z ¼ �10mm) along the
y-axis were analyzed. Figure 7(a) shows the LAD
pro¯les of the uterine model. The average LAD
values produced by the uterine model ¯lled with
URHM were higher than those of the uterine model
¯lled with air. However, the di®erences between the

Fig. 6. LAD of the uterine model produced by CDL (a), (c) and SDL (b), (d) at wavelength 800 nm, respectively.

Fig. 7. (a) LAD of the uterine model at wavelength 800 nm through the center of light source, (b) irradiated area produced by the
CD at di®erent laser energy levels, (c) irradiated area and (d) relative irradiated area produced by the CD with di®erent scattering
coe±cients.

Co-registered photoacoustic and ultrasonic imaging for early endometrial cancer detection
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LAD of the uterine model produced by CD and SD
were hard to distinguish, no matter what the model
was ¯lled with. The LAD dropped down to almost
the same value from the center to the uterine wall.
That is to say, the shape of the light source is less
important when the ¯ber is put in the center of a
relatively large cavity. In real world, the size of the
female uterine cavity ranges greatly and the geom-
etry is complex; the upper uterine wall sticks to the
lower uterine wall especially in post-menopause
women. Under this consideration, we use the CD
which can excite a larger area when the laser ¯ber is
close to the uterine wall.

Higher laser energy results in higher signal-to-
noise ratio (SNR). To get an acceptable PA SNR in
the uterine wall, higher laser energy is recom-
mended. Unfortunately, the higher laser energy is
more costly and the maximum laser energy is also
limited by the MPE level. The results of the irra-
diated areas in yz-plane (x ¼ 0mm) produced by
the CD at di®erent thresholds of laser energy, from
10�3 J to 1 J, are shown in Fig. 7(b). By estimating
an isotropic CD of 2 cm in length and 0.3mm ra-
dius, according to the formula 2� � radius2 þ 2� �
radius � height for the surface area of a cylinder, the
surface area for the isotropic CD is 3.7756 cm2. The
maximum energy of the CD could be 119.68mJ at
800 nm according to the MPE imposed by ANSI for
human skin. By observing the energy of 10�1 J, the
relative light absorption range from �5 to 0 starts
to e®ect a large irradiated area. Obviously, only a
small irradiated area is illuminated if the relative
light absorption range is smaller than �5 to 0. In
the experiments, the total radiated energy of the
CD was approximately 15mJ at 800 nm, due to
transmission loss and low conversion e±ciency of
the CD. For a range of �6 to 0, the e®ective irra-
diated area is about 1800mm2, which is more than
two-thirds that of the whole uterine wall.

The results of the irradiated area in yz-plane
(x ¼ 0mm) produced by the CD with scattering
coe±cients from 10�4 cm�1 to 102 cm�1 are shown
in Fig. 7(c). It can be seen that there are peak values
in every line. As we know, a higher scattering co-
e±cient facilitates the light delivery in the tissue.
However, higher scattering coe±cients increase the
chance of absorption. Thus, a relative irradiated
area is de¯ned as irradiated area times �s=�a. The
results of the relative irradiated area are shown in
Fig. 7(d). Signi¯cant increases were found in the
relative irradiated area as the increase of scattering

coe±cients exceed 1 cm�1. In other words, the ratio
between scattering coe±cients and absorption
coe±cients has a large impact on the irradiated
area. That is to say, a material which has an ex-
tremely small absorption coe±cient and an ex-
tremely high scattering coe±cient helps the light
delivery in uterine cavity.

3.2. Experimental results

Figure 8 shows a sequence of ¯ve co-registered PA/
US image frames of the uterine phantom arranged
in time. The gray scale image is the US signal,
whereas the color image is the PA signal. The
images were obtained by mounting the imaging
probe on a motion controller and then scanning
across the uterine phantom. Frame 1 shows US
trace of ¯ber and no PA trace, as the probe position
is further away from the vessel and closer to the
¯ber. As the probe is continuously scanned across
the uterine phantom, the subsequent frames begin
to show more and more features, until reaching a
certain position of the probe. Frames 2 and 4 show
weak PA trace, whereas the strongest US trace of
¯ber found in Frame 2 and the best PA image
contrast in Frame 3. The PA signal in Frame 3 was
magni¯ed, in which the dimensions of the vessel can
be seen more clearly. The two lines seen are the
front and back of the tube. The PA signal, in the
time-domain from a cylindrical object like a tube,
shows up as a characteristic \N-shape" pulse, when
picked up with a very wide-band US transducer.32

However, the transducer we used had a limited
bandwidth, only the two positive and negative
peaks of the N-shape pulse were observed. The
length (� 10mm) of the detected vessel match the
length of the vessel we made quite well.

Figures 9(a), 9(b) and 9(c) show co-registered 2D
PA/US image of the ex vivo pig uterus experiments
in di®erent planes through the center of the tumor.
Figure 9(d) shows reconstructed 3D co-registered
PA/US pig uterus experimental images. The tumor
can be observed in the corresponding place in the
2D images. Meanwhile, only the PA signal on
the surface of the 3D image could be observed.
Figures 10(a) and 10(b) show a sequence of eight
continuous PA image frames of the pig uterus ¯lled
with air and URHM, respectively. The SNR was
calculated as SNR ¼ 10 log10ðPs

Pn
Þ, where Ps is the

average PA signal power inside the target, and Pn is
noise power outside the region. The maximum SNR
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of the pig uterus ¯lled with air, occurring in Frame
4, is 19.87 dB, with an average SNR of 12.14 dB and
a standard deviation SNR of 4.38. The maximum
SNR of the pig uterus ¯lled with URHM, occurring
in Frame 4, is 15.03 dB, with an average SNR of
11.14 dB and a standard deviation SNR of 3.19. The
lower standard deviation in the case of the pig

uterus ¯lled with URHM indicates that the URHM
¯lling renders a more uniform light distribution.

In Frame 4, Fig. 10(a), a tumor of 5.1mm in
width and 6.8mm in height was detected. The
width is presented quite accurately, according to
the tumor we made. However, the height is longer
than the original tumor length. This is di®erent

Fig. 8. Co-registered PA/US images of the uterine phantom experiments.

(a) (b)

(c) (d)

Fig. 9. Co-registered PA/US images of the ex vivo pig uterus experiments along axis y (a) and along lateral direction, (b) through
the center of tumor, (c) reconstructed co-registered 3D PA/US images of the ex vivo pig uterus experiments in y-lateral plane and
(d) reconstructed co-registered 3D PA/US images of the ex vivo pig uterus.

Co-registered photoacoustic and ultrasonic imaging for early endometrial cancer detection
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from the original size because the tumor was verti-
cally stretched by the use of binder clips. The PA
signals of Frames 1 to 4 in Fig. 10(a) were gradually
becoming larger, whereas the PA signals of Frames
5 to 8 were gradually spread out. This phenomenon
was caused by the syringe being inserted only in half
of the uterine wall. Same phenomenon can be ob-
served Fig. 10(b).

3.3. Discussion

Co-registered PA/US imaging is good for improving
early stage cancer detection. By ¯lling the tissue
with URHM and employing a DC for 360� irradia-
tion, a larger volume of the tissue can be imaged at
a time and provides a more uniform light distribu-
tion. The proposed system detects the tumor size
quite accurately.

The maximum SNR of the pig uterus experiment
is 19.87 dB, which is not very satisfactory in the
detection of the PA signal, especially when the

tumor is located further away from the CD. Higher
laser energy will result in a better SNR. However,
the total radiated energy on the surface of the CD
was approximately 4 mJ

cm2 at 800 nm, due to trans-
mission loss and low conversion e±ciency in the CD.
A better CD would increase the radiated energy and
improve the SNR. Side-¯re ¯ber tip and conical-tip
¯ber17 could increase the radiated energy but they
could not irradiate at 360�. Future work will in-
vestigate a ¯ber which has the best balance between
the side ¯ber and irradiation angle. Another solu-
tion to enhance the SNR is using high PA contrast
agents, such as nanoparticles. However, with cur-
rent art technology, adding nanoparticles into the
blood °ow of uterus, an internal organ of human
body, is not a feasible option.

4. Conclusion

In this paper, a real-time co-registered large volume
PA and US imaging for EEC detection, driven by a

(a)

(b)

Fig. 10. Progression of PA image frames acquired in the pig uterus ¯lled with (a) air and (b) URHM in xy plane.
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CD, has been demonstrated. This system is less
invasive than other proposed PA/US systems be-
cause the US transducer is external and only the
PA excitation device is internal. Furthermore, it
simpli¯es the irradiation process by using a CD.
Therefore, this imaging system presents promising
potential in detection of EEC.
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