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Katheryne E. Wilson, PhD otoacoustic 1imaging has evolved mnto a clinically trans-

latable platform with the potential to complement existing
imaging techniques for the management of cancer, includ-
ing detection, characterization, prognosis, and treatment
monitoring. In photoacoustic imaging, tissue is optically
excited to produce ultrasonographic images that repre-
sent a spatial map of optical absorption of endogenous
constituents such as hemoglobin, fat, melanin, and water
or exogenous contrast agents such as dyes and nanopar-
ticles. It can therefore provide functional and molecular
information that allows noninvasive soft-tissue charac-
terization. Photoacoustic imaging has matured over the
years and is currently being translated into the clinic with
various clinical studies underway. In this review, the cur-
rent state of photoacoustic imaging is presented, including
techniques and instrumentation, followed by a discussion
of potential clinical applications of this technique for the
detection and management of cancer.
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he fundamental principle behind
medical imaging is to noninva-
sively depict an underlying tissue
property based on the interaction of
tissue with some form of radiation.
Photoacoustic (interchangeably “op-
toacoustic”) imaging creates light-in-
duced ultrasonographic (US) images
to illustrate tissue optical absorption.

B Photoacoustic imaging creates
light-induced US images to illus-
trate tissue optical absorption
and allows safe, cost-effective,
real-time image acquisition to
convey underlying physiologic
information of the tissue.

B Photoacoustic signal generation
depends on laser parameters,
while photoacoustic signal detec-
tion and image formation rely on
US imaging principles.

B Spectroscopic photoacoustic im-
aging is a powerful technique
that can detect variations in the
concentration of endogenous
tissue constituents such as oxy-
genated hemoglobin, which have
unique optical absorption prop-
erties and facilitate the differen-
tiation of cancer from sur-
rounding tissue.

® Currently, photoacoustic imaging
instrumentation is commercially
available only for preclinical
studies; with a few clinical trials
underway, clinical photoacoustic
imaging systems are gearing
toward regulatory approval for
commercial adoption in the
United States.

B Photoacoustic imaging systems
come in a variety of configura-
tions ranging from completely
custom-developed systems to in-
tegrated clinical US scanners for
clinical applications and could
lead to earlier detection and
better characterization of several
cancer types, including breast
cancer, prostate cancer, skin
cancer, thyroid cancer, ovarian
cancer, and cervical cancer.

Since many of the primary constituents
of tissue, including water, hemoglobin,
lipids, and collagen, have unique op-
tical absorption spectra, photoacous-
tic imaging performed over multiple
wavelengths (spectroscopic imaging)
can detect variations in the concen-
tration of these tissue components in
cancer and surrounding tissue. Fur-
thermore, exogenous contrast agents
can facilitate molecular photoacoustic
imaging by specifically targeting cancer
biomarkers. With primary advantages
including clinically relevant imaging
depths up to 7 cm with submillimeter
resolution (1), high contrast-to-noise
ratios (up to 100) attributed to spec-
troscopic imaging (2), real-time acqui-
sition, portability, lack of ionizing radi-
ation exposure, and ease of integration
into existing clinical US scanners, pho-
toacoustic imaging holds promise as a
clinically translatable modality for can-
cer detection. Currently, several clini-
cal applications of photoacoustic imag-
ing are being explored in clinical trials,
including imaging of breast, prostate,
and ovarian cancer, as well as other
tissues. In this review, the general
principles of photoacoustic imaging
are presented followed by a discussion
about potential clinical applications
pertaining to cancer imaging.

General Principles of Photoacoustic
Imaging

Photoacoustic Effect

The photoacoustic effect, the conver-
sion of light to sound, was first de-
scribed by Bell in the late 1800s (3).
Since then, researchers have spent the
past decades exploring this principle
for medical imaging purposes (4-7).
Typically, photoacoustic imaging uses
nanosecond pulses of laser light to ir-
radiate tissues, where tissue constitu-
ents absorb the light creating localized
heating and rapid thermal expansion of
the surrounding environment (Fig 1).
This thermal expansion, upon contrac-
tion to the original state, releases high-
frequency and broad-band acoustic
transients (high-amplitude, short-dura-
tion waves), which propagate from the

absorber as spherical waves that can
be detected and reconstructed by using
standard US equipment and algorithms
(4.8).

Photoacoustic Signal Generation

The primary component required to
generate photoacoustic signals within
tissue is a high-energy pulsed laser.
The choice of wavelengths depends on
the targeted application and can range
from ultraviolet to infrared, with max-
imum tissue penetration achievable in
the near-infrared spectrum of 700-1100
nm (9,10). The laser pulse duration is
an important factor affecting photo-
acoustic image quality. Shorter pulse
widths, typically less than 10 nsec,
achieve both stress and thermal con-
finement conditions required of pho-
toacoustic imaging. Stress confine-
ment is fulfilled when the laser pulse
is substantially shorter than the stress
relaxation time of the environment,
while thermal confinement condition is
satisfied when the laser pulse duration
is shorter than the thermal relaxation
time. These conditions ensure that
high-frequency photoacoustic tran-
sients are generated as relative point
sources of optical absorption event
(11). Furthermore, high laser fluence,
which is the energy delivered per unit
area (units: J/cm?), yields increased
photoacoustic transient production in
tissue and better imaging depth. To
ensure patient safety, maximum per-
missible exposure limits are set (for
the skin, 20-100 mJ/cm? at 700-1050
nm) (12). Furthermore, high pulse
repetition rates allow “real-time” pho-
toacoustic image acquisition (the typ-
ical US image acquisition rates range
between approximately 1 and 10 kHz
for clinical scanners [13]). Currently,
most photoacoustic imaging systems

use solid-state (Q-switched) lasers,
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Figure 1: Top: lllustration of the photoacoustic effect. Pulsed laser irradiation is absorbed by either a contrast agent or endogenous tissue chromophore. Energy

deposition is sufficiently fast to prevent diffusion and allow for a localized and rapid thermal expansion of the environment immediately surrounding the chromo-
phore. With the cooling and contraction of the environment, high-frequency and broadband acoustic transients are released. These transients can be detected
with a standard US transducer. Bottom left: Absorption spectra of endogenous chromophores in near-infrared region are shown including melanin (limited to skin)
and oxygenated (Hb02) and deoxygenated hemoglobin (Hb) (the primary chromophores in tissue); water and lipid have significantly lower absorption coefficients
in the near-infrared range. Bottom right: An example of a coregistered US and photoacoustic image showing a map of optical absorption primarily from hemoglo-
bin in @ mouse tumor. Brighter signals in photoacoustic image correspond to stronger optical absorption and are not correlated with the intensity of the anatomic

image provided with B-mode US.

but are limited to repetition rates less
than tens of hertz. Fast diode lasers
triggering at kilohertz rates allow
real-time acquisition but have longer
pulse widths and yield lower fluence,
making them impractical for clinical
applications.

Photoacoustic Signal Detection

A US transducer array that is placed
on the surface of the illuminated re-
gion can only detect a portion of the
spherical photoacoustic transients. Al-
ternatively, a photoacoustic computed
tomographic (CT) approach can ac-
quire a majority of the photoacoustic

transients, increasing signal-to-noise
ratio and improving image quality (14).
Typically, photoacoustic signals from
biologic absorbers contain frequencies
in the range of 1-10 MHz (15), and a
broadband US transducer fabricated
with polyvinylidene fluoride is more
appropriate for photoacoustic imaging
compared with lead zirconate titanate
transducers conventionally used in clin-

ical US systems (16).

Photoacoustic Image Formation

For photoacoustic imaging systems in-
tegrated with clinical US scanners, the
same onboard processing approaches

(logarithmic compression, time gain
compensation, delay and sum algo-
rithms, etc) apply to photoacoustic im-
age formation. In the aforementioned
photoacoustic CT approach, photo-
acoustic signals from all the transducer
elements are filtered, back projected,
and added to reconstruct an image
similar to a CT scan (17). Since pho-
toacoustic CT imaging requires cus-
tom transducer arrangement, which in
turn leads to a dedicated photoacoustic
imaging system, greater control over
photoacoustic data acquisition can be
exercised and time-dependent radiofre-
quency (containing amplitude, phase,
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and frequency) data can be extracted,
allowing more precise image quanti-
fication. Typically, the photoacoustic
signal amplitude is proportional to the
absorbed laser energy at any given lo-
cation, while the differences in tissue
optical absorption dictate image con-
trast. The image resolution depends
on various factors: (a) Lateral reso-
lution is determined by the frequency
response and the width of the trans-
ducer element (without any focusing, a
wider transducer will yield high signal-
to-noise ratio and high detection sen-
sitivity but lower lateral resolution);
(b) axial resolution is determined by
the frequency of the photoacoustic sig-
nal generated from the absorber (un-
like in conventional US, where spatial
pulse length or frequency of the exci-
tation beam dictates axial resolution);
and (c) elevational resolution (section
thickness) depends on the height of the
transducer element and is important in
the context of three-dimensional volu-
metric imaging.

Photoacoustic Spectroscopy

Photoacoustic imaging is inherently a
molecular imaging modality as optical
absorption is dependent on the molec-
ular structure of chromophores. The
photoacoustic signal is directly cor-
related with the concentration of the
endogenous chromophores present in
tissue, including melanin, hemoglobin
(both oxygenated and deoxygenated),
fat, water, and collagen among others
(18,19). Hemoglobin dominates the ab-
sorption in tissues (except for melanin
in the skin) with the highest optical ab-
sorption coefficient and therefore has
been the focus of most of the studies
of endogenous photoacoustic signal. By
using multiple wavelengths of laser light
(spectroscopic photoacoustic imaging),
relative concentrations of specific chro-
mophores can be determined (20-25).
A highly applied method, especially in
cancer imaging, is to detect the rela-
tive amounts of deoxygenated (deoxy)
and oxygenated (oxy) hemoglobin
(Hb), from which the oxygen saturation
(100% x Hb, /[Hb, + Hb,  ]) of the
tissue can be calculated (26). This prin-
ciple is the basis of many clinical trials

where tissue with lower oxygen satura-
tion is considered more likely to be can-
cerous due to cancer’s known hypoxic
nature in later stages (27,28).

Beyond using endogenous chromo-
phores, photoacoustic imaging can be
used to examine molecular expression
of markers that do not naturally absorb
light through the use of exogenous con-
trast agents. When imaging in the “tis-
sue optical window” between 650 and
950 nm where tissue absorption is min-
imized exogenous agents can be tuned
and used to target specific markers or
to accumulate passively within tumors
due to their poorly structured vascula-
ture (29,30). The main two categories
of exogenous contrast agents being
explored are plasmonic noble metal
nanoparticles and dyes, both of which
are noncytotoxic (31,32). Noble metal
nanoparticles absorb light strongly
due to the enhanced optical absorp-
tion caused by strong interactions be-
tween electromagnetic waves and the
free electron cloud associated with the
nanoparticle surface (termed surface
plasmon resonance) (33). Further-
more, the optical absorption properties
are tunable depending on the synthe-
sized size and shape of the particle,
which alters the wavelengths of light at
which optimal resonance occurs. How-
ever, the clinical use of these particles
is limited, and while there are a few
clinical trials underway, the Food and
Drug Administration (FDA) approval
of their use remains elusive. There-
fore, clinical research also focuses on
the use of already FDA-approved dyes
such as indocyanine green and methy-
lene blue (34-38). Due to their small
size, these dyes are rapidly cleared
from the blood circulation unless con-
jugated or encapsulated and have lower
optical absorption per molecule than
do plasmonic nanoparticles. However,
the small size also allows for increased
tumor penetration and interaction
with biomolecules. Besides plasmonic
nanoparticles and dyes, many other
types of agents have been considered
and tested for photoacoustic imag-
ing including carbon nanotubes (39),
nanodroplets (40,41), and liposomes
and polymer (36) particles. For more

information, please refer to recent re-
views (7,31,42,43).

Photoacoustic Imaging Instrumentation

A photoacoustic imaging system typ-
ically comprises a pulsed near-infra-
red laser (532-1100-nm wavelengths,
1-100-nsec pulse width, and 10-50-Hz
pulse repetition rate), a US transducer,
and a data acquisition and display unit
(Fig 2). The laser is often coupled with
an optical fiber to deliver light onto the
desired region of interest. US trans-
ducers can be phased array and posi-
tioned on the surface of the region of
interest or arranged in photoacoustic
CT configuration. Since the data acqui-
sition is common to both photoacoustic
and conventional US systems, the in-
tegration of the laser into the clinical
US scanner is the most economical and
efficient means of developing a photo-
acoustic imaging system, where the
same linear or phased array transducer
can be used for both US and photo-
acoustic imaging, thus providing per-
fectly coregistered images.
Photoacoustic imaging instrumen-
tation can be broadly categorized into
preclinical and clinical imaging systems.
Preclinical imaging systems typically
have a dedicated small-animal posi-
tioning platform (with optional heating
pad to keep the animal warm during
the procedure, heart rate monitoring,
and respiratory gating to compensate
for motion artifacts) and use high-fre-
quency transducers for high-resolution
imaging. These systems are mainly
geared toward research and often pro-
vide custom image processing software
that allows users to perform a multi-
tude of tasks ranging from importing
raw data for offline processing, to on-
board three-dimensional image recon-
struction, and real-time image display.
Currently, there are two commercially
available preclinical photoacoustic im-
aging systems as shown in Figure 3:
Vevo LAZR (Fujifilm VisualSonics, To-
ronto, Canada; technology licensed
from Seno Medical Instruments, San
Antonio, Tex) and Nexus 128 (Endra,
Ann Arbor, Mich; technology licensed
from OptoSonics, Oriental, NC) (7,44-
49). Vevo LAZR uses high-frequency
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Figure 2:  Schematic of photoacoustic imaging instrumentation. When a tissue is exposed to pulsed near-infrared (NIR) laser, the pressure
transients produced from tissue chromophores are collected by a US transducer scanned over the surface. An internal clock synchronizes the
transducer acquisition time to laser firing. The pressure transients are converted by the transducer to time-dependent voltage signals (photo-
acoustic signals) and are fed into front-end acquisition module where the signals are channeled through a low-noise preamplifier (20-30 dB), fol-
lowed by a variable gain amplifier (20-50 dB) to achieve a cumulative gain (40-80 dB). The amplified signals are filtered for high-frequency noise
components and digitized by using analog-to-digital converters. These digitized signals are further handled by a back-end processing module,
which performs a multitude of signal processing and image reconstruction tasks after which the images are appropriately stored and displayed.
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Figure 3: Commercially available preclinical photoacoustic imaging systems. A, Vevo LAZR (Fuijifilm VisualSonics) uses handheld transducers for laser delivery
and photoacoustic signal detection. B, Nexus 128 (Endra) uses an animal holder inserted in an aperture consisting of a rotating hemispherical transducer with
laser delivered from the bottom. The animal holder is shown outside for illustration purpose.

-

[

handheld transducers ranging from which is potentially suitable for clinical preclinical imaging systems and use
9 to 55 MHz, which limits its use to imaging (however, currently not cleared transducers with clinically relevant
small-animal imaging, while the Nexus by FDA for human use). frequencies (1-10 MHz). However, un-
128 employs a 5-MHz hemispherical Clinical ~ photoacoustic imaging like preclinical imaging systems where
transducer array for photoacoustic CT, systems are a logical extension of a single transducer configuration may
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Ongoing Photoacoustic Imaging Clinical Trials for the Detection of Cancer

Study Population Start Date
Targeted Cancer Registry Study No. Sex Age (y)
Breast ClinicalTrials.gov LOUIS-3D breast study (124) 96 F 20-70 May 2014
Breast ClinicalTrials.gov The PIONEER-01 pivotal study of the Imagio breast 2000 F 18+ July 2013
imaging system (125)
Breast ClinicalTrials.gov Simulated screening study for breast imaging (126) 160 F 30-80 December 2012
Breast Netherlands Trial Register Breast imaging using light and sound (127) 100 F 18+ December 2010
Melanoma-—sentinel German Clinical Trials Photoacoustic tomography in combination with 120 Both 18+ December 2013
lymph nodes Register high-resolution US for noninvasive diagnosis
of sentinel lymph node in patients with malignant
melanoma (128)
Circulating ClinicalTrials.gov In vivo real-time detection of circulating melanoma 75 Both 18-80 February 2013
melanoma cells cells (95)
Prostate ClinicalTrials.gov Photoacoustic imaging of the prostate: a clinical 50 M 18-80 February 2014
feasibility study (129)
Rectum* ClinicalTrials.gov Visualization of rectal cancer during endoscopy, using 30 Both 18+ October 2013

a fluorescent tracer (RAPIDO-TRACT) (130)

* Photoacoustic endoscopy was optional for patients enrolled in this study.

be sufficient to scan almost any region
of interest within the animal, clinical
imaging systems are often region spe-
cific because different laser-detector
configurations are warranted for dif-
ferent applications (eg, tomography
is suitable for breast; low-frequency
handheld transducer arrays, for inter-
nal abdominal organs; high-frequency
transducers, for superficial organs such
as skin, thyroid; endocavitary arrays,
for prostate or ovarian imaging, etc).
At the moment, there is no clinical pho-
toacoustic imaging system that is FDA
approved and commercially available
for human use. Ongoing clinical trials
that are currently recruiting patients
for cancer imaging (Table) use custom
photoacoustic imaging systems, which
are still in investigational phase.

Clinical Applications of Photoacoustic

In the following section, studies that
comprise current cancer investigations
with clinically translatable photoacous-
tic imaging systems are presented. A
brief summary of photoacoustic imag-
ing instrumentation, imaging protocols,
and study details is provided for each
clinical application.

Breast Cancer

Breast cancer is the most common
cancer among American women and
the second leading cause of cancer-
related death in women (50). Mam-
mography uses ionizing radiation
and has low sensitivity, especially in
patients with dense breast tissue.
When mammography is combined
with other screening techniques such
as US or tomosynthesis, the can-
cer detection rates increase from
6.1/1000 using mammography alone
(4.4% false-positive rate) to 8/1000
using mammography plus tomosyn-
thesis (5.3% false-positive rate) and
11.8/1000 using mammography plus
US (10.4% false-positive rate) in
high-risk women (51,52). When US
is used as an adjunctive screening
technique to mammography, positive
predictive values of as low as 5.6%
were reported (53). These rates in-
dicate that many women are called
back for unnecessary biopsies, which
leads to increased health care costs
and psychological stress for women.
Therefore, improved breast cancer
imaging techniques are needed that
can reduce the current false-positive
rates while also improving sensitivity
(54-56).

Because breast tissue is superfi-
cially located and has low optical ab-
sorption and US scattering due to its
fatty nature, it provides optimal con-
ditions for photoacoustic imaging.
The photoacoustic mammoscope de-
veloped at the University of Twente
(Enschede, the Netherlands) was one
of the first systems to perform breast
imaging in patients (57). The system
consists of an examination table with
an aperture to suspend the patient’s
breast when lying in the prone po-
sition (Fig 4). During imaging, the
breast is mildly compressed between
a glass plate (1064 nm, 10 nsec,
10 Hz, 25 mJ/cm?) at the cranial side
and a planar two-dimensional circular
US detector array (80-mm diameter,
590 elements, 1-MHz center frequency)
at the caudal side to facilitate three-
dimensional imaging. The resolution of
this system is 2.3-3.9 mm for depths
between 15 and 60 mm, with an av-
erage scan time of 30 minutes for a
region of interest of 40 X 40 mm? com-
prising of a lesion and normal tissue, as
defined by means of x-ray mammogra-
phy and US. Photoacoustic volumetric
images are analyzed for the presence
of confined high-signal-intensity re-
gions, and an abnormality is indicated
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Photoacoustic imaging systems currently used in clinical trials for breast cancer detection. A, Imagio (Seno Medical Instruments) uses handheld

transducer for breast imaging. Laser is delivered via optical fibers that are attached on either side of the transducer (131). B, Photoacoustic mammoscope de-
veloped at the University of Twente uses a patient bed with an aperture to insert the breast. Laser is delivered from the cranial side onto the breast, and a planar
circular array of US detectors acquires images from the caudal side (132). 2D = two-dimensional. C, Photoacoustic tomography system (Optosonics) consists of
a patient bed with an aperture. Laser is delivered from beneath the breast, and a rotating hemispherical array of US transducers acquires photoacoustic images
(64). D, Laser optoacoustic imaging system (LOIS-64) developed by Ermilov et al consists of a setup similar to the Optosonics system, with a hemispherical array
of annular US detectors (60). £, Photoacoustic imaging system (Canon) consists of a setup similar to the Twente photoacoustic mammoscope, with laser delivered
through both plates and detector coupled to caudal plate (133).

if all the voxels within the region of in-
terest have intensity greater than 50%
of the maximum volumetric intensity.
Results from an ongoing clinical study
that started in 2010 with 17 patients
(10 patients suspected of having can-
cer, two patients with benign cysts,
five patients not analyzed) reported
an increased contrast (ratio of average
intensity value within the abnormal
region of interest to average intensity
value of the surrounding tissue) in sus-
pected cancer regions compared with
the surrounding tissue, with contrast
independent of the mammographically
estimated breast density (58,59).
Ermilov et al (60) developed a
photoacoustic CT system called laser-
based optoacoustic imaging system, or
LOIS-64, in which the patient lies on
an examination table with the breast
suspended through an aperture into
a hemicylindrical cup with an annu-
lar array of detectors (64 elements).
The system uses 755-nm laser (70-mm

circular beam, 10 Hz, 10 mJ/cm?) and
custom data acquisition system (Fig
4). A preliminary clinical study imaged
mammographically suspected breast
lesions in 27 patients with US and
photoacoustic imaging. If an isolated
area corresponding to a US or mam-
mographically suspected lesion had in-
creased photoacoustic intensity, it was
considered a tumor. Biopsy revealed
26 malignant and eight benign lesions.
The LOIS-64 identified correctly 18 of
26 malignant lesions and four of eight
benign lesions (60). In 2010, the au-
thors introduced a combined photo-
acoustic and ultrasonic imaging system
(called Imagio; Seno Medical Instru-
ments, San Antonio, Tex) utilizing a
two-laser system (1064 nm and 735
nm) and a handheld commercial lin-
ear US array (128 elements, 5 MHz)
for real-time data acquisition (61).
The Imagio system (received CE Mark
approval in Europe) is currently being
used as an investigational device in a

large, multicenter prospective clinical
trial in the United States with an esti-
mated enrollment of 2000 patients (Fig
4). Preliminary results (Fig 5) from 66
patients (37 cancers and 29 benign le-
sions proven histologically) showed a
sensitivity and specificity of 100% and
72%-79%, respectively (62,63).
Kruger et al (64) modified the
Nexus 128 preclinical photoacoustic
CT system (OptoSonics, Oriental, NC),
which is licensed to Endra (Ann Arbor,
Mich), for clinical use. The system uses
a setup similar to that of LOIS-64 us-
ing an examination table with circular
aperture consisting of a hemispherical
array of spirally arranged US detectors
(512 circular elements, 2 MHz) and an
FDA-approved 756-nm laser (Fig 4).
Photoacoustic CT was performed in
four healthy patients and demonstrated
the feasibility of clinical breast imaging
with submillimeter resolution (64). The
scanning time was reported to be be-
tween 12 seconds and 3.2 minutes for
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“low risk:fibroadenoma

Figure 5:  Clinical photoacoustic images overlaid on US images show endogenous photoacoustic signals

phyllodes tumor: .

corresponding to oxygenated and deoxygenated hemoglobin in breast lesions. A, Solid lesion with high oxy-
genated hemoglobin concentration. Lesion was confirmed at biopsy as benign fibroadenoma. B, Solid lesion
with high deoxygenated hemoglobin concentration. Lesion was confirmed at biopsy as phyllodes tumor.

(Reprinted, with permission, from reference 63.)

spiral sizes ranging from 24-mm to 96-
mm radius, with a spatial resolution of
0.42 mm.

Another group, Kitai et al (63),
used a photoacoustic imaging system
(Canon, Tokyo, Japan; technology
licensed from OptoSonics, Orien-
tal, NC), in which the patient lies in
a prone position on a table with the
breast suspended through a rectan-
gular aperture (17 cm X 18 cm) and
mildly compressed between two plates
craniocaudally beneath the table (Fig
4). Laser light is delivered onto the
breast through both plates while the
detector is coupled to the caudal plate.
The system uses a dual-illumination
laser delivery scheme (756 nm, 797
nm, 825 nm, and 1064 nm) and a rect-
angular two-dimensional US array (15
X 23 elements, 1 MHz) to acquire 30
mm X 46 mm scans in 45 seconds.
Photoacoustic imaging, conventional
mammography, magnetic resonance
(MR) imaging, and US were performed
in 26 biopsy-confirmed breast cancer
patients enrolled in a preliminary clini-
cal trial. All patients underwent breast
surgeries within 1 month of photo-
acoustic imaging, and the excised spec-
imens were pathologically examined.

Preoperative diagnosis concluded that
26 patients had 27 lesions, of which 21
were invasive breast cancers, five were
ductal carcinoma in situ, and one was a
phyllodes tumor. Tumors were consid-
ered visible with the photoacoustic im-
aging system if the photoacoustic signal
was located at the site of known tumor
from the correlated MR images. It was
reported that 15 of 21 invasive breast
cancers, five of five ductal carcinomas
in situ, and zero of one phyllodes tu-
mor were visible, corresponding to
74% (20 of 27) tumor visibility. On the
basis of photoacoustic images acquired
at 757 nm and 797 nm, mean oxygen
saturation of hemoglobin and mean
total hemoglobin concentration were
calculated and estimated as 78.6%
(53.7%-100%) and 207 pM (87-309
pM), respectively.

Management and staging of breast
cancer is another potential clinical appli-
cation besides detection and character-
ization of the primary breast tumor. Sen-
tinel lymph node biopsy is used to help
stage breast cancer. The sentinel lymph
node is an individual or a group of nodes
into which the primary tumor first drains
in the regional lymphatic basin and thus
is the most likely (usually axillary) node

to harbor metastatic breast cancer (66).
Sentinel lymph node biopsy is a surgi-
cal procedure in which a radioactive
colloid (technetium sulfur) followed by
blue dye (isosulfan blue or methylene
blue) are injected intradermally around
the tumor periphery (67). Within a few
minutes after the blue dye injection, the
axillary region is surveyed by using a
handheld Geiger counter, and a surgical
incision is made upon radioactivity con-
firmation. Nodes that have been stained
blue or show increased radioactivity are
removed for histologic confirmation of
possible metastasis. Since photoacoustic
imaging is well suited for detecting chro-
mophore (blue dye), it holds potential
to complement the sentinel lymph node
biopsy technique and avoid the use of
radioactive colloid altogether. Erpeld-
ing and colleagues (68-70) developed
a photoacoustic imaging system (laser:
667 nm, 6.5 nsec, 10 Hz, 10 mJ/cm?; de-
tector-handheld linear array with nom-
inal bandwidth of 4-8 MHz and imaging
frame rate of 5 Hz) by modifying a clin-
ical US scanner (iU22; Phillips Health
Care, Andover, Mass) and reported its
use on patients (70) to noninvasively
detect sentinel lymph nodes. Their goal
was to accurately identify sentinel lymph
nodes by using photoacoustic imaging
and perform minimally invasive fine-
needle aspiration biopsy to sample sen-
tinel lymph nodes instead of performing
surgery. Methylene blue (5 mL, 2 mg/
mL) was injected subcutaneously with a
25-gauge needle near the areola in the
same breast quadrant as the primary
tumor and allowed to drain for 5 mi-
nutes. Photoacoustic imaging was then
performed to identify sentinel lymph
nodes based on the optical absorption
of methylene blue. Results from one pa-
tient were reported, which indicate that
the sentinel lymph node was visualized
on coregistered photoacoustic and US
images indicating possible metastasis.
Further results are awaited for this trial
to assess whether this technique actually
allows consistent sentinel lymph node
detection with successful image-guided
fine-needle aspiration of positive nodes
to potentially avoid surgery.

In a further attempt to image meta-
static sentinel lymph nodes noninvasively
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as an alternative to sentinel lymph node
biopsy, Luke et al (71) developed mo-
lecularly activated plasmonic nanosen-
sors (40-nm gold nanoparticles targeted
to a cancer biomarker called epidermal
growth factor receptor [72-74]) and per-
formed spectroscopic photoacoustic im-
aging (680-860 nm, 20-nm increments)
with a 40-MHz linear array (Vevo LAZR;
Fujifilm VisualSonics) on an orthotopic
nude mouse model of squamous cell car-
cinoma of the oral cavity. Molecularly
activated plasmonic nanosensors were
injected peritumorally after which coreg-
istered US and photoacoustic images
were acquired continuously for 2 hours,
over a three-dimensional volume en-
compassing lymph nodes. Spectroscopic
analysis was performed to differentiate
photoacoustic signals of molecularly
activated plasmonic nanosensors from
deoxyhemoglobin and oxyhemoglobin.
Results indicate that a strong increase in
the photoacoustic signal was observed in
sentinel lymph nodes harboring metas-
tases within 2 hours of molecularly acti-
vated plasmonic nanosensors injection.
A sensitivity of 100% and a specificity
of 87.5% were reported, with detection
ability of metastases as small as 50 pm.

Prostate Cancer

Prostate cancer is the second leading
cause of cancer death in American men
(50). Currently, screening is performed
by using prostate-specific antigen blood
test and digital rectal examination,
which has high rates of false-positives
and false-negative findings. Transrectal
US-guided biopsy has limited sensitiv-
ity and is reported to miss cancer in
more than 30% of the patients (75).
Photoacoustic imaging combined with
transrectal US may be able to provide
anatomic, functional, and molecular
information of prostate cancer, poten-
tially improving the yield of US-guided
biopsy, and may be helpful for prognos-
tication of patients with prostate cancer
on active surveillance.

Several research groups have con-
ducted photoacoustic imaging of pros-
tate cancer in vivo using animal models
(76-80). Levi et al (81,82) developed
a photoacoustic contrast agent labeled
AA3G-740 that binds to gastrin-releasing

peptide receptor, which is reported
to be highly overexpressed in prostate
cancer. In vivo molecular photoacous-
tic imaging of mice (n = 6) bearing PC3
human prostate cancer cells was per-
formed 30 and 60 minutes after con-
trast agent injection by using the Nexus
128 photoacoustic CT system (Endra).
AA3G-740 was able to bind to gastrin-
releasing peptide receptor in mice even
in poorly vascularized tumors, leading
to nearly twofold increase in the pho-
toacoustic signal relative to a control
contrast agent (82). It was also reported
that the smallest number of AA3G-740-
labeled PC3 cells required to produce
background differentiable photoacoustic
signal was only 0.5 million (1-cm?® tumor
may have up to 100 million cells), which
demonstrates the potential of molecular
photoacoustic imaging to detect prostate
cancer at small sizes.

In an ex vivo study (83), 42 prostate
specimens (grossly sectioned from 30
prostate glands) from 30 patients with
biopsy-confirmed prostate cancer were
imaged within 1 hour of prostate resec-
tion by using a custom photoacoustic
imaging system (84). The system uses
a tunable pulsed laser (700-1000 nm)
and a linear US array (32 elements, 5
MHz) coupled with an acoustic lens to
achieve real-time focusing, along with
dual-axis stepper motors for three-di-
mensional data acquisition with a scan
time of 5 minutes for 45 mm X 45 mm.
Histopathologic evaluation confirmed
16 of 42 specimens as malignant, eight
of 42 as benign prostatic hyperplasia,
and 18 of 42 as normal. Photoacous-
tic images of normal, benign prostatic
hyperplasia, and malignant specimens
were decomposed into spectroscopic
images representing deoxyhemoglo-
bin, oxyhemoglobin, lipid, and water.
Histopathologic images marked with
normal, benign prostatic hyperplasia,
and malignant lesions were coregis-
tered with spectroscopic photoacous-
tic C-scan (coronal plane) images, and
mean photoacoustic signal intensities
of regions of interest corresponding to
each pathologic condition were com-
pared. Results indicate that there was
a statistically significant difference in
mean photoacoustic signal intensity of

deoxyhemoglobin (P < .0001) and lipid
(P =.0251) between malignant and nor-
mal prostate. A significant difference in
mean intensity of deoxyhemoglobin (P
< .0001) was reported between ma-
lignant prostate and benign prostatic
hyperplasia. No statistically significant
difference was reported between be-
nign prostatic hyperplasia and normal
prostate for deoxyhemoglobin, oxyhe-
moglobin, lipid, and water. A higher
mean photoacoustic intensity indicating
stronger absorption of deoxyhemoglo-
bin (P < .0001) was reported for ma-
lignant tissue compared with nonma-
lignant (benign plus normal) prostate
tissue, with a sensitivity of 81.3% and
specificity of 96.2% (83).

Photoacoustic imaging has also been
explored for monitoring treatment deliv-
ery for prostate cancer. Brachytherapy
is one of the treatment approaches for
prostate cancer in which multiple tiny
seeds filled with radioactive substances
are implanted in the cancerous region
within the prostate (85). Real-time seed
localization, which is a crucial step in
guiding and implanting the brachyther-
apy seeds in prostate, is currently per-
formed by using transrectal US (86).
Since the seeds are small, often they
cannot be visualized at US. Currently,
the seed location is confirmed either by
using postprocedural x-ray CT or MR
imaging. More sensitive techniques are
desired to visualize real-time seed de-
ployment. Bell et al (87) have conducted
an in vivo study in which three brachy-
therapy seeds (4.5 mm long and 0.8 mm
diameter) coated with black ink were in-
serted into a dog’s prostate. A 1064-nm
laser beam was delivered onto the pros-
tate via an optical fiber transperineally,
and the combined photoacoustic and US
images were detected (Fig 6) by using
a 7-MHz linear (BPL9-5/55; Ultrasonix,
Richmond, Canada) and 6-MHz curvi-
linear (BPC8-4/10; Ultrasonix) tran-
srectal US probes. Results indicate that
the brachytherapy seeds were visualized
within the laser maximum permissible
exposure limits.

Skin Cancer

Another active research area for pho-
toacoustic imaging is the detection and
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Figure 6

Figure 6: Visualization of coated brachytherapy seeds in canine prostate in vivo. A, Postoperative CT scan shows location of
seeds (arrows) with respect to the intraoperative transrectal US (TRUS) probe. B, Combined photoacoustic and gray-scale US
image. Two of the three implanted brachytherapy seeds were visualized on the photoacoustic image. Red arrow = photoacous-
tic response from the location of the fiber, white unlabeled arrow = signal of unknown origin. (Adapted and reprinted, with

permission, from reference 87.)

local staging of skin cancer. Melanoma
(< 5% of skin cancers) is the most ag-
gressive type of skin cancer and is asso-
ciated with approximately 75% of skin
cancer-related deaths (88). Early detec-
tion of melanoma followed by surgical
resection is the best means of reducing
mortality from this deadly disease. Cur-
rently, melanoma is screened by per-
forming a whole-body skin examination.
Following the physical examination,
if any lesion is suspected because of
changes in color, texture, shape or size,
the physician assesses it more closely
using a dermoscope (89). Biopsy is
performed on suspected moles followed
by histopathologic analysis for diagno-
sis. Since the selection of suspicious
moles for biopsy is rather subjective to
the physician’s decision (90), there is
a risk of missing cancerous moles and
unnecessary excision of benign moles.
In its latest report, the U.S. Preventive
Services Task Force has concluded that
there is insufficient evidence to recom-
mend for or against screening for skin
cancer by using whole-body skin exam-
ination by a physician or patient (91).
Since most melanomas contain mela-
nin and undergo physiologic changes,
photoacoustic imaging with its ability
to quantify the distribution of mela-
nin, size of mole, and shape of mole
may aid in differentiation of melanoma
from other benign moles that contain
melanin.

Photoacoustic imaging of melanoma
has been investigated in several animal
models (92-96). For instance, Wang
et al (97) developed a handheld pho-
toacoustic microscopy system (650-nm
laser, 25-MHz focused single-element
US transducer) for melanoma detec-
tion and conducted in vivo experiments
on subcutaneous melanoma mouse tu-
mor models. To image the entire tu-
mor depth, the system uses annular
laser beam delivery via optical fibers
arranged in a circle around the US
transducer. Both the transducer and
optical fiber arrangement were linearly
scanned inside a stationary handheld
probe housing motorized linear trans-
lation stage to acquire tumor images.
To perform a 10-mm linear scan, the
acquisition time was reported as 10 sec-
onds. A 3.66-mm-thick melanoma with
clearly visible top and bottom tumor
boundaries was visible on the images.
This was in close agreement with mea-
surement (3.75 mm) performed after
melanoma excision.

The presence of metastasis in
lymph nodes is one of the most impor-
tant factors in staging of melanoma. In
a study to detect possible melanoma
metastases, Langhout and colleagues
have investigated photoacoustic imag-
ing of sentinel lymph nodes in patients
with cutaneous melanoma (96,98).
Spectroscopic photoacoustic imaging
(700 nm, 732 nm, 757 nm, 800 nm, and

820 nm at 20 Hz and 15 mJ/cm?) was
performed in 0.2-mm increments on
three metastatic and nine benign lymph
nodes excised from eight melanoma pa-
tients undergoing lymphadenectomy by
using a 21-MHz linear US array (Vevo
LAZR, Fujifilm VisualSonics) at 20-mi-
nute scans for each node (98). Results
indicate that metastasized melanin was
differentially detected from blood in re-
sected human lymph nodes. A similar
study of resected lymph nodes excised
from patients with cutaneous melanoma
who underwent lymphadenectomy was
conducted by Jose et al (96). A cus-
tom-built spectroscopic photoacoustic
imaging system (720 nm, 760 nm, 800
nm, 850 nm, at 10 Hz and 12 mJ/cm?)
with top-down illumination and a cur-
vilinear US detector array (6.25 MHz,
32 elements) rotated around the sam-
ple requiring 4 minutes per wavelength
to acquire 18 projections of each lymph
node was used in the study. Results
from only one patient were reported so
far indicating that their system was able
to detect strong photoacoustic signal in-
tensity throughout the lymph node (at 5
mm depth from the surface), which was
diagnosed later as melanoma through
histopathologic evaluation.

In another study, Favazza et al
(99) investigated photoacoustic imag-
ing to characterize melanocytic nevus
(mole), a common benign skin lesion
that can have similar characteristics

Radiology: \/olume 280: Number 2—August 2016 = radiology.rsna.org

k7|



Radiology

REVIEW: Photoacoustic Imaging in Oncology

Valluru et al

Figure 7
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Figure 7: A, Photograph of a melanocytic nevus located on the forearm of a healthy volunteer. B, Photoacoustic B-mode image taken along the blue dashed line in,
C. Notable features include the nevus, epidermal—dermal junction, and subpapillary blood vessels (all labeled). C, Maximum amplitude projected photoacoustic image
of the nevus acquired at 570-nm wavelength. The nevus is clearly shown in green scale, and blood vessels are shown in red. D, Photoacoustic image acquired at
700-nm laser excitation wavelength shows nevus only without any blood vessels. (Adapted and reprinted, with permission, from reference 99.)

of melanoma and thus can be difficult
to differentiate. Photoacoustic micros-
copy imaging was performed using a
custom system employing a dye laser
(570 nm, and 700 nm, 500 Hz) and a
50-MHz single-element US transducer
(V214-BB-RM; Panametrics, Waltham,
Mass) connected to a motorized trans-
lation stage. The system was scanned
for 5-10 minutes on the forearm of a
human volunteer (Fig 7) at 20-pm in-
crements in horizontal and vertical di-
rections to acquire a three-dimensional
volumetric image of a 6 mm X 4 mm
area with nevus. Results indicate that
they were able to differentiate nevus
from the surrounding blood vessels.
From the photoacoustic images, the
dimensions of nevus were measured

as 262-270-pm thick, 2.64-2.66-mm
wide, and located 135-140-pm deep
below the skin surface. When mea-
sured histologically, the nevus was 450-
pm thick, 2.18-mm wide, and located
150 pm deep below the surface, with
measurement variations attributed to
excised tissue handling. Although these
results establish the potential of pho-
toacoustic imaging in melanoma detec-
tion in general, a more detailed study
investigating whether melanoma can be
differentiated from benign nevi contain-
ing melanin has not yet been reported.

Thyroid Cancer

Photoacoustic imaging may also be
valuable in the characterization of thy-
roid nodules. Benign thyroid nodules

are common with a 5% or lower malig-
nancy rate and are routinely detected
by using US in 40%-50% of the popu-
lation (100-102). Although standard
B-mode US can characterize many thy-
roid lesions as definitively benign based
on imaging patterns (103), nodules
without definitive benign features or
nodules of certain size still require US-
guided fine-needle aspiration biopsy.
However, biopsy is invasive, expensive,
impractical (when multiple nodules are
present), and indeterminate in up 25%
of patients depending on the technique
(104). Moreover, biopsy results are
sometimes inconclusive, especially if
the lesion has follicular growth pattern,
such as follicular adenoma or follicular
carcinoma (105), requiring surgery to
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Figure 8: Molecular photoacoustic imaging of thyroid cancer using a photoacoustic contrast agent B-APP-A that specifically binds to
follicular thyroid cancer biomarkers MMP-2 and MMP-9. Mice bearing follicular thyroid cancers in the hind legs underwent photoacoustic
imaging at 680 and 750 nm before and after intravenous injection of 4.8 nmol of the activatable probe B-APP-A and a noncleavable control
probe. A, The subtraction photoacoustic signal at 140 minutes after injection was approximately 1.7-fold higher than the preinjection signal
for the active probe. The subtraction signal for the control probe did not change over time. At early time points, the difference in subtraction
signal was not significantly different for the two probes. Over time, the signal for the activatable probe steadily increased, becoming signif-
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icantly different at 100 minutes. MMP = matrix metalloproteinase, B-APP-A = Alexa750-CXeeeeXPLGLAGrrrrXK-BHQ3. B, Graph shows

that subtraction photoacoustic (PA) signal was normalized by the preinjection subtraction photoacoustic signal: (PA — PA
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S50 o 150 ) DEfOre injection. Error bars = standard error (n = 5 for B-APP-A, n = 4 for control probe). * = P < .05. Scale
bar = 0.25 c¢m. (Reprinted, with permission, from reference 106.)

confirm malignancy. Therefore, diag-
nostic approaches that can either rule
in benignity or confirm malignancy ac-
curately and noninvasively are warrant-
ed, avoiding biopsies and unnecessary
surgeries.

In a preclinical study by Levi and col-
leagues (106) that evaluated molecular
photoacoustic imaging of thyroid can-
cer, the presence of two specific follic-
ular thyroid cancer biomarkers matrix
metalloproteinase MMP-2 and MMP-
9, which can be targeted by using a
MMP-activatable photoacoustic probe,
Alexa750-CXeeeeXPLGLAGrrrrrXK-
BHQ3, or B-APP-A, was reported. In
vivo photoacoustic imaging was per-
formed on nude mice bearing follicular
carcinoma tumors at 680 and 750 nm
prior to and after intratumoral injection
by using the Vevo LAZR system (n = 3
for 0.6-nmol B-APP-A and n = 3 for 0.6-
nmol noncleavable control probe) and
after intravenous injection by using the
Nexus 128 photoacoustic CT system (n
= 5 for 4.8-nmol B-APP-A and n = 4 for

4.8-nmol noncleavable control probe).
Cleaving enables the activatable probes
to provide signal only after activation
by a target, which results in higher de-
tection sensitivity and specificity com-
pared with those with conventional
probes that provide signal regardless
of their proximity or interaction with
target tissue (107). Photoacoustic sig-
nal corresponding to the cleavage of
B-APP-A probe was obtained by sub-
tracting signal acquired at 750 nm from
signal acquired at 680 nm. Photoacous-
tic signal intensities from the control
probe at both wavelengths were found
to be similar, making the control probe
photoacoustically silent on subtraction
(Fig 8). Tumors injected with B-APP-A
showed significantly higher normalized
subtraction photoacoustic signal than
did tumors injected with noncleavable
control probe, suggesting that the di-
agnosis of follicular carcinoma could
be made on the basis of noninvasive
visualization of the presence of cancer-
specific biomarkers.

Dogra et al (108) have conducted an
ex vivo study to detect thyroid cancers
in patients using photoacoustic imag-
ing. Their system used a fiber-coupled
tunable laser (700-1000 nm), a linear
US array (32 elements, 5 MHz), and a
spherical acoustic lens housed together
in a probe that is connected to a dual-
axis translation stage. Spectroscopic
photoacoustic imaging (760 nm, 850
nm, 930 nm, and 970 nm) was per-
formed immediately following resection
of 88 thyroid lesions (13 malignant and
75 benign) harvested from 50 patients
who underwent total or partial thy-
roidectomy. Laser light was delivered
onto each thyroid specimen placed in
a sample holder, from the bottom, and
the probe was raster scanned on top
of the specimen to acquire a three-
dimensional data set. Histopathologic
examination of each imaged thyroid
section was performed, and areas that
included normal, benign, and malig-
nant thyroid tissue were marked on the
slides. Digital images of labeled slides
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Figure 9

Figure 9:  Photoacoustic imaging of surgical ovarian specimen from a
58-year-old postmenopausal patient with bilateral ovarian cancers at stage
IIIC. A, Malignant ovary imaged at two locations (* and #). B, Coregistered
US and photoacoustic image of location . E, Coregistered US and pho-
toacoustic image of location 4. Highly vascularized intraepithelial areas
compared with the surrounding tissue are observed on photoacoustic images
of both locations. C, F, Hematoxylin-eosin—stained images (original magnifica-
tion, X40) of the corresponding areas show extensive high-grade tumors. D,
G, CD31-stained images (original magnification, X 100) of the corresponding
areas show extensive thin-walled microvessels. White bar = 5 mm. (Reprinted,

with permission, from reference 112.) .

were then coregistered with recon-
structed spectroscopic photoacoustic
images (coronal plane), and regions of
interest corresponding to nonmalignant
and malignant tissue were drawn on
the photoacoustic images. Mean photo-
acoustic signal intensity of each region
of interest was then computed for spec-
trally resolved deoxyhemoglobin and
oxyhemoglobin images. An increase in
mean photoacoustic signal intensity of
deoxyhemoglobin was reported in ma-
lignant tissue compared with benign
tissue. The sensitivity and specificity
in differentiating malignant from non-
malignant thyroid tissue ex vivo were
69.2% and 96.9% respectively.

Ovarian Gancer

Among  gynecologic  malignancies,
ovarian cancer has the highest mor-
tality rate, accounting for 5% of can-
cer deaths among women (109). Since
ovarian cancer is relatively uncommon,
current screening techniques that in-
volve general population for detection

of ovarian cancer are ineffective, with
poor sensitivity and specificity (110).
A large randomized multicenter clini-
cal trial (111) performed in the Unit-
ed States to determine the effect of
screening on ovarian cancer mortality
concluded that simultaneous screen-
ing with CA-125 (serum biomarker for
ovarian cancer) and transvaginal US
did not reduce ovarian cancer mortal-
ity when compared with usual care.
Therefore, techniques that can aid in
earlier and more accurate detection of
ovarian cancer are warranted. Photo-
acoustic molecular imaging may be a
suitable candidate to complement ex-
isting screening techniques including
transvaginal US for improved detec-
tion and characterization of ovarian
cancer.

Aguirre et al (112) have reported
the development of a coregistered
photoacoustic and US imaging system
suitable for ex vivo imaging of ovaries.
The system uses a tunable laser (740
nm, 12 nsec, 15 Hz) and a custom-
developed 1.75-dimensional transducer
array (5 MHz). With this system, an ex
vivo study was performed on 33 human
ovaries extracted from patients who
underwent oophorectomy. The system
was able to differentiate normal post-
menopausal versus malignant post-
menopausal (P = .0237) ovaries, with
sensitivity and specificity of 83% and
83%, respectively, while no significant
differences were found between normal
premenopausal versus normal post-
menopausal (P = .2361) ovaries (Fig 9).
The group (113,114) later reported
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an upgraded system built specifically
for clinical use that employs a laser
(750 nm, 20 ns, 15 Hz) and modified
a commercial transvaginal US probe (6
MHz) by mounting an array of 36 opti-
cal fibers around the probe to facilitate
in vivo photoacoustic imaging. Fresh
excised ovaries from a 40-year-old pre-
menopausal patient with ovarian cancer
were imaged with the upgraded system
to demonstrate the potential of their
system for in vivo diagnosis of ovarian
cancer.

Cervical Gancer

Cervical cancer is another interesting
application for photoacoustic imag-
ing. Diagnosis of cervical cancer often
starts with an abnormal pap screening
results followed by colposcopy and bi-
opsy for confirmation. Peng et al (115)
have conducted an in vitro study for
photoacoustic imaging of cervical can-
cer for the first time. Photoacoustic im-
aging was performed on frozen biopsy
samples (3-6 mm in size) harvested
from 30 patients who underwent cer-
vical colposcopical screening. Each
frozen sample was divided into two
pieces, one for photoacoustic imaging
and the other for histopathologic eval-
uation. In each imaging session, one
piece of normal tissue and one piece of
the lesion from the same patient were
embedded on a cylindrical agar phan-
tom (separated 1-2 mm apart at a
depth of 5 mm from surface), simulat-
ing optical properties of a human cer-
vix, and scanned with a custom photo-
acoustic imaging system (fiber coupled
532-nm laser with spot size 1 mm, 10-
MHz focused transducer). Staging was
performed on the basis of the clinical
results of each patient obtained from
colposcopy and histologic examination,
confirming one of 30 samples as cer-
vical intraepithelial neoplasia (CIN) 2,
six of 30 as CIN 3, 12 of 30 as cervi-
cal cancer (CC) 1, 10 of 30 as CC 2,
and one of 30 as CC 3. Results showed
increased mean signal intensity repre-
senting increased mean optical absorp-
tion of cervical lesions compared with
normal cervical tissue samples. A high
correlation of 0.9431 between staging
of cervical cancer and the mean optical

absorption was reported, implying that
the mean optical absorption increases
almost monotonically with the severity
of cervical cancer.

Challenges and Future Outlook

Besides the advantages of photoacous-
tic imaging (high optical contrast, high
spatial resolution, cost-effectiveness,
real-time imaging), several challenges
need to be overcome. Radiologists are
likely to be the early adopters of pho-
toacoustic imaging, requiring training
with laser and interpretation of the
new information and images obtained
from photoacoustic imaging. At the mo-
ment, there is a wide range of in-house
systems available for photoacoustic
imaging for the same application that
varies greatly in terms of the laser,
transducers, image acquisition ability,
and display capabilities. With most
of the photoacoustic imaging systems
still in prototype phase, it is difficult to
compare results from different systems
even if similar testing conditions were
used. For example, image metrics cor-
responding to the same lesion acquired
by one system might be different from
those acquired with other systems due
to factors such as operator dependency,
laser fluence, and image acquisition set-
tings. Therefore, a standardized clini-
cal system needs to be developed and
able to be purchased by a wide array
of scientists and clinicians to increase
the development and standardization
of current clinical applications if a true
transition to clinic is to be expected.

Furthermore, several adaptations
to prototype systems need to be under-
taken to leverage the cost advantage and
portability of US, which is the primary
drive for its widespread adoption. For
example, there is a need for the devel-
opment of small, low-cost, pulsed lasers
with high repetition rates that can inte-
grate into the existing US scanners and
enable real-time photoacoustic imaging
in a clinical setting. Moreover, clinically
translatable contrast agents will need
to be developed and suitable cancer
biomarkers need to be identified to aid
in photoacoustic molecular imaging be-
yond endogenous chromophores.

Photoacoustic imaging, which is com-
plementary to US imaging, has been
extensively examined in preclinical
studies during the past decade. Cur-
rently, there is a broad effort to ex-
pand photoacoustic imaging to clinical
applications for cancer imaging. In this
review, basics and general principles of
photoacoustic imaging along with can-
cer-specific applications of photoacous-
tic imaging that can be readily trans-
lated to clinic were discussed. With the
availability of commercial preclinical
imaging systems along with the ability
to build relatively inexpensive custom
systems, an increase in photoacoustic
imaging investigation rate is expected
in the coming years for various clini-
cal applications, including and beyond
cancer detection and characterization

(47,116-123).
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