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1. Introduction

Optical imaging is a powerful modality in biological
discovery. The mainstream of optical interrogations, how-
ever, largely relies on microscopy, which imposes depth
limitations on resolving novel classes of optical reporter
agents developed for in vivo use, such as fluorescent proteins
and probes, other chromophoric molecules, and nanoparticles
with specificity to cellular and subcellular activity. We review
herein emerging optoacoustic (also termed photoacoustic)
technologies that allow the visualization of optical reporter
agents with never-seen-before visualization performance,
enabling volumetric quantitative molecular imaging in entire
organs, small animals, or human tissues. Multiwavelength/
multispectral optoacoustic (photoacoustic) methods, in par-
ticular, allow for highly specific molecular imaging through
several millimeters to centimeters of tissue with resolutions
in the 20—200 #m range, combining high contrast versatility
with resolution that is largely independent from photon
scattering in tissues. The principles of operation, key
operational characteristics, and examples of in vivo imaging
in fish and mice are described, showcasing performance that
forecasts optoacoustic imaging as a method of choice for
biological visualization and selected clinical segments.

Optical imaging operates on contrast mechanisms that offer
highly versatile ability to visualize cellular and subcellular
function and structure. Correspondingly, fluorescence mi-
croscopy and imaging are overwhelmingly utilized in
biomedical research, for example in immunohistochemistry,
in vitro assays, or cellular imaging in vivo. The compelling
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advantages of fluorescence are reflected in the recent
development of powerful classes of fluorescent tags that can
stain functional and molecular processes in vivo. A widely
acknowledged technology is the 2008 Nobel-prize awarded
fluorescent protein, which offers perhaps the most versatile
tool for biological imaging.! Fluorescent proteins are reporter
molecules that attain the ability to tag cellular motility and
subcellular processes, from gene expression and signaling
pathways to protein function and interactions, merging
optimally with postgenomic “-omics” investigations and
interrogating biology at the systems level. Promising new
developments include the introduction of truly near-infrared
shifted FPs, with excitation and emission spectra above 650
nm.? Such performance opens exciting possibilities for whole
body animal imaging, as it allows high sensitivity imaging
through several centimeters of tissue, due to the low photon
attenuation by tissue in the 650—950 nm range, i.e. the near-
infrared (NIR) spectral region. In parallel, a plethora of
extrinsically administered probes are being developed, also
operating in the NIR region.>* Fluorescent probes are optical
reporter agents that can probe tissue constituents and their
function by staining in vivo certain classes of cells, receptors,
proteases, and other moieties of cellular or subcellular
activity. During the past decade, a large number of experi-
mental and commercially available fluorescent agents is
increasingly offered, from fluorescent dyes with preferential
accumulation to tissues of interest to activatable photopro-
teins and fluorogenic-substrate-sensitive fluorochromes® with
molecular specificity. Collectively, these developments offer
a highly potent toolbox for biological imaging.> So far, these
contrast mechanisms were proven efficient in a number of
small-animal applications, but many of these agents attain
strong potential for clinical translation as well. In addition,
voltage sensitive dyes, fluorescence resonance energy transfer
approaches, and lifetime measurements further allow the
sensing of ions, protein—protein interactions, or the effects
of the biochemical environment on the fluorochrome.*’ Using
fluorescence therefore, previously invisible processes associ-
ated with tissue and disease growth and treatment can be
sensed and visualized in real-time and longitudinally.
Naturally, fluorescence is widely used in basic biological
discovery and drug discovery, and it is even considered for
clinical studies of cancer and inflammation and neurodegen-
erative and cardiovascular disease, to name a few examples.

Other chromophoric, nonfluorescent, assays and agents
have also been considered as read-out techniques of expres-
sion patterns or protein activity, for example the encoding
of f-galactosidase as a reporter molecule®® or the use of
chropmophoric substrates for monitoring enzymatic activity.'?
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In addition, different nanoparticles with optical contrast, such
as gold or carbon nanoparticles, can be functionalized for
targeting specific cells and cellular structures and considered
for molecular imaging applications.'! !4

In-vivo imaging of optical reporter agents is typically
achieved in cell monolayers or thin tissue slices using
conventional microscopy techniques. In the past two decades,
significant progress has been achieved by developing and
using confocal and multiphoton microscopy to image deeper
in tissues.!>!® By offering technology that can account for
photon scattering in tissues, confocal microscopy can reach
depths of up to 100—200 xm when imaging highly scattering
tissues in vivo, and two-photon and multiphoton microscopy
can penetrate 300—500 xm. While these depths have yielded
unparalleled insights into in vivo cellular function, they
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usually do not allow sampling of entire structures—for
example, entire tumors—or visualize organs and events that
are not superficial. Optical projection tomography (OPT)!”
and selective plane illumination microscopy (SPIM),!®
developed recently as alternative volumetric imaging methods
to confocal and nonlinear microscopy, are also strongly
limited by tissue scattering. These techniques are ideally
suited for volumetric imaging of low-scattering samples, but
they typically cannot penetrate as deep as two-photon
microscopy when it comes to highly scattering tissue imaging
in vivo.

Imaging deeper than a few hundred micrometers is
possible, especially when utilizing optical reporter agents that
operate in the near-infrared (NIR), whereby detection through
several centimeters in tissues can be achieved. This is because
of the low light absorption by tissue in the far-red and near-
infrared regions (650—900 nm). Imaging, however, through
several millimeters to centimeters of tissue is significantly
complicated by the photon scattering process in tissues,
which contributes to a significant resolution loss. Scattering
also limits the quantification ability when imaging at depths
beyond a few hundred micrometers. In response, macro-
scopic optical tomography was considered for quantitatively
resolving optical contrast in three-dimensions.!® Optical
tomography utilizes optical measurements through multiple
illumination and detection paths (projections) around the
tissue of interest®® and mathematically combines these
measurements to reconstruct three-dimensional images of the
optical contrast inside the object imaged. Optical tomography
methods significantly improved the ability to resolve and
quantify activity situated deep in tissues, over two-
dimensional photographic approaches originally considered
for macroscopic optical imaging of entire animals or human
tissues.!*?° More recently, significant betterment in macro-
scopic optical imaging performance comes from hybrid
approaches, including optoacoustic (also termed photoacous-
tic) methods?' or the combination of optical tomography with
high resolution methods such as X-ray computed tomography
(CT)?*® or magnetic resonance imaging (MRI).>* Compared
to stand-alone optical imaging and tomography methods,
hybrid methods offer significant advantages in the imaging
performance achieved and are emerging as important and
highly versatile tools for visualizing tissue biomarkers in
biological discovery and potentially in select clinical
applications.

Optical imaging methods that can tomographically image
fluorochrome biodistribution by detecting the emitted fluo-
rescence have been reviewed.?® Instead, herein we focus on
the use of optoacoustics for optical molecular imaging
applications at depths that go beyond the ones achieved by
optical microscopy. We discuss the basics of multispectral
optoacoustic technology and its use to detect tissue biom-
arkers, followed by representative applications from in vivo
imaging of different optical molecular probes. The opera-
tional characteristics of the method are also discussed and
offer predictions on the future development of the field of
molecular optoacoustic imaging. Optoacoustic imaging can
further capitalize on the distinct optical spectra that some
tissue elements attain, for example hemoglobin, and it has
also been considered for imaging of intrinsic tissue contrast,
for example the distribution of blood vessels or blood
oxygenation; for these latter applications, the interested reader
can refer to excellent recent publications on this subject.®?’
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Figure 1. Principle of MSOT operation. (a) Pulsed light of time-shared multiple wavelengths illuminates the tissue of interest and establishes
transient photon fields in tissue. (b) In response to the fast absorption transients by tissue elements, acoustic responses are generated via the
thermoacoustic phenomenon, which are then detected with acoustic detectors. By modeling photon and acoustic propagation in tissues and
using inversion (tomographic) methods, images can then be generated and spectrally unmixed to yield the biodistribution of reporter molecules
and tissue biomarkers. (c) Light of different wavelengths (green lined) is selected to target the absorption transient of the chromophore or
fluorochrome, as selected for spectral differentiation; here shown with the absorption spectrum of the fluorescent protein DsRed?2 (red line).

2. Principle of Operation

Optoacoustic imaging is based on the generation of
acoustic waves following the absorption of light pulses of
ultrashort duration. The optoacoustic (or photoacoustic)
phenomenon has been known for more than a century,?® but
its utilization for biomedical applications, such as spectros-
copy or imaging, has been considered in the past decades,”>!
further intensifying in the past few years. By combining now
commercially available pulsed laser technology in the
nanosecond range and sensitive acoustic detectors, it was
shown possible to generate optoacoustic responses from
tissue and visualize subsurface blood vessels with high
resolution.?!

While hemoglobin within subsurface blood vessels can be
detected in single wavelength images, volumetric imaging
of photoabsorbing agents typically requires differentiation
of these agents on top of spectrally varying background
absorption, due to intrinsic tissue photoabsorbers such as
hemoglobin and melanin, other chromophores, lipids, and
water. In response, multispectral optoacoustic tomography
(MSQOT) relies on the spectral identification of chromophoric
molecules and particles distributed in tissue over background
tissue absorption. The MSOT principle of operation is shown
in the sample experiment of Figure 1, where tissue is
illuminated with light pulses of duration in the 1—100 ns
range. Pulses of different wavelengths are used, in a time-
shared fashion, whereas the wavelengths are selected to
sample a spectral characteristic in the absorption spectrum
of the reporter agent of interest, as shown, for example, in
Figure 1c for the fluorescent protein DsRed?2. In response to
the fast absorption of light pulses by photoabsorbing agents,
the latter undergo a thermoelastic expansion that emits
mechanical waves at ultrasonic frequencies. These waves can
then be detected by acoustic detectors placed in proximity
to the illuminated tissue. Using appropriate mathematical
methods, images of the absorbed energy can then be
reconstructed in analogy to the formation of ultrasound
images or X-ray CT images. The amplitude of the generated
broadband ultrasound waves depends on the optical absorp-
tion properties. The spatial resolution of the method is
therefore determined by the diffraction limit of ultrasound
waves or the available bandwidth and geometrical charac-
teristics of the ultrasonic detector.

While images can be generated for each light wavelength
separately, multiwavelength illumination and spectral pro-
cessing are necessary for identifying the unique spectral

signatures of optical reporter agents of interest in the presence
of intrinsic tissue chromophores. Agents with absorption
spectra that have characteristic differences from the absorp-
tion of background tissue are best suited for MSOT imaging.
In particular, molecules or nanoparticles with steep absorp-
tion changes are optimal for MSOT imaging, since they can
then be resolved by scanning narrow spectral bands. The
simplest form of spectral processing is the subtraction
between images obtained at two adjacent wavelengths under
the assumption that tissue will have a similar absorption at
these wavelengths and its effects will cancel out the
background absorption and bring out the distribution of the
reporter agent and the corresponding tissue biomarker. This
concept has been shown to work in optically homogeneous
phantoms? but its in vivo use may be problematic, since
tissues are generally heterogeneous and the tissue absorption
also generally has a distinct spectral profile. In this case, the
use of more sophisticated spectral processing methods that
can separate the spectral signature of reporter agents from
that of background absorption may be necessary, especially
when baseline measurements are not possible.** By employ-
ing scanning at different spectral bands, multiple chro-
mophoric molecules or nanoparticles can be resolved during
the same imaging session.

As reviewed in section 5, reporter agents with molecular
specificity without characteristic spectral signatures can also
be optoacoustically detected using single wavelength mea-
surements, for example, agents with slow varying, broad
absorption spectra. Such detection, however, relies on the
availability of baseline measurements, i.e. images obtained
before the appearance of the agent, and are typically
appropriate for strongly absorbing agents with fast distribu-
tion or expression dynamics.

For accurately operating in vivo and in a volumetric
fashion, MSOT further needs to account for light propagation
in tissues, essentially therefore accounting for the effects of
intrinsic tissue optical properties (absorption and scattering)
on photon distribution. This is because each pixel in the raw
optoacoustic image is the product of tissue absorption at that
pixel times the local photon energy deposited. While
superficial optoacoustic imaging?' in the first few hundred
micrometers of propagation can assume a piecewise homo-
geneous distribution of light in tissues and generate meaning-
ful images, optoacoustic signals generated from deep tissue
regions do not accurately reflect the underlining optical
absorption but rather the combined effect of tissue absorption
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Figure 2. (a—g) Multispectral optoacoustic tomography (MSOT) visualizes the distribution of a fluorescent molecular probe (AlexaFluor
750) in a mouse leg.>* (a—c) Cross-sectional optoacoustic tomographic reconstructions acquired at 750, 770, and 790 nm, respectively. (d)
Absorption as a function of wavelength for an AF750 fluorescent probe as compared to some intrinsic tissue chromophores. Arrows indicate
the three wavelengths used to spectrally resolve the probe location. (e) Spectrally resolved MSOT image that incorporates measurements
at all the three indicated wavelengths (in color), superimposed onto a single-wavelength anatomical image. (f) Corresponding ultrasonic
image, acquired approximately at the same imaging plane, using a 25 MHz high-resolution ultrasound system. (g) Planar epifluorescence
image of dissected tissue, confirming the fluorochrome location. (h—m) Three-dimensional in vivo imaging through the brain of an adult
(6 months old) mCherry-expressing transgenic zebrafish.> (h) Five cross-sectional optoacoustic imaging slices through the hindbrain area
(i) of living zebrafish taken at 585 nm. Example of imaged slice and its corresponding histological section are shown in parts j and k,
respectively. (1) MSOT image of the brain (zoom-in) with mCherry expression shown in color. (m) Corresponding epifluorescence histology

made through an excised brain.

and light distribution. Unprocessed single wavelength images
may therefore offer details that can be identified as certain
tissue structures, but typically these may not be quantitatively
accurate unless adequately processed. Therefore, a significant
aspect of MSOT technology is the use of appropriate methods
that decompose the effects of photon distribution from spatial
changes of optical absorption in order to yield accurate and
quantitative images of optical reporter agents in tissues, as
described in more detail in the section “Quantification
Challenges” that follows.

In summary therefore, there are two basic components
required for quantitative molecular optoacoustic imaging of
optical reporter agents in tissues:

1. Multispectral separation is necessary in order to
distinguish with specificity the agent’s spectral signature over
the nonspecific background absorption. Preferred photoab-
sorbing agents in this case have distinct spectra compared
to the background absorption spectrum. Fluorescent proteins,
organic dyes, and fluorochromes and different nanoparticles,
such as gold nanorods, for example, attain this characteristic
by offering spectrally narrow extinction (absorption) spectra
that can further enable multispectral detection of multiple
spectrally separated agents.

2. Accounting for the effects of light propagation in tissues
in order to decompose the true probe concentration from
variations of the optoacoustic signal due to light intensity
variations in tissue is also necessary.

3. In-Vivo Imaging Using MSOT

The MSOT ability to detect reporter molecules in tissues
has been so far showcased by visualizing fluorochromes and
fluorescent proteins in mice, fish, and other biologically
relevant organisms. Parts a—g of Figure 2 depict results from
ref 33 resolving a common organic fluorochrome (AlexaFluor
750) injected in a mouse leg. Parts a—c of Figure 2 depict
cross-sectional optoacoustic tomographic reconstructions
acquired at single wavelengths of 750, 770, and 790 nm,

revealing an excellent morphological contrast from an intact
leg. Figure 2e shows an MSOT image (in color), generated
by spectral processing of Figure 2a—c superimposed onto
Figure 2b (gray scale). Figure 2f depicts a corresponding
ultrasonic image (25 MHz transducer) whereas Figure 2g
shows a planar epifluorescence image of the dissected tissue
that confirms the fluorochrome location, as was noninvasively
revealed by MSOT in Figure 2e. In a similar manner, the
method was used to visualize glioblastoma tumor cells
stereotactically implanted into mouse brain with the help of
IRDye800-c(KRGDY) agent.** As discussed, MSOT operates
optimally by selecting optical reporter agents with a steep
drop in their absorption spectrum or otherwise a distinct
spectral signature over tissue background absorption, as
shown in Figure 2d. The characteristics of agents, such as
gold nanoparticles and fluorochromes that are of appropriate
spectral characteristics, are more analytically reviewed
together with other optical reporter agents in section 5.

High resolution deep tissue imaging of fluorescent proteins
(FP) by MSOT was also recently demonstrated,® which may
enable useful applications in MSOT imaging of gene
expression. Parts h—m of Figure 2 show results from whole-
body visualization of deep-seated fluorescent proteins ex-
pressed in mature diffuse organisms with high (mesoscopic)
resolution (in this study 38 wm), while simultaneously
providing the necessary reference anatomical images. The
images were three-dimensionally (3D) acquired in vivo
through the brain of an adult (6 months old) mCherry-
expressing transgenic Zebrafish with a cross-sectional di-
ameter of around 6 mm. The results demonstrate the ability
to reveal high-resolution molecular activity and superimpose
it onto morphological features of identical resolution in the
brain of an intact living animal.

One important consideration in the in vivo MSOT use
regards laser safety. Currently, the maximal permissible
exposure (MPE) for human skin is set by the American
National Standards Institute (ANSI) to 20 mJ/cm? for single
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Figure 3. MSOT performance versus other imaging modalities.

nanosecond pulse exposure in the 400—700 nm visible
range.’® This limit is gradually raised through the near-
infrared toward 100 mJ/cm? at 1050 nm. However, tomo-
graphic optoacoustic application may involve repetitive
illumination of the region of interest, in which case also the
average power deposition exposure limits have to be met,
namely 200 mW/cm? in the visible, gradually increasing to
I W/cm? at 1050 nm in the near-infrared. The recent
molecular imaging results shown in animals® were within
these safety recommendations and point to a corresponding
performance when considering clinical translation as well.

4. Overview of Performance Characteristics

A particular strength of optoacoustic imaging is the ability
to simultaneously deliver anatomical, functional, and mo-
lecular contrast from tissues using a single modality, a
characteristic that is otherwise typically achieved using a
combination of multiple modalities.*” Optoacoustic technol-
ogy scales well with different tissue sizes, especially when
employing near-infrared light. Indeed, its range of operation
begins at depths where two-photon microscopy ends (~0.5—1
mm), achieving resolutions in the sub 20 um range,*® and
can visualize specimens of several centimeters in size
(diameter) with resolutions in the range of 100 um.* The
limits of penetration of the technique depend on the ability
to deposit sufficient photon energy in tissues, a property that
in turn depends on the tissue’s optical properties, that absorb
and scatter light, reducing its strength as a function of
propagation distance. Typically, small animal imaging
dimensions are possible, but larger organs, such as the whole
human breast*’ and primate brain,*' have also been visual-
ized. Similarly to ultrasound, optoacoustics is an inherently
fast imaging technology;*? therefore, it holds great potential
for real-time imaging of fast events and dynamic processes,
such as pharmacokinetics, in living organisms.

Based on the performance showcased in recent studies,
multispectral optoacoustic tomography offers revolutionary
performance, i.e. high resolution and sensitivity, very
versatile molecular contrast, portability, scalability, cost
effectiveness, and the use of nonionizing radiation, as
summarized in Figure 3. While the existing imaging modali-
ties attain some of these features, none combines all of them
in one package, as in MSOT. The major limitation of MSOT
over many other modalities is the penetration (sensitivity as
a function of depth) that can be achieved due to the strong
light attenuation in tissues. As a result, MSOT is expected
to become a method of choice in small animal imaging
research. When considering clinical applications, MSOT has
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several niche focus points due to the high sensitivity,
resolution, and portability, and it can shift the paradigm of
healthcare, offering a safe point-of-care imaging modality
for highly disseminated imaging. Foreseen application areas
are all the endoscopic areas, where compared to similar
photographic/color imaging, it can impart superior quanti-
fication and offer high resolution in-depth imaging in three
dimensions as well. In addition, breast imaging,* joint
imaging,* and vascular imaging® (either intravascular or
noninvasive) are all within the performance capacity of the
method. Correspondingly, MSOT is expected to enter
focused segments of the therapeutic efficacy and possibly
the diagnostic segments, especially in areas not well served
by current imaging modalities. Therefore, its application
segment does not compete with the MRI and PET application
areas but defines new operational fields that are more closely
associated with traditional clinical segments utilizing optical
imaging but offering significantly more powerful and infor-
mative performance in resolving tissue and disease biom-
arkers. MSOT is seen as highly complementary to established
radiology and nuclear imaging modalities but also to
conventional optoacoustic methods developed for anatomical
and functional imaging.

5. Contrast Approaches and Reporter Agents

In living mammalian tissues, strongly absorbing endog-
enous chromophores such as melanin or oxy- and deoxy-
hemoglobin may by themselves be used to form images (for
example of blood vessels or of melanoma cells) but they
also impose challenges when imaging other intrinsic or
extrinsically administered nanoparticles, since they then
contribute to an undesirable background. Consequently,
compounds with high molar extinction (absorption) coef-
ficients that can be detected above this intrinsic tissue
optoacoustic signal are important for molecular imaging
applications.*® From a molecular imaging perspective, ef-
ficient optical reporter agents are essential, since normal and
diseased tissues and cells cannot easily be distinguished in
vivo using endogenous chromophores.

Due to high plasmonic absorption in the near-infrared and
visible spectra, gold-based agents have been extensively
explored in recent years and were shown to increase
optoacoustic signals ex-vivo and in living tissues. Rayavarupu
et al. evaluated gold nanoparticles conjugated with mono-
clonal antibodies specific to HER2 overexpressing SKBR3
for possible detection of breast carcinoma cells.'? Gold
nanorods were detected with high sensitivity in vivo'> and
later conjugated with Etanercept and used for ex-vivo
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Figure 4. In-vivo optoacoustic imaging of subcutaneous squamous cell carcinomas in mice with tumor-targeting gold nanorods. (a) Averaged
optoacoustic image intensities within the tumor region versus time after injection of EGFR-targeting (solid line) versus untargeted (dashed
line) nanorods. (b) Averaged image intensities within the tumor region versus time after injection of HER2-targeting (solid line) versus
untargeted (dashed line) nanorods. The averages were calculated from three cross-sectional images. Error bars indicate standard deviations.
Reprinted with permission from ref 11. Copyright 2008 Optical Society of America.
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Figure 5. Multispectral optoacoustic detection of macrophages in atherosclerotic plaques using an absorption spectrum shift of plasmonic
gold (Au) nanoparticles (NP). (a) Normalized extinction spectra of macrophages loaded with Au NPs (solid line), and Au NPs only (dashed
line). Both absorption spectra were normalized with their corresponding maxima. Panels b—h show intravascular ultrasound (IVUS),
intravascular photoacoustic (IVPA), and combined IVUS/IVPA images of a diseased rabbit aorta injected with macrophages loaded with
Au NPs. The IVUS image is displayed in part b using a 50 dB dynamic range. The injected macrophages in the outer and inner regions of
the aorta are denoted in parts b, ¢, and f with green arrows. The normalized IVPA images (c—e) and combined IVUS/IVPA images (f—h)
obtained using 700, 750, and 800 nm wavelengths are displayed using a 20 dB display dynamic range. The IVPA and combined IVUS/
IVPA images taken at 700 nm wavelength (c—f) showed a high photoacoustic signal at the injected regions denoted by arrows. Reprinted
with permission from ref 45. Copyright 2009 American Chemical Society.

monitoring of anti-TNF drug delivery.*” Gold nanorods
conjugated with anti-HER2 and anti-EFGR have been used
for targeted optoacoustic imaging of OECM1 and Cal27
squamous cell carcinomas both in vitro and in vivo.'! As
compared to the baseline measurements made before the
probe’s injection, contrast enhancement of up to 10 and 3.5
dB, respectively, was reported (Figure 4). Gold nanoparticles,
in particular those shaped into rods, shells, cages, etc., can
be generally engineered to attain distinct spectra so that they
can be detectable by MSOT or used in single wavelength
studies to visualize fast dynamic phenomema, typically in
physiology studies. Alternatively, one can capitalize on the

absorption spectrum shifts due to specific uptake of the
nanoparticles by, for example, cells or macrophages. For
instance, Wang et al.* demonstrated that intravascular
photoacoustic imaging can assess the macrophage-mediated
aggregation of nanoparticles and, therefore, identify the
presence and the location of nanoparticles associated with
macrophage-rich atherosclerotic plaques (Figure 5).

Other nanoparticulate agents were shown to enhance
contrast in optoacoustic imaging studies. A recent longitu-
dinal study has demonstrated that single-walled carbon
nanotubes (SWNT) conjugated with cyclic Arg-Gly-Asp
(RGD) peptides can be used as a contrast agent for
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mL). This value represents the optical absorption coefficient
(in cm™!) one can create in the target volume by using a 1
mg/mL concentration of the contrast agent. For instance,
while carbon and gold nanoparticles might generally have
very high molar extinction values, these particles are also
relatively large and heavy compared to other contrast
molecules. Thus, after normalizing by molecular weight,
some organic dyes (e.g., AlexaFluor 750) will have an even
higher concentration-normalized absorptivity. Yet, the ques-
tion of overall performance of various agents in targeted
molecular imaging applications need to be evaluated in view
of additional important parameters, such as targeting ef-
ficiency, binding capacity and target concentration on a per-
cell or receptor basis.

When using fluorescent dyes for optoacoustic imaging,

(‘n"e) jeubis ansnooRal0YY

Figure 6. Optoacoustic detection of RGD-conjugated single-walled
carbon nanotubes in tumor-bearing living mice. Mice were injected
subcutaneously with single-walled carbon nanotubes at concentra-

tions of 50—600 nM. One vertical slice in the 3D optoacoustic emphasis is given to low quantum-yield fluorochromes with
image (green) was overlaid on the corresponding slice in the high absorption cross sections, which are particularly useful
ultrasound image (gray). The skin is visible in the ultrasound for optoacoustic signal excitation. Conveniently for optoa-
images, and the optoacoustic images show the single-walled carbon coustics, many NIR fluorochromes possess relatively high

-1

nanotubes. The dotted lines on the images identify the edges of molar extinction coefficients in excess of 10> M~! cm™", in

each inclusion. Reprinted with permission from ref 14. Copyright

2008 Macmillan Publishers Ltd. conjunction with low quantum yield (reduced fluorescence
efficiency), acting in favor of optoacoustic signal generation.
optoacoustic imaging of tumors.'* Intravenous administration Many organic fluorochromes exhibit sharp resonances in the
of these targeted nanotubes into mice bearing tumors showed vicinity of their peak excitation, making them also spectrally
an eight times greater optoacoustic signal in the tumor in attractive for MSOT applications. The absorption spectrum
comparison to mice injected with nontargeted nanotubes of AF750 that was employed in the example shown in Figure
(Figure 6). An enzyme-activated chromogenic assay was used 2d drops significantly in the spectral window 750—790 nm,
in optoacoustic tomography by Li et al.*® with LacZ gene compared to the smooth absorption change of background
encoding for the X-gal chromogenic substrate. Shashkov et tissue in the NIR. Therefore, intrinsic tissue contrast can be
al. suggested using conjugated quantum dots as multimodal readily suppressed with a multispectral approach, yielding
contrast agents for integrated fluorescent, photothermal, and highly sensitive imaging of fluorochrome distribution in
photoacoustic detection and imaging.**> Fluorochromes and tissue obtained by spectral matching of optoacoustic images
organic dyes can also serve as reporter molecules, as acquired at several different adjacent wavelengths.
reviewed in section 3. Furthermore, agents used in other Even though many other dedicated contrast agents could
nonoptical imaging modalities, such as MRI, can potentially potentially be developed for optoacoustic imaging applica-
be used for creating contrast in optoacoustics and as tions, long-term studies may be necessary for examining a
multimodal agents.’! Table 1 provides representative char- variety of efficiency, dosing, safety, and toxicity aspects
acteristics of common optoacoustic contrast agents. While associated with biological discovery applications or the
some physical and chemical parameters may greatly vary clinical translation of new contrast agents.>? In this context,
among different types of compounds, as far as is concerned imaging of common fluorescent agents with clinical approval
with optoacoustic signal generation, a more accurate estimate may be an immediately viable option for clinical MSOT.
of a contrast agent’s efficiency can be obtained via the Overall, however, and while fluorochromes offer significant
concentration-normalized absorptivity measured in cm™!/(mg/ utility advantages, it would be ideal to focus on photoab-

Table 1. Chemical and Optical Characteristics of Major Tissue Chromophores and Some Optoacoustic Molecular Contrast Agents®

concentration- and

molar extinction  fluorescence  typical length of QY-normalized
excitation coefficient” quantum yield a single particle/ molecular absorptivity*
chromophore wavelength (nm) (cm™' M7 QY (%) molecule (nm)  weight” (g/mol)  (cm™'/(mg/mL))  ref
oxygenated hemoglobin 750 520 0 6.8 6.4 x 10* 0.008 33
(HbO,) 550 58 x 10° 0 0.9 33
eumelanin 750 470 0 1 208 23 33
550 1200 0 5.8 33
near-infrared organic 750 2.5 x 10° 12 2 1300 169 33
dyes (AlexaFluor750)
red-shifted fluorescent 587 7.2 x 10* 22 5 2.6 x 10* 2.2 35
protein (mCherry)
single-walled carbon 750 1.5 x 107 0 100 10° 150 14
nanotubes
gold nanorods 750 9.4 x 108 0 35 1.3 x 107 72 13
activated chromogenic 650 10* 0 1 408.6 24.5 48
assay (X-gal)
near-infrared quantum 840 5 x 108 13 20 4.4 x 10° 9.9 50
dots

“The actual characteristics may vary depending on the particular compound and its functionalization; therefore, representative examples are
provided. ® The numbers are provided per particle/molecule. ¢ Optical absorption coefficient in cm™!, created in the target volume by a 1 mg/mL
concentration of the contrast agent.




2790 Chemical Reviews, 2010, Vol. 110, No. 5

4

Conjugated plasmonic particles
{gold nanorods etc)

Othertargeted particles ’
{e.g. carbon nanotubes, quantum dots) h N

>
° Agents used in non-optical modalities
o® {(MRI, US etc)

Organicdyes
(conjugated for targeting)

-

=4
I N4 Injectable chromogenicsubstrates
OH w
0.0 (enzyme-activated)
HO” Y “HO
HO m e A — *

W
Smart probes e mm
{e.g. activatable fluorochromes) @ = %

"/ -— =

(=2 s Geneticreporters
s—i ‘)7»\:0~."\. fl tproteins)
D Y (e.g. fluorescent proteins,

Figure 7. Molecular agents for MSOT and other optoacoustic
imaging implementations.

sorbing reporter agents of low toxicity and high extinction
coefficient to yield strong optoacoustic signals, while retain-
ing distinct spectral profiles, so that they can be detected
also in the absence of background (baseline) measurements,
unless very fast biodistribution and targeting capacity can
be imparted. Figure 7 summarizes the main types of
molecular probes and markers currently available for MSOT
and optoacoustic molecular imaging in general.

6. Other Optoacoustic Imaging and Sensing
Techniques

A variety of optoacoustic imaging techniques are evolving
as highly versatile methods from both application and
technological standpoints. While this review is particularly
concerned with the molecular imaging potential of optoa-
coustics, as it is enabled by multispectral methods, we briefly
mention in this section some key areas of development that
hold particular additional interest for the field.

The development of optoacoustic (photoacoustic) micros-
copy methods creates an alternative high resolution visual-
ization method of tissues. By utilizing high frequency focused
detectors, photoacoustic microscopy (PAM) has attained high
fidelity volumetric images of in wvivo vascular anatomy,
oxygen saturation, blood oxygenation, and tumor neovas-
cularization with spatial resolutions in the range of a few
micrometers to a few tens of micrometers for millimeter-
range penetration without introduction of contrast agents.”
More recently, optical resolution photoacoustic microscopy
(OR-PAM) demonstrated microvasculature images with
single capillary resolution of several micrometers at limited
penetration depths (up to 0.7 mm), revealing vasomotion and
vasodilation effects noninvasively due to switching between
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Figure 8. Structural and functional microvascular imaging by OR-
PAM in a nude mouse ear in vivo. (a) Structural image acquired at
570 nm. (b) Vessel-by-vessel sO, mapping based on dual wave-
length (570 and 578 nm) measurements. The calculated sO, values
are shown in the color bar. PA: photoacoustic signal amplitude.
Al: arepresentative arteriole. V1: a representative venule. Reprinted
with permission from ref 54. Copyright 2009 Optical Society of
America.

systemic hyperoxia and hypoxia®* (Figure 8). By utilizing
multispectral principles, the optoacoustic microscopy ap-
proach could be similarly utilized for molecular imaging
applications.

At depths of a few hundred micrometers to a few
millimeters, optoacoustic imaging of vascularization has been
applied to imaging animal models of cancer®® and cardio-
vascular imaging,>®> lymph node mapping,’® detection of
neurodegenerative disease,”’ or ocular imaging.’® Initial
feasibility studies in larger animals and humans are also
available, such as breast tumor detection*’ and imaging of
the brain,*' peripheral joints,* skin vasculature,*® and port-
wine stains.’® Even though blood provides the strongest
intrinsic contrast for optoacoustic signal generation, optoa-
coustic tomography was also shown to be capable of attaining
clear anatomical images from other tissues such as fat and
bones.® This opens new possibilities for deep tissue optoa-
coustic imaging of structures and model organisms having
low or otherwise no hemoglobin-based contrast, such as small
insects, fishes, and worms.

Many directions are building up also around optoacoustic
biosensing applications. Optoacoustic signals are intrinsically
sensitive to various mechanistic properties of tissue and,
therefore, can potentially be used for, for example, nonin-
vasive temperature monitoring during hyperthermic or abla-
tion treatments.®! Another fascinating application, optoa-
coustic flow cytometry,®? is used for detection and selective
destruction of circulating tumor cells—a common marker for
the development of metastasis. Here gold and carbon
nanoparticles, targeted to tumor receptors, are used to
increase the sensitivity and specificity of the method.®® This
review is however focused on molecular imaging applications
of optoacoustics; therefore, biosensing is clearly beyond its
scope.

7. MSOT Technology Components

In the following two sections, we review in more detail
the fundamental mathematics and technology aspects re-
quired for MSOT image formation and quantification for the
interested reader. The vast majority of biomedical optoa-
coustic imaging applications employ intense pulsed laser
sources, even though other methods of optoacoustic signal
generation exist, e.g. using modulated continuous wave
sources.®* After the acoustic wave is created by light
absorption, its magnitude is proportional to the local light
intensity, optical absorption coefficient, and thermoelastic
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properties of the imaged tissue. The induced acoustic wave
spectrum is mainly dependent upon the spatial frequency of
the optical absorption variations and duration of the light
pulse. For laser pulse durations in the nanosecond range, a
biologically relevant spectrum of optoacoustically induced
signals is usually of ultrawide-band nature with useful
information contained in the ultrasonic spectrum between
several hundreds of kilohertz and several tenths of megahertz.

For imaging or sensing purposes, ultrasonic detectors are
placed in the vicinity of the imaged object as shown in Figure
1. Similarly to ultrasonic imaging, optoacoustics is a time-
resolved method; that is, the time of arrival of the pressure
wave directly indicates the distance to the optoacoustic source
in the imaged object. If the detector is placed in position 7,
it will sense an integrated pressure wave, namely®

o _ B pHG.) d&F
P = e

—
| PR

o))

where the spatiotemporal distribution of the instantaneous
power absorption density H(7,') is measured in [W/m?] and
is proportional to the product between local light intensity
U and optical absorption coefficient u,; f is the isobaric
thermal expansion coefficient, which describes the relative
increase of the tissue volume per temperature increase under
constant pressure (isobaric condition); v, is the speed of
sound in tissue; and C is the specific heat capacity at constant
pressure, describing the energy required by a unit tissue mass
to raise its temperature by a temperature unit. The typical
parameters for biological tissue are 8 =3 x 107* [°C™], v,
= 1500 [m s7'], and C = 4.186 [J g ' °C"']. Equation 1
can be interpreted such that, for each time point, the detected
pressure variation has been created by integration over all
the optoacoustic sources located on a spherical shell of radius
[7 — 7| surrounding the detector point 7. The shape of the
optoacoustic signal created by an absorber depends on its
size and optical absorption properties.®

The ultimate goal of optoacoustic tomographic imaging
is the reconstruction of the underlining optical absorption
contrast from a set of measured ultrasonic pressures p(7',1).
Optical absorption can then be directly related to concentra-
tions of intrinsic tissue chromophores and other biomarkers
of interest. Often, focused detectors are used in order to
reduce the dimension of the image reconstruction problem.
For instance, in the case of a spherically focused acoustic
detector, the detected waveforms directly represent the
distribution of optical absorbers along the focus line, the so-
called A-scan.®® To obtain a 2D or 3D reconstruction, the
detector is simply scanned along the object, or alternatively,
beam-forming with phased arrays is employed. Likewise,
cylindrically focused detectors reduce the reconstruction
problem into two dimensions,* in which case tomographic
inversion is necessary. Back-projection algorithms have been
so far widely used for image reconstruction in optoacoustic
tomography. These algorithms are based on approximate
closed-form inversion formulas expressed in two or three
dimensions and are analogues to the Radon transform. Back-
projection formulas exist for several detection geometries
and are implemented either in the spatiotemporal domain??
or in the Fourier domain.%

The optical reporter agent(s) of interest can be resolved
by using multiwavelength illumination, at different spectral
bands for multiple agents, and subsequent spectral matching®>*
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of an a-priori known spectrum. To achieve this, in the
simplest form, it is assumed that every pixel in a single-
wavelength optoacoustic image represents a combined
contribution of the photoabsorber of interest with known
molar extinction spectrum @, and unknown concentration
¢y and other background chromophores with known spectra
a,, and unknown concentrations c,, (m = 1, ..., M). This can
be written in the form of a linear equation system, i.e.

M
u ) = o(Ae, + Y a,d)e,n=1,..N
m=1

2

where imaging is performed at N discrete excitation wave-
lengths. Using the measured absorption values and known
spectra, the distribution of the optical reporter agent of
interest can be subsequently reconstructed from the above
linear equations on a per-pixel basis with, for example, a
linear regression method. In order for this approach to work
accurately, methods are required that impart quantification
or that are insensitive to errors in the single wavelength
images. The retrieval of images that reflect the true absorption
values of the optical reporter agents of interest and are
independent of the particulars of the photon distribution in
tissue is therefore an essential aspect of MSOT, as described
in the following section.

8. Quantification Challenges

Accurate evaluation of biomarker distribution, disease
state, and treatment efficacy requires accurate quantification
of biodistribution of the optical reporter agents utilized. Most
existing optoacoustic imaging methods rely on explicit
(closed-form analytical) back-projection reconstruction al-
gorithms. These inversion methods are generally convenient
and fast but are not exact and may lead to the appearance of
substantial artifacts in the reconstructed images. A common
problem in back-projection methods is the suppression of
slowly varying image components and the accentuation of
fast changes in the image (small details), which is usually
also accompanied by negative optical absorption values that
otherwise have no physical interpretation. In addition, back-
projection algorithms are based on an ideal description of
the acoustic wave propagation and detection as well as on
specific detection geometries; therefore, they cannot be easily
generalized into more realistic optoacoustic illumination—
detection models that incorporate configuration- and instru-
mentation-dependent factors. The accentuation of fast changes
often leads to high-resolution appearing images, but these
images, especially when reconstructing complex distributed
patterns, may lack significant accuracy.®’” The effects of
acoustic and optical heterogeneities may introduce additional
inaccuracies and image artifacts. For instance, acoustic speed
variations in various tissues lead to dispersion and reverbera-
tion of optoacoustic signals. In the presence of large air
cavities, such as lungs, the tomographic reconstruction can
be therefore severely distorted. Moreover, in volumetric
tissue imaging, the effects of light attenuation may cause
the optoacoustic image to significantly deviate from the true
absorption distribution, especially in response to the generally
unknown spatially varying scattering tissue properties.®®
Consequently, the initially reconstructed optoacoustic image
cannot be used to extract the optical absorption u, of the
reporter agent used, which represents the biomarker distribu-
tion of interest. Therefore, even though the mentioned
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reconstruction artifacts have not prevented nonquantitative
structural imaging, they can significantly limit the utility of
optoacoustics for molecular imaging applications and other
types of longitudinal imaging studies that require accurate
quantification. In the following, we address some of these
issues for outlining the key progress in this matter.

It has been shown that optoacoustic image performance
can generally be improved using the so-called model-based
inverse methods® over back-projection algorithms. In con-
trast to backprojection algorithms, model based methods are
not based on an approximate analytical solution of the
optoacoustic equation. Instead, the forward problem is solved
numerically. Iterative inversion algorithms have been sug-
gested, whereby in each iteration the reconstructed optoa-
coustic image is changed to reduce the error between its
corresponding acoustic signals and the measured signals.
Ideally, this approach can yield artifact-free quantified
reconstructions. However, the computational complexity
involved with model-based schemes has so far severely
limited their achievable resolution. Recently, a semianalytical
model-based inversion scheme that has been considered for
quantitative optoacoustic image reconstruction was sug-
gested,%” where the presented semianalytical solution is exact
for piecewise planar acoustic-source functions, which sig-
nificantly improves the accuracy and computational speed.
The method eliminates image artifacts associated with the
approximated back-projection formulations; that is, no nega-
tive absorption values are produced and the reconstructed
image corresponds to the true light attenuation and energy
deposition within the object. Model-based frameworks admit
generalization of the forward solution to a more compre-
hensive acoustic propagation model without changing the
inversion procedure. For instance, the frequency response
of the acoustic detector as well as additional linear effects,
such as the frequency dependent acoustic attenuation and
the detector’s focusing characteristics, can also be conve-
niently and rigorously incorporated into the model. Finally
and importantly, the model-based inversion can be seamlessly
adapted to any detection geometry.

Another quantification challenge arises from the fact that
optoacoustic signals do not directly convey information on
the underlining optical absorption coefficient u, but rather
on the local power absorption density H in tissue, which
represents the product between p, and the local light fluence
U. In cases of uniform sample illumination, e.g. in cases of
superficial imaging,?' where the light intensity can be nearly
uniformly distributed over the imaged volume, the optoa-
coustic image is approximately proportional to the optical
absorption coefficient. In practice, biological tissues present
a highly heterogeneous environment with unknown optical
properties therefore sample illumination can be rarely done
in a uniform manner. For instance, when absorbing targets
deeper in tissue are to be imaged, as in whole-body animal
or organ imaging, the photon fluence is significantly attenu-
ated as a function of depth and is also significantly affected
by tissue optical heterogeneity. Optoacoustic images that are
obtained using the assumption of uniform illumination will
therefore be biased in favor of targets closer to the surface.
Thus, in order to accurately reconstruct the object’s absorp-
tion coefficient map, the light intensity within the tissue
should be known so that it can be corrected for. Unfortu-
nately, the light distribution depends on the precise map of
tissue optical properties, which cannot be easily measured
or calculated.

Ntziachristos and Razansky

Cox et al.” suggested a simple iterative reconstruction
algorithm for the planar geometry that can possibly resolve
this imaging problem. In this algorithm, the optical absorption
coefficient, obtained at each iteration, is used to calculate
the fluence in the succeeding iteration. Theoretical simula-
tions have shown that, under ideal conditions, the algorithm
converges and accurately recovers the absorption coefficient.
However, recent experimental findings indicate that while
iterative inversion schemes can potentially improve image
quality in optoacoustic tomographic imaging, their imple-
mentation needs to consider certain poorly known experi-
mental factors that relate to the ability of accurately
calculating the photon fluence distribution in the imaged
object.® In particular, knowledge of the absorption and
reduced scattering coefficient is not always available or
straightforward to obtain. While the absorption coefficient
can be directly linked to the optoacoustic signals, determi-
nation of the scattering coefficient is problematic, as no
accurate method exists to volumetrically determine its
distribution, especially when it is spatially varying within
tissue. Even with exact knowledge of the optical properties,
however, it was found that the iterative method did not yield
convergence at long iterations and was rather influenced by
different inconsistencies between experiment and theory,
including noise and artifacts that can also be amplified.®®
Therefore, for the best performance in realistic imaging
scenarios, iterative algorithms should preferably be used with
some approximate or a-priori information on the imaged
object, including a well-defined convergence criterion and a
good estimate of the background optical properties.

A more advanced method for light attenuation correction
relies on the general properties of the optical fluence, rather
than the specific light-propagation model. The method
sparsely decomposes the optoacoustic image into two
components: a slowly varying global component attributed
to the diffusive photon fluence in the medium and a localized
high spatial frequency component representing variations of
the absorption coefficient.”! This decomposition is based on
the assumption that, owing to light diffusion, the photon
fluence exhibits a slowly varying spatial dependence in
contrast to fast spatial variations of the absorption coefficient,
more typically associated with variations in structures that
have well-defined boundaries that introduce high spatial
frequency components. The sparse representation of the
optoacoustic image in the library directly yields both the
quantitative map of the optical absorption coefficient and
the light fluence.”!

Finally, and in clear distinction to single wavelength
imaging, MSOT can capitalize on the availability of multiple,
potentially densely packed wavelengths and utilize a subset
of this spectral information to improve quantification. The
underlying premise is that the photon distribution in tissues
is not expected to vary significantly for closely spaced
wavelengths, especially in the near-infrared window. There-
fore, measurements (images) at one wavelength can be
explicitly used to normalize for photon intensity heterogene-
ity in tissues at the other wavelengths or, implicitly, during
the spectral processing of the images. Such methods con-
tribute to making MSOT approaches more robust and
quantitative, especially in volumetric imaging applications.

9. Sensitivity of Biomarker Detection

While the feasibility of different optoacoustic imaging
implementations has been showcased and initial predictions
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Figure 9. Simulated optoacoustic signal strengths from an experimental and clinical point of view.5 (a) Optoacoustic response (on arbitrary
scale) detected from a 2 mm diameter target containing a 1 uM concentration of a molecular probe (Cy5.5) at increasing depths of media
mimicking various human tissues. Simulations were performed assuming tissue properties at a wavelength of 675 nm. (b) Signal variation

versus target size.

have been reported in the literature on their sensitivity,??~3*

such predictions typically rely on, for example, a small set
of experimental measurements and may not systematically
capture true performance metrics. Moreover, the determi-
nation of the optoacoustic imaging sensitivity is not straight-
forward from a technical perspective, especially since the
relation of sensitivity with volume and depth is not linear in
optoacoustics. This is because volumes of different size
generate optoacoustic responses of different spectral content,
yielding different signal attenuation with depth due to
frequency-dependent attenuation (dispersion) of sound in
tissues. Light attenuation effects with depth can also produce
nonlinear dependencies between the sensitivity and depth.

Since the optoacoustic resolution is generally high, the
experimental determination of the sensitivity as a function
of e.g. optical reporter agent volume remains difficult since
this would require reproducible creation of small volumes
(e.g., in the nanoliter range or less) containing well-defined
concentrations of optical agents. A prediction can alterna-
tively be made by imaging larger amounts of the same optical
reporter agent and placing the measured value on a theoreti-
cally calculated signal intensity curve, calculated as a
function of depth, or lesion size and limited by the noise
floor of a particular system. A sensitivity estimate of a
particular measuring device can then be made.® Figure 9
shows a practical example of such approach, as it examines
the dependence of the detected optoacoustic signal upon
target volume and depth for a typical organic fluorochrome
(Cy5.5) with peak extinction at 675 nm. The prediction was
obtained from simulations of optoacoustic signals emanating
from a target probe, the latter represented by an absorbing
sphere embedded at different depths in tissue-mimicking
scattering and absorbing media.®> As it can be observed,
while optoacoustic signals depend linearly on concentration,
they exhibit a nonlinear dependence not only as a function
of target depth but also as a function of its volume. It is
seen for example that for small targets (in practice, less than
0.2—0.5 mm in size), the effects of ultrasonic dispersion start
playing an increasingly dominant role in the reduction of
the detected optoacoustic signal intensity, owing to increased
attenuation of high frequency sound components (Figure 9b).
Therefore, for small targets sized less than 0.1 mm, signal
reduction may become proportional to the third power of
the target size, i.e. &. This finding demonstrates that it would
be inaccurate to linearly extrapolate the detection limits of
optoacoustics from data obtained on larger amounts of optical
agent, but instead use an estimation model on detection limits

that accounts for all effect of light attenuation and frequency
dependent ultrasonic dispersion.

Overall, recent in vivo and phantom studies predicted
detection limits in the subpicomole range for common
fluorochromes in the near-infrared*%> and about one thou-
sand cells for cells efficiently labeled with red-shifted
fluorescent protein.* However, in cases of shallow depth
imaging, optoacoustics has already reached single cell
detection capabilities’? (for circulating melanoma cells).

10. Conclusions

With the compelling advantages of optical imaging, such
as highly diverse contrast mechanisms and easy and safe
usability, and with imaging performance characteristics that
rival those of MRI in resolution and nuclear imaging in
specificity, MSOT is expected to play a major role in
biomedical research and drug discovery applications. This
is because it brings a new standard of performance in small
animal imaging and it can lead to significant niche clinical
applications as well, especially in regimes where optical
imaging is already an accepted modality, such as endoscopic
applications, but possibly also in applications where deeper
detection is required. As such, it can play a vital role, from
monitoring dynamic phenomena noninvasively to accelerat-
ing the decision on potential drug candidates during in vivo
screening applications and toxicology animal studies. Po-
tentially, MSOT can play an increasingly important role
through phase 0—III clinical trials by offering a method that
can yield quantitative markers of treatment while it is not
limited by application repetition due to cost or the use of
ionizing radiation, within the application areas of the
technique, as defined by its penetration ability. Therefore, it
is expected that MSOT will define several new application
areas and will become a method of choice in small animal
and select clinical imaging applications.

11. Glossary

FPfluorescent protein

MRImagnetic resonance imaging
MSOTmultispectral optoacoustic tomography
NIR near infrared

SNR signal-to-noise ratio

X-ray CTX-ray computed tomography
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