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Abstract

Optoacoustic imaging combines the rich contrast of optical
methods with the resolution of ultrasound imaging. It can there-
fore deliver optical visualization of cancer far deeper in tissue than
optical microscopy and other conventional optical imaging meth-
ods. Technological progress and novel contrast media have
resulted in optoacoustic imaging being propagated to basic cancer

Introduction

Optical imaging plays a crucial role in cancer research and
cancer detection. Optical methods are used in the laboratory to
reveal complex biologic processes underpinning cancer through a
range of endogenous and exogenous contrast sources. In parallel,
optical endoscopy and laparoscopy are widely applied for cancer
detection in screening, diagnostic, or therapeutic procedures.
However, the use of light for cancer visualization comes with
the inherent limitation that strong scattering in tissue causes the
degradation of spatial information and quantification after the
first few hundred microns below the tissue surface (1). Optoa-
coustic imaging can overcome this limitation by visualizing
optical absorption in tissues using acoustic detection. The tissue
is typically illuminated by a short pulse of light (e.g., ~10 ns
duration). Visible light propagates for a few millimeters within
tissue, whereas light in the near-infrared (NIR) can reach depths of
several centimeters (1). At locations within tissue where this light
is absorbed, the absorbing material undergoes thermal expan-
sion, giving rise to pressure waves that propagate outwards and
can be detected noninvasively by ultrasound transducers.
The ultrasound detected is used to reconstruct images of the
origin of optical absorption within tissue. Because ultrasound
waves scatter orders of magnitude less than light, the detection of
optical contrast based on ultrasound instead of light leads to
higher spatial resolution beyond the penetration limits of optical
microscopy.

Since its original inception in the 1970s (2), optoacoustic
imaging has remained largely an experimental technique. Single
detector and single wavelength experimental systems demonstrat-
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research and in clinical translation projects. We briefly review
recent technological advances, showcase the ability to resolve
unique cancer biomarkers based on spectral features at different
imaging scales, and highlight the imaging performance achieved
in preclinical and clinical imaging applications. Cancer Res; 75(8);
1-12. ©2015 AACR.

ed aspects of biological imaging in the 90s (3, 4), but did not offer
features that enabled wide dissemination. However, considerable
technical progress in recent years has led to high-quality images
and the ability to resolve rich contrast with performance often not
available to other imaging methods. Multispectral optoacoustic
tomography (MSOT), in particular, provides spectral detection of
absorption contrast to visualize a number of cancer-relevant
endogenous tissue components, including hemoglobin oxygen-
ation and volume as well as melanin, and a range of exogenous
contrast agents, including clinically approved optical dyes [e.g.,
Indocyanine Green (ICG) and methylene blue (MB)]| and novel
agents with molecular specificity (5). As a gateway to clinical
applications, the implementation of MSOT as a real-time imaging
method opens up possibilities in cancer care and in the study
of dynamic processes. Furthermore, MSOT is scalable from micro-
scopic views close to the surface to macroscopic imaging of deep
tissue (e.g., whole breasts; refs. 1, 6). Importantly, the use of
quantitative algorithms for image reconstruction and a new
generation of spectral unmixing algorithms not only allow
quantitative imaging but also improve the sensitivity of MSOT
by at least an order of magnitude over conventional spectral
implementations.

Optoacoustic imaging can be generally separated in two classes.
The first class, scans a focused beam of pulsed light over tissue and
collects the generated sound. Images are formed simply by placing
the measurements collected onto a raster corresponding to the
scan pattern collected. This approach can provide a high spatial
resolution limited by optical diffraction and is referred to as
optoacoustic (or photoacoustic) microscopy (6-8). Because the
principle of operation relies on focused light, this approach is
limited to depths common to other optical microscopy techni-
ques such as multi-photon microscopy (typically the first few
hundred microns beneath the illuminated tissue surface).

In this article, we provide a critical analysis of the second class of
optoacoustic methods that can be referred to as optoacoustic (or
photoacoustic) mesoscopy or macroscopy and enable imaging
deeper than optical or optoacoustic microscopy methods that use
focused light (1). Images are formed by reconstructing the
absorbed energy distribution after sampling time-resolved optoa-
coustic signals at multiple positions around the region of interest.
Because ultrasound attenuation in tissue increases with frequency,
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spatial resolution, which depends on ultrasound frequency, can
be traded off against penetration depth. Mesoscopy typically
refers to depths of a few millimeters (1-5 mm) with the resolution
in the order of a few microns to tens of microns. Macroscopy
then refers to depths beyond 5 mm and resolution ranging from
tens of microns to a few hundred of microns, depending on the
depth. Illumination is typically wide-field and the imaging per-
formance depends on the ultrasound detector parameters and
their geometry, as well as the image reconstruction algorithms
used.

We review recent progress in mesoscopic and macroscopic
optoacoustic imaging of cancer, which has not been covered in
other reviews of optoacoustic imaging. We showcase advances
and unique optoacoustic imaging abilities in resolving cancer
biomarkers, enabled by recent innovations in light source tech-
nology, real-time detection, and multispectral processing meth-
ods. Furthermore, we highlight developments in contrast media
relevant to optoacoustic imaging of cancer, including recent
nanomedicine platforms. Finally, we show recent experimental
studies that have demonstrated the potential for unique preclin-
ical and translational clinical imaging of cancer.

Imaging Performance and Sensitivity
Enhancement

Optoacoustic imaging has been primarily based on pulsed
lasers in the nanosecond pulse duration range, which deposit
sufficient energy within a short time and generate acoustic waves
through thermoelastic expansion, while avoiding concurrent
thermal diffusion. Optoacoustic images can be generated at single
wavelengths and reveal contrast based on light absorption in
tissue; the stronger the light absorption in tissue, the larger the
intensity of the optoacoustic signal detected. Contrast in tissue is
generated by chromophores including hemoglobin, melanin,
lipids, and water. These images can be further enhanced using
contrast agents that absorb light, including fluorochromes and
appropriate nanoparticles (e.g., carbon nanotubes, gold nano-
patrticles, etc.; refs. 5, 9).

Figure 1 depicts whole-body cross-sectional images through
mice showing elaborate anatomic contrast, including vascular
structures in the brain (Fig. 1B), the liver, spinal cord, and aorta
(Fig. 1C) and the kidneys and spleen (Fig. 1C). Such structures
have never been visualized before through whole animals in vivo
using conventional optical imaging methods.

Four technological advances have made this performance
possible:

1. Ring illumination technology. As shown in Fig. 1A, which
concentrates the available energy along a mouse slice in a
diffusive manner. This can be achieved by multiple
illumination fibers arranged to direct energy to the mouse in a
cylindrical fashion (10).

2. Acquisition electronics for parallel detection. Progress in
electronics allows multiple optoacoustic signals to be
sampled in parallel at up to 125 megasamples/s, enabling the
utilization of multiple-element detectors that avoid time-
consuming scanning or multiplexing processes (11, 12).

3. Cylindrically focused detector arrays. The images in Fig. 1 were
generated by a 256-channel detection array that was
cylindrically focused to deliver cross-sectional images from
mouse slices of approximately 1-mm slice thickness (12).
Cylindrical focusing is important to minimize contributions
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from out of plane signals and reveal images of virtual mouse
cross-sections; typically of 0.5- to 1.5-mm thickness.

4. Advanced reconstruction approaches. Model-based methods
have been developed to offer imaging performance that is
superior to simple delay-and-sum or back-projection
methods as they can account for the characteristics of the
imaging system (13, 14) and can lead to quantitative
images (15).

Figure 1B-D were acquired by collecting optoacoustic signals at
single detector array positions along the axial dimension, gener-
ating transverse images. For each detector position, a correspond-
ing axial image is generated. Alternatively, scans from the entire
animal can be reconstructed as a three-dimensional (3D) volume,
as shown in Fig. 1E, which depicts contrast from the blood vessels
visible from the dorsal side of a mouse (16, 17).

Advances in multispectral detection and sensitivity
improvements

Although single wavelength imaging reveals anatomic features,
a major advantage of optoacoustic cancer imaging comes from
tissue illumination at multiple wavelengths. MSOT uses algo-
rithms referred to as spectral unmixing that can detect the spectra
of different molecules of interest present in tissue by analyzing the
images obtained at multiple wavelengths. MSOT combines high-
resolution morphologicimaging with background-free molecular
sensing more typical to nuclear imaging methods, but at a high
spatial resolution.

Animportant feature of spectral unmixing is that it can improve
the detection sensitivity of MSOT over conventional (single
wavelength) optoacoustic imaging. We have recently demonstrat-
ed that excitation at multiple optical wavelengths, combined with
a statistical subpixel detection method (adaptive matched filter—
AMF) for spectral unmixing (18), can effectively enhance the
sensitivity over single wavelength optoacoustic imaging on the
order of 14 to 40 times in molecular imaging applications (19).
This performance is summarized in Fig. 2, depicting MSOT
imaging of a mouse brain with an orthotopic glioblastoma
expressing the NIR fluorescent protein iRFP. In particular, Fig.
2B shows an image acquired at the excitation peak of iRFP where
no noticeable signal is detected from the target over background.
In contrast, spectral unmixing using AMF at 12 wavelengths
resolved the iRFP with high contrast over the background, as
shown in Fig. 2C. Simplistic approaches such as subtracting an
image obtained at a wavelength that is off the absorption max-
imum of the target chromophore from an image obtained at the
absorption maximum do not provide robust or sensitive detec-
tion in general, as can be seen in Fig. 2E. This is because there are
wavelength-dependent absorption changes of the background
tissue as well that affect the subtracted image.

The MSOT sensitivity depends on a number of parameters, such
as the depth and volume of the lesion (20), the absorption
coefficient of the molecular agent, or the spectral unmixing
approach used (18). Although a thorough analysis of the sensi-
tivity capabilities of the technology is yet to be performed,
experimental evidence shows detection of approximately 5 pmol
of a NIR fluorescent dye in deep tissue in mice (19).

In comparison, fluorescence imaging in deep tissue, such as
fluorescence molecular tomography (FMT), is known to have a
detection sensitivity on the order of 1 pmol (21). However, these
comparisons are so far done on voxels that are one to three orders
of magnitude smaller in MSOT. Alternative contrast mechanisms
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Figure 1.

Optoacoustic imaging. A, a tomographic imaging system for small animals. The animal is held inside a membrane that is transparent to light and ultrasound.
Laser pulses excite optoacoustic signals, which are detected by means of an ultrasound transducer array. B-D, optoacoustic slices through a mouse in the

transverse plane, showing the brain (B), the liver (C), and the kidneys (D). These images were each captured from a single laser pulse, resulting in an image acquisition

times in the tens of microseconds. The following structures were identified: 1, sagittal sinus; 2, temporal artery; 3, extra-cranial blood vessel; 4, deep cerebral

vessel; 5, spinal cord; 6, aorta; 7, vena cava; 8, vena porta; 9, liver; 10, stomach; 11, kidney; 12, spleen. The images are reproduced from Dima A, Burton NC, Ntziachristos
V. Multispectral optoacoustic tomography at 64, 128, and 256 channels. J Biomed Opt. 2014 March, 19(3):036021 with permission. E, a maximum intensity projection

showing a volume of the mouse abdomen, viewed from the dorsal side. The image is reconstructed after rotating a linear ultrasound array around the mouse
according to the method described in ref. 16. Image courtesy of Jérome Gateau.

such as melanin or photo-absorbing nanoparticles may offer two
to three orders of magnitude better sensitivity due to their high
absorption coefficients (5).

Advances in illumination technology

MSOT gains access to multiple wavelengths by using tunable
light sources, including optical parametric oscillators (OPO), Ti:
Sapphire lasers, Alexandrite lasers, and dye lasers, all of which
have been used in optoacoustic imaging systems in the research
environment. MSOT with slow tuning lasers or low pulse repe-
tition rates present several disadvantages. Motion either originat-
ing in handheld detectors or the tissue itself may change the
volume imaged between wavelengths and lead to spectral unmix-
ing errors (22).

Recent investment and innovations in OPO systems has
resulted in sources that are fast-tuning. Systems that use fast
mechanical control of the nonlinear optical crystal orientation
have been demonstrated to operate at 50 different wavelengths

www.aacrjournals.org

per second in macroscopy applications, providing MSOT at
multiple frames per second (e.g., 10 multispectral images per
second at 5 wavelengths each; refs. 23, 24). At more superficial
depths, that is, in mesoscopicapplications, itis possible to operate
with lower pulse energy, which allows higher pulse repetition
rates, potentially providing frame rates in the kHz range. Finally,
the emergence of frequency domain optoacoustic imaging could
play a critical role in lowering the cost and complexity of optoa-
coustic systems (25-27), by replacing pulsed lasers by modulated
continuous wave illumination.

Advances in real-time 2D and 3D handheld operation

The recent availability of acquisition electronics to detect
optoacoustic signals from multiple detectors in parallel (up to
512 parallel channels reported; ref. 28), and progress with fast
tuning light sources (24) has led to breakthrough MSOT imple-
mentations that are capable of high-quality real-time imaging.
Systems using multi-element ultrasound detector arrays have
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Figure 2.

MSOT resolves optical biomarkers by means of their unique absorption spectra. A, optoacoustic images acquired at multiple wavelengths are input to an
appropriate spectral unmixing algorithm together with knowledge of the absorption spectra of target materials. The results are images of each absorber. B and C,
imaging at multiple wavelength enhances the detection sensitivity of MSOT. B, an optoacoustic image of a mouse brain bearing a tumor (glioblastoma)
expressing the NIR fluorescent protein iRFP is shown. The image was acquired with optical excitation at the absorption peak of iRFP, but the tumor, located at
the yellow arrow, is invisible in the image. C, the same image is shown, but with a red overlay of iRFP signal obtained by MSOT using excitation at 12
wavelengths. AMF was used for sensitive spectral unmixing. D, an ex vivo cryosection of the same animal validates the location of the tumor, with NIR
fluorescence shown in green. E, the result of unmixing by subtracting an image acquired at an off-peak part of the target absorption spectrum from an image
acquired at the peak (730 nm and 680 nm, respectively). The tumor signal is far lower than some regions of the background. F, the result of AMF using four
wavelengths. G, AMF using 12 wavelengths, as used to produce the overlay in C. B-G are reproduced with permission from Tzoumas S, Nunes A, Deliolanis NC,
Ntziachristos V. Effects of multispectral excitation on the sensitivity of molecular optoacoustic imaging. J Biophotonics 2014.

demonstrated not only 2D real-time imaging (29, 30), butalso 3D
real-time imaging of tissue volumes (28, 31), as also shown in Fig.
6A-E. Real-time handheld MSOT operation in a form similar to
diagnostic ultrasound imaging can be considered a crucial step
toward clinical applications (32-37), particularly when com-
bined with fast wavelength tuning (24).

Multispectral Contrast, Time, and Cancer
Biomarkers

Owing to advances in MSOT technology over the past years, it
can now provide multiple channels of information for cancer
imaging simultaneously. First, single wavelength imaging (Fig. 1)
can be used to visualize vascularization, invasion, and overall
morphologic features. Second, physiologic and molecular read-
ings, such as perfusion and oxygenation, can be obtained using
spectral techniques in label-free or contrast enhanced modes.
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Third, time dynamics can be studied. Images acquired in real-
time can enable imaging of rapid temporal dynamics, for exam-
ple, the uptake curves of exogenous agents in specific organs or
tissue regions, and therefore characterize the pharmacokinetic
and biodistribution profiles of novel therapeutic or imaging
agents (38-40). Fourth, because of the broadband optoacoustic
signals encode a broad range of image scales, MSOT imaging is
typically multiscale, displaying, for example, microvasculature
alongside large blood vessels (41). In the following, we discuss
contrast generation approaches related to these dimensions to
reveal cancer biomarkers.

Endogenous contrast

Hemoglobin—tumor angiogenesis, vascular morphology, and oxy-
genation status. Hemoglobin is the dominant absorber of light at
the visible and NIR wavelengths commonly applied in optical
imaging. The optoacoustic contrast resulting from absorption of
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Figure 3.

Optoacoustic imaging of tumor vasculature. A-C, optoacoustic images of tumor vasculature using hemoglobin contrast, showing the effects of a vascular
disrupting agent OXi4503 on a xenograft mouse model of human colon carcinoma (cell line LS174T). The images show progression from pretreatment
(A), vascular disruption 24 hours after treatment (B), and limited reperfusion after 48 hours (C). A-C are reproduced with permission from Laufer J,
Johnson P, Zhang E, Treeby B, Cox B, Pedley B, Beard P. /n vivo preclinical photoacoustic imaging of tumor vasculature development and therapy. J Biomed
Opt 2012 May;17(5):056016. D, multispectral optoacoustic imaging resolving the distributions of oxy- and deoxyhemoglobin within a tumor in a living mouse at
two different time points in its development: day 6 (left) and day 13 after inoculation with 4T1 mouse mammary tumor cells. The corresponding ex vivo
cryosection through the tumor is shown in the inset. D is reproduced with permission from Herzog E, Taruttis A, Beziere N, Lutich AA, Razansky D,
Ntziachristos V. Optical imaging of cancer heterogeneity with multispectral optoacoustic tomography. Radiology 2012;263:461-8.

light by hemoglobin allows sensitive imaging of vascular
morphology. Figure 3A-C shows images from a study where the
response of tumor vasculature to a vascular disrupting agent was
imaged, depicting in detail the torturous blood vessels resulting
from tumor angiogenesis (42). Using MSOT, it is furthermore
possible to distinguish between the oxygenation states of hemo-
globin, producing spatial maps of blood oxygen saturation within
vessels and perfused tissue (29, 43), as shown for tumor-bearing
mice in Fig. 3D. Hemoglobin imaging has been considered in
applications related to cancer for tumor detection and character-
ization in the context of breast cancer (44), oral cancer (45), and
prostate cancer (46), resolving vascular abnormalities and oxy-
genation status (29, 47), and characterizing the response to
antiangiogenic agents (42, 48).

Melanin—melanoma metastasis. A further prominent source of
endogenous contrast for cancer imaging is melanin, which dis-
plays absorption over a broad range of wavelengths in the visible
and NIR, decreasing at longer wavelengths. Optoacoustic imaging
of melanin has been investigated to assess melanoma depth
ingrowth (7) and lymph node staging (49, 50). Its ability to
detect circulating melanoma cells has been also reported (51).
Detection of melanin originating from melanoma metastases in

www.aacrjournals.org

human lymph nodes imaged after resection is shown in Fig. 4A
and B.

Other endogenous absorbers. Several other endogenous tissue
absorbers can be detected by illuminating them at the appropriate
wavelength, although they may not all have direct relevance to
cancer. Lipids have been imaged at NIR wavelengths (52, 53).
Water provides strong absorption at NIR wavelengths longer than
900 nm (54). Bilirubin imaging has been demonstrated at blue
wavelengths (55) as has imaging of cytochromes (56); however,
limited penetration depth in this region of the spectrum limits
their applicability. Finally, label-free imaging of cell nuclei by
means of DNA and RNA absorption of UV light has also been
reported (57), although clinical less relevant.

Exogenous contrast

Exogenous contrast can be provided by agents with sufficient
optical absorption to allow optoacoustic detection. Absorption
at NIR wavelengths in the 700 to 900 nm range is particularly
useful because light attenuation in tissue is lower at those wave-
lengths than in the visible, providing increased penetration
depth. Such agents should also display absorption spectra that
are distinct from endogenous tissue chromophores, so that they
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Figure 4.

Optoacoustic imaging of endogenous and transgenically expressed melanin. A, resected lymph node with melanoma metastasis. The white spots correspond
to increased optoacoustic signal originating from melanin. B, corresponding H&E stain. A and B are reproduced with permission from Jose J,
Grootendorst DJ, Vijn TW, et al., Initial results of imaging melanoma metastasis in resected human lymph nodes using photoacoustic computed tomography.
J Biomed Opt 2011 Sep;16(9):096012. C and D show a multispectral optoacoustic image and the corresponding cryosection of a mouse model of

cancer (prostate cancer cell line PC-3) after injection with a vaccinia virus that mediates melanin production. The arrows show lymph node metastases
(LNT and LN2) that produce detectable melanin contrast. E and F, the population of a tumor site by the vaccinia virus mediating melanin production. E, an
in vivo cross-sectional MSOT image of a mouse; color indicates the unmixed melanin spectrum (F) corresponding cryoslice. G, excised tumors from a
control animal (PBS) as well as the viral strains GLV-1h324 and GLV-1h327, showing melanin production (black). C and G are reproduced from ref. 74,

Copyright 2013 National Academy of Sciences, USA.

can be separated from the tissue background by spectral unmix-
ing. Different contrast generation strategies have been proposed
for optoacoustic imaging; here, we summarize methods and
describe their potential for laboratory or clinical use.

Organic dyes and targeted agents. Optoacoustic absorption con-
trast can be provided by commonly available organic dyes.
Prominent examples of clinically available dyes for optoacoustic
contrast generation are ICG and MB; however, these are not target-
specific and thus only appropriate for perfusion and physiologic
imaging. They have been investigated preclinically for lymphatic
mapping using optoacoustic imaging by monitoring their uptake
in lymph vessels and nodes (58). Photosensitizers, such as zinc
phthalocyanine and protoporphyrin IX, which are used clinically
for photodynamic therapy (PDT), have also been demonstrated
to be detectable to MSOT, allowing their pharmacokinetic and
biodistribution profiles to be characterized in vivo (Fig. 5G;
ref. 40).

Target-specific agents combining a dye with a targeting ligand
have been described for optical fluorescence imaging (59) and can
be also used in MSOT by capturing the absorption spectrum of the
tag. Such agents have been used in MSOT animal studies, for
example, to visualize integrins in tumors (43). Organic dyes can
also be used in activatable agents, which display changes in their
absorption spectra when cleaved by specific enzymes. This mech-
anism has been used to resolve matrix metalloproteinase (MMP)
activity in a mouse model of thyroid cancer (Fig. 5E and F; ref. 60).
Dye labels can be added to a wide range of other agents to make
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them visible to MSOT, including tumor-penetrating dendrimers
proposed for therapeutic purposes (61). Agents based on organic
dyes have the advantage that they are generally well-characterized
because of their wider use in fluorescence imaging. Typical fluor-
ochromes in the NIR display a low quantum yield (fluorescence
efficiency) and therefore reserve a large portion of the energy they
absorb for optoacoustic signal generation. Use of fluorescence
dyes also allows optoacoustic correlation with fluorescence imag-
ing, for example, after tumor removal in a surgical procedure for
purposes of detecting microscopic residual disease in positive
margins.

Nanoparticles. In addition to organic dyes developed for optical
imaging, there is a rapidly growing toolbox of light-absorbing
nanoparticles. Different materials that absorb light, such as gold
or silver nanoparticles, carbon nanotubes, or iron-oxide particles,
have been investigated in optoacoustic imaging studies on ani-
mals. Nanoparticles offer promising characteristics over organic
dyes in terms of their absorption and photostability and offer an
interesting alternative for optoacoustic contrast generation.
Gold nanoparticles (62, 63) have been shown to generate
strong optoacoustic signals due to plasmon resonance and can
offer a tunable absorption spectrum based on their shape.
Imaging of gold nanorods (GNR) and tumor accumulation
due to enhanced permeability and retention (EPR) has been
demonstrated in Fig. 5H (29), whereas gold nanospheres
conjugated to anti-epidermal growth factor receptor (anti-
EGFR) have been investigated in the context of tumor targeting
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Figure 5.

Optoacoustic imaging of cancer-relevant exogenous contrast agents. A, multispectral optoacoustic imaging of infrared fluorescent protein (iRFP)
expression in orthotopic mouse model of glioblastoma (U-87 human glioblastoma cells). Green, iRFP expression. The grayscale background is optoacoustic
endogenous tissue contrast. B, corresponding ex vivo cryosection photograph showing fluorescence signal from iRFP in green. C and D, targeting of
EGFR in an orthotopic mouse model of pancreatic cancer (L3.6pl cells) using a silver nanoplate-anti-EGFR agent. C, a labeled ultrasound image of the
region of interest. D, the detected multispectral optoacoustic signals overlaid in yellow (silver nanoplate-anti-EGFR), red (oxyhemoglobin), and blue
(deoxyhemoglobin). E and F, imaging of MMP activity in a thyroid carcinoma xenograft in mice using an agent that releases organic dye on cleavage by
MMP. E, the activated agent in blue, overlaid on a grayscale ultrasound image of the tumor. F, a control agent for comparison. G, imaging of zinc
phthalocyanine photosensitizer over time in a tumor bearing mouse. The grayscale image is taken at 800 nm, while the color images show the photosensitizer
detected by MSOT. Signal is visible in the liver, kidneys, spleen, intestines, and tumor xenograft, which is on the right side of the images. H, imaging

of EPR in a tumor using long-circulating GNRs. The inset shows the absorption spectrum of a blood sample from the mouse, including the NIR
absorption peak of the nanorods. A and B are reproduced from ref. 71, with kind permission from Springer Science and Business Media. C and D are reproduced
from ref. 65, reprinted with permission from Homan KA, Souza M, Truby R, Luke GP, Green C, Vreeland E, et al. Silver nanoplate contrast agents for in vivo
molecular photoacoustic imaging. ACS Nano 2012;6:641-50. Copyright 2015 ACS. E and F are reproduced from ref. 60. G is reprinted by permission
from Macmillian Publishers Ltd: Scientific Reports. Ho CJH, Balasundaram G, Driessen W, McLaren R, Wong CL, Dinish US, et al. Multifunctional
photosensitizer-based contrast agents for photoacoustic imaging. Sci Rep 2014;4:5342. H is reproduced with permission from Herzog E, Taruttis A, Beziere N,
Lutich AA, Razansky D, Ntziachristos V. Optical imaging of cancer heterogeneity with multispectral optoacoustic tomography. Radiology 2012;263:461-8.

(63). Further salient examples include in vivo brain tumor ization by MRI, optoacoustics, and Raman imaging (64). Silver
contrast enhancement by gold nanospheres coated with gado-  nanoplates with absorption peaks around 800 nm functiona-
linium and a Raman-molecular tag to enable trimodal visual- lized with antibodies for EGFR targeting (65) have been also

www.aacrjournals.org Cancer Res; 75(8) April 15, 2015

Downloaded from cancerres.aacrjournals.org on April 7, 2015. © 2015 American Association for Cancer
Research.

OF7


http://cancerres.aacrjournals.org/

Published OnlineFirst April 2, 2015; DOI: 10.1158/0008-5472.CAN-14-2522

Taruttis et al.

Handheld operation

Endoscopy

Breast imaging

760nm 850nm

AACR

Cancer Research Reviews

Figure 6.

Optoacoustic imaging implementations with clinical relevance. A, a handheld 3D real-time MSOT system. B, multispectral optoacoustic image of the forearm
simultaneously resolving veins (blue), arteries (red), and superficial melanin (yellow). The image is a maximum intensity projection of a 3D dataset and is
generated by spectral unmixing of images acquired in multiple wavelengths D-F. C, a photograph of the arm showing the imaged region (red box). G,

combined optoacoustic and ultrasound endoscopy of the colon and surrounding tissue in a rat (81). Red, vasculature; blue, lymph nodes and vessels
highlighted by Evans Blue dye; green, ultrasound image. H, 3D breast imaging using dedicated scanner. The subject is a healthy volunteer with DD

cup size. Vasculature is visible throughout the breast. A-F are reprinted by permission from Macmillan Publishers Ltd: Light:Science and Applications.
Luis Dean-Ben X, Razansky D. Adding fifth dimension to optoacoustic imaging: volumetric time-resolved spectrally enriched tomography. Light Sci Appl
2014:3:e137. Copyright 2014. G is reprinted by permission from Macmillian Publishers Ltd: Nature Medicine, Yang J-M, Favazza C, Chen R, Yao J, Cai X, Maslov
K, et al. Simultaneous functional photoacoustic and ultrasonic endoscopy of internal organs in vivo. Nat Med 2012;18:1297-1302. Copyright 2012. H is

reproduced from ref. 81, with permission from AAPM.

considered to image pancreatic cancer, as shown in Fig. 5C and
D. Liquid perfluorocarbon nanodroplet vaporization, using
encapsulated plasmonic nanoparticles to generate absorption,
has also been investigated for optoacoustic contrast (66). In
addition, single-walled carbon nanotubes also produce optoa-
coustic signals and they have been conjugated to cyclic Arg-
Gly-Asp peptides (RGD) for tumor targeting in mice (67).
Nanoparticle-based activatable agents can be developed for
optoacoustic imaging. An agent based on a combination of
copper sulfide and a quencher that can be separated by MMP
activity, thus altering the absorption spectrum, has been
reported in the context of mouse tumor models (68).

Iron oxide nanoparticles have also been investigated for optoa-
coustic imaging. Several forms of iron oxide nanoparticles have
the advantage of clinical approval for use as MRI contrast agents.
In particular, superparamagnetic iron oxide nanoparticles (SPIO)
were studied as agents for lymph node staging in a rat model of
prostate cancer, where the lack of uptake in metastases compared
with healthy tissue provided negative optoacoustic image contrast
in specimens imaged ex vivo (69). HER-2/neu-targeted iron oxide
nanoparticles have been investigated for imaging of ovarian
cancer in a mouse model (70). However, iron oxide particles
typically do not display high optical absorption in the NIR, which
makes in vivo detection highly challenging.

Generally, novel nanoparticles offer promising characteristics
for optoacoustic signal generation. A caveat for clinical use is that
novel nanoparticles have to gain regulatory approval before
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human use, as certainty about safety must be established for each
individual type of nanoparticle, which may slow their dissemi-
nation ability.

Transgenic technologies. Although fluorescent proteins are restrict-
ed to laboratory use, they comprise a powerful tool for cancer
research and can also be visualized by optoacoustic imaging. In
particular, recently developed NIR fluorescent proteins allow
imaging with deep tissue penetration (71, 72). Figure 5A and B
shows detection of iRFP, a NIR fluorescent protein, being
expressed by glioblastoma cells in the mouse brain.

An exciting recent development is the consideration of alter-
native transgenic technologies for cancer imaging based on mel-
anin production, which is better suited for strong optoacoustic
signal generation (73). Gene-evoked melanin production medi-
ated by an oncolytic Vaccinia virus has been demonstrated for
optoacoustic detection of metastases, as can be seen in Fig. 4C-G
where melanin is detected in lymph node metastases as well as
primary tumors in a mouse model (74). Melanin can also be
visualized by MRI, making it a powerful alternative to fluorescent
proteins for deep-tissue imaging of reporter genes; furthermore, it
can be used for laser-induced thermotherapy by means of the
strong absorption of light by melanin (74).

Clinical Cancer Imaging

Because of its spatial, spectral, real-time, and multiscale
abilities, optoacoustic imaging can play a role into the clinical
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imaging and management of cancer. Two strong differ-
entiation points of MSOT compared with other radiologic
modalities are (i) the unique contrast imparted by spectral
unmixing, leading to label-free oxy- and deoxyhemoglobin
imaging as well as melanin and other tissue chromophores,
and (ii) the high-resolution highly scalable molecular imaging
capacity. In the following, we review pertinent optoacoustic
studies performed on humans or animal studies that showcase
the clinical potential of optoacoustic imaging. This review is
not an exhaustive account of all studies but rather a window
into the versatility of optoacoustic cancer imaging.

Noninvasive breast cancer imaging

Breast cancer has been the focus of several optoacoustic
studies. One of the key biomarkers targeted is increased vascular
density and the corresponding hemoglobin concentration
assumed in breast malignancies. The human breast has low
vascular density and generally offers lower attenuation to prop-
agating light, compared with other human tissues. It has been
shown that the entire human breast can be generally imaged by
optoacoustic imaging in the NIR (28), as shown in Fig. 6G.
Imaging of hemoglobin contrast has been performed in pilot
studies including 13, 25, and 17 patients with suspected breast
cancer respectively (75-77). The most recent of those studies
was able to distinguish between malignancies and cysts in all
successfully imaged cases (10 patients with malignancies and
with two cysts; ref. 77). Each of these studies had technological
shortcomings related to their pioneering nature in comparison
with the real-time multispectral optoacoustic imaging possible
today. In particular, the images were acquired at a single optical
wavelength, therefore forgoing the ability to quantify specific
physiologic biomarkers of disease (e.g., deoxygenated hemo-
globin). In addition, the implementation of fast or real-time
MSOT methods may offer better feedback in localizing and
characterizing a breast lesion and could also enable handheld
operation. Despite their limitations, these studies point to
optoacoustic imaging as an alternative mammographic method.
There are two gaps in current breast cancer imaging that optoa-
coustics aims to address. The first is the lack of sensitivity
provided by mammography in dense breast tissue. Optoacous-
tic imaging could provide a modality that misses fewer malig-
nancies in dense breast tissue compared with standard mam-
mography. The sensitivity of X-ray mammography of dense
breasts containing high amounts of fibroglandular tissue ranges
from 45% (extremely dense) to 70% (heterogeneously dense;
ref. 78). In comparison, optoacoustic contrast is not affected by
breast density (77). The second gap is the low specificity of
ultrasound imaging. By using spectral specificity, MSOT could
reveal tissue and cancer biomarkers not available to X-ray
mammography or ultrasound. Optoacoustic contrast, if added
to ultrasound imaging, could better distinguish between benign
lesions and malignancies.

Imaging of the skin

Optoacoustic imaging of the skin can be implemented at a
high resolution by increasing the ultrasound detection fre-
quency, providing views of small structures in a reduced field
of view with a reduced penetration depth (79). High-resolu-
tion systems are suitable for imaging skin lesions, including
their vasculature and melanin content (80), as well as any
biomarkers available from exogenous agents. Figure 6A-E
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shows the handheld probe of an MSOT system, which uses
a two-dimensional (2D) ultrasound array detector to produce
3D spectral images of the dermis and subcutis in real-time. The
system can unmix the contributions of lesions containing
melanin and the underlying arteries and veins (23).

Endoscopy

The light delivery and ultrasound detection required for
optoacoustic imaging can be miniaturized to enable endo-
scopic systems for laparoscopic and endoscopic applications.
Using such an approach, combined optoacoustic and ultra-
sound endoscopic imaging of the esophagus and colon has
been recently demonstrated in rats and rabbits (81). The
resulting optoacoustic images, an example of which is shown
in Fig. 6F, displayed vasculature that was invisible to ultra-
sound, and multispectral information allowed hemoglobin
oxygenation as well as an exogenous dye (Evans Blue) in the
lymphatic system to be resolved. A further miniaturized endo-
scopic probe has been developed with a 2.5-mm diameter,
allowing it to be inserted into the instrument channel of a
standard video endoscope (82). With these technological
advances, it is expected that optoacoustic imaging of the
gastrointestinal tract will be investigated in patients in the
near future. Optoacoustic imaging can reveal depth informa-
tion of suspicious lesions so that they can be characterized in
three dimensions. In addition, characterization of the micro-
vasculature as well as biological targets highlighted by exoge-
nous agents has the potential to provide a more complete
picture of imaged lesions than possible by white light endos-
copy and confocal endomicroscopy.

Intraoperative imaging

Optoacoustic imaging can address a number of problems
in current surgery by providing real-time visualization of optical
contrast beyond the tissue surface. The imaging systems are
typically sufficiently compact and portable to be brought into
the operating room and can provide images rapidly and conve-
niently, in a manner similar to intraoperative ultrasound (24).
Optoacoustic imaging could assess the perfusion status of tissue
by detecting hemoglobin dynamics and oxygenation, potentially
providing better prediction of anastomotic leakage resulting from
ischemic conditions in the colon or esophagus while it can still be
prevented (83).

Lymphatic mapping for staging purposes and clinical deci-
sion making in surgical oncology can also be addressed by
optical and optoacoustic imaging. In current practice, the
sentinel node, that is, the first draining lymph node off-stream
of the tumor is identified by injection around the tumor of a
gamma-emitting radiotracer and a blue dye. The identified
node(-s) can be harvested by a minimally invasive procedure
and subsequently be sent to pathology for examination of
tumor involvement and therefore staging. Recent literature
describes the clinical investigation of ICG fluorescence detec-
tion for lymphatic mapping as a compliment or replacement
for the current radiotracer and blue dye use (84). The optoa-
coustic method can also be used in this context, addressing the
limitations of fluorescence imaging, which only offers 2D
surface images and is strongly affected by tissue scattering for
deeper-seated lymph nodes. Although the high acceptance and
sensitivity of the radiotracer/gamma probe method may hinder
the translation of new methods, the potential elimination of
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ionizing radiation by optical imaging is attractive and can
simplify procedures and safety concerns involved in the
intraoperative use of radioactivity. Optoacoustic lymphatic
mapping using clinically approved ICG and MB or novel
agents has been shown in rats (58, 85, 86) and imaging
systems capable of detection at depths of 5 cm have been
reported previously (36). For melanoma staging, lymph
node metastases, which commonly display a high melanin
content, can be intrinsically detected in optoacoustic images
(see Fig. 4A; refs. 49, 50, 87).

Optoacoustic imaging of tumor margins based on exogenous
contrast has also been considered: a combined approach using
optoacoustic imaging initially to assess the depth of tumor
followed by fluorescence imaging during resection has been
investigated using fluorescence-labeled iron-oxide particles in a
mouse model of breast cancer (88).

Discussion

Optical imaging is experiencing a surge in clinical research
interest because it has become clear that methods used in basic
research, such as fluorescence microscopy, can also play an
important role in clinical imaging for purposes of staging,
therapeutic monitoring, and image-guided surgery. Recent
studies applying fluorescence molecular imaging in endoscopy
and surgery of cancer show much promise (89, 90). However, it
is clear that purely optical imaging, which is restricted by
optical scattering to producing sharp images within only a few
hundred microns of the illuminated tissue surface, can access
only a small fraction of the human body. The emergence of
optoacoustic imaging as a method to produce high-resolution
images beyond the scattering barrier promises to extend the
reach of optical contrast to larger organs and deeper-seated
tumors.

Optoacoustic image contrast can be provided by endogenous
tissue absorbers, including hemoglobin and melanin, as well as
light-absorbing dyes and nanoparticles that can provide target
specificity. We expect that clinical studies involving optoacous-
tic imaging will initially remain focused on the detection of
endogenous contrast, for example, hemoglobin in breast cancer
and melanin in melanoma, both because these methods have
clinical potential and because they are simpler from a regula-
tory point of view. However, as has been the case with optical
imaging, contrast agents with specificity to biologic targets
relevant to cancer will gradually become available for experi-
mental use in humans.

Optoacoustic imaging technology is not yet fully matured
and there is therefore a large variety in the system implementa-
tions. For optimal translational imaging of cancer, however, it
is important that optoacoustic imaging is implemented in such
a way that it can be used reliably and provides robust results.
We recommend that real-time optoacoustic imaging, or at least
systems with short acquisition times are used, so that users have
immediate feedback and are able to control the field of view in
a manner similar to diagnostic ultrasound imaging. The utili-
zation of fast or real-time systems also allows visualization of
rapid changes in tissue, for example, the uptake of exogenous
agents. Furthermore, multispectral systems that use multiple
optical wavelengths and uniquely identify absorbers by means
of their absorption spectra should be used to maximize detec-
tion sensitivity and to avoid ambiguity in results because of the
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intrinsic and unavoidable presence of many different absorbers
of light in tissue. There is a wide variety of optoacoustic
configurations that can contribute to cancer imaging, including
dedicated breast imagers, handheld probes similar to those
used in ultrasound imaging, and optoacoustic endoscopes for
imaging the gastrointestinal tract.

There are limitations associated with optoacoustic imaging
of cancer. In relation to the physical problem of optoacoustic
signal generation, the penetration depth is ultimately limited
by the penetration depth of the excitation light. NIR light can
penetrate multiple centimeters and still generate detectable
optoacoustic signals, but penetrating tens of centimeters is
unlikely. In addition, optoacoustic imaging is limited to tissue
that allows sufficient ultrasound propagation, similar to ultra-
sound imaging. Imaging of the lungs or through thick bones is
highly challenging because of ultrasound propagation mis-
matches. Imaging of lung cancer and noninvasive imaging of
brain tumors in humans appears unlikely to work without at
least severe degradation of image quality. Quantification of
absorber concentrations in optoacoustic images is considered
an unsolved problem, because the wavelength-dependence of
light attenuation in tissue distorts the measured optoacoustic
spectrum for deep-lying sources (18, 91). With time, optoa-
coustic imaging systems are likely to become more robust and
user-friendly as the technology becomes more established.
Much of the preclinical research conducted in the field of
optoacoustic imaging has used exogenous imaging agents,
which have yet to be approved for use in humans. In particular,
novel plasmonic nanoparticles, which are highly promising
because the strong light absorption they offer, are unavailable
for use in patients. This somewhat limits the molecular imaging
capability of optoacoustic imaging, at least until further agents
are approved.

We observe that activities in optical imaging of cancer with
molecular specificity are increasing, particularly as novel fluo-
rescently tagged targeting ligands (e.g., antibodies or short
peptide sequences) are developed and approved for experimen-
tal use in humans. As the technology matures, we expect
optoacoustic tumor-targeted imaging in humans to be inves-
tigated, in addition to the potential that has already been
demonstrated in imaging endogenous tissue absorbers includ-
ing hemoglobin and melanin. Following the trends that have
been outlined in this review, noninvasive imaging of the breast,
lymph nodes, and the skin, as well as endoscopic imaging of
the gastrointestinal tract are the most likely applications of
optoacoustic visualization of cancer to be investigated in clin-
ical trials in the near future.
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