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The use of optoacoustic imaging takes advantage of the photoacoustic effect to generate high-contrast, high-resolution medical images
at penetration depths of up to 5 cm. Multispectral optoacoustic tomography (MSOT) is a type of optoacoustic imaging system that
has seen promising preclinical success with a recent emergence into the clinic. Multiwavelength illumination of tissue allows for the
mapping of multiple chromophores, which are generated endogenously or exogenously. However, translation of MSOT to the clinic is
still in its preliminary stages. For successful translation, MSOT requires refinement of probes and data-acquisition systems to tailor to
the human body, along with more intuitive, real-time visualization settings. The possibilities of optoacoustic imaging, namely MSOT,

in the clinic are reviewed here.

©RSNA, 2020

ptoacoustic imaging is an emerging imaging method

that has recently gained popularity as a clinically trans-
latable technique. Optoacoustic imaging uses the pho-
toacoustic effect, which is the generation of mechanical
pressure waves as a result of light absorption of chromo-
phores and subsequent thermoelastic contractions (Fig 1).
Advantageous to conventional and optical imaging tech-
niques, optoacoustic imaging uses near-infrared (NIR)
light, which is highly transparent to biologic tissue as an
excitation source. The high-transparency characteristics of
NIR light mitigate the issue of photon scatter in tissue and
therefore allow for increased-depth penetration into tissue
with reduced sacrifice to resolution (1,2). In essence, high
spatiotemporal and spectral resolution from light-based il-
lumination imaging is merged with excellent depth pen-
etration of US imaging to result in a clinically relevant tool
for noninvasive imaging (3,4).

It is important to note the tradeoff between resolution
and imaging depth, as optoacoustic techniques range from
having macroscopic purposes (optoacoustic and photo-
acoustic CT) to microscopic purposes (optoacoustic mi-
croscopy) (5). Although optoacoustic microscopy is better
suited for high-resolution imaging, lack of depth penetra-
tion limits applications to topical imaging. As an example,
two major types of optoacoustic microscopy are optical-res-
olution photoacoustic microscopy and acoustic-resolution
photoacoustic microscopy. Both optical- and acoustic-res-
olution photoacoustic microscopy use narrow field—illumi-
nation lasers with high-frequency transducers that must be
mechanically translated to acquire three-dimensional (3D)
images. A systematic distinction between acoustic-resolu-
tion and optical-resolution photoacoustic microscopy is in
the illumination beam. Acoustic-resolution photoacoustic
microscopy uses a laser that is either loosely focused or
not focused with a focused-detection transducer, whereas

optical-resolution photoacoustic microscopy uses a tightly
focused incident beam. The different beams produce dif-
ferences in the lateral spatial resolution, in which optical-
resolution photoacoustic microscopy is better than acous-
tic-resolution photoacoustic microscopy (6). Although the
clinical applications of optoacoustic microscopy are heavily
limited by a penetration depth of a few millimeters, they
are advantageous in that only the small focal region must
be illuminated, allowing for the use of inexpensive low-
powered lasers (7).

Optoacoustic tomography can image at depths up to
5 cm, allowing for noninvasive organ imaging in a clinical
setting. Typically, optoacoustic tomographic systems use
large-field illumination and capture generated ultrasonic
waves with a two-dimensional or 3D array of transduc-
ers. Substantial improvements in optoacoustic detection
systems have allowed for real-time image visualization, a
valuable feature in the clinic. Further, optoacoustic tomo-
graphic systems have been equipped with multiwavelength
illumination capabilities, which allow for separation of the
complex signal into additive subcomponents, otherwise
known as spectral unmixing (5). Addition of multiwave-
length illumination to optoacoustic tomography creates a
powerful tool that allows for a noninvasive and spectrally
enhanced clinical method of tracking multiple agents
within the body, known as multispectral optoacoustic
tomography (MSOT) (5,8). Several companies have de-
veloped commercially available optoacoustic tomographic
systems for medical imaging (Table 1). Most often, opto-
acoustic tomographic imaging systems are coupled with
US imaging capabilities to provide a complete anatomic
and/or optoacoustic signal map of the target tissue (Fig 2)
(4,9,10).

Akin to other imaging techniques, MSOT and other
optoacoustic imaging technologies employ reporter agents,
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Abbreviations

ICG = indocyanine green, MSOT = multispectral optoacoustic
tomography, NIR = near infrared, OPO = optical parametric oscil-
lating, 3D = three-dimensional

Summary

Multispectral optoacoustic tomography is a rapidly emerging modal-
ity with recognized potential in the context of clinical adaptation for
the purpose of imaging cancer.

Essentials

= Multispectral optoacoustic tomography (MSOT) is an optoacous-
tic imaging modality that mitigates issues such as low sensitivity,
potential bodily risks, and high cost, which are inherent to con-
ventional imaging techniques.

= Recently, a few clinical applications of MSOT have emerged, such
as for breast, prostate, gynecologic, and dermatologic cancers.

» Spectral unmixing algorithms allow for detection of multiple
chromophores, which can be visualized separately in real time or
merged offline.

whether endogenous to the body or exogenous, to enhance
contrast for identification of disease. Most diseases tend to re-
sult in overexpression or alteration of various molecules in the
body, some of which are optoacoustic by nature and are there-
fore detectable directly by using MSOT (8,11,12). The use of
these endogenous agents eliminates the need for unnecessary
risk associated with introduction of a drug into the body, while
still providing structural and functional information. However,
endogenous agents are often weak reporting agents in terms of
specificity and intensity. To this end, a wide range of exogenous
agents have been under development to mitigate this issue of
sensitivity and be used in detection and tracking of the progres-
sion of various diseases. Some of these exogenous agents include
NIR organic dyes and nanostructures with modified surfaces
(12,13). Although standard techniques have proven adequate,
there is much room for growth when considering reconstruc-
tion, visualization, and quantification methods in MSOT.

‘The potential value of optoacoustic imaging, namely MSOT,
in the clinic has been recognized, but successful clinical transla-
tion is currently in preliminary stages (14). Indeed, with devel-
opment of contrast agents and technological advances, in terms
of excitation, detection, and computation, the clinical relevance
of MSOT has substantially increased. This article overviews op-
toacoustic imaging configurations, visualization, endogenous
and exogenous contrast agents, and emerging applications in a
clinical setting.

System Configurations

There are many different clinical optoacoustic tomographic
imaging platforms, each consisting of a laser, a transducer, and
a data-acquisition and image-processing system. The incident
laser delivers NIR light in nanosecond pulses to illuminate the
entire region of interest within tissue. Low-powered lasers (ap-
proximately 6 W) allow for a high pulse-repetition frequency,
yielding improved signal-to-noise ratios, assuming no misreg-
istration as a result of motion. These lasers are often smaller
and less expensive than high-powered lasers but require more

averages to increase the signal-to-noise ratio (15). MSOT uses
a higher-powered (1.25-MW) pulsed, optical parametric oscil-
lating, neodymium-doped yttrium—aluminum—garnet solid-
state laser to excite the tissue.

Once an optoacoustic signal is generated by the tissue, it will
propagate outward to be detected by low-frequency transducers.
In turn, these transducers convert the mechanical optoacoustic
signal to an electrical signal for subsequent image processing.
Low-frequency transducers are used because of the capabil-
ity to detect strong, low-frequency optoacoustic signals. These
low-frequency signals are subject to less acoustic attenuation
than high-frequency signals, allowing for deeper imaging (6).
The transducers used depend on system configuration, but fre-
quently, one-dimensional or two-dimensional linear-array trans-
ducer systems are found to be advantageous for optoacoustic im-
aging. Although integration of optoacoustic lasers into existing
US systems seems attractive, the transducers used in clinical US
machines are typically not broadband enough to handle opto-
acoustic signals (16,17).

A linear-array transducer can have either a planar or a curved
detection geometry, optimized for imaging of superficial targets
such as the skin or microvasculature. The feasibility of using
linear-array transducers in the clinic is limited by a small field
of view, poor image quality, and frequent artifact introduction
(18). Curved linear-array detectors are typically seen as arc-
shaped detectors with rotational stages for image acquisition in
multiple positions. The ability to scan along the axial direction
to create 3D images has yielded better spatial resolution and a
higher sensitivity than has been yielded by planar linear-array
detectors (18,20). The Vevo LAZR (VisualSonics, Toronto, On-
tario, Canada) is a commercially available small-animal imaging
system that uses a curved linear-array transducer with a stepper
motor to create 3D images (21).

Hemispheric transducer arrays, or circular-array transduc-
ers, are arranged in a bowl-like structure with an opening for
laser excitation. Clinically, these have been used in optoacoustic
mammography to acquire complete 3D volumetric information
(22). This configuration and other 3D configurations are advan-
tageous in that each has a wide field of view that provides high-
quality images, as there is complete information for reconstruc-
tion. Although these systems produce quality images, limitations
stem from the need to encompass the entire region of interest, a
task that is not always feasible in the clinic. The Nexus 128 (En-
dra, Ann Arbor, Mich) is a commercially available small-animal
optoacoustic imaging system with 128 transducers arranged in
a hemispheric configuration allowing for 3D reconstructions
(21). Dedn-Ben and Razansky have developed a handheld hemi-
spheric transducer probe to acquire volumetric MSOT images
from a small field of view in real time (23). Volumetric MSOT
has the ability to obtain molecular, functional, and anatomic in-
formation in real time, a feature not present in the majority of
current imaging modalities.

Image Processing and Visualization

MSOT uses multiple wavelengths to acquire optoacoustic
images, allowing for the identification of multiple distinct
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Figure 1:

Schematic of process of optoacoustic signal generation through image reconstruction. NIR = near infrared.

Table 1: Available Optoacoustic Imaging Devices and Characteristics

Parameter MSOT Acuity* Imagio* Vevo LAZR-X

Manufacturer iThera Medical Seno Medical VisualSonics

Image acquisition Arc-shaped detector array, 256 Linear detector array, 128 ele- Linear detector array, 256 ele-
elements, 4 MHz ments, 5 MHz ments, 9-70 MHz

Penetration depth Up to 50 mm Up to 20 mm Up to 30 mm

Laser wavelength 660-1300 nm 757 nm and 1064 nm 680-970 nm, 1200-2000 nm

Wavelength tuning speed <10 msec NA (only two wavelengths) <1 sec

Resolution <400 mm Not documented 30 mm

Sensitivity <100 nM for dyes in phantoms Not documented <500 nM for dyes in phantoms

uUs Integrated US (Acuity-Echo) Integrated US Integrated advanced US

Real-time spectral unmixing for
several contrast agents

Spectral processing

Offline spectral unmixing for
several contrast agents

Ratio comparison of two wave-

lengths for hemoglobin

Note.—MSOT = multispectral optoacoustic tomography, NA = not applicable.

* Conformité Européenne—marked systems

chromophores based on unique spectral identifiers (8). If
the image needs to be reconstructed in real time, a back
projection reconstruction can be used. Although sufficient,
back projection places a higher emphasis on high-frequency
signals and produces negative values in the images (24).
MSOT software allows the user to modify the bandpass
filter to adjust the low- and high-frequency cutoffs and re-
move the negative values before back projection reconstruc-
tion. A more accurate reconstruction algorithm is a model-
based approach. This approach factors in the geometry of
the transducer, yielding a more accurate image, but this is at
the cost of computational performance time. Model-based
reconstructions are favorable and frequently used to recon-
struct offline (24).

Radiology: Imaging Cancer Volume 2: Number 6—2020 = radiology-ic.rsna.org

After successful reconstruction, the spectral shapes of these
chromophores must be unmixed from each other and the back-
ground to positively identify respective origins. The process of
spectral unmixing requires subpixel detection in that the signal
produced from each individual pixel can be a composite signal
from one or more chromophores in different concentrations.
High heterogeneity of human tissue also has a substantial effect
on the acoustic properties of the tissue, resulting in wavelength-
and position-dependent optical fluence problems that affect the
spectral signature produced. This phenomenon is commonly
termed spectral coloring (25,26). The nonuniformity of human
tissue poses a challenge for characterizing the optical properties
of tissues; however, complex nonlinear mathematic formulations
can be used to account for the spectral coloring (25,27).
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Figure 2: Muliispectral optoacoustic tomographic (MSOT) images from different commercially available optoacoustic (OA) medical imaging systems. Images were
acquired noninvasively from patients with breast cancer [MSOT Acuity [iThera Medical] and Imagio [Seno Medical]) or from excised lymph nodes in patients with melanoma
(Vevo LAZR [VisualSonics]). Each set of images exhibits US imaging, OA imaging, and the overlay of the two modalifies. Adapted, with permission, from references 4 (MSOT
Acuity), @ (Imagio), and 10 (Vevo LAZR).

When using MSOT in vivo, a linear regression is used to
unmix the spectral signatures in real time. To use a linear-
regression unmixing method, the spectra of interest must be
predefined, usually as oxyhemoglobin, deoxyhemoglobin,
and another agent of interest. Although linear unmixing
models are most commonly used, these models assume that
wavelength- and depth-dependent fluence issues are uniform
and therefore can be neglected (28). Many different unmix-
ing algorithms have been successfully developed to obtain
information of interest, but there is no reference standard.
The unmixing algorithms include statistical detection meth-
ods such as adaptive match filters, adaptive cosine estimators,
principle component analysis, and independent component
analysis. These statistical methods model the background as a
multivariate distribution, in which statistical outliers are then
defined as locations of positive targets (25,26). Modeling the
background as a statistical distribution handles spectral color-
ing by accounting for spectral fluctuations. Statistical meth-
ods are successful for small, spatially constrained targets, such

as solid tumors or tissue metastases, but would fail in cancers
in which the target is spread throughout the blood or back-
ground tissue. Principal and independent component analy-
ses are unique in that they can be used blindly, with no prior
knowledge of the target spectra. Although seemingly advan-
tageous, these blind methods introduce uncertainty and are
often not reproducible (25).

After successful unmixing, the image can be visualized
where signal from each optoacoustic agent is layered on a
grayscale background image. The wavelength of the back-
ground image can be chosen on the basis of the experimental
needs. Choosing a wavelength around 900 nm for the back-
ground image will highlight anatomic features while mini-
mizing background contributions from the strongly emitting
chromophores, oxyhemoglobin, and deoxyhemoglobin. The
background image can be modified offline at any point in the
image processing. Preclinically, it is possible to visualize mul-
tiple chromophores on the same background image in real
time. However, clinical MSOT imaging in real time requires
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Figure 3: A-D, Muliispectral optoacoustic tomographic (MSOT) images of human breast reconstructed online using a delay-and-sum method. E-H, The same MSOT im-
ages reconstructed offline using a model-based method followed by linear unmixing. |, Merged image of all four absorbers unmixed and visualized in images E-H. Adapted,

with permission, from reference 8. Hb = deoxyhemoglobin, HbO, = oxyhemoglobin.

each agent of interest to be in a different panel. Offline, the
different agents can be merged and layered to visualize their
interactions (Fig 3) (8).

Contrast Agents

Endogenous Agents

Endogenous optoacoustic agents are attractive because their
use eliminates the need for introduction of any additional ma-
terials into the body. However, the application of endogenous
agents is small; specificity regarding target molecular processes
is often disrupted by the abundance and nonspecificity of the
agent. Blood proves to be the strongest endogenously available
optoacoustic contrast agent because of the absorption profile
of hemoglobin (11). Most notably, oxyhemoglobin portrays
a different absorption profile than deoxyhemoglobin, result-
ing in the two molecules exhibiting unique spectral signatures
(Fig 4, A) (29,30). Differentiation of spectral shape allows for
visualization and determination of telling features, potentially
providing information on the location of necrotic, hypoxic,
or angiogenic areas (31). This information is particularly rel-
evant in the context of measuring tumor response to therapies,
and these locations can also be used as biomarkers (32,33).
Such preclinical studies provide potential evidence for future
human applications. Spectra of both oxyhemoglobin and de-
oxyhemoglobin reside within NIR window 1, defined as the
space between 650 and 950 nm. Although melanin provides a
strong optoacoustic signal, high concentrations coupled with
nonspecific biodistribution could potentially hinder the ability
to resolve other optoacoustic agents (34). However, incorpora-
tion of melanin into other exogenous contrast agents may serve
to mitigate the issue of nonspecific distribution. Melanin falls
into both NIR-absorbing windows, exhibiting high absorbance
level between 650 and 1350 nm. Other endogenous optical
absorbing agents have been detected in tissue, including water,
lipids, bilirubin, cytochromes, elastin, and collagen, as well as
DNA and RNA (13). Because all of these endogenous agents
have unique NIR absorbance profiles, the issue of nonspecific
distribution within the body limits efficacious use as a targe-
table agent for preclinical research and subsequent translation.
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Exogenous Agents

Introduction of exogenous optoacoustic agents circumvents
the issue of nonspecificity associated with endogenous agents.
As previously mentioned, in many diseases, there are unique
molecular signatures that could be exploited for tracking of
related cellular processes (eg, extracellular expression of epider-
mal growth factor receptor on cancer cells). Further, absorption
profiles of these exogenous agents are often tunable; slight al-
terations in structure or synthesis procedure may yield unique
distinction in absorption profiles, allowing for improved spec-
tral unmixing of multiple agents. In contrast to endogenous
materials, use of exogenous contrast agents creates a dose-to-
signal tradeofl, raising concerns of toxicity (13).

Organic dyes.—Clinically approved organic dyes, including
indocyanine green (ICG) and methylene blue have been shown
to generate optoacoustic signal in addition to the more com-
monly addressed feature of generating fluorescence signal (35)
(Fig 4, B). Particularly, ICG rapidly binds large-sized albumin,
creating an impermeable probe for detection with optoacoustic
modalities. Isosulfane blue is another example of an organic
dye used for photoacoustic imaging (36). In addition, a variety
of fluorescence molecules have shown the potential for gen-
erating optoacoustic signal detectable with modalities such as
MSOT. These include cyanine dyes and NIR proteins such as
Cy-series (37) and the iRFP-series (38) of agents. An example
of an NIR dye is IRSO0CW (39), which is currently in phase II
trials for fluorescence imaging and has shown optoacoustic sig-
nal generation with associated imaging targets (40). Recently,
the potential for the use of squaraine dyes in optoacoustic ap-
plications has been summarized, with the summary including
how structural characteristics are thought to affect absorption
spectra (41). Synthesized organic dyes are most often used
for perfusion imaging when used as single-element contrast
agents, but incorporation into other technologies provides im-
provements to photostability, clearance, and specificity by ac-
tive targeting for use as a molecular probe (42).

Nanoparticles.—Gold nanoparticles have been among the
most-studied metal-based optoacoustic contrast agents, as the
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Figure 4: Absorpfion profiles of select, A, endogenously generated contrast agents and, B, organic-dye contrast agents. C, Outline of

nanoparticles used for optoacoustic contrast generation. Adapted, with permission, from reference 30. Reference citations in C correspond to

the reference list in the original publication. ICG = indocyanine green, NIR = near infrared, UV = ultraviolet.

physical shape of these particles provides an opportunity to
craft a highly distinguishable absorption spectrum (43) (Fig 4,
C). Further, gold naturally provides high absorption of NIR
light, resulting in a strong optoacoustic signal. Because of
ease of synthesis and established methods, gold nanoparticles
have been studied in their conventional spheric conformation,
as well as in the shape of rods, shells, and other unique con-
formations, mostly in the context of tumor imaging (44,45).
However, the strong and distinguishable signal is accompanied
by toxicity, namely induction of reactive oxygen species and ac-
cumulation in the liver and spleen (46). Surface modifications
of these particles are essential when considering the goal of
clinical translation, as these modifications could partially miti-
gate issues of toxicity but may come at the expense of reduced
optoacoustic signals. Other types of metal-based nanoparticles
have shown optoacoustic activity, such as silver and iron oxide
(47,48). Often, absorption profiles of nanoparticles are tunable
according to structural characteristics (Fig 4, C). In addition
to metal-based particles, carbon nanotubes are another form
of specialized optoacoustic nanoparticle, with sizes less than 5
nm, that relies heavily on the aforementioned surface modifi-
cations (49,50). With the core particle-synthesis procedure of
metal-based nanoparticles having been well established, recent

focus in this area has concerned the development of activatable
optoacoustic agents and surface modifications. These modifi-
cations aim to relieve toxicity, incorporate active targeting for
specificity, or enable inclusion of other contrast agents within
the particles for controlled delivery (12,13).

Clinical MSOT Applications

Breast Imaging

Breast cancer is the leading cause of cancer-related deaths
among women. In 2020, it is predicted that 279 100 new cases
of breast cancer will be diagnosed in the United States, with
42690 of those cases resulting in death (51). As with many
cancers, imaging is used for the screening, diagnosis, and mon-
itoring of breast cancer. Traditionally, x-ray mammography is
used for population-based screening. For young patients pre-
senting with symptoms of breast disease, US is the modality of
choice. In women over the age of 40, mammography and US
are used as the first-line modalities. Both modalities have limi-
tations (52,53) that result in false-positive findings and, in the
case of mammography, decreased sensitivity with increasing
breast density. Both techniques detect morphologic detail (54).
Dynamic contrast agent—enhanced imaging overcomes these
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challenges with high sensitivity and specificity (54); however, it
is limited by high expense and low availability. A low-cost tech-
nique to improve the sensitivity and specificity of mammogra-
phy and US would be a welcomed addition to the breast clinic.

‘The breast is a fatty superficial organ suitable for optoacoustic
imaging; relatively low-depth penetration is required and results
in high-resolution information. Clinical prototypes to image
the human breast have handheld or arc-shaped probes. Over a
period of approximately 10 years, the technology has evolved
from attempting to visualize breast cancer to possessing the abil-
ity to differentiate benign from malignant lesions (55). In 2016,
Dedn-Ben et al developed a volumetric handheld optoacoustic
device for real-time in vivo imaging of the vasculature in dense
breast tissue (56). An optical parametric oscillating Q-switched
laser emits 10-nsec pulses at wavelengths of 730, 760, 800, and
850 nm at the target tissue. Introduction of optical parametric
oscillating lasers to optoacoustic imaging allows for fast-pulse il-
lumination, which enables rapid visualization of multiple chro-
mophores. A handheld probe with a semispheric 256-element
array is used for acoustic wave detection. After reconstruction
and unmixing, distribution maps of oxyhemoglobin, deoxyhe-
moglobin, and melanin were created and analyzed to identify
highly vascularized areas. These areas of abnormal vasculature are
indicators of angiogenesis, a hallmark of cancer and a widely ac-
cepted mark of solid tumors (31).

Toi et al used a handheld volumetric probe system, photo-
acoustic mammography with a hemispherical-shaped detector
array, to visualize changes in the oxygenation status of blood
vessels (arteries and veins) before and after chemotherapy with
taxane (22) (Table 2) (1,3,8-10,19,22,56—69). An increase in
visualization of blood vessels inside the tumor after therapy was
realized, even though there was no change in the tumor size de-
tected by using US. It is unclear whether this is a result of effec-
tive chemotherapy or just a morphologic change in the tumor
microenvironment. This normalization of the tumor vasculature
has been speculated to be an anticancer mechanism, but there is
still uncertainty as to what was occurring (22). In a 2017 pilot
study, Diot et al used fast-MSOT at 28 wavelengths between
700 and 970 nm to image angiogenic biomarkers of breast can-
cer, as well as the fat and water compositions of the tissue, to
gain a better understanding of the difference between malignant
and nonmalignant tissue (8) (Fig 3). The multispectral study al-
lowed for increased visualization of the breast tissue, enabling
extraction of more functional, molecular, and anatomic infor-
mation. This can be immensely useful for clinical applications
such as therapy planning and monitoring or intraoperative use
of MSOT for clean surgical margins. Recently, Abeyakoon et al
used the MSOT Acuity-Echo prototype from iThera Medical
(Munich, Germany) to investigate vascular maps for potential
to serve as a differentiating factor between benign and malignant
breast disease (57). US combined with optoacoustic imaging re-
sulted in extraction of detail related to the malignancy of disease
(Fig 5) (57). By virtue of MSOT, higher diagnostic specificity
was realized with no loss to sensitivity, strengthening the poten-
tial for translation of optoacoustic imaging into a clinical set-
ting for breast imaging (57). The improved characterization of
solid breast masses seen on images obtained through US with
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optoacoustic imaging was further described in two multicenter
randomized controlled trials in the United States and the Neth-
erlands (9,58). Quantification of the optoacoustic signal in the
human breast has revealed changes that are in keeping with the
physiologic changes of the normal menstrual cycle (70).

Advances in imaging have increased early detection of impal-
pable breast cancer. Often, the treatment of choice is breast-con-
serving surgery. Forty percent of patients who undergo breast-
conserving surgery require a second surgery because of positive
surgical margins (71). Development of intraoperative optical im-
aging to overcome this problem could enhance patient care (72).
Development of molecular imaging probes to target specific
breast-cancer receptors (estrogen receptor and human epider-
mal growth factor receptor 2 [HER2]) would enhance the mo-
lecular characterization (73), allowing for better treatment with
hormonal therapy and trastuzumab. In addition, optoacoustic
imaging coupled with standard grayscale US has differentiated
HER2-positive and triple-negative breast cancers from luminal
cancers (74). This further suggests the possible capability to dif-
ferentiate HER2-positive breast cancers from triple-negative
cancers, which exhibits high clinical significance as a noninvasive
breast-cancer characterization technique (74).

Prostate Imaging

In 2020, an expected 191 000 new cases of prostate cancer will be
diagnosed in the United States, with 17% of those cases resulting
in a fatality (51). Prostate cancer is extremely common in elderly
men and is characterized by slow growth, making it very likely
to go untreated for decades. The presence of elevated prostate-
specific antigen levels in the blood is a key indicator of prostate
cancer, which prompts a transrectal US biopsy that yields a very
low specificity because of blind needle insertion (75). MRI cou-
pled with US before a prostate biopsy improves the specificity of
the diagnosis but provides no functional information about the
cancer (75). A clinical need for a noninvasive imaging modality
that can yield a highly specific diagnosis along with information
about the cancer on a molecular level is desirable.

Because transrectal US is a bedside imaging modality and
is also inexpensive, it is ideal to incorporate optoacoustic sys-
tems into the pre-existing transrectal US systems. Recently,
Kothapalli et al used a combination of transrectal US and
optoacoustic imaging to develop a transrectal US and photo-
acoustic device to improve prostate cancer diagnosis (59). The
transrectal US and photoacoustic system used a 64-element
capacitive micromachined ultrasonic transducer array with
a 5-MHz center frequency in the detection probe. A 5-nsec
pulsed laser with 680- to 950-nm wavelength capabilities was
used to illuminate the tissue from different angles. The images
were displayed in real time at a rate of 10 frames/sec. ICG, a
clinically approved optoacoustic dye, was used as an exogenous
optoacoustic contrast agent because it binds to the plasma pro-
teins in the vascular space (35). After multispectral processing
of oxyhemoglobin, deoxyhemoglobin, and ICG, the vascular-
ity of the prostate could be mapped to identify key prostate
features (such as seminal vesicles, neurovascular bundles, the
dorsal venous complex, and the prostate capsule) with higher
spatial resolution than transrectal US.
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Table 2: Clinical Applications of MSOT

Breast imaging

Breast imaging
Breast imaging

Prostate imaging

Gynecologic imag-

ing

Gynecologic imag-
ing

Gynecologic imag-

ing

Inflammatory bowel
disease (Crohn
disease)

Inflammatory bowel
disease (colitis)

Dermatologic
imaging

Dermatologic
imaging

Lymph node imag-
ing

Lymph node imag-
ing

Graves disease and
thyroid cancer
Graves disease

Cardiovascular dis-
ease monitoring
Systemic sclerosis

Metabolic disease in
adipose tissue

Volumetric hand-

held probe
MSOT+US

Handheld OA/US
transducer

Transrectal US and
photoacoustic
device

OA imaging

Co-registered
transvaginal OA
tomography/US

Fast-scanning,
optical-resolution
photoacoustic
endoscopy

MSOT

MSOT

MSOM

Volumetric MSOT

Vevo LAZR OA
imaging
Handheld MSOT
Handheld MSOT
Handheld MSOT
Volumetric MSOT
Handheld US/

MSOT
MSOT

ser at 755 and 795 nm

Q-switched OPO laser
at 730, 760, 800, and
850 nm

NIR laser at 800 nm

NIR laser at wavelengths
of 757 and 1064 nm

Tunable pulsed laser,
680-950 nm

Q-switch Nd:YAG 532-

nm laser

Pulsed Nd:YAG laser at
690-900 nm

532-nm pulsed focused
fiber laser

Pulsed Nd:YAG laser at
680-980 nm

Pulsed Nd:YAG laser at
680-980 nm

Flash lamp—pumped
Nd:YAG OPO pulsed
laser from 460 to 650
nm

690- to 900-nm tunable
OPO pulsed laser

Pulsed laser, 680-970 nm

ND:YAG tunable OPO
laser from 680 to 980
nm

9-nsec pulsed laser from
700 to 950 nm

Pulsed laser, 700-970 nm

Pulsed laser, 730-1064
nm

Pulsed Nd:YAG laser at
680-980 nm

Pulsed laser at 680-950
nm

hemispheric transducer
array

256 elements, 4 MHz,
spheric transducer
array

256 elements, 4 MHz, arc
transducer array

128 elements, 4- to 16-
MHyz, linear array

64 element, 5 MHz,
CMUT linear array

10-MHz focused trans-
ducer with 10-mm
focal distance

128 elements, 6 MHz,
endocavital US trans-
ducer

40 MHz custom-designed

Focused US ring

transducer

64-element, 4-MHz and
256-element, 3-MHz,
probes

64-clement, 4-MHz and
256-element, 3-MHz
probes

54.2-MHz broadband
spherically focused
transducer

256 elements, 4 MHz,
spheric transducer
array

21 MHz, linear trans-
ducer array

256 elements, 4 MHz,
cylindrically focused
detector array

256 elements, 3 MHz, 40
x 40-mm field of view

256 elements, 4 MHz, arc
orientation

256 elements, spheric
array

256 elements, 4 MHz,
linear array

256 elements, 5 MHz,
cylindrically focused
array

tumors

2 women with dense fibroglan-
dular breast tissue

94 patients between the ages of
24 and 88

2105 patients from 16 different
sites

20 patients with prostate cancer

(10 with ICG, 10 without)

30 ex vivo cervical tissue
samples

16 women

2 pregnant women

108 patients

44 patients

28-year-old healthy man

3 patients with skin lesions

12 lymph nodes ex vivo

20 patients with administered

ICG
18 patients
8 volunteers and 10 patients
16 volunteers
8 volunteers and 7 patients

13 volunteers

Application Type Laser Detector Patients Study
Breast imaging MSOT NIR laser at 28 wave- 256 elements, 5 MHz, arc 10 patients with breast cancer, Diot et al (8)
lengths from 700 to transducer array 3 healthy volunteers
970 nm
Breast imaging Handheld OA/US  NIR laser at wavelengths ~ Four conventional US 209 patients from 5 different ~ Menezes et al
transducer of 757 and 1064 nm diagnostic transducers sites 9)
Breast imaging OA microscopy Q-switched alexandrite la- 512 elements, 2 MHz, 30 patients with known breast ~ Toi et al (22)

Dedn-Ben et

al (56)

Abeyakoon et
al (57)

Neuschler et
al (58)

Kothapalli et
al (59)

Peng et al (60)

Nandy et al
(61)

Qu et al (62)

Khnieling et al
(©)

Knieling et al
(63)

Schwarz et al
(64)

Chuah et al
(65)

Langhout et al
(10)

Stoffels et al
1)

Roll et al (66)

Kronke et al
(67)

Ivankovic et al
(19)

Masthoff et al
(68)

Reber et al
(69)

Note.—CMUT = capacitive micromachined ultrasonic transducer, ICG = indocyanine green, MSOM = multispectral OA mesoscopy, MSOT =
multispectral optical tomography, Nd:YAG = neodymium-doped yttrium—aluminum—garnet, NIR = near infrared, OA = optoacoustic, OPO =
optical parametric oscillating.
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Figure 5:
imaging allowed visualization of the irregular cap of neoangiogenesis in relation to the hypoechoic irregular tumor mass. The tumor
margin is outlined in red.

Gynecologic Imaging

In 2020, 6.2% of new cancer diagnoses are predicted to be
gynecologic cancers, consisting of cervical, ovarian, vulvar, and
vaginal cancer (51). Current diagnosis of cervical cancer is de-
pendent on Papanicolaou test and pelvic examinations, with
abnormal screening findings resulting in a cervical biopsy be-
ing performed, but both screening and biopsy have low speci-
ficity (60). For diagnosis and staging of ovarian cancer, which
is the deadliest of the gynecologic cancers because of frequent
late-stage diagnosis, the serum levels of the CA-125 tumor
marker are typically assessed in combination with transvaginal
US (12). Both methods have a very low sensitivity and specific-
ity, indicating a pressing need for molecular targeting agents to
decrease the false-positive and false-negative rates of gyneco-
logic cancer screening.

A main obstacle with clinical translation of optoacoustic im-
aging for gynecologic cancers is the need to compact the op-
tical detector into a transvaginal probe for internal scanning.
Previously, 2.5-mm endoscopic optoacoustic probes have been
reported and are the ideal size for use in the vaginal canal (76).
In 2017, multispectral optoacoustic imaging enabled successful
identification of 26 ovarian masses in patients with the use of
a co-registered pulse-echo optoacoustic transvaginal probe (61).
Anatomic locations of the masses were identified by using US,
and the addition of multispectral optoacoustic imaging at four
wavelengths (730, 780, 800, and 830 nm) allowed for quanti-
fication of blood oxygen saturation and hemoglobin concentra-
tions such that benign and malignant masses could be differenti-
ated (61).

A transvaginal, fast-scanning, optical-resolution optoacoustic
endoscope was developed and used clinically to visualize the vas-
cularity of the cervix (62). The addition of a laser capable of illu-
mination at different wavelengths would enable identification of
angiogenic and hypoxic environments, indicative of gynecologic
cancers, using this device.

Gastrointestinal Imaging

A total of 333680 new cases of gastrointestinal cancers are es-
timated to be diagnosed in 2020, with an estimated 167790
deaths as a result (51). These cancers include esophageal, intes-
tinal, and colorectal cancers, among others. Fusing optoacous-
tic imaging with traditional endoscopy or US techniques could
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A, Anatomic US image and B, hybrid optoacousfic and US images of a grade 3 invasive ductal carcinoma. Hybrid

have beneficial clinical applications in imaging of the gastroin-
testinal tract. The modalities currently used to evaluate the gas-
trointestinal tract include endoscopy, US, CT, and MRI. MSOT
has been clinically assessed to determine whether its use could
improve the noninvasive diagnosis of disease severity in inflam-
matory bowel disease using a transabdominal approach. Patients
with inflammatory bowel disease have mucosal edema, causing
inflammation that results in an increase in the amount of blood
and water in intestinal tissues. Studies performed by Knieling et
al suggest that the combination of clinical examination and US
with MSOT can be helpful in the diagnosis and monitoring of
inflammatory bowel disease (3,63). Inflammatory bowel disease
is associated with an increased risk of malignancy; early diagnosis
and monitoring may reduce risk and complications associated
with malignancy.

Optoacoustic imaging fused with endoscopy improves the
opportunity to characterize soft-tissue abnormalities with a lu-
minal approach (3,63). Early detection of esophageal cancer
and stratifying changes associated with Barrett esophagus has
the potential to substantially improve the outcome of a malig-
nancy, which typically has a delayed presentation and increased

morbidity and mortality (77).

Dermatologic Imaging

An estimated 100000 new cases of skin cancer within the
United States are predicted for 2020 (51). Diagnosis of skin
cancer begins with visual inspection, and then, if needed, a
biopsy is performed. Optoacoustic imaging is an attractive op-
tion for the diagnosis and monitoring of skin cancers because
of the noninvasive nature in comparison with traditional tis-
sue biopsies. The thickness of the human skin is reported to
be around 5 mm, making mesoscopic optoacoustic imaging
systems relevant.

Use of 3D multispectral optoacoustic mesoscopy allows for
the absorption mapping of oxyhemoglobin, deoxyhemoglobin,
and melanin in the skin. Visualization of these endogenous
chromophores can assist in the noninvasive diagnosis of cancer.
Schwarz et al employed multispectral optoacoustic mesoscopy
on the skin of a healthy man, using a flash lamp—pumped, neo-
dymium-doped yttrium—aluminum-—garnet, optical parametric
oscillating 6-nsec pulsed laser at wavelengths from 460 to 650
nm to excite chromophores within the tissue. A broadband
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spheric transducer with a central frequency of 54.2 MHz was
used (64). In addition, photoacoustic imaging has been used to
extract information such as lesion depth and vascular thickness
in the context of port-wine stains, facilitating the selection of
optimal parameters for laser therapy (78).

To our knowledge, the first use of clinical MSOT for skin
tumors was performed in 2017 by Chuah et al. Their study
analyzed unclassified skin lesions before they were biopsied and
sent for histologic analysis. Real-time volumetric MSOT with
a handheld probe was used to obtain 3D maps of oxyhemo-
globin, deoxyhemoglobin, and melanin. From this informa-
tion, tumor length, width, and depth could be determined,
showing a noninvasive method to diagnosis skin tumors (65).
MSOT imaging has also been used to image intact sentinel
lymph nodes for the presence of melanin, indicating mela-
noma metastasis (10). Stoffels et al used MSOT with a clini-
cally approved exogenous agent, ICG, to visualize the sentinel
lymph nodes and determine the presence of metastasis. In this
study, a total of 20 patients with peritumorally administered
ICG were imaged using MSOT at five wavelengths: 700, 730,
760, 800, and 850 nm. They saw a 100% (41 of 41) sensitivity
rate and a 48% (18 of 37) specificity rate in vivo for identifying
metastasis-free lymph nodes on the basis of melanin detection
(1). Following this, a 100% (189 of 189) sensitivity rate and
2 62.3% (71 of 114) specificity rate were observed ex vivo. In
2019, Stoffels et al performed a multicenter study across four
institutions. A total of 165 lymph nodes were collected from
83 patients. The concordance rate of ICG-labeled and tech-
netium 99-marked detection of sentinel lymph node basins
was 94.6% (106 of 112). Intraoperatively, 159 sentinel lymph
nodes were detected using a NIR camera, and 165 were de-
tected by using a gamma probe, resulting in a concordance rate
0f96.4% (79). Routine use of MSOT in the clinic for diagno-
sis and management of melanomas will be beneficial (80). The
ability to noninvasively identify malignancy of lymph nodes
could reduce the need for unnecessary excisions and compli-
cations, while providing valuable tumor information for the
subsequent surgical procedures (12).

Head and Neck Imaging

Differentiating among benign functional thyroid nodules,
nonfunctional thyroid nodules, and malignancy is a challenge.
Current imaging strategies include US with fine-needle aspira-
tion. In 2016, Dima et al explored the feasibility of investigat-
ing the thyroid gland with MSOT. Healthy volunteers were
imaged with MSOT, and produced images were comparable
with Doppler US images (81). Roll et al used MSOT to im-
age patients with Graves disease and compared findings with
those from healthy volunteers. Their findings demonstrated
that patients with Graves disease had thyroid lobes with higher
deoxyhemoglobin and lower fat in comparison with patients
with healthy tissue. Malignant thyroid nodules showed lower
saturation of hemoglobin and lower fat content when com-
pared with benign nodules (66). Further, Kronke et al showed
that Graves disease and thyroid tumors demonstrated increases
in oxyhemoglobin and deoxyhemoglobin, but with decreased
oxygen saturation in relevant volumes (67).
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Other Clinical Applications

Real-time MSOT imaging has shown promise for monitor-
ing the human vasculature, which is particularly important
for monitoring patient responses to cancer. MSOT can be
used to discern differences of oxyhemoglobin and total he-
moglobin in real time in the fingers of patients with diseased
vasculature (68). Using MSOT to study metabolic process
has been recently investigated as well. In this study, Reber et
al were effectively able to use MSOT to distinguish brown
adipose tissue from white adipose tissue and muscle on the
basis of hemoglobin levels (69). Further, introduction of the
patient into a cold environment induced heightened oxyhe-
moglobin levels, indicating an increase in metabolic activity
(69). This study suggests use of MSOT for other metabolic
diseases, such as diabetes, which is related to cancer through
inflammation and cachexia. These clinical studies establish
MSOT as a viable, noninvasive, bedside clinical modality for
patients with cancers, inflammatory bowel diseases, and a va-
riety of other conditions.

Limitations of Optoacoustic Imaging

The major limitation of optoacoustic imaging is depth. As
light travels through tissue, it is predominantly absorbed and
scattered. With increasing depth, the amount of light that
penetrates to deeper tissues decreases exponentially, and thus
the depth of imaging can vary between 5 mm and 5 cm. For
example, a hemoglobin-rich kidney will only have a signal
generated at the initial 5 mm of depth, or in a fatty breast,
one may detect changes of neoangiogenesis 2.5 cm beneath
the skin. Quantification of the optoacoustic signal at vary-
ing depths requires an algorithm to account for the absorp-
tion and scattering properties of the tissue. Obtaining precise
numbers that accurately reflect the heterogeneity of biologic
tissue is very complex. Success in clinical translation remains
in creating scanners that are developed to answer specific clin-
ical questions and in choosing superficial targets to assist in
clinical decision-making. Furthermore, development and ap-
proval of exogenous contrast agents is required for wide adop-
tion of optoacoustic imaging in the clinic. The small group of
approved optoacoustic agents represents a substantial bottle-
neck for optoacoustic imaging techniques. Although these
agents have been under focus recently, the approval process
is rather lengthy, hindering adoption of optoacoustic imaging
in the clinic. Although MSOT is Conformité Européenne—
marked, it is not a Food and Drug Administration—approved
instrument for clinical trials in the United States. However,
there are opportunities to apply for investigational device ex-
emption for use in clinical trials.

Conclusion

Although MSOT is still in a relatively new state as an imaging
modality, emergence as a clinically translatable technique has en-
sued. Exploitation of the photoacoustic effect renders tissue scat-
ter of generated signal irrelevant, allowing for high spatiotempo-
ral resolution. Further, with NIR light—excitation beams, deeper
overall tissue penetration and contrast than that obtained using
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most optical imaging techniques can be achieved while still re-
maining noninvasive. Further, the use of advanced multispectral
processing allows for tracking and quantifying multiple contrast
agents. MSOT shows high potential to be used as a diagnostic tool
in combinations with other modalities, or perhaps as an intraop-
erative real-time tool for many surgical applications, such as as-
sessing tumor margins. However, particular sites within the body
intrinsically limit the potential applications of MSOT. Bone is a
strong optical absorber, which could limit the extent of applica-
tion in situations such as noninvasive imaging of the brain. Fur-
ther, the disparity in sound transmission of air and liquid is great;
signals from areas such as the lung will produce less meaningful
and detailed information about the functional state. The spectral
coloring problem due to nonuniform attenuation of the excita-
tion light creates an extremely complex reconstruction problem,
making quantification difficult at depth. Last, the current lack of
exogenous contrast agents limits MSOT applications to depend-
ing on endogenous agents such as blood. However, with rapid de-
velopment of a plethora of optoacoustic dyes, some of the current
limitations could be overcome in the years to come, further defin-
ing the position of MSOT in a clinical setting.
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