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Impact statement

Differentiating cancerous tissues from
healthy ones is critical in the diagnosis of
prostate cancer (PCa). However, due to the
low sensitivity of ultrasound (US) imaging
to cancerous tissues, transrectal ultra-
sound (TRUS) guided biopsies, current
standard procedure for diagnosing PCa,
suffer from low core yield, leading to under-
sampling and under-grading of clinically
significant tumors. Via the experiment on
the ex vivo human prostates, we evaluated
the translational potential of photoacoustic
imaging (PAI) based on a safe light emitting
diodes (LED) source for detecting the
molecular information in deep human
prostate. We showed that transurethral
light illumination in combination with
transrectal US detection can facilitate PA
molecular imaging over an entire human
prostate in a non-invasive manner. The
success of this study in the clinically rele-
vant ex vivo human prostate model sug-
gested a new strategy for PA and US
combined imaging and detection of PCa.

reduced pain for patients.

Abstract

To pave the road toward clinical application of photoacoustic imaging in prostate cancer
(PCa) diagnosis, we studied the technical feasibility and performance of transrectal pho-
toacoustic (PA) imaging in mapping the indocyanine green (ICG) contrast agent, which is
approved by FDA, in entire prostates by using light illumination via the urethral track.
Experiments were conducted on a clinically relevant ex vivo model involving whole
human prostates harvested from radical prostatectomy. The light source placed in the
urethral track was an array of light emitting diodes (LEDs), illuminating the prostate with a
delivered light power on the urethral wall within the safety limit. A dual-modality imaging
system acquired PA and ultrasound (US) images simultaneously in the same way as in
transrectal ultrasound (TRUS), with the US imaging presenting the tissue structure and
PA imaging detecting the ICG solution. The imaging results demonstrated that tubes
containing ICG solution at different concentrations can be detected at different positions
in the prostate within a 2 cm range around from the urethral wall. Considering the sizes of
regular human prostates, the proposed transurethral illumination in combination with
transrectal US detection can facilitate PA molecular imaging over the entire prostate in
a non-invasive manner, which makes it possible to further improve the PCa diagnosing
efficiency with better molecular sensitivity and resulted better biopsy accuracy and much

Keywords: Prostate cancer, TRUS, photoacoustic imaging, LED, transurethral illumination, ICG

Experimental Biology and Medicine 2020; 245: 313-320. DOI: 10.1177/1535370219884356

Introduction

Transrectal ultrasound (TRUS) guided biopsy is currently
the standard procedure for diagnosing prostate cancer
(PCa). However, due to the low sensitivity of ultrasound
(US) imaging to cancerous tissues, TRUS guided biopsies
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suffer from low core yield, leading to under-sampling and
under-grading of clinically significant tumors. An
advanced imaging technology which is capable of detecting
prostate cancer in vivo, in real time, and can differentiate
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aggressive tumors from non-aggressive ones will offer
more accurate guidance to needle biopsy. Fluorescent
imaging technology, with advantages including the high
sensitivity in probing the functional and molecular
information, has been explored for possible contributions
to urologic surgeries."” The clinical application of fluores-
cence imaging in guiding prostate cancer needle biopsy,
however, is impeded by its limited spatial resolution, espe-
cially the depth resolution, as well as the limited imaging
depth.

The emerging photoacoustic (PA) imaging technology is
capable of mapping the optical absorption contrast in deep
biological tissue with excellent ultrasonic resolution.
Combining the advantages of US imaging and fluorescence
imaging, PA imaging offers a great potential to solve the
long-standing challenges in prostate cancer diagnosis.®
In previous studies, imaging prostate cancer by PA technol-
ogies has been proposed, and the feasibility of PA imaging
in detecting subsurface lesions and vessels in prostates
in a transrectal fashion has been explored by computational
modeling and the experiments on animal models and
human subjects.*”” Most of the experimental results suggest
that prostate lesions within a distance of two centimeters
from the rectal wall can be accessible by transrectal PA
imaging. Although this imaging depth covers the majority
of the peripheral zone of human prostate which is more
prone to tumor development, other more distant zones in
the prostate can be out of the imaging range. Recently,
aiming at better coverage of human prostate, PA imaging
with transurethral illumination as an alternative solution
has been proposed.®™ The findings from computational
simulations suggest that a combination of transurethral
light illumination and transrectal ultrasonic detection can
lead to an optimized configuration for prostate PA imag-
ing.®” The experiments following this imaging geometry
have been conducted on canine prostates with implanted
brachytherapy seeds to validate its feasibility.'’

Besides detecting prostate tumors based on the endoge-
nous contrast provided by hemoglobin, PA imaging of
prostate cancer can also be powered by a variety of contrast
agents with strong optical absorption such as those based
on metallic nanoparticles (NPs) or containing organic
dyes." ™' The contrast agents not only enhance the sensi-
tivity of PA imaging in detecting tumors but also extend the
scope of prostate cancer imaging from the tissue level to the
molecular level by targeting cancer specific molecular bio-
markers.” Via the experiments on the animal models, the
specific uptakes of NPs by the prostate tumors and the con-
trast enhancement by the absorbing dyes in the NPs have
been demonstrated.'*"

In this work, to pave the road toward clinical applica-
tion, we studied the performance of PA imaging via trans-
urethral illumination and transrectal ultrasonic detection in
mapping the contrast agent labeled objects located over
almost the entire human prostate. The objects were micro-
tubes containing indocyanine green (ICG) dye which is
FDA approved for clinical use. Unlike previous studies
which mostly utilized class-IV lasers, an array of light

emitting diodes (LEDs) was employed in this work as the
light source for PA imaging. Using LED as the light source
has many potential advantages, such as lower cost, smaller
footprint of equipment, and better safety, which could con-
tribute to the clinical translation of the PA imaging
technology.'®

Materials and methods

In this work, we studied the technical feasibility of PA
imaging to cover the entire prostates by using LED light
illumination via the urethral track. The experiments were
conducted on whole human prostates ex vivo. Fresh human
prostates from radical prostatectomy were provided by the
urology clinic at the Tongji Hospital at Shanghai, China. All
the prostates involved had sizes of 40-60 mL. All subjects
gave their informed consent for inclusion before they par-
ticipated in the study. The study was conducted in accor-
dance with the Declaration of Helsinki, and the protocol
was approved by the Ethics Committee of Tongji Hospital
(2018-58).

The US and PA images of the prostate were acquired by
an LED-based PA and US imaging system (AcousticX,
CYBERDYNE, INC., Tsukuba, Japan) which has been intro-
duced in a previous publication.'® Unlike in the previous
studies where two LED arrays were placed at the two sides
of the linear probe for PA imaging in a reflection mode,
a single LED array was involved in this study. The LED
array has 144 elements, each with a size of
14mm x 1.4mm, as is shown in Figure 1(e). The 4 lines
of 36 elements distribute on an area of 6.88 mm x 50.4 mm,
providing 200 pJ pulse energy at 850 nm wavelength.
Working with a pulse repetition rate of 4 KHz, extensive
signal average can be conducted to enhance the signal-to-
noise ratio (SNR). The LED-produced PA image and US
image from a sample can be acquired simultaneously by
this dual-modality system. A 128-element linear probe
working at 9 MHz central frequency, the picture of which
is given by Figure 1(d), was used to acquire the PA and US
images.

To follow the situation of transurethral light illumination
and transrectal ultrasonic detection, the LED array was
placed in the urethra close to the center of the prostate,
while the linear transducer probe was placed out of the
prostate, as shown in Figure 1(a). A piece of porcine
colon with a thickness of about 3 mm was placed between
the surface of the probe and the prostate. Considering that
the most common sizes of transurethral catheter are 10F
(3.3mm diameter) to 28F (9.3 mm diameter), a LED array
with a size of 6.88 mm wide and 50.4 mm long has no
problem to be inserted into the urethra. However, in its
current design, the thickness of the LED array is large
(30mm) due to the housing of the serving electric circuit.
To place the LED in the urethra, we made a cut in the pros-
tate along the line marked in Figure 1(a). The light from the
LED array illuminated on the urethral wall with a power
density of 2.6 kW-m™ 2 which is below the safety limit of
5.98 kW-m 2 according to the international electrotechnical
commission (IEC) 62471."7
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Figure 1. (a) Schematic of the experimental setup. 1-7 indicates the orientations of 45°, 90°, 135°, 180°, 225°, 270°, and 315°, respectively; U: urethra where the LED
array placed. (b) Digital camera (DC) picture of a sample prostate. (c) DC picture of an ICG tube. (d) DC picture of the imaging probe. (e) DC picture of the LED bar. (A
color version of this figure is available in the online journal.)
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As shown in Figure 1(c), the imaging object was an opti-
cally transparent and soft plastic tube (inner diameter
1mm; outer diameter 2mm) filled with ICG solutions at
different concentrations (4.84, 2.42, and 1.12 puMol/ml,
respectively), mimicking the situation of a prostate tumor
labeled with ICG contrast agent. The object was placed in
the prostate at different positions around the urethra, along
the seven orientations with angles of 45°, 90°, 135°, 180°,
225°,270°, and 315°, respectively, from the vertical cutting
line at the top of the prostate, as shown by the green dots in
Figure 1(a). Along each orientation, the object was also
placed at various distances from the urethra (e.g., 5, 10,
15, 20mm). The number of positions (i.e. the optical
depths) for each orientation is dependent on the thickness
of the prostate tissue along that orientation. For example,
since the prostate was thin along the 180° orientation, the
object was only imaged at 5 mm optical depth; while along
the orientations of 90° and 270° where the prostate was
thick, the object was imaged at four different optical
depths from 5mm to 20 mm. The object was not placed at
the 0° positions (i.e. the positions along the 12 o’clock ori-
entation) because the image acquisition at these positions
would be blocked by the LED light source placed in the
urethra.

At each position, the ICG-containing tube was parallel to
the urethra track, and was also parallel to the surface of the
transducer probe. Before PA imaging of the object along
each orientation, the surface of the LED array was rotated
toward the object for more efficient light illuminate. In the
future, the US scanning of the entire prostate can be com-
bined with a rotating “searchlight” which could deliver
light energy to certain orientations more efficiently than
the sources giving isotopic illumination such as side-
tiring optical fiber bundles. To study the repeatability, PA
and US imaging of the object at each position was repeated
three times. In each time, the PA image was averaged over
1280 light pulses, leading to a PA imaging frame rate of
3.125Hz. The contrast in imaging the ICG-containing
object was quantified by the ratio between the maximal
image intensity in the object area and the average image
intensity in the background tissue. With the results from the
three repeating imaging processes, the average and the
standard deviation of the quantified contrast at each posi-
tion were calculated.

Results

Figure 2 shows the example results of PA and US combined
dual-modality imaging of the ICG-containing tube embed-
ded at different positions covering all the regions inside a
human prostate. In the experiment for Figure 2, the concen-
tration of the ICG solution was kept at 4.84 pMol/ml. In
each image, the PA image in pseudo color is superimposed
on the gray-scale US image. The object can be recognized in
every image, although the contrast is weaker when the opti-
cal depth is larger (e.g. the ones at 20 mm depth). Figure 3
shows the quantified contrast in PA imaging of the ICG-
containing object in the prostate for each of the positions.
Due to the light attenuation in the prostate tissue, the con-
trast as a function of the optical depth decreased quickly,

following the pattern of exponential decay. However, even
at the positions with an optical depth of 20 mm, the contrast
between the object and the background tissue was still
better than 2 dB.

The contrast in imaging the ICG-labelled object in pros-
tate is not only dependent on the optical depth but also the
ICG concentration in the object. In the next experiment the
object was embedded at four different positions along
the 90° orientation, with an optical depth changing from
5mm to 20mm. At each position, the concentration of the
ICG in the tube was set at three different levels (4.84, 2.42,
and 1.12 pMol/ml, respectively) for PA imaging. Figure 4
shows the example imaging results of the ICG-containing
tube in a human prostate. Figure 5 shows the quantified
contrast of the imaged object over the background prostate
tissue as a function of the optical depth and the ICG con-
centration. As expected, the contrast decreases when the
optical depth increases; also the contrast decreases when
the ICG concentration decreases. Even at the smallest con-
centration of 1.12 pMol/ml, the ICG-containing tube can be
imaged with a quantified contrast of 1.82dB at an optical
depth of 20 mm.

Discussion

The goal of this study on ex vivo human prostates from
radical prostatectomy is to explore the technical feasibility
of molecular imaging of prostate cancer by performing
PA imaging via the transurethral illumination and trans-
rectal detection. A pulsed LED array working at 850 nm
wavelength was placed at the location of the urethra to
illuminate the prostate. Performing with a light power
density that is safe for human use, PA imaging of an
ICG-labeled object was achieved with an optical depth
up to 20mm. Although the 20 mm depth is not the ulti-
mate limit, considering that the light source in this imag-
ing geometry is close to the center of the prostate, PA
imaging with an optical depth of 20mm is capable of
covering almost all the positions in the entire whole
human prostate.

The success of this study in the clinically relevant ex vivo
human prostate model suggested that PA imaging powered
by the optical contrast agents holds potential for more accu-
rate guidance of needle biopsy. The PA imaging function
can be readily integrated into the clinical standard TRUS
without interference with the US imaging mode.
Considering that the transurethral catheter is a commonly
used procedure in urology clinic, a small size light source
placed in the urethral track during TRUS is clinically feasi-
ble. A future PA and US dual-modality imaging following
the similar protocol of TRUS would facilitate the imaging of
both prostate morphology and the detection of contrast
agent labeled tumors with excellent sensitivity and spatial
resolution.

The designing concept of separating the light source and
ultrasound probe involved in this study can be expanded to
other applications. A miniaturized light source can be
inserted into the open cavity of the target organ, e.g. a
colon, while the ultrasound detection can be performed
outside the human body. Such a design, by drastically



Zhang et al. Feasibility of PCa molecular PAT by transurethral illumination 317

Optical
Depth

Orien
tation

5mm 10mm 15mm 20mm

Figure 2. PA and US combined imaging of an ICG-containing tube at different positions in a human prostate. The position is defined by the orientation around the
urethra (i.e. the number, corresponding to Figure 1) and the distance from the urethra (i.e. the depth). Each image is a combination of a PA image in pseudo color and an
US image in gray scale. N.A. indicates that no image was taken at this position, mainly due to the limited thickness of the prostate tissue. (A color version of this figure is
available in the online journal.)
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reducing the required optical penetration depth, holds
potential to benefit a number of clinical applications, such
as structural and functional imaging of cardiovascular
system or gastrointestinal system.
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Figure 3. The quantified contrast of PA imaging of the ICG-containing tube over
the background prostate tissue quantified at each position in the human pros-
tate. (A color version of this figure is available in the online journal.)
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The present study has some limitations. First, due to the
safety concern, only limited light fluence can be introduced
without damaging the urethral wall. Using the current set-
ting, the optical depth is limited to a 2 cm range around
urethra which is not sufficient to cover the entire volume of
an extremely large-size prostate. This problem can be
solved in the future by further enhancing the detection sen-
sitivity of the PA-US imaging system. In addition, the trans-
urethral light illumination can also be combined with
additional transrectal light illumination. With the light
introduced from both the urethra and the rectum, the
total light energy delivered into a prostate without causing
damage can be elevated, and PA imaging can cover a larger
volume. Second, in our current feasibility study, the LED
array employed was not specially designed for this appli-
cation. Although the illumination surface the LED array
was narrow (6.88 mm), the large housing of the serving cir-
cuit prevented the insertion of the LED array into the ure-
thral track in a non-invasive way. In the future, a dedicated
LED array with a column shape that suits the urethra track
should be designed and fabricated before the clinical trial is

1.21 uMol/ml

S5mm

Figure 4. PA and US combined imaging of a tube containing different concentrations of ICG and embedded in a human prostate at different optical depths. (A color

version of this figure is available in the online journal.)
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Figure 5. The quantified PA contrast of the ICG-containing tube over the
background prostate tissue as a function of the optical depth and the ICG
concentration. (A color version of this figure is available in the online journal.)

possible. The large housing of the current LED array is also
due to a large cooling board attached to the LEDs. In future
design of the LED array, the cooling should also be consid-
ered in order to avoid potential thermal damage of the ure-
thral track. Third, in this study on ex vivo human tissue
samples, we tried to image the samples with the similar
anatomical and physiological environments as those in
vivo. Considering this, whole prostates harvested from rad-
ical prostatectomy were employed, and were imaged
quickly after the surgeries to keep the samples fresh. By
doing so, we expect that both the anatomy and the tissue
optical properties in the prostate were similar to those in
vivo. One limitation of this model is the loss of blood during
the surgery which, however, is hard to be avoided for
ex vivo studies. The reduced blood content could change
the light attenuation in the tissue, and affect the accuracy
in measuring the imaging depth. Despite these limitations,
the knowledges gained from this study focusing on the
technical feasibility are valuable, and will contribute
to future design for a dedicated imaging system including
a miniaturized LED array for studies on human subjects.
By then, the clinical feasibility of the proposed imaging
technique for prostate cancer detection can be evaluated
more comprehensively in a clinical-procedure-equivalent
manner.

In conclusion, the technical feasibility of whole prostate
molecular imaging realized by transrectal PA imaging with
transurethral light illumination was tested on ex vivo
human prostates. With the optical depth up to 2cm
achieved, PA molecular imaging over the entire volume
of a whole human prostate with a regular size is promising,.
For prostates with larger sizes, 2 cm optical depth can cover
at least the transition zones.
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