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The emerging role of photoacoustic
imaging in clinical oncology

Li Lin" and Lihong V. Wang'?®

research and practice.

Photoacoustic imaging (PAI), also known as optoacous-
tic imaging, is an emerging modality that has generated
increasing interest for its uses in clinical research and
translation, including early promise for the manage-
ment of patients with cancer. As a hybrid technique,
PAI combines the advantages of optical excitation with
those of acoustic detection in a modality that comple-
ments conventional technologies. Specifically, the opti-
cal excitation provides rich contrasts that reveal a level
of anatomical, functional and molecular information
(such as detailed vascular structures'?, haemoglobin
oxygen saturation’®, and uptake of contrast agents®).
At the same time, acoustic detection benefits from the
limited scattering of ultrasound waves in biological tis-
sues, enabling PAI to generate high-resolution images
with the desired depth (<4 cm in human breasts that
are compressed against the chest wall'*). This distinc-
tive feature is enabled by the photoacoustic effect, in
which absorbed photons are converted into propagat-
ing acoustic waves. When short pulses of light are used
to irradiate biological tissues, photon absorption by the
tissue thermoelastically induces a transient pressure
increase, which propagates as ultrasonic waves (referred
to as photoacoustic waves). The photoacoustic waves are
then detected by ultrasonic transducers and can then be
used to reconstruct the optical absorption distribution
in the tissue®.

Abstract | Clinical oncology can benefit substantially from imaging technologies that reveal
physiological characteristics with multiscale observations. Complementing conventional
imaging modalities, photoacoustic imaging (PAl) offers rapid imaging (for example, cross-
sectional imaging in real time or whole-breast scanning in 10-15s), scalably high levels of spatial
resolution, safe operation and adaptable configurations. Most importantly, this novel imaging
modality provides informative optical contrast that reveals details on anatomical, functional,
molecular and histological features. In this Review, we describe the current state of development
of PAl and the emerging roles of this technology in cancer screening, diagnosis and therapy.

We comment on the performance of cutting-edge photoacoustic platforms, and discuss their
clinical applications and utility in various clinical studies. Notably, the clinical translation of PAI

is accelerating in the areas of macroscopic and mesoscopic imaging for patients with breast or
skin cancers, as well as in microscopic imaging for histopathology. We also highlight the potential
of future developments in technological capabilities and their clinical implications, which we
anticipate will lead to PAl becoming a desirable and widely used imaging modality in oncological

Over the past two decades, PAI has enabled various
exciting discoveries and applications, from preclinical
research to clinical care®'’. In preclinical studies, PAI
has become an irreplaceable tool, providing high-speed
in vivo imaging with informative optical contrast,
a high level of spatial resolution and whole-body pene-
tration in small animals'>". Translational PAI has also
attracted growing interest in oncology'', dermatology'*,
paediatrics'’, neuroscience'® and orthopaedics'’, among
other areas of study’. Specifically, PAI has demonstrated
a complementary role in cancer imaging (TABLE 1;
BOXES 1,2), thus enabling improved screening, diagnosis,
and treatment of patients with cancer'®-*".

The unique physical characteristics of PAI enable the
investigator to image the anatomy, function and mole-
cular processes of biological systems in vivo owing to
differences in the optical absorption spectra of a wide
range of endogenous and/or exogenous contents™.
Accordingly, multicontrast PAI can provide compre-
hensive information that can assist in cancer imaging
without the need for ionizing radiation, heavy-metal
contrast agents, or specific facilities for radiation shield-
ing. In addition to the advantages provided by optical
absorption contrast, its combination with ultrasound
detection endows PAI with many of the advantages of
clinical ultrasonography: a convenient system geometry
(provided by an open imaging platform) and a scalable

NATURE REVIEWS | CLINICAL ONCOLOGY


mailto:LVW@caltech.edu
https://doi.org/10.1038/s41571-022-00615-3
https://doi.org/10.1038/s41571-022-00615-3
http://crossmark.crossref.org/dialog/?doi=10.1038/s41571-022-00615-3&domain=pdf

REVIEWS

Key points

* Photoacoustic imaging (PAl) has emerged as an appealing modality that can
complement existing imaging techniques for cancer screening, diagnosis and

treatment guidance.

* The elegant fusion of light and sound provides PAl with several distinctive capabilities
including scalable spatial resolution and imaging depth while maintaining a high

imaging speed.

* By selecting suitable optical wavelengths, PAl can image a wide variety of endogenous
molecules or exogenous agents, revealing the anatomy, histology, function and
molecular activity of biological systems in vivo.

* Taking advantage of the high sensitivity to tumour-associated hypoxia and
angiogenesis, PAl has the potential to enable early detection of cancers of the

breast, skin and prostate.

* The role of PAl in clinical oncology has been demonstrated by the first FDA approval
of this technology for breast cancer diagnosis; other areas of potential clinical
application include cancer detection, biopsy guidance and molecular imaging.

¢ In addition to cancer screening and diagnosis, PAl has shown potential benefit for the
assessment of responses to neoadjuvant chemotherapy, guiding surgical resection
and monitoring drug delivery.

high level of spatial resolution. The rapid imaging speed
and operational safety further enhance the suitability of
PAI for frequent and repeated bedside imaging. Working
in different configurations, the scale of PAI imaging can
vary from organs to organelles*, and this approach has
been applied for imaging of breast cancer®***, skin
cancer’®”, prostate cancer’, metastatic lymph nodes*
and circulating cancer cell clusters”, as well as for
microscopy of excised tumour samples®. With these
capabilities, PAI is rapidly evolving into a medically
translatable modality. In 2021, one of the many compa-
nies working on PAI received FDA approval for a com-
bined PAI and ultrasonography imaging system®’, thus
paving the way for further clinical translation.

In this Review, we describe the progress of PAI
towards clinical translation, highlighting selected nota-
ble outcomes from various oncological applications,
and envision the future role of this emerging techno-
logy (BOXES 3,4). We first introduce the major configu-
rations of PAI that enable scalability with rapid image
acquisition. We then consider the contrast mechanisms
of PAT and how these reveal anatomical, histological,
functional and molecular details that cannot be easily
detected or clearly imaged using other modalities.
To illustrate these imaging capabilities, we describe
representative PAI studies involving patients with can-
cer, and divide the roles of PAI into cancer detection,
diagnosis and treatment guidance. We conclude with a
summary of the state-of-the-art and provide perspec-
tives on possible future technical breakthroughs and
their clinical implications.

Multiscale PAI

PAT has been developed into several configurations,
providing multiscale imaging of physiological
characteristics'’. A substantial majority of PAI modali-
ties are safe for use in humans because the level of radia-
tion exposure or optical fluence (energy per unit area)
on the skin surface is usually well within the American
National Standards Institute (ANSI) safety limit*. These
limits include a maximum permissible skin exposure to

1,064 nm light of 100 mJ/cm? for each nanosecond laser
pulse and 1 W/cm? for exposure durations exceeding 10s.

Major PAl modalities

PAI is typically implemented as one of three major
modalities: photoacoustic microscopy (PAM); photo-
acoustic CT (PACT); or photoacoustic endoscopy (PAE)
(FIC. Ta). In PAM?, volumetric imaging is conducted
using two-dimensional raster scanning of the dual foci
of optical excitation and ultrasonic detection (FIC. 1b).
At each scanning position, the ultrasonic transducer
receives photoacoustic signals along the line excited by
the laser light, recording the acoustic time-of-arrival and
producing a one-dimensional image along the depth
direction. PACT?, however, uses an expanded laser
beam to illuminate the biological tissue and an ultra-
sonic transducer array to concurrently detect photo-
acoustic waves from multiple angles (FIG. 1¢). Image
reconstruction — essentially the sophisticated triangu-
lation of optical absorbers from the time-resolved ultra-
sonic signals — is used to reconstruct PACT images™.
Evolved from PAM and PACT, PAE® is an adaptation of
these modalities designed to fit into an endoscope that
can be used for imaging internal organs.

Scalable high-speed imaging

PAM generally provides microscopic and mesoscopic
resolution at a millimetre-level imaging depth (FIC. 1d,e),
whereas PACT enables tissue imaging to depths of sev-
eral centimetres at mesoscopic and macroscopic levels
of resolution (FIC. 11). Compared to PAM, PACT usually
provides deeper tissue penetration, a larger field of view
(FOV), and a faster imaging speed, albeit at the expense
of higher system and computational costs.

Depending on whether the optical or acoustic focus
is finer, PAM can be further classified into optical
resolution (OR) and acoustic resolution (AR) PAM.
In OR-PAM, the optical focus laterally confines the
photoacoustic excitation at micrometre scale, with an
imaging depth that is limited by optical diffusion to 1 mm
in vivo (FIG. 1d). To image at depths of >1 mm, AR-PAM
relies on acoustic focusing to laterally confine the photo-
acoustic detection to tens of micrometres, with a depth
up to a few millimetres (FIC. 1¢), which is mainly limited
by the frequency-dependent acoustic attenuation. Using
lower ultrasound frequencies for detection, PACT is less
affected by acoustic attenuation but provides coarser
levels of resolution than PAM. Largely limited by light
attenuation'**’, PACT usually enables imaging depths of
up to a few centimetres with a resolution of hundreds
of micrometres (FIG. 17). The typical ratio of imaging
depth to spatial resolution across the different PAI
configurations is >100, making PAI a high-resolution
modality across broad length scales”. The optimal
trade-off between spatial resolution and imaging depth
depends on the application.

Equipped with a pulsed laser with a high repetition
rate and with a fast scanner (such as a galvo mirror)
steering the optical and acoustic beams, modern high-
speed OR-PAM systems can achieve frame rates of over a
few hertz when imaging millimetre-scale 3D regions™**.
High-speed PAM enables the imaging of dynamic
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phenomena such as blood flow redistribution in mouse
models of non-fatal stroke at microscopic scales™;
this approach can also be miniaturized for hand-held
devices™*! for human skin imaging. PACT has been used
for real-time 2D and 3D imaging using parallel acoustic
detection. In covering a larger FOV (such as an entire
human breast), PACT can perform a complete scan
within the limits of a single breath-hold of 10-15s"".
PACT has been used to monitor functional activation of
the brain during motor function and language tasks in
patients who have had a hemicraniectomy™.

Contrast mechanisms

Owing to the fact that each basic biological component
of an image has a distinct optical absorption spectrum
(FIG. 2a), PAI enables the distribution of a wide variety of
endogenous or exogenous chromophores to be mapped
in vivo by rapidly tuning the excitation light to multiple
wavelengths. Haemoglobin, myoglobin, melanin, water,
lipids and nucleic acids can all be imaged endogenously
in this way. The use of exogenous contrast agents, such
as nanoparticles and organic dyes***, extends PAI into
the domain of molecular imaging.

Anatomical and histological contrast

Among the chemical components of most tissues, hae-
moglobin is one of the major absorbers in the visible
and short-wavelength near-infrared (NIR) spectra®.
Accordingly, PAI is naturally suited to delineating angi-
ographic anatomy (FIG. 2b) without the need for ioniz-
ing radiation or injected contrast agents, and has a
high level of sensitivity for imaging small vasculatures
(for example, capillaries of the skin” or arterioles of the
breast"’). Angiogenesis, which has a central role in can-
cer development, invasion and metastasis*“*’, and is thus
a hallmark of cancer*, can be detected and characterized
using PAL Furthermore, PAI enables spectral differenti-
ation between other molecules, including water, lipids,
proteins>* (FICS 1d,2¢) and melanin®. Capitalizing on
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the strong ultraviolet absorption properties of nucleic
acids (such as DNA and RNA), PAM has been used to
image the nuclei of individual cells without staining, thus
providing a label-free alternative to traditional ex vivo
histological staining methods™ (FIC. 2d).

Functional and molecular contrast

In addition to anatomical structures, spectroscopic PAI
enables the characterization of functional and mole-
cular features, thus more comprehensively reflecting the
underlying physiological and pathological conditions.
Functional imaging usually reveals physiological acti-
vity at the organ or tissue level, while molecular imaging
typically captures biological and pathophysiological pro-
cesses at the molecular level’'. Functional imaging gene-
rally measures endogenous contrast, whereas molecular
imaging uses exogenous contrast to label biomarkers
in vivo. Here, we divide the functional contrast of PAl into
haemoglobin oxygen saturation (sO,) and dynamic
information, and categorize the molecular contrast
agents into nanoparticles and organic dyes.

Haemoglobin oxygen saturation. As a primary oxygen
carrier, haemoglobin is essential to tissue metabolism.
By separating the individual contributions of oxyhaemo-
globin (HbO,) and deoxyhaemoglobin (HbR), the total
concentration (HbT) and extent of sO, can be assessed*
(FIG. 2b,c). These two factors are the most commonly used
indices of blood perfusion and oxygenation, respectively.
sO, might not be uniquely correlated with the partial
pressure of oxygen™, although sO, maps have shown
a good correlation with cellular markers of hypoxia®.
Compared with other sO, measurement modalities,
which are typically based on diffuse optics™, PAI provides

23

higher spatial resolution in the optical diffusive regime™.

Dynamic contrast. Owing to the rapid imaging speed,
PAI can record haemodynamics"”’, tissue deforma-
tion™'? and provide data on thermodynamics (such as

Table 1| Comparison of PAl with established breast imaging modalities

Properties

Contrast

Functional imaging of breast

cancer

Spatial resolution

Imaging depth

Imaging speed?

Involves ionizing radiation
Requires exogenous agents
Availability/repeatability®
Bedside imaging

CE MRI Ultrasonography Mammography PET PAI
Vascular contrast agent  Acoustic scattering Atomic number Radioactive tracer  Optical absorption
Yes No No Yes Yes

Good Good Excellent Poor Good

(=0.45 mm)?0%210 (>0.20 mm)** (=0.05 mm)?12213 (=6.1 mm)*** (>0.26 mm)°
Excellent Good Good Excellent Good
(whole body) (2-8 cm)?*121° (5—7 cm)?'® (whole body) (4-5 cm)®>217
Low Moderate Moderate Moderate High

(940 min)*#49 (3-13 min)'+#20 (34 min)*** (3-10 min)**+## (£309)"°

No No Yes Yes No

Yes No No Yes No

Low High Low Low High

No Yes No No Yes

CE MR, contrast-enhanced MRI; PAI, photoacoustic imaging. ®lmaging speed is considered for whole-breast imaging, with patient positioning time excluded.
*Availability/repeatability are evaluated by considering the use of ionizing radiation or exogenous contrast agent and the time/financial cost.
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Box 1| Advantages of photoacoustic imaging

After years of maturation

, photoacoustic imaging (PAl) is currently being translated

into clinical applications, with various studies currently underway. From the technical
perspective, PAl offers the following advantages as a complement to conventional
imaging modalities. These distinct advantages and compatibilities enable PAl to be
combined with other imaging technologies for multimodality and multicontrast
imaging that provide more comprehensive levels of information.

Complementing pure optical imaging modalities

PAIl breaks through the current fundamental depth limits of optical microscopy while
maintaining a high level of spatial resolution in deep tissue. A depth to resolution ratio
of >100 is usually guaranteed with PAl-based imaging. For example, photoacoustic
microscopy can provide micrometre-level resolution with millimetre-level imaging
depth. In photoacoustic CT, the spatial resolution can be scaled up to hundreds of
micrometres with centimetre-level imaging depth.

Complementing ultrasonography

PAlis highly sensitive to optical absorption, enabling anatomical, functional and
molecular imaging based on physiologically-specific endogenous and exogenous
contrasts. Because blood vessels provide acoustically smooth optical absorption
boundaries, the speckling artefacts associated with ultrasonography are largely
suppressed in photoacoustic images*°.

Complementing MRI and PET

PAIl can provide high-speed and high-resolution imaging without the need for
heavy-metal-based or radioactive contrast agents. PAl also has an open platform and
does not require radiation shielding. PAl can be variously implemented as a bedside
scanner or a hand-held probe, or via an endoscope, among other configurations.

Complementing X-ray modalities

PAlinvolves non-ionizing radiation, and therefore carries fewer safety risks than X-ray
modalities, thus enabling more-frequent use and closer monitoring. In human breast
imaging, PAl is not strongly affected by breast density and does not require painful
craniocaudal or mediolateral compression.

temperature variations)™ mostly in real time. For exam-
ple, when monitoring the tissue deformation induced
by breathing, PACT has been successfully used to deter-
mine differences in compliance between malignant and
surrounding non-malignant tissues, thus providing an
alternative and concurrent contrast-based method of
detecting cancer’. By imaging both static and dynamic
contrast, PAI has the potential to image differences in
metabolic activity. For example, by measuring vessel
diameter, HbT, sO,, the tissue volume of interest and
blood flow velocity, PAI enables the metabolism of
oxygen (MRO,) to be measured in vivo™.

Nanoparticles and organic dyes. Nanoparticles can be
engineered for a desired absorption spectrum, and their
bioconjugation enables biomarkers to be targeted during
both molecular imaging and drug delivery””**. Organic
dyes can be cleared from the body rapidly owing to their
small molecular size, and many have been approved for
clinical use. For example, changes in tumour vascular
permeability can be assessed by imaging the leakage of
indocyanine green (ICG)*. Exogenous contrast agents
can also be useful in imaging structures with limited
optical absorption at specific wavelengths (such as lymph
nodes)® and in labelling pathological phenomena.

Combining with other imaging modalities

Combining PAI with information from other established
imaging modalities (such as ultrasonography and MRI)
facilitates more informative clinical imaging. Sharing the

same acoustic detection and data acquisition systems,
the combination of an ultrasound scanner with the opti-
cal transmitting elements required for PAT essentially
results in a combined ultrasonography and PACT device.
The anatomical, functional and molecular contrast pro-
vided by PACT can then be naturally coregistered to the
ultrasound images®' (FIC. 2¢). Apart from the incorpo-
ration of ultrasonography, PACT can also be combined
with other imaging modalities. For example, in a fused
MRI and photoacoustic image (FIC. 21, centripetal blood
vessels are visible towards the middle of the tumour,
demonstrating the presence of two contrast mechanisms
in a single image®’. PACT has also been integrated with
fluorescence tomography for simultaneous acquisi-
tion of optical absorption and fluorescent or biolumi-
nescent signals®. In addition to PACT, PAM has been
combined with optical coherence tomography***, and
two-photon® and confocal microscopy®” to add imaging
contrast such as optical scattering and fluorescence.

Cancer detection

Most tumours do not produce substantial morphologi-
cal changes during the early stages of development.
Therefore, physiological information is critical for the
accurate early detection of cancer®®. Taking advantage
of the high sensitivity of PAI for tumour-associated
hypoxia’’" and angiogenesis, early cancer detection is
currently one of the most promising applications of PAI
and is currently approaching clinical translation. For
the purposes of this discussion, we group studies using
PAI for cancer detection into four categories: breast
cancer screening, skin cancer imaging, prostate cancer
detection and preliminary studies of other cancers.

Breast cancer screening

Breast cancer is the most commonly diagnosed cancer
and the second leading cause of cancer death among
women in the USA. Early detection of breast cancer
enables improved patient management and survival. An
ideal breast cancer screening modality enables cancer
detection with high levels of sensitivity and specificity,
a low risk of adverse events, a low level of operator
dependency, fast acquisition speed and low operational
costs. Currently, all FDA-approved imaging techno-
logies can only partially fulfil these criteria, providing
complementary information and advantages based on
different methods of cancer detection. For example,
mammography is extensively used for breast cancer
screening, although this technique has reduced sensi-
tivity in women with dense breasts (24-47% in women
with heterogeneous dense breasts compared with
71-78% in women with fatty breasts’>”’) and requires
ionizing radiation, thus increasing the risk to benefit
ratio”. Ultrasonography has been used as an adjunct to
mammography-based screening, although considerable
room for improvement exists, considering the low level
of specificity (65-89%)7*”, operator dependency and the
potential for speckle artefacts.

Like most solid tumours, breast cancers require the
formation of new blood vessels (via neovasculariza-
tion or angiogenesis) if they are to grow beyond a few
millimetres in diameter’*”’*. An abundance of clinical
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evidence indicates that angiogenesis clearly begins at the
breast carcinoma in situ stage or earlier’”~*. Evidence
also indicates an increase in blood vessel density in the
pathogenesis of simple breast hyperplasia®*. In addition
to the increased density and an irregular morphology®*,
these newly formed vessels usually have increased per-
meability, which enables delineation of the tumour based
on the extravasation of gadolinium (or ICG), which can
be detected using contrast-enhanced MRI (CE MRI)
(or PACT*’). Nonetheless, the angiogenesis, as well as
its underlying stimulus, local hypoxia™, can act as nat-
ural sources of imaging contrast for PACT regardless of
breast density, thus introducing additional physiologi-
cal information to current breast screening methodolo-
gies. From the engineering perspective, a well-designed
breast PACT system should have optimized configura-
tions for optical illumination and acoustic detection.
Specifically, the most widely used acoustic detection
configurations include linear, planar, cylindrical and
hemispherical matrices’ (Supplementary Information),
as discussed below:
1. Linear and planar detection. Linear ultrasonic arrays,
which are used in many commercially available ultra-
sonography systems, have been widely adopted for

Box 2 | Current challenges of PAI

As with any imaging technology, photoacoustic imaging (PAl) has certain limitations,
three of which we discuss here:

Optical penetration

Optical attenuation of the excitation light typically limits the imaging depth of PAl to
4-5cm in biological tissues"”’. The imaging depth can be further increased using lasers
with higher levels of pulse energy or ultrasonic detectors with improved sensitivity.
Attempting to improve the performance of PAl technologies within the optical
dissipation limit'’, which is already adequate for many applications, is likely to be a
more productive use of resources. Nonetheless, microwave-induced thermoacoustic
tomography (TAT), a microwave analogue of photoacoustic CT, provides a possible
method of overcoming the depth limit. Instead of using light for excitation, TAT uses
microwaves, generating heat through both dielectric relaxation of water molecules and
ionic conductivity. Therefore, TAT can reveal differences in the water and ionic content
of biological tissues with deeper tissue penetration’”’~**". For example, the penetration
depth (at which radiation intensity falls to 37% of its value at the surface) of 1-GHz
microwaves in fat is around 8 cm?”*’.

Acoustic impedance matching

Owing to mismatched acoustic impedances, the ultrasound waves detected by PAI
systems can generate strong reflection and distortion at the interfaces between soft
tissue, bone, and gas. Thus, brain imaging researchers are working on correcting or
mitigating such spurious photoacoustic signals arising from distortion by the skull”*®°.
For the same reason, all-optical ultrasound detectors are being developed for
non-contact acoustic detection away from the tissue surface”****’.

Quantification accuracy

The quantification accuracy of spectroscopic PAl requires improvement”*®. Accurate
measurements of the absorption coefficients of specific chromophores is dependent
on either knowledge or accurate estimation of the local optical fluence, which is
proportional to the strength of the photoacoustic signal’. However, light propagating
in the tissue is affected by spectrum-dependent attenuation, making the local optical
fluence difficult to predict, especially in deep-tissue locations. To compensate for
depth-related variations in optical fluence, one strategy determines light fluence in
the spectral domain and introduces eigenspectra multispectral PAl to account for
wavelength-dependent light attenuation”*. Other solutions include measuring optical
fluence using diffuse optical tomography’*® or estimation by Monte Carlo simulation?*'.
Real-time PAl with simultaneous fluence compensation and motion correction has also
been developed in an attempt to improve the reliability and accuracy of quantitative
measurement’*’.
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breast PACT. To enlarge the FOV, researchers have
scanned the linear array to translate the imaging
plane along the orthogonal dimension, thus allowing
3D imaging®”. Heijblom et al. also describe the devel-
opment of a photoacoustic mammoscope using a flat
588-element ultrasonic array to provide a larger FOV*.

2. Cylindrical detection (FIG. 3a). A cylindrical detection
matrix is usually achieved by elevational scanning of
a circular array designed to accommodate cylindri-
cal objects and provide panoramic detection within
the FOV. The merits of cylindrical photoacoustic
detection are demonstrated by single-breath-hold
breast PACT®, which can be used for both 2D imag-
ing of breast cross-sections and 3D imaging of the
whole breast by scanning a circular array within a
single breath-hold of 15s. In a pilot study, this PACT
system clearly identified eight of nine breast tumours
via delineation of the angiographic anatomy (FIC. 3a).
Taking advantage of the high imaging speed, PACT
was able to detect stiffer tumours by assessing dif-
ferences in tissue deformation caused by breathing’
(FIG. 3b), which enabled the detection of the tumour
that was originally missed by angiographic imaging.
Owing to the high level of spatiotemporal resolution,
PACT systems can differentiate arteries from veins
by detecting blood flow-mediated arterial deforma-
tions at a speed that is sufficient to capture the defor-
mations induced by individual heart beats. In this
system, real-time 2D imaging was achieved by com-
promising the elevational resolution (5.6 mm) in the
3D imaging mode’.

3. Hemispherical detection: Rotational scanning of an
arc-shaped or hemispherical array has been imple-
mented for partial spherical view coverage and dense
sampling, providing 3D isotropic resolution’¢>>-"".
As an example, a PACT breast imaging system coop-
eratively developed by Kyoto University and Canon
provides elegant breast images with isotropic 3D spa-
tial resolution, albeit at a relatively low imaging speed
(2min)”. This prototype used broadband ultrasonic
transducers for PACT and a linear array for ultra-
sonography, thus providing co-registered images in
the same coordinates. This system also enables the
imaging of tumour-related blood vessels and assess-
ments of blood oxygenation levels (FIG. 2b). However,
the well-resolved FOV (a small spherical region,
in the absence of scanning®) of the detector array
recovered the breast volume only near the skin sur-
face owing to a lack of elevational scanning. To over-
come this limitation, another hemispherical PACT
system was developed, which rotates four arc-shaped
ultrasonic arrays, each of which features 256 trans-
ducer elements (FIG. 1¢), enabling a greater density
of spatial sampling in the elevational planes, thus
providing images of similarly high quality with both
deeper tissue penetration (4 cm in human breasts)
and higher imaging speed (10s)" (FIG. 1f).

Each representative prototype classified into the
three detection configurations has certain advantages
and limitations. The optimal configuration depends on
the specific application, which requires certain levels of
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Box 3 | Improvements in technology

Photoacoustic imaging (PAl) technology combines optics, ultrasonography, mechanics,
electronics and computer science. We anticipate that the performance of PAl can be
further improved in the next decade by at least five developments:

Stronger, faster and cheaper laser systems

With a given laser pulse energy, a trade-off exists between imaging depth and the size
of the field of view (FOV)*. Most pulsed lasers currently used in PAl systems are not
specifically designed for this application. Thus the balance between performance and
costs can be improved. For example, photoacoustic CT (PACT) usually does not require
a laser system with a short pulse width (for example, <10ns), narrow spectral linewidth
or high coherence. Thus, with a laser that is optimized for pulse energy (such as 10J) and
repetition rate (such as 10 Hz), a PACT system will be able to provide a larger FOV (such
as 12 cm in diameter) with similarly deep penetration and high acquisition speed.

More sensitive acoustic detectors

With sensitivity improvements in ultrasonic detectors, PAl could potentially recover
weaker signals from deeper tissue locations. Although piezoelectric transducers
(PZTs) are most commonly used for biomedical imaging, capacitive and piezoelectric
micromachined ultrasonic transducers (CMUTs and PMUTs) have developed rapidly
owing to their miniature size and high level of compatibility with integrated circuits.
Specifically, PMUTs typically provide better sensitivity than conventional PZTs owing
to their lower level of mechanical impedance?****. Also, optical acoustic sensors
(such as Fabry—-Pérot interferometers) have been considered for decades owing to
their broad bandwidths and high sensitivity at high frequencies'*****. However, such
sensors are often affected by practical challenges such as scalability, availability and
unclear reliability.

Image reconstruction algorithms

Currently, the universal back-projection reconstruction algorithm is widely used
owing to ease of implementation and reliable performance. Nonetheless, more
sophisticated algorithms using iterative reconstruction’*® or machine learning**’**¢
are under development in an attempt to improve the image quality, especially to
reduce the dependence on dense spatial sampling, the need for entirely motion-free
study participants, and the preference for homogeneous acoustic properties.

Regulations and standards

Several research groups are developing PAl systems with vying levels of performance.
Therefore, additional efforts are required to regulate this technology by standardizing
and integrating the most advanced accomplishments in system design, operation and
data processing. The International Photoacoustic Standardisation Consortium?***
has been established for this purpose.

Microwave-induced thermoacoustic imaging

Pulsed microwave illumination (within the established safety limits of radiation
exposure)”” can penetrate more deeply than near-infrared light and potentially enable
whole-body imaging in patients with cancer. Unlike the optical absorption contrast
provided by PAl, however, this imaging modality is reliant on dielectric contrast

(from the ionic contents of water, lipids and other biomolecules) detected at microwave
frequencies?’*°,

flexibility, performance or simplicity. To further advance
the utility of PACT for breast cancer screening, three
types of guidelines are required: (1) engineering guide-
lines for reliable system performance (Supplementary
Information); (2) operational guidelines for repeat-
ability and safety; and (3) image reconstruction and
data processing guidelines for measurement accuracy.
These needs can be met by integrating the achieve-
ments of the most successful PAI systems and stud-
ies. An International Photoacoustic Standardization
Consortium has been set up for this purpose”.

To complement current screening modalities, PAI
approaches can be developed for imaging of tumour-
associated angiogenesis and hypoxia, which can
be combined with coregistered ultrasonography to
improve early breast cancer detection in women with

radiographically dense breasts. For the same population
in developing countries, breast screening is typically
implemented using a hand-held ultrasonography scan-
ning system, which is highly operator-dependent and
is usually accomplished more rapidly than the stand-
ard protocol requirement (typically 13-15min'*'"").
Accordingly, an opportunity exists for PAI to become
established as the standard method of breast cancer
screening in an enormous population.

Skin cancer imaging

Detection of skin cancer, including melanoma, is
another area of active interest for researchers working
on PAI systems'”. Early lesion detection followed by
surgical resection is the optimal method for reducing
mortality from skin cancer. However, the selection of
suspicious lesions for biopsy is somewhat subjective
owing to a reliance on physician assessment, which
also implies a risk of failing to detect cancerous lesions
and unnecessarily excising benign moles'”. Although
high-frequency ultrasonography has been used for this
purpose, this method usually lacks sufficient imag-
ing contrast owing to limited variations in acoustic
impedance'”’. PAI can provide additional contrast to
complement ultrasonography-based measurements of
the depth of measurable skin lesions. Preliminary studies
demonstrate that PAI can distinguish between different
kinds of skin tumours including primary or metastatic
melanomas, basal cell carcinomas and squamous cell
carcinomas by measuring the melanin, HbO,, HbR and
collagen content of the lesions'*>'%.

Capitalizing on multiscale PAI, the feasibility of skin
cancer imaging with both PAM and PACT has been
demonstrated, and each of these modalities has distinc-
tive advantages: PAM typically provides a high level of
spatial resolution at lower cost'”’, while PACT usually
enables a fast imaging speed and a larger FOV'". Here,
we group PAI studies of the skin into those that focus on
melanoma and those that focus on non-melanoma skin
carcinoma (NMSC).

Melanoma imaging. Most melanomas contain mela-
nin and manifest physiological changes; therefore, PAI
of melanin and the surrounding vascular distributions
(FIG. 3c,d) provides an unprecedented opportunity to
understand the interactions between cancer and its
microenvironment and for non-invasive cancer detection
and staging”'””. By using a customized two-axis water-
immersible scanning mirror for hand-held skin imag-
ing, OR-PAM has been miniaturized, yielding a device
with a 3D imaging rate of 2 Hz over a 2.5x2.0 X 0.5 mm®
volume®'. Further efforts reduced the size of the OR-PAM
device to a probe with a diameter of 17 mm and a weight
of 162 g, which is convenient for hand-held imaging of
potentially suspicious lesions (such as moles) with a clear
boundary and acceptable depth™.

As an alternative to PAM-based imaging, linear-
array-based PACT was used to image pigmented cuta-
neous lesions, which are suspicious for melanoma, in
27 patients''’. The thickness of lesions measured using
PACT was strongly correlated with thickness meas-
ured after resection (r=0.99, P<0.001, for melanomas;
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r=0.98, P<0.001, for naevi). These results demonstrate
the reliability of PACT in measuring cutaneous lesion
thickness in patients. Furthermore, detailed imag-
ing of lesional architecture can potentially be used to
guide biopsy sampling procedures and improve cancer
management.

Non-melanoma skin cancer imaging. In addition to
imaging melanomas and lesions with a higher pig-
ment concentration, spectroscopic PAI can also reveal
the presence of NMSC from a haematogenous back-
ground. Investigators imaged the lesions of a total of
21 patients with NMSC, utilizing the high-resolution
multispectral optoacoustic tomography (MSOT) system
developed by Rasanzky and colleagues, which enables
imaging at centimetre-scale depth®. Furthermore, this
approach enabled the anatomy and oxygenation sta-
tus of the tumours to be measured without the need
for exogenous contrast agent (FIG. 3e). MSOT-based

Box 4 | Current and future clinical applications

By improving the technical performance, information richness and operational
reliability, more clinical investigators will probably use, report and thus extend the
spread of this technology from the application perspective. Spurred by advances in
photoacoustic imaging (PAl), clinics are likely to pay more attention to haemoglobin-
related physiological imaging features and how these relate to cancer progression.

In addition to such endogenous contrasts, FDA-approved contrast agents that absorb
light at certain wavelengths can be imaged using targeted PAl approaches. We
anticipate that the following applications of PAl will provide clinical oncologists

with more useful information and distinctive advantages:

Breast cancer

PAIl can contribute to early detection, accurate diagnosis and precise treatment
assessments. Equipped with high-speed scanning and using only non-ionizing
radiation, PAl can potentially detect cancers with a high level of sensitivity, even in
women with dense breasts, and improve the specificity of standalone ultrasonography.
In performance terms, PAl provides a faster, clearer but also more portable version

of contrast-enhanced MRI and can be used both to diagnose lesions and to evaluate
responses to treatment by adding haematogenous information to ultrasound images.

Skin cancer

PAl can penetrate more deeply than other optical microscopic modalities while
providing more detailed physiological information than ultrasonography. Such unique
functional optical contrast, depth and clarity can potentially improve the selection

of suspicious lesions for biopsy sampling. Combining PAl with photothermal and
photodynamic therapies could further enable PAIl to reveal both pharmacokinetic

and pharmacodynamic processes as well as to provide information on prognosis.

Cancers of internal organs

Photoacoustic endoscopy (PAE) can potentially enable screening for cancers of the
rectum, oesophagus, prostate and thyroid. PAE might provide better specificity than
endoscopic ultrasonography owing to its ability to reveal additional physiological
information.

Intraoperative cancer management

PAIl can provide fast cancer margin examination without the need for fixing or staining.
Furthermore, targeted imaging using contrast agents will clearly delineate the mass

in three dimensions for precise surgical guidance in scenarios where resection is
particularly challenging (such as neurosurgery). Real-time tracking of surgical tools,
biopsy needles and their positions relative to the targets is likely to improve the efficacy
of the procedure.

Paediatric cancers

PAI for cancers in children and young adults is an area worthy of greater investigation,
PAl is appealing owing to the ability to achieve high levels of spatiotemporal resolution
without the need for ionizing radiation, sedation or contrast agent injection.
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measurements of tumour dimensions showed a good
correlation with histology (intraclass correlation coef-
ficient (depth and length) 0.81). Real-time 3D PAI
showing the lesions’ morphology and underlying neo-
vasculature provided further indications of tumour
aggressiveness.

Fabry-Pérot interferometers (FPI) have been applied
for planar-view PACT to provide higher levels of detec-
tion sensitivity than that of traditional piezoelectric trans-
ducers''*?, The transparency of the FPI sensor enables
the transmission of light, making this approach compati-
ble with multiple optical clinical imaging modalities (such
as optical coherence tomography). FPI-based PACT can
enable 3D imaging of human skin and has been used
to image a surgical scar and a basal cell carcinoma in a
proof-of-principle study'”. Vascular morphological and
tortuosity parameters, such as vascular density, sum of
angles and inflexion count, were measured to characterize
the lesions.

To further advance the utility of PAI for skin cancer
imaging, the characteristic measurements provided by
this approach need to be correlated with physiological
and pathological features. For example, PAI features,
including tumour dimensions, tumour shape, blood
vessel density, vessel distribution randomness, vessel
morphological deformation, haemoglobin oxygen sat-
uration, oxygen extraction fraction, total haemoglobin
concentration and relative elasticity could be recorded
in large-cohort prospective clinical trials. The value of,
and changes in, each feature could then be evaluated and
compared with the histopathological diagnosis. Related
features could be further used to generate a multivariate
model for screening and/or diagnosis.

Prostate cancer detection
Prostate cancer is the second most common cancer in
men after NMSC. Early detection of the tumour, when
it is still confined to the prostate gland, provides the
best opportunity for successful intervention. Currently,
prostate cancer is usually detected following elevation
of serum prostate-specific antigen levels on routine
testing, or presentation with related urological symp-
toms'". Digital rectal examination, often followed by
MRI or PET can provide a high detection rate and ena-
ble accurate assessments of prostate cancer aggressive-
ness, although these methods are not suitable for regular
screening, monitoring or real-time biopsy guidance.
Transrectal ultrasonography (TRUS) is used clinically
to complement MRI and PET. Although TRUS alone
is not sufficiently reliable for prostate cancer imaging,
it is an ideal platform for integrating functional and
molecular imaging modalities for improved cancer
detection. An endoscopic probe that combines TRUS
with PAE has been developed and tested for this purpose
in a proof-of-principle study”. Sharing a micromachined
ultrasonic array with the TRUS setup, the miniaturized
PAE endoscope enabled simultaneous imaging of the
haematogenous and molecular optical contrasts of
the human prostate (FIC. 3. Haemoglobin absorption was
used to map the vasculature, and ICG absorption
was used to enhance the intraprostatic photoacoustic
contrast from vasculature structures. The additional
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ability to image ICG uptake would further help to
elucidate the malignant region.

By providing real-time anatomical, functional and
molecular imaging of the human prostate, PAE has the
potential to be adopted into routine clinical workflows.
From the engineering perspective, the imaging perfor-
mance of PAE could be improved by optimizing the
optical illumination and acoustic detection schemes'".
Most PACT-based PAE systems currently use ultrasonic
arrays and data acquisition circuits that are not opti-
mized for PAI, thus resulting in compromised image
quality owing to the limited view angle and high level

of noise™"'*"'"¥. Nonetheless, the experience with imag-
ing of other internal organs suggests that minor modifi-
cations of the PAE probe might ameliorate these issues
(as seen with PAE systems designed for the rectum'"”
and oesophagus'®’).

PAI of other cancers

PAI was originally conceived to bridge the gap in scale
between optical microscopy and whole-body imaging
scans, while also providing physiological information
based upon differences in contrast. Accordingly, PAI has
the potential to reveal many other types of cancer growing
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Fig. 1| Representative configurations and images of photoacoustic
imaging. a| Overview of the main photoacoustic imaging (PAl) configura-
tions and imaging scales. Photoacoustic endoscopy (PAE) is essentially a
miniaturization of photoacoustic microscopy (PAM) or photoacoustic CT
(PACT). b | Schematic of a typical reflection-mode optical resolution
(OR)-PAM system, featuring an optical-acoustic beam combiner that reflects
light but transmits sound™. ¢ | Schematic of a 3D PACT system with four
arc-shaped ultrasonic arrays'. A coaxial rotation of the four arrays forms a
densely sampled hemispherical detection matrix. The laser beam is
expanded to provide wide-field illumination’. d | Mid-infrared OR-PAM

b
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image of lipids (blue), proteins (green) and nucleic acids (red)*. e | Acoustic
resolution (AR)-PAM image of a human palm showing the distribution of
blood vessels located under the skin surface’. f| PACT angiogram of the right
breast of a woman without cancer; the bottom image depicts a maximum-
amplitude projection of the same breast, viewed from the side. An imaging
depth of 4cm below the skin surface has been achieved'. Part b is adapted
from REF.*°, Wiley; part c is adapted from REF.!, CC BY 4.0; part d is adap-
ted from REF.*’, Springer Nature; part e is adapted from REF.?, CC BY 4.0; and
part f is adapted from REF.!, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).
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Fig. 2 | Representative photoacoustic contrasts in biological tissues.
a | Absorption coefficient spectra of endogenous tissue chromophores,
including DNA, RNA, oxyhaemoglobin (HbO,), deoxyhaemoglobin (HbR), mel-
anin, water and lipids’”". b | Photoacoustic CT (PACT) clearly reveals the
angiogenesis associated with a tumour in a patient with breast cancer.
The use of pseudocolours reflects the relative oxygen saturation. Here, red
indicates arteries, and yellow and green indicate veins”. ¢ | Ultrasound (US)
image of an invasive lobular breast carcinoma in a patient with breast cancer,
indicated by the yellow arrow. The bottom image depicts a multicontrast pho-
toacoustic image of the same tumour (white arrow) showing strong photo-
acoustic signals at the image boundaries (white arrows)’’. d | Optical resolution
photoacoustic microscopy (PAM) of breast tissue slices acquired without
staining (top), showing a high correlation with haematoxylin and eosin
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Water Fat HbR HbO,

(H&E)-stained histological images (bottom)™. e | PACT image depicting indo-
cyanine green (ICG, green) and blood vessels (red)®’. The grey colour map
represents the ultrasound signal. ICG indicates the presence of lymphatic
vessels (LV) and a popliteal lymph node (PLN). f | Fusion of images acquired
using PACT (cyan) and MRI (red). Tumour-related blood vessels converge from
the non-malignant breast tissue towards the centre of the tumour, becoming
narrower at the tumour edge and almost vanishing near the centre™. Partais
adapted from REF.***, CC BY 4.0; part b is adapted from REF.*/, CC BY 4.0;
part cis adapted from REF.”, CC BY 4.0; part d is reprinted from REF.*’ (copy-
right the authors, some rights reserved; exclusive licensee the American
Association for the Advancement of Science), distributed under a CC BY-NC
4.0 license; part e is reprinted from REF.*", CC BY 3.0; and part f is reprinted
from REF*?, CCBY 4.0 (https://creativecommons.org/licenses/by/4.0/).

within reach of light (within the optical dissipation limit'’)
from either external or internal surfaces. To date, PAT has
been used to image thyroid'*', ovarian'*'* and cervical
cancers'” ex vivo, and is moving towards clinical prac-
tice. For example, spectroscopic PAI has been used to
quantify the deoxyhaemoglobin content of 13 malignant
and 75 benign thyroid lesions immediately after thyroid-
ectomy'”, indicating potential utility in the assessment
of suspicious lesions. For cancers growing in the rectum
and oesophagus, where lesions are easily overlooked until
abnormal symptoms appear, PAI could be developed as a
standardized screening modality by improving upon the
sensitivity and specificity of endoscopic ultrasonogra-
phy, similar to the role of PAI in breast cancer screening.
In addition to direct imaging of solid tumours, a photo-
acoustic spectrometer has been developed as a method of
early lung cancer detection, based on measuring levels
of acetone in exhaled air'*. To foresee suitable applica-
tions of PAI in clinical oncology, one should first deter-
mine the useful information or distinctive improvements
that PAI approaches might provide and are currently
unavailable or impractical with other technologies.

Cancer diagnosis

Both screening and diagnosis are essential for compre-
hensive cancer control: diagnostic investigations typi-
cally involve patients with suspicious screening findings
or who have symptoms that might be suggestive of can-
cer. Accordingly, diagnostic tests are generally more
invasive and time-consuming. For discussion, here we
group major PAI studies on cancer diagnosis into four
categories: breast cancer diagnosis, melanoma metas-
tases detection, biopsy guidance and the emerging role
of molecular PAI enabled by various contrast agents.

Breast cancer diagnosis

The angiographic and functional information provided
by PACT directly relates to breast tumour pathophysiol-
ogy, and supports clinical decision-making regarding the
malignant potential of a specific lesion and the need for
biopsy sampling'?~'*%, This principle has been demon-
strated by the commercial availability of a hand-held
PACT-ultrasonography device manufactured by Seno
Medical Instruments'*=*? (FIG. 4a,b). Using this probe,
investigators in the PIONEER study imaged 1,690 women
with a total of 1,757 breast masses initially identified
using ultrasonography and classed as Breast Imaging
Reporting and Data System (BI-RADS) 3, 4 or 5 includ-
ing 1,079 benign lesions and 678 malignant lesions. The
addition of PACT improved the diagnostic specificity of
stand-alone ultrasonography by 14.9% (P <0.0001)"*.
The same imaging system was further applied to
image 209 patients with 215 breast masses classified as
BI-RADS 4a or 4b by ultrasonography'’’. Researchers
scored each lesion based on five PACT features, includ-
ing: (1) internal vascularity and deoxygenation, (2) inter-
nal blush (probably owing to the resolution limitation)
and deoxygenation, (3) internal HbT, (4) boundary zone
vasculature, and (5) peripheral zone radiating vascu-
lature. Using a weighted sum of the five feature scores,
researchers estimated the probability of malignancy on a
scale from 0% to 100% and adjusted the previous conven-
tional ultrasonography-assigned BI-RADS classification.
In this landmark study, which was designed to simulate
a real-world clinical workflow, 41% of benign masses
were correctly downgraded from BI-RADS 4a or 4b to
BI-RADS 3 or 2 by PACT-ultrasonography, highlighting
a potential decrease in the number of biopsy samples with
negative findings and the need for follow-up imaging
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Fig. 3 | Representative in vivo photoacoustic imaging for cancer detec-
tion. a| Depth-encoded angiograms of a malignant breast acquired using
photoacoustic CT°. The breast tumour (invasive ductal carcinoma, grade 2) is
indicated by the white arrows. b | Photoacoustic elastography in the region
outlined by the dashed box in part a, showing the relative area change during
breathing®. The same tumour is indicated using white arrows. c | Left, photo-
graph of a naevus located on the forearm of a human patient. Right, acoustic
resolution photoacoustic microscopy image (right) with dual contrasts of the
melanin (green) and haemoglobin distributions (red) near the naevus’. Melanin
is the primary optical absorber in melanoma. d| Cross-sectional photoacous-
tic image taken along the blue dashed line in part ¢, showing the melanin
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distribution in the depth direction’. e | Volumetric image of a basal cell carci-
noma (non-melanoma skin cancer) acquired in vivo from a human patient?.
Melanin signals are clustered at the top, with strong haemoglobin signals
underneath the lesion. f | Transrectal photoacoustic and ultrasonography
images of the prostate in a patient with prostate cancer®. AFS, anterior fibro-
muscular stroma; B, bladder; Hb, haemoglobin; HbO,, oxyhaemoglobin; HbR,
deoxyhaemoglobin; P, prostate (green dashed contour). Parts a and b
are reprinted from REF.°, CC BY 4.0; parts c and d are adapted from REF?,
CCBY 4.0; parteis reprinted from REF.*%, CC BY 4.0 (https://creativecommons.
org/licenses/by/4.0/); and part f is adapted with permission from REF.%,
American Association for the Advancement of Science.

examinations. After readjusting the image interpretation
standard, a 98.5% true-positive rate was achieved. These
data are supported by the findings of the READER-02
study'*, which involved the analysis of a subset of images
from the PIONEER study and demonstrated that the
addition of PACT to standard ultrasonography confers
a statistically significant improvement in the specificity
of diagnosis, from 38.2% to 47.2% (P=0.027) at a fixed
sensitivity of 98%.

Owing to the limited-view acoustic detection
the linear-array-based PACT approach used in these
studies could not reveal features with isotropic clarity.
Therefore, enlargement of the acoustic detection view
angle of the PACT-ultrasonography probe could further
reduce the risk of false-negative findings (or improve
the specificity) by providing better image clarity. None-
theless, this breast imaging system was approved in
January 2021 by the FDA for the assessment of BI-RADS
3-5 masses following initial ultrasonography, and is the
first FDA-approved PAI system for any medical indi-
cation®”'*. Once large amounts of open-source data
become available, machine learning can be introduced
to assess PACT image features and might enable further
improvements in tumour segmentation and image
interpretation.

Clinical studies performed by other groups have con-
firmed the diagnostic value of PACT-based imaging in
breast cancer by demonstrating statistically significantly
lower sO, levels and distributions in malignant than in
benign masses (P<0.001 for both comparisons)'**-**.
In addition to the interior regions of the tumour, data
from multiple studies involving spectroscopic PACT
also show differences in the distributions of photoa-
coustic signals from the boundary regions of benign and
malignant breast lesions'*""**'**, Specifically, the volu-
metric mean sO, in stage T1 invasive breast carcinoma

134,135
>

was found to be 7.7% lower than in benign tumours
(P=0.016) and 3.9% lower than in non-malignant
breast tissues (P=0.010)"*. The volumetric mean sO,
in tumours surrounding regions of stage T1 invasive
carcinoma was 4.9% lower than in benign tumours
(P=0.009). In particular, the peripheral zone of malig-
nant tumours tended to have a more diffuse vasculature
(blood vessels radiating both towards and away from
the tumours)"' and a lower mean sO, (FIC. 4¢). These
distinctive imaging features derived from PACT pro-
vide additional criteria for a more accurate diagnosis.
Owing to the strong correlations between breast tumour
angiogenesis and metastasis'”*", PACT can potentially
enable the risk of metastasis to be evaluated and thus
reduce the number of patients receiving a false-negative
diagnosis'”’. In addition to a single test, PACT can also
be safely used for high-speed serial imaging, to monitor
indeterminate breast lesions'*.

For wider clinical adoption, how photoacoustic meas-
urements correlate with clinical characteristics will need
to be investigated further to enable standardized inter-
pretation. Engineers developing PAI systems also need
to understand the relevant clinical workflows in order to
fulfil the potential of PAI to enhance current diagnostic
strategies and improve both patient management and
treatment outcomes. At present, most large-scale clinical
trials of breast PAI involve imaging systems that could
be further optimized for better clarity, deeper tissue
penetration, a larger FOV and higher speed.

Detection of melanoma metastases

The presence of lymph node metastases is one of the
essential criteria in melanoma staging'*'. Although
effective, lymph node excision is an invasive procedure
requiring injection of a radioactive tracer. In compar-
ison, a non-invasive imaging modality that enables
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the accurate detection of metastases could reduce the
need for invasive excision surgery for biopsy sampling
of potentially benign lymph nodes. In a clinical study
involving 214 patients with melanoma, multispectral
PACT improved the tumour metastasis detection rate
in examinations of excised sentinel lymph nodes (SLNs)
compared with the conventional imaging protocol
(22.9% versus 14.2%)**. Furthermore, when ICG was
used to enhance the imaging contrast of SLNs, research-
ers were able to image SLNs in 20 patients (FIC. 4d) with
100% concordance with *™Tc-marked SLN lymphoscin-
tigraphy. The authors also claimed to have identified
cancer-free SLNs both in patients and in excised material
with 100% sensitivity and 48-62% specificity.

Along with imaging lymph node metastases, the
improved imaging contrast provided by PAI enables
circulating melanoma cells (CMCs) present in the
bloodstream to be visualized and tracked. For this
purpose, investigators developed a flow cytography
approach based on high-speed OR-PAM coupled with
melanoma-specific localized laser therapy'*. Following
in vivo label-free imaging of CMCs in mice, a lethal pin-
point laser irradiation was immediately triggered by the
photoacoustic signal from the melanoma cell, which was
thermally killed without collateral damage. The same
research group also imaged CMC clusters in patients
using linear-array-based PACT® (FIC. 4¢). Among the
16 patients with stage III or IV melanoma, CMCs were
detected in three patients, two of whom had disease pro-
gression (diagnosed shortly before undergoing PAI). At
the same time, nine of 13 CMC-negative patients did not
have disease progression. With the addition of a stronger
laser and more sensitive acoustic detection, PACT could
be used to detect melanoma metastasis more accurately
and thus improve patient prognosis.

Guidance for biopsy

In addition to direct detection of metastases, PAI-guided
biopsy sampling could be merged into the current clini-
cal workflow. The available non-invasive imaging modal-
ities (ultrasonography, CE MRI, contrast-enhanced CT
and PET) generally lack sufficient accuracy'®, therefore,
lymphadenectomy remains the gold standard method
of lymph node assessment and staging. Compared with
lymphadenectomy, SLN biopsy sampling is a less inva-
sive method of predicting the pathological status of the
axilla. However, owing to a lack of imaging contrast,
SLNs are currently identified intraoperatively, thus
increasing the risk of morbidities'*!. To address these
limitations, investigators developed a dual-modality
PACT-ultrasonography imaging system designed to
non-invasively detect SLNs in patients with breast can-
cer based on accumulation of the FDA-approved dye
methylene blue (FIG. 4f). This method showed higher
levels of contrast in both the target SLN and the biopsy
needle®. A similar imaging strategy has also been
successfully demonstrated in animals using clinically
approved carbon nanoparticles'” and fluorescence
dyes'*®!"". Technical improvements have since been
made by introducing fast scanning of a linear array for
needle tracking in the 3D space'*. Researchers have also
modified the biopsy needle by inserting an optical fibre
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to provide deeper optical delivery'®. Since the system
relies on PACT for signal collection and image forma-
tion, inhomogeneous optical fluence near the fibre tip
compromises the image quality?’. Accordingly, this issue
remains a barrier to the direct clinical implementation of
PACT systems that involve the delivery of light through
needles. To improve image clarity and performance reli-
ability, dedicated PACT systems with optimized acous-
tic detection (for example, with an increased coverage
angle’) and optical delivery (which could be achieved
using a compressible fibre probe) need to be designed.
The upgraded PACT system could be routinely used
to guide minimally invasive SLN biopsy or fine-needle
aspiration biopsy sampling.

PAI of exogenous contrast agents

Unlike routine screening, diagnostic investigations are
more likely to detect active malignancies. Therefore, the
use of imaging modalities involving contrast agents is
more acceptable for this purpose. Exogenous contrast
agents have the potential to enable improved diagnostic
accuracy, potentially leading to improved therapeutic
efficacy’*. Owing to this potential for greater molecular
specificity, the use of PAI in conjunction with exoge-
nous contrast agents is currently an area of considerable
research interest'*'.

Several biocompatible small molecules (less than tens
of nanometres in diameter) dyes'”’, such as ICG', meth-
ylene blue®® and IRDye800CW'*?, have been used safely
in molecular PAI studies involving humans, and some
success has been reached at the proof-of-concept stage®.
In the past years, ICG has been modified to improve its
biochemical properties and molecular imaging capabil-
ity for diagnostic and therapeutic purposes. For example,
the FDA-approved anti-EGFR antibody panitumumab
labelled with an ICG derivative (ICG-EG4) has been
used as a PAI probe to detect squamous cell carcinoma
lesions in a mouse xenograft model'*’. These inves-
tigators used an in vivo PAI approach and inhibition
studies with unlabelled panitumumab to demonstrate
that ICG-labelled panitumumab specifically targets
EGFR-expressing A431 cells. Notably, panitumumab
is currently only approved for patients with colorectal
cancer'”, which would necessitate PAE-based imaging
via colonoscopy'"’ to identify EGFR-expressing tumours
and thus guide the selection of targeted therapies. More
recently, PAI of ICG conjugated to a specific antibody
against the B7-H3 receptor, a potential target identified
in patients with breast cancer (expressed on 57% of
breast cancer cells versus 43% of adjacent non-malignant
cells; P<0.05 (REF.'*%)), has been used to distinguish
human breast tumour tissue from non-malignant
breast tissue samples'*. In a relevant transgenic mouse
model of breast carcinoma, antibody-ICG conju-
gates were found to undergo spectral shifts in optical
absorption, with specific accumulation in breast can-
cer lesions. Accordingly, PAI using this targetable ICG
conjugate could improve the detection and diagnosis of
breast cancer.

PAI with exogenous contrast agents is still in the early
stages of clinical development, although PAI studies
involving various FDA-approved contrast agents have
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demonstrated the diagnostic potential of this approach.
For example, PAI of ICG uptake and extravasation in
breast cancer, in principle, provides a cheaper, faster
and higher-resolution alternative to gadolinium-based
CE MRI”. While the current clinically available contrast
agents were not specifically designed for use in conjunc-
tion with PAI systems, molecular PAT still has a potential
role in precision medicine, especially with the approval
of a greater number of contrast agents, which measure
an ever-wider range of biomarkers.

Cancer treatment assessment and guidance

In addition to cancer screening and diagnosis, PAI also
has a potential role in guiding and assessing the effects
of cancer treatment. Here, we discuss this potential in
three areas: assessing the effects of neoadjuvant chemo-
therapy; guiding surgical resection; and monitoring drug
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delivery. Descriptions of the latter two of these areas
are further subdivided based on the choice of imaging
contrast agent.

Response to neoadjuvant chemotherapy

The survival outcomes in patients with breast cancer
have been improved by the development and increased
use of systemic therapy. These improvements include
the development of neoadjuvant chemotherapy, a sys-
temic treatment given before surgery, which can increase
the likelihood of breast conservation and might also
enable downstaging, whereby patients with disease
deemed unresectable can become eligible for surgery'”’.
Identifying patients with an early response to neoad-
juvant chemotherapy provides important prognostic
information and enables clinicians to optimize and
personalize the treatment approach'*®. Similarly, rapid
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< Fig. 4| PAI for cancer diagnosis. a | A benign fibroadenoma, downgraded following

photoacoustic CT (PACT)'*°. The ultrasonography (US) image (left) shows an
indeterminate lobulated hypoechoic solid breast mass that was classified as 4a using
the Breast Imaging Recording and Data System (BI-RADS). PACT-ultrasonography
combined maps show a lack of microvasculature within the tumour (middle) and

a normally oxygenated mass (right). These PACT features suggest the presence of
abenign mass, such as a fibroadenoma. This mass was correctly downgraded from
BI-RADS 4a (with ultrasonography only) to BI-RADS 3 using PACT-ultrasonography
(biopsy-confirmed). b | A grade 3 invasive ductal carcinoma that was upgraded from
BI-RADS 3 on ultrasonography to BI-RADS 5 on PACT-ultrasonography'*. Conventional
ultrasound morphology (left) shows an oval well-circumscribed hypoechoic mass
located in the right breast. These imaging features suggest the presence of a benign
lesion, such as a fibroadenoma. PACT-ultrasonography, however, reveals a substantial
increase in haemoglobin content (middle) and a hypoxic vasculature indicated in

red (right). PACT features suggest the presence of an active carcinoma, which was
confirmed by analysis of a biopsy sample obtained after diagnostic imaging. ¢ | The

sO, density distribution in the tumour regions (top) and tumour-surrounding regions
(bottom) of an invasive breast cancer (red lines) and a breast fibroadenoma (blue lines)**.
d | PACT images of the sentinel lymph nodes (SLNs) in a patient with no detectable
metastasis (patient 1), a patient with pigmented cells in the SLN, where no evidence

of metastasis was found on histology (patient 2), and a patient with a positive SLN
confirmed by immunohistochemistry (patient 3)**. The volumetric image on the right
shows both melanin and indocyanine green (ICG) distributions in the SLN. e | In vivo
PACT snapshots of a melanoma circulating cell cluster in the bloodstream of a patient®.
The rightimage is a coregistered PACT-ultrasonography image of the SLN and needle. The
red dashed circles highlight the melanoma cell cluster. | In vivo images of an SLN and
biopsy needle, acquired using ultrasonography (left) and PACT (middle) in real-time®.
CMC, circulating melanoma cell; HbO,, oxyhaemoglobin; HbR, deoxyhaemoglobin;

HbT, total haemoglobin; VB, vessel boundaries. Parts a and b are reprinted from REF.?%;
part cis reprinted from REF."*%; part d is adapted with permission from REF.”%, American
Association for the Advancement of Science; part e is reprinted from REF*; and part fis
adapted from REF.?°, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

evaluation of the effectiveness of novel therapeutic
agents in this setting requires accurate imaging strate-
gies to monitor the tumour response'”. Non-invasive
clinical imaging methods are currently dependent on
tumour morphology and size measurements, which
might not comprehensively reflect a response to therapy.
Furthermore, therapy-induced fibrosis often impedes
the ability to obtain accurate measurements using
standard clinical imaging approaches'®.

Comparable to a contrast-free, high-speed and high-
resolution version of MRI, a breast PACT imaging sys-
tem has been used for tumour imaging in three patients
with breast cancer at three different time points: before,
during and after neoadjuvant chemotherapy'®" (FIG. 5a).
Analyses of tumour diameter, vascular density, and vas-
cular distribution and morphology provided accurate
indications of the response to neoadjuvant chemother-
apy, as confirmed by histopathological analysis. In addi-
tion to monitoring detailed angiographic alterations, a
decrease in intratumoural HbT and sO, was observed
in a patient with breast cancer imaged using PACT'*.
To implement these observations, a larger-scale clin-
ical study is needed, using a high-performance PACT
system that can reveal both the detailed anatomy and
subtle functional changes associated with breast cancer.
Owing to the small diameters of many of the lesions,
the high level of detection sensitivity provided by PACT
could be used to non-invasively confirm the complete
eradication of all tumour material (to determine a patho-
logical complete response). A diagnostic scheme based
on PACT features would also need to be established
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and integrated into the current clinical workflow for
neoadjuvant therapy.

Guidance for surgical resection

The roles of PAI in surgery can be separated into ex vivo
examination of the tumour margins in surgical speci-
mens and in vivo guidance in localizing the lesion. For
in vivo guidance, PAI can image either endogenous
or exogenous contrast, revealing anatomical, func-
tional and molecular information that can enable more
accurate and safer excision'®’.

Intraoperative cancer margin examination. Instead of
removing the entire breast tissue during mastectomy,
60-75% of patients with breast cancer will undergo
breast-conserving surgery with the aim of removing the
tumour and surrounding tissue only. Current clinical
practice is to rely on histological analysis of the surgical
specimen after completion of surgery to confirm that
complete excision of all cancer cells has been achieved'**.
This approach implies that patients with cancer cells
detected at the specimen margins will require additional
surgery. At present, no intraoperative tools capable of
microscopically analysing an entire lumpectomy speci-
men are available, resulting in 20-60% of patients under-
going second surgical procedures®. By taking advantage
of the intrinsic optical contrast of biological tissues, UV
light can highlight the presence of cell nuclei'®, thus
providing the same level of contrast as the haemato-
xylin labelling used in conventional histology while
requiring no staining or labelling™ (FIG. 2d). Therefore,
UV light-excited OR-PAM could be used intraopera-
tively to guide immediate re-excision and thus reduce
the number of second procedures. The same group that
initially reported this possibility has since improved the
speed of this imaging approach by applying microlens
and linear ultrasonic arrays for parallel excitation and
detection'®“. This system is capable of scanning a mouse
brain slice with an image acquisition time of 16 min, sug-
gesting early promise for the intraoperative assessment
of surgical margins. Faster scanning approaches™ and
computer-aided diagnosis are being developed to better
fulfil clinical needs, and imaging specificity can be fur-
ther improved by using multiwavelength illumination.
For example, by adding 700-nm light excitation, micro-
calcifications can be revealed with increased imaging
depth'?. Intraoperative OR-PAM can be used to acquire
images of tumour histology without the need for fixation
or further processing of the surgical specimen, although
this method usually introduces blank regions into the
image. Deep learning methods might be helpful in ana-
lysing these images, particularly for pathologists who are
used to analysing sliced specimens.

Label-free PAI for real-time guidance. With the develop-
ment of minimally invasive surgical procedures, an
increasing need for precise imaging-based guidance
exists. PAI, coupled with ultrasonography, naturally
provides dual-modality imaging with the addition of
functional optical contrast. For example, the real-time
monitoring of sO, distribution in surgical regions would
facilitate tumour resection with minimal invasion of
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Fig. 5 | Photoacoustic imaging for assessment and guidance of cancer treatment.
a|Human breast images acquired using photoacoustic CT (PACT) and dynamic contrast-
enhanced MRI(DCE MRI) before and after neoadjuvant chemotherapy''. Correlated
structures are marked by white arrows. PACT reveals a greater level of angiographic details
within a single breath-hold of 15s. b | MRI (top) and photoacoustic image (PAl, middle) of a
mouse model of glioblastoma labelled with silica-coated gold nanoparticles'’”. An overlaid
image (bottom) of the photoacoustic signal (green) laid over the MRI (red) shows good
colocalization of the two imaging modalities. ¢ | PACT monitoring of the therapy response
of a tumour on different days following injection of plasmonic gold nanostars'*’. Arrows
indicate the presence of vascular alterations during photothermal therapy. Part ais
reprinted from REF.***, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/); part bis
adapted from REF.'"7, Springer Nature; part c is reprinted with permission from REF.'*, Wiley.

the adjacent non-malignant tissue'®. Several research
groups are currently exploring the role of PAI coupled
with certain surgical tools, such as the robot-assisted sur-
gery systems used for robot-assisted hysterectomy'*'7°.
Although the reported rate of intraoperative ureteral
injury is <0.78%'"', 50-70% of such injuries are unde-
tected during surgery'”>. The uterine arteries are usually
cauterized during hysterectomy and PAI-based guid-
ance of the procedure could potentially reduce the risk
of accidental injury to the ureters'”*, which are located
within millimetres of the arteries. Another example is the
potential to reduce the risk of arterial injury in patients
requiring surgical resection of pituitary tumours. Optical
fibres can be coupled to a surgical tool introduced into
the nose to illuminate the internal carotid arteries, which
are detected using an external transcranial ultrasound
probe placed at the patient’s temple'”*'”. Nonetheless,
more sophisticated PAI probes with higher levels of sen-
sitivity and image quality are required to achieve fur-
ther progress. For example, based on an FPI film sensor,
investigators developed a forward-view PAE system with

a 3.2-mm diameter footprint that is capable of imag-
ing the microvascular anatomy at a resolution of tens
of micrometres and with an imaging depth of several
millimetres'"”. In summary, although such systems are
still in their early stages, novel PAI systems have shown
potential for image-guided surgical procedures.

Contrast-enhanced PAI for real-time guidance. In
addition to using endogenous contrast for guidance
of surgery, many exogenous contrast agents (typically
nanomolecules) have been designed to accumulate at
target sites and enhance the photoacoustic signal omit-
ted by the target lesions'”®. Owing to the strong optical
absorption (orders of magnitude greater than that of
organic dyes) in the NIR range, various gold nanopar-
ticles have been developed for PAI. For example, gold
nanoparticles coated with silica that includes Raman
and MRI-active layers have been developed for triple
modality (PAI-MRI-Raman) imaging for the accurate
delineation of brain tumour margins'”’ (FIG. 5b). When
intravenously injected into glioblastoma-bearing mice,
these nanoparticles accumulate and are retained by the
tumours without accumulating in the surrounding non-
malignant tissues, thus enabling non-invasive tumour
delineation through the intact skull.

For faster clinical translation, researchers have also
investigated PAI of magnetic iron oxide nanoparticles
that have the advantages of being biodegradable and
having low levels of toxicity, and have already been used
in combination with MRI in patients'’. PAI of breast
cancers targeted using this nanoparticle conjugated with
NIR dye-labelled peptide fragments has been reported in
a mouse model'”. Similar to fluorescence imaging, PAI
provides high levels of contrast while maintaining similar
imaging depths and levels of resolution as those achieved
with ultrasonography. Surgeons currently might use
ultrasonography to assess the tumour margins during
certain forms of central nervous system tumour resec-
tion. The integration of PAI could potentially improve
both the sensitivity and specificity of this approach,
and thus better identify residual lesions. Thus far, no
tumour-labelling dye designed for use with PAT has been
approved by the FDA, although this imaging modality
can in principle detect any FDA-approved chromophores
that are optically absorptive'*'. Here, spectroscopic PAI
would typically be used to differentiate the contrast
agents from the haematogenous background.

Monitoring drug delivery

Real-time monitoring of pharmacokinetic and phar-
macodynamic processes in biological tissues provides
important feedback for cancer therapy. In this regard,
PAI offers several notable advantages over other imaging
modalities in small animal research, particularly for stud-
ies requiring high-contrast, high-speed, high-resolution
and whole-body imaging of drug delivery'*'**'*'. In clini-
cal practice, however, fewer prescribed drugs strongly
absorb NIR light, which is needed to penetrate relatively
deeply (>1cm) into biological tissues. As a result of this
lack of NIR absorption, various drug carriers that absorb
NIR light have been developed for PAI'”. Notably, cer-
tain contrast agents can also act as photothermal therapy
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(PTT) and/or photodynamic therapy (PDT), such as
gold nanoparticles'*>'®.

Nanoscale drug-conjugated carriers. Various nanopar-
ticles are emerging as useful drug carriers and contrast
enhancers for PAI'*-'%, For example, doxorubicin,
a drug designed to inhibit the proliferation of human
breast cancer cells, can be loaded into fucoidan-capped
gold nanoparticles for PAI of anticancer therapy in
breast cancer cell lines'**. Another group developed
organic vesicles with a drug release mechanism under
laser illumination. This approach enables PAI to be per-
formed using a wider light beam with a lower fluence
with intermittent drug release achieved by shrinking the
beam width for a higher fluence'*. Combined with
the use of FDA-approved dyes, such as ICG, to enhance
light absorbance, drug carriers prescribed for human
use can be tracked in vivo using PAI. Although much
research and testing remains to be conducted, PAI has
the potential to complement PET-CT to enable high-
resolution, high-speed, localized imaging, especially in
scenarios requiring frequent non-invasive assessments.

Photothermal and photodynamic agents. Light-
activated, photosensitizer-based therapies have been
established as safe modalities for tumour ablation via
either localized thermal or chemical damage. PTT usu-
ally involves higher laser fluences than PDT (typically
50-100]/cm?)'¥, whereas the illumination required for
PAI involves an optical fluence three orders of magni-
tude lower (typically <100 mJ/cm?) than that required for
PDT?™. Similar to PAL both PTT and PDT are restricted
to depths within the optical dissipation limit; therefore,
PAI could be used in parallel to provide anatomical,
functional and molecular information to guide these
two emerging therapeutic fields.

PTT agents have not yet been tested in large-cohort
clinical trials. Nonetheless, these agents have several
properties that could be implemented for clinical PAI
approaches, such as increased photothermal efficiency
with lower illumination and the ability to act as perfect
PAI contrast agents'”’. Common PTT agents can be clas-
sified into five types'®’: organic dye molecules (such as
ICG); organic nanoparticles (such as porphyrin-lipid
conjugate porphysomes'”’); noble metal materials (par-
ticularly gold nanoparticles'®); carbon-based materi-
als (such as carbon nanotubes'”'); and other inorganic
materials (such as quantum dots'*?). For example, cyclic
Arg-Gly-Asp (RGD) peptide-conjugated plasmonic
gold nanostars (GNS) are designed to specifically tar-
get the newly developed tumour vasculature, enabling
highly sensitive photoacoustic angiography and PTT.
After the administration of RGD-GNS, tumour growth
is effectively inhibited by the activation of the PT'T using
continuous wave laser irradiation'® (FIG. 5¢). In 2019,
a phase I trial demonstrated the safety and feasibility
of sterile nanoshells with a silica core and gold shell for
focal PTT-based tumour ablation in patients with pros-
tate cancer'”’. These nanoparticles can be imaged using
a PACT-based endoscope’.

Agents capable of acting as PDTs have been used to
treat patients with cancer for decades'®’. Common PDT
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agents include porphyrin and chlorin or phthalocyanine
derivatives, most of which have high photothermal con-
version efficiencies'”*. PDT has been applied clinically
in patients with cancers of the skin'”, oesophagus'®,
lung'” and prostate'*. Probably owing to limited clinical
resources, PAI has not been used to image agents capable
of PDT in patients, although several preclinical studies
have demonstrated the potential of this approach'*-%.
For example, in an analysis of the performance of five
photosensitizers as PAI contrast agents, zinc phthalocy-
anine (ZnPc) provided the highest photoacoustic signal
amplitude'”. ZnPc was then injected into mice bearing
subcutaneous tumours. Using PAI, researchers demon-
strated the accumulation of ZnPc over time with the
peak tumour to muscle ratio of the photoacoustic signals
appearing 1 h after ZnPc injection, thus demonstrating
the potential of photosensitizers as PAI contrast agents.
In summary, PAI has the potential to image PDT/PTT
agents in real time in patients with cancer. By imaging
both endogenous (blood concentration and sO,) and
exogenous contrasts (the PDT/PTT agent), PAI could
enable improved therapy monitoring and assessment.

Radioactive seed localization. The role of PAI in real-
time seed tracking in the context of cancer brachyther-
apy has also been explored”*~". Owing to their tiny
size (diameter <1 mm), the seeds filled with isotopes
are barely detectable using ultrasonography and are
currently located using post-procedural MRI or X-ray
CT. For real-time seed deployment, investigators used
in vivo PAI to place three brachytherapy seeds coated
with black ink into a dog’s prostate’”’. The PAI system
illuminated the seeds via an optical fibre inserted into
a brachytherapy needle and photoacoustic signals were
detected using a transrectal ultrasound probe. PAI
has the potential to complement whole-body imaging
modalities and provide more localized, clearer and faster
imaging of the seeds, particularly when the targeted
lesion is located within the light dissipation limit’.

Conclusions

Over the past decade?”, the clinical translation of PAI
has accelerated owing to improved access to multi-
channel data acquisition modules and customizable
large-scale ultrasonic arrays. Multiscale PAI with con-
sistent contrast could have an important role in biomed-
icine because it provides scalably high levels of spatial
resolution and imaging depth and thus enables a holistic
understanding of biological functions, from organelles
to organs™. PAI has shown promise to provide guidance
on cancer screening, diagnosis and treatment (FIG. 6).
Specifically, PACT has been used successfully to detect
breast tumours based on their associated angiogenesis
and relative stiffness, has guided the diagnosis of such
lesions based on the level of blood oxygen saturation
and vascularity, and has been applied to assess treatment
responses based on changes in anatomy and function.
In early 2021, the first PAI system was approved by the
FDA for breast cancer diagnosis’'. In human skin, PAM
and PACT have been applied to delineate skin cancer
masses, track circulating cancer cells, and detect mela-
noma metastases in SLNs. PAE has demonstrated utility
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Fig. 6 | Selection of the PAI configurations and contrasts according to clinical applications. ICG, indocyanine green;
PACT, photoacoustic CT; PAE, photoacoustic endoscopy; PAl, photoacoustic imaging; PAM, photoacoustic microscopy;
SLNs, sentinel lymph nodes. *A hand-held PACT probe has been approved by the FDA for breast cancer diagnosis®..

for the detection of prostate cancer and the potential to
image other internal organs. PAM has also shown prom-
ise as an intraoperative method of assessing cancer mar-
gin status, thus avoiding the need for fixation, staining
or even sectioning of the excised specimens. Combined
with contrast agents, photoacoustic molecular imaging
is expected to benefit precision medicine by providing a
more precise diagnosis that enables more effective treat-
ment. In summary, PAI has been developed to provide
advanced imaging performance and could form the
basis of several broad clinical applications. However,
long-term and dedicated comparative clinical studies are
required to establish the added value of specific applica-
tions. Evidence-based integration into clinical workflows
is also essential.

From the application perspective, intensive efforts are
being made to achieve successful clinical translation. To
facilitate cancer screening, the reliability of PAI needs to be
improved by standardizing both the technology and its
operation. Radiologists are likely to be the early adopters
of this technology, and many will require specific train-
ing on how to interpret the new information and image

features acquired by PAI systems, which can be natu-
rally integrated with ultrasonography. To benefit cancer
diagnosis, more comparative clinical data are required
to develop a diagnostic model that clearly improves and
can be integrated into the current workflow. Other than
direct cancer diagnosis, PAI can also aid existing diag-
nostic methods (such as core needle biopsy sampling)
with the development of custom-designed PAI systems.
To aid cancer treatment, PAI can potentially provide
feedback on the effects of therapeutic interventions. For
example, anti-angiogenesis therapy has been proven to be
effective in only a subset of patients with cancer’”, who
might have a similar angiographic anatomy’®. Therefore,
PAI could be used as a prognostic tool and also improve
treatment outcomes by enabling timely monitoring.
Further clinical translation of these various approaches
will require a transition from scattered and small-
scale feasibility studies to application-oriented and
large-scale, prospective clinical trials designed to identify
specific improvements to existing workflows.
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