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Photoacoustic imaging (PAI), also known as optoacoustic imaging, is a rapidly growing imaging
modality with potential in medical diagnosis and therapy monitoring. This paper focuses on the
techniques of prostate PAI and its potential applications in prostate cancer detection. Trans-
urethral light delivery combined with transrectal ultrasound detection overcomes light scattering
in the surrounding tissue and provides optimal photoacoustic signals while minimizing inva-
siveness. While label-free PAI based on endogenous contrast has promising potential for prostate
cancer detection, exogenous contrast agents can further enhance the sensitivity and speci¯city of
prostate cancer PAI. Further in vivo studies are required in order to achieve the translation of
prostate PAI to clinical implementation. The minimal invasiveness, relatively low cost, high
speci¯city and sensitivity, and real-time imaging capability are valuable advantages of PAI that
may improve the current prostate cancer management in clinic.

Keywords: Photoacoustic/optoacoustic imaging; prostate cancer; cancer therapy monitoring;
prostate endoscopy; cellular imaging.

1. Background

Prostate cancer is the second most common cancer in

men as well as the second highest death-causing

cancer in men in the United States.1 An estimate of

12.9% of males in the United States will be diagnosed
with prostate cancer throughout their lifespan.1

At early stages, prostate cancer may show little or
no symptoms, making prostate cancer prognosis
and early diagnosis especially important.2–5 Prostate

*Corresponding author.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly
cited.

Journal of Innovative Optical Health Sciences
Vol. 10, No. 4 (2017) 1730008 (14 pages)
#.c The Author(s)
DOI: 10.1142/S1793545817300087

1730008-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
7.

10
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/2
2/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

http://dx.doi.org/10.1142/S1793545817300087


cancer, however, is di±cult to detect or locate due to
the obstructed anatomic position of the prostate, the
weak imaging contrast of some prostate tumors, and
the similarity between malignant tissue and benign
prostatic hyperplasia (BPH). Current major screen-
ing and diagnostic methods include the prostate-
speci¯c antigen (PSA) blood test,6 digital rectal
examination (DRE),7 and transrectal ultrasonogra-
phy (TRUS) guided biopsy.7 PSA blood test exam-
ines the level of PSA in blood serum, which is
generally elevated in men with prostate cancer.6

However, a portion of prostate cancer patients do
not have elevated PSA levels, leading to a relatively
low sensitivity of the PSA blood test.8,9 Serum PSA
level is also associated with many factors other than
cancer, thus often resulting in false positives.6,10

Therefore, PSA blood test must be generally com-
bined with other methods, such as DRE.7,11–14

During DRE, the doctor manually examines the
size, shape, and texture of the prostate through the
rectum.15 Morphological abnormalities, such as
enlargement and lumps, are often indicative of
prostate cancer or BPH.16,17 If abnormalities of the
prostate or high PSA level are detected, further
examination, such as TRUS and TRUS-guided
prostate biopsy, may be required for diagnosis.8,11,18

TRUS is a commonly used method for clinical
prostate imaging and provides satisfactory images
of the structure of the entire prostate.19 Neverthe-
less, due to the limited contrast of ultrasound (US)
imaging, at least 30–40% of prostate cancer remains
invisible under TRUS.19–22 Furthermore, TRUS is
incapable of di®erentiating malignant tumors and
BPH.19 A more important role of TRUS is to visu-
alize the prostate and the biopsy needle during a
prostate biopsy, a more invasive procedure in which
a sample from the prostate is collected through
biopsy needles and then analyzed via pathology.23–26

TRUS-guided prostate biopsy is the current gold
standard for clinical prostate cancer diagnosis27;
however, this procedure is not a targeted biopsy and
repeated biopsies are often required.25,28–30

Magnetic resonance imaging (MRI) has a higher
sensitivity than TRUS in prostate cancer detection
and may be suitable for targeted imaging-guided
prostate biopsies; however, MRI is relatively expen-
sive and time-consuming.31–33 Positron emission to-
mography (PET) is also capable of prostate cancer
detection, although PET requires the injection of
radiotracers, and the low spatial resolution of PET
must be compensated by X-ray computed

tomography (CT).34,35 Due to the di±culty for PET
radiotracers to target prostate cancer, PET/CT also
has limited sensitivity for prostate cancer detection.36

In this review, we introduce an emerging imaging
modality, photoacoustic imaging (PAI), as a po-
tential tool for the detection of prostate cancer. The
review includes: (a) principals of PAI; (b) PAI
systems for prostate imaging; (c) PAI of prostate
cancer using endogenous contrast; (d) PAI of
prostate cancer using exogenous contrast agents,
and (e) future outlook.

2. Principles of PAI

For the past two decades, PAI has been rapidly
developing under focused research by a number
of researchers. PAI, also known as optoacoustic
imaging, is an innovative, noninvasive hybrid im-
aging system that holds potential in various ¯elds
including, but not limited to, medical diagnosis,
therapy monitoring, biological studies, and inor-
ganic imaging.37–47 The PAI system is based on
the photoacoustic (PA) e®ect, discovered by Bell in
1880 when he observed sound waves produced by a
solid sample exposed to sunlight.48 The PA e®ect is
the phenomenon that light induces the generation
of US waves in the irradiated object. Generally, in
a PAI system, pulsed electromagnetic waves, such
as near-infrared (NIR) radiation, induce instanta-
neous heating in the target. The local heating
causes an elastic expansion that generates pressure
waves, which are detected by sensitive US trans-
ducers. The US signals are then reconstructed into
two-dimensional (2D) or three-dimensional (3D)
images.49

Conventional optical imaging modalities have
excellent contrast, yet extensive optical scattering
causes substantial loss in resolution as the pene-
tration depth increases.50 Pure US imaging bene¯ts
from low acoustic scattering, thus having higher
penetration depth and spatial resolution.51 However,
due to the similarity in acoustic properties of
biological tissues, pure US imaging generally lacks
e®ective contrast in soft tissue imaging.52

In a PAI system, the optical irradiation provides
e®ective contrast among di®erent types of biological
tissues, and the collection of acoustic signals instead
of optical signals overcomes the weakness of optical
signal scattering, providing excellent spatial reso-
lution. As a hybrid imaging system, PAI combines
the contrast capability of optical imaging with the
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spatial resolution of US imaging, overcoming the
weaknesses of both the conventional imaging modal-
ities.53,54 In addition, PAI is capable of nonionizing,
label-free, and real-time imaging at a relatively low
cost, which are valuable advantages over X-ray im-
aging, PET, and MRI. It must be noted, however,
that the penetration depth of soft tissue PAI is lim-
ited by the optical scattering of the light source in
biological tissues, and the imaging resolution depends
largely on the frequency of the US transducer.54

3. PAI Systems for Prostate Imaging

Due to optical scattering in the prostate and its sur-
rounding tissue, the penetration depth of prostate
PAI is typically limited to 3–5 cm.55 The human
prostate is located beyond this penetration limit from
the skin surface56; therefore, human prostate PAI
with an external light source is currently unfeasible.
Fortunately, the feasibility of prostate PAI using
endoscopic light delivery has been well demonstrated
through phantom studies,57,58 simulation stud-
ies,55,59,60 and animal studies.57,58 One of the major
challenges of human prostate PAI is the delivery of
the light source. Ideally, the light source must be
capable of illuminating the whole prostate while
minimizing invasiveness. To date, the two least in-
vasive light delivery methods are transrectal optical
¯bers, which can be readily coupled with transrectal
US probes64,65 and transurethral optical ¯bers, which
can be delivered through urinary catheters.61 Utiliz-
ing endoscopic light delivery, PAI shows promising
potential for in vivo whole-prostate imaging.

Possible con¯gurations of prostate PAI systems
include transrectal light delivery andUS detection64,65

(Fig. 1(a)), transurethral light delivery and US de-
tection55,60 (Fig. 1(b)), as well as transurethral light
delivery coupled with transrectal US detection.61 Al-
though transurethral US detection yielded optimal
image quality in Monte Carlo simulations performed
by Tang et al.60 (Figs. 2(c) and 2(g)) and El-Gohary et
al.,55 a transrectal US transducer is more frequently
used in urology. Urologists prefer a transrectal trans-
ducer because it is convenient for clinical practice. The
feasibility of transrectal US detection has been thus
well demonstrated in simulation studies and in
vivo.55,57–62,64,65

3.1. Transrectal light delivery

A transrectal US probe coupled with a transrectal
optical ¯ber is the most convenient and least inva-
sive con¯guration for human prostate PAI, since
the transrectal US probe is already widely used in
the clinic. Small-scale clinical trials conducted by
Horiguchi et al.64 and Ishihara et al.,65 utilizing a
transrectal PAI probe, have yielded encouraging
results. The transrectal US probe consisted of a 128-
element convex transducer array, reaching an
e®ective imaging ¯eld of view of 170�. PAI showed
enhanced capability in visualizing the blood-rich
tumors in vivo, comparing to pure US imaging.

However, phantom and simulation studies have
revealed limitations of transrectal light deliv-
ery.55,59,60 In transrectal light delivery, the lightmust
penetrate through the rectum wall before it reaches
the prostate. At the wavelength of 1000 nm, the
rectal absorption and scattering coe±cients, �a and
�s, are greater than those in the prostate by factors
of 2 and 5, respectively.55,66,67 Consequently,
transrectal illumination su®ers from signi¯cant en-
ergy loss due to the severe light scattering in the
rectum wall and is not ideal for in vivo whole-
prostate imaging (Figs. 2(d) and 2(h)). In addition,
as demonstrated by Tang et al.60 and Peng et al.,59

the prostate is asymmetrically illuminated under
transrectal light delivery, which largely favors the
detection of tumors located proximal to the rectum.
To achieve whole-prostate imaging, a more uni-
formly distributed illumination is desired.

3.2. Transurethral light delivery

Unlike the rectum, which is located to the posterior
of the prostate, the urethra passes through the
center of the prostate; therefore, transurethral light

Fig. 1. Con¯gurations of transrectal (a) and transurethral (b)
PAI of the prostate. (a) A transrectal US transducer coupled
with transrectal light delivery; (b) A transurethral US transducer
coupled with transurethral light delivery.

PAI of prostate cancer
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delivery enables symmetric illumination of the
prostate, although the half of the prostate closer
to the rectum is slightly favored over the other
(Figs. 2(a), 2(b), 2(e), and 2(f)).60 The �a and �s of
the urethra wall are much lower than the rectum
wall, thus only causing minimal energy loss.55,57,60

A phantom study by Yaseen et al. has shown that in
transurethral light delivery, increasing light atten-
uation, as the distance from the light source
increases, is compensated by the increasing prox-
imity to the US transducer located in the rectum,
whereas in transrectal light delivery, the light
attenuation is not compensated for because the US
transducer is located on the same side as the light
source.57 Monte Carlo simulation studies that fol-
lowed have also yielded a consensus; transurethral
light delivery coupled with transrectal US probe is
currently the optimal con¯guration for human
prostate PAI.55,59,60

Based on the reported optimal con¯guration, PAI
of the prostate inside an animal model further vali-
dated the feasibility of PAI for prostate imaging and
therapy monitoring.61,68 Implemented by Bell et al.,
PAI of a canine prostate implanted with brachy-
therapy seeds using a transurethral light source and a

transrectal US probe demonstrated excellent contrast
and high signal-to-noise ratio, especially compared to
conventional US imaging.61 A brachytherapy seed is
a small, radioactive capsule that is permanently
implanted in the prostate to treat the tumor.69

Transurethral light delivery was achieved by insert-
ing the optical ¯ber via a catheter, which is a common
clinical technique, thus does not increase the com-
plexity of the process. In addition, a short-lag spatial
coherence (SLSC) beamformer yielded better image
quality than the traditional delay-and-sum (DAS)
beamformer, owing to its higher sensitivity.70 PAI
demonstrates promising potential in aiding the im-
plantation of brachytherapy seeds and monitoring
the seeds inside the prostate.

Di®ering from MRI, PAI is capable of real-time
imaging and is relatively inexpensive. PAI can thus
potentially be employed to guide prostate biopsies
and thus enable a fast, targeted prostate biopsy.
Furthermore, if PAI can di®erentiate malignant
tumor and BPH, patients with BPH may avoid
unnecessary biopsies. To demonstrate the clinical
feasibility of onsite prostate cancer detection
through PAI, more in vivo studies using transure-
thral light delivery are required.

Source: © 2016 IEEE. Reproduced, with permission, from Refs. 60.

Fig. 2. Monte Carlo simulation results of PAI of tumor-imbedded prostate models at di®erent imaging con¯gurations
(� ¼ 763 nm). (a) and (e) are the energy deposition and the PA image, respectively, using a transurethral light source and
transrectal US detection. (b) and (f) are under the same con¯guration as (a) and (e) but with the tumor in the top half of the
prostate. (c) and (g) are the energy deposition and PA image, respectively, using a transurethral light source and US detection. (d)
and (h) are the energy deposition and PA image, respectively, using a transrectal light source and US detection. The white dash
lines indicate the positions of the urethra, prostate and tumor in the PA images.
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4. PAI of Prostate Cancer Using
Endogenous Contrast

Because of its excellent optical absorption, protein
hemoglobin in red blood cells is a major biomarker
that enables label-free PAI of cancer.71 The capa-
bility of single blood vessel imaging allows for the
detection and monitoring of excessive angiogene-
sis,72 which characterizes prostatic tumor develop-
ment.73–75 Furthermore, tumor-related vasculature
typically has di®erent structural features compared
to normal blood vessels, such as increased vessel
tortuosity, vessel dilation, excessive branching, and
necrosis.76,77 Therefore, the capture of abnormal
distributions of red blood cells along with cancer-
related morphological features of blood vessels
through PAI hold promising potential for the
detection of prostatic tumors.

Wang et al. implemented in vivo and ex vivo PAI
of a canine prostate with a pseudo cancerous lesion
induced by the injection of blood, and demonstrated
the unique ability of PAI in locating a blood-rich
region in the prostate by comparing it with pure US
imaging.58 In vivo US imaging provided good struc-
tural images of the canine prostate but failed to
di®erentiate the induced blood-rich lesion, whereas
PAI successfully illustrated the lesion.58 Further-
more, the matching increase of PA signal intensity
and the amount of blood injected suggests that PAI
has the potential to provide functional information,
such as hemoglobin concentration, since PA signal
amplitude is directly proportional to the optical
energy absorbed by the object, which is directly
associated with the concentration of the optical
absorber.78Ex vivo PAI allows for the imaging of an
excised prostate at a full 360� imaging aperture
through scanning, yielding high-resolution images
that adequately illustrate the structure of the
prostate and the urethra (Fig. 3(b)).58 However, in
in vivo PAI of the prostate, the US transducer
generally has a limited imaging aperture, which
lowers the image quality (Figs. 3(c)–3(f)).58 This
issue may be mitigated by the improvement of the
transducer array, using advanced reconstructive
algorithm,79,80 and physically moving the US
transducer.

Bauer et al. demonstrated the ability of PAI for
imaging blood vessels and monitoring tumor growth
in mouse dorsal skin °aps implanted with PC-3
prostate tumor cells.81 Owing to the excellent op-
tical absorption of red blood cells, PAI successfully

illustrated angiogenesis and hemorrhage in the
implanted tumors that were invisible under pure US
imaging (Fig. 4).81 Compared with °uorescent im-
aging and US imaging, the distinctive feature of
PAI is its ability to image the vascular network at a
satisfactory resolution without utilizing contrast
agents.81 Additionally, because US imaging pro-
vides good depth information and structural iden-
ti¯cation of the prostate, the coregistration of PA
and US images can provide complementary infor-
mation of tumor progression in a 2D and 3D
manner.57,64,81

Oxyhemoglobin (HbO2Þ and deoxygenated
hemoglobin (dHb) have di®erent optical absorption
properties at wavelengths within the range of PAI
light sources.82 Capitalizing on this di®erence in
absorption spectra, spectroscopic PAI enables the
characterization of red blood cells and is capable of
di®erentiating malignant, benign, and normal
prostatic tissue.63,81,83,84 Ex vivo multispectral PAI
of cancer-bearing prostate cryosections by Dogra
et al. successfully di®erentiated malignant and
nonmalignant human prostate tissue with excellent
sensitivity (81.3%) and speci¯city (96.2%),83 both
higher than the current screening methods.8 Pros-
tate cryosections from excised human prostates
were imaged at four di®erent wavelengths: 760 nm,
850 nm, 930 nm, and 970 nm, each corresponding to
the optimal light absorption of dHb, HbO2, lipids,
and water, respectively.83 From the PA images at
these four wavelengths, chromophore PA images for
each of the four optical absorbers were recon-
structed through algorithm developed by Cox
et al.85 The results revealed signi¯cantly higher
mean intensity of PA signals of dHb in malignant
prostate tissue than in nonmalignant tissue (Fig. 5),
indicating hypoxia, which is an important charac-
teristic in many types of cancers, including prostate
cancer.77,86 Moreover, benign prostatic tissue was
further di®erentiated from normal prostatic tissue
by its lower mean intensity at 970 nm.83 Spectro-
scopic PAI demonstrated its potential as a powerful
tool for prostate cancer diagnosis.

Besides spectroscopy, PAI using frequency do-
main analysis is an alternative method that may be
capable of label-free prostate cancer diagnosis.
Exploiting the spectrum of PA signal amplitude at a
range of PA wave frequency, frequency domain
analysis has shown potential in determining im-
portant parameters, such as the size and concen-
tration, of the optical absorber and thus enabling

PAI of prostate cancer
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the quantitative characterization of the prostate
tissue, as demonstrated by Kumon et al., Sinha
et al., and Patterson et al.87–89 Several challenges,
however, are faced in the development of both PAI
spectroscopy and frequency domain analysis to-
wards clinical implementation. The spectral para-
meters are likely to be di®erent in an in vivo
system, due to the overlying tissue; the algorithm
for chromophore PA image reconstrucion is more
complicated in reality, given that there are more
components than dHb, HbO2, lipids, and water in
biological tissues.88,90 Additionally, in going from a
1D transducer to a 2D or 3D transducer array used
in in vivo prostate imaging, the di±culty in image
processing must be overcome.88

Although studies have shown e®ective endogenous
contrast for tumor visualization, these biological

Source: © 2010 Optical Society of America. Reproduced, with permission, from Ref. 58.

Fig. 3. Ex vivo 2D photoacoustic tomography of an excised canine prostate. (a) Anatomic photography of the prostate cross-
section; (b) PA image acquired with a detection view angle of 360�. The PA image adequately illustrates the structural outline of the
prostate and the urethra in the center. (c)–(f) PA images acquired with detection view angles of 180�, 90�, 60� and 30�. Wavelength
of incident light ¼ 710 nm; pulse width ¼ 5 ns; pulse frequency ¼ 10Hz.

Source: © 2011 SPIE. Reproduced, with permission, form. Ref. 81.

Fig. 4. Optical and PA imaging of the progression of an
implanted tumor in a mouse model. Photographs (6� 6mm) of
window chamber's skin side (top right) and coverslip side
(bottom right) are shown alongside the PA image (left,
� ¼ 800 nm, 6� 12mm). PA images on days 9 and 16 revealed
a map and progression of the vascular network. The PA signal
for day 29 is largely dominated by the extensive hemorrhage,
which is consistent with the skin side photograph. Blood vessels
are clearly resolved in the PA image on day 16 (labeled with
small blue arrows), but not visualized in the skin side photo-
graph. The large green arrows denote the ¯ducial ink mark.
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constituents overall generate relatively weak PA
signals; therefore, having a low signal-to-noise ratio
may be a challenge when implemented in in vivo
human prostate imaging. Prostate cancer may lack
signi¯cant angiogenesis in its early stages, making
the tumor di±cult to visualize. More importantly,

the aforementioned optical absorbers, such as HbO2

and dHb, generally do not have a high degree
of prostate cancer speci¯city. The imaging speci¯city
and contrast of prostate cancer PAI can be
improved, especially in the light of development
toward clinical prostate cancer detection.

Source: © 2013 Journal of Clinical Imaging Science. Reproduced, with permission, from Ref. 83.

Fig. 5. Multispectral PA imgaes of a human prostate section. PA images are acquired at multiple laser wavelengths. Chromophore
analysis was performed to extract PA images showing absorption of individual constituents from the multiwavelength images.
(a) Photograph of imaged prostate specimen, (b) Histopathology slide of prostate with malignant region encircled, (c) Composite
PA image acquired at 760 nm wavelength, (d) Composite PA image acquired at 850 nm wavelength, (e) Chromophore PA image
showing the absorption of dHb, and (f) Chromophore PA image showing the absorption of HbO2. Higher absorption of dHb was
seen in the region of interest corresponding to malignant prostate tissue compared to HbO2.

PAI of prostate cancer
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5. PAI of Prostate Cancer Using
Exogenous Contrast Agents

While natural biomarkers provide feasible endoge-
nous contrast, the proper use of exogenous contrast
agents, such as conjugated NIR dyes and conju-
gated gold nanoparticles (NPs), can further en-
hance PA signals of prostate imaging.91–94

Moreover, targeted imaging agents allow for pros-
tate cancer-speci¯c imaging through the e®ective
binding of the targeting molecule to biomarkers
that are speci¯c for prostate cancer cells.91,92

Developed by Levi et al., a high-a±nity, high-
stability prostate cancer PAI agent, AA3G-740, is
capable of a nearly twofold increase in PA signals in
mice in vivo.91 The imaging agent, AA3G-740, is
essentially the highly stable °uorescent dye, ATTO-
740, linked to the gastrin-releasing peptide (GRP),
which binds speci¯cally to the gastrin-releasing
peptide receptor (GRPR). GRPR is commonly
overexpressed in human prostate cancer cells
(PC3), therefore allowing the targeted imaging of
prostate cancer.95

Another important protein biomarker, prostate-
speci¯c membrane antigen (PSMA), is over-
expressed on the surface of most prostate cancer
cells.96 By attaching an NIR dye, IRDye800CW, to
agents that speci¯cally target PSMA, Dogra et al.
have demonstrated that targeted PAI enables the
study of prostate cancer cells at the molecular
level.92 PSMA-targeting agents labeled with NIR-
absorbing dyes allow for the recognition and dif-
ferentiation of prostate cancer cells that express
PSMA (C4-2) and the ones that do not (PC3). In
addition to the NIR dye, the use of an acoustic lens
also enhanced the PA signal by focusing the US
waves at the transducer.97

In vivo prostate PAI using contrast agents often
requires the protection of the contrast agents from
unfavorable interaction with reactive biological
constituents, such as enzymes, throughout the
organism. Polyacrylamide (PAA) NPs developed by
Xu et al. have demonstrated satisfactory ability in
capsuling the contrast agent while targeting
nucleolin, a molecule often overexpressed on cancer
cells.94,98,99 Compared to US imaging, the in vivo
PA images exhibited notably enhanced contrast of
the tumors implanted in mice, whereas no change
was observed in the pure US images (Fig. 6).94

Besides imaging, PAA NPs can also potentially
serve as a cancer-treating drug delivery agent that

simultaneously allows for the real-time monitoring
of drug delivery through PAI.94

Contrast-agent-based PAI of prostate cancer
possesses enhanced speci¯city and sensitivity, thus
potentially allowing for the visualization of tumors
with relatively minor angiogenesis. PAI also can
provide important insights in the study of cancer
cells at the cellular and molecular level through real-
time monitoring. However, the e®ective binding of
targeted agents to prostate cancer-speci¯c bio-
markers in larger living organisms remains a major
challenge, and more in vivo animal testing is needed
to examine the toxicity of the imaging agents as well
as to estimate the e®ective dosage for human pros-
tate imaging.

6. Future Outlook

PAI is growing rapidly as an innovative imaging
modality for prostate cancer with minimal inva-
siveness. Technical improvement of the PAI in-
strumentation (e.g., the design of the US transducer
array, optical and acoustic focusing, and the quality
of the light source) may broaden its utility and
propel its translation toward clinical application. In
addition, clinical trials currently undertaken by
Gambhir et al. using a transrectal PAI probe may
provide helpful insights in the clinical feasibility of
transrectal US detection and light delivery.100

Source: © 2016 SPIE. Reproduced, with permission, from Ref. 94.

Fig. 6. In vivo PA images of a xenograft prostate tumor in rat
before and after PAA NP injection (left), compared with US
imaging (right). Dashed contour lines mark the tumor region;
red arrows mark the blood vessels connecting to the tumor. The
in vivo PA images exhibit enhanced contrast of the tumor,
whereas no change can be observed in the pure US images.
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Other possible applications of PAI include aiding
prostate cancer therapy and enabling PAI-guided
drug delivery.62,101–104 Real-time PAI can poten-
tially provide helpful insights in the delivery of
cancer-treating drugs by monitoring the tumor
progression as well as tracking the drug distribution
and concentration.101 Similarly, photonic-based
cancer therapies, such as laser induced photody-
namic therapy (PDT)105,106 and photothermal
therapy (PTT),107 can also bene¯t from PAI, as
PAI can monitor the drug distribution simulta-
neously during the therapy without the use of
additional contrast agents. Furthermore, PAI
can be combined with other imaging moda-
lities, such as °uorescence imaging81,92,108 and US
imaging,57,58,64,81,109 to provide complementary
information and optimal image quality. Through
PAI, minimally invasive onsite prostate cancer
diagnosis with enhanced sensitivity and speci¯city
may be achieved.

7. Conclusion

PAI has shown promising potential in overcoming
the current bottleneck in prostate cancer detection,
which is the di±culty in prostate cancer visualiza-
tion. Because PAI has the potential to de¯ne
cancerous regions and di®erentiate BPH from
malignant tissue, targeted prostate biopsies may be
enabled and unnecessary prostatectomies may be
best avoided, minimizing patients' pain and cost.
To overcome the penetration limit of PAI systems,
transurethral light delivery coupled with a trans-
rectal US detector o®ers optimal prostate imaging
quality, although further instrumental improve-
ment may also enable transurethral US detection.
The di®erent optical absorption properties of en-
dogenous contrast sources, such as HbO2 and dHb,
may enable label-free prostate cancer detection
because excessive angiogenesis is a typical charac-
teristic of prostate cancer. The image quality and
speci¯city of prostate cancer PAI can be further
improved by using targeted exogenous contrast
agents, which can also assist the molecular study of
prostate cancer cells. As an emerging imaging
modality, PAI may be capable of improving the
sensitivity of prostate cancer detection, enabling
PAI-guided prostate biopsy and cancer treatment,
as well as advancing the study of prostate cancer
cells.
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