Intfravascular multispectral optoacoustic
tomography of atherosclerosis:
prospects and challenges

The progression of atherosclerosis involves complex changes in the structure, composition and biology of
the artery wall. Currently, only anatomical plaque burden is routinely characterized in living patients,
whereas compositional and biological changes are mostly inaccessible. However, anatomical imaging alone
has proven to be insufficient for accurate diagnostics of the disease. Multispectral optoacoustic tomography
offers complementary data to anatomical methods and is capable of imaging both tissue composition
and, via the use of molecular markers, the biological activity therein. In this paper we review recent
progress in multispectral optoacoustic tomography imaging of atherosclerosis with specific emphasis on
intravascular applications. The potential capabilities of multispectral optoacoustic tomography are
compared with those of established intravascular imaging techniques and current challenges on the road
towards a clinically viable imaging modality are discussed.
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Atherosclerosis is a vascular disease of medium-
and large-sized arteries that is characterized
by inflammation and lipid deposition, leading
to arterial stenosis and thrombosis formation
(1-3]. Atherosclerotic vascular disease can cause
sudden death, myocardial infarction (heart
attack) and stroke, the leading causes of death
worldwide. The pathological remodeling of an
artery is accompanied by certain alterations of
its composition and by changes in its biological
profile. Patients harboring atherosclerotic plaque
are in danger of myocardial infarction and sud-
den cardiac death in the case of plaque rupture.
Although much is known about the composition
of rupture-prone plaque and the biological activ-
ity that promotes destabilization, physicians do
not currently have the tools to fully assess these
important components in patients. Advanced
imaging methods could facilitate early detection
and possibly treatment of unstable plaque before
it ruptures [3].

Significant activity in imaging atherosclerosis is
focused on intravascular methods for the coronary
arteries (i.e., catheter-based procedures in which
imaging is performed from within the blood ves-
sel). In the clinic, intravascular imaging is widely
accepted and remains the only reliable method for
imaging plaque in the coronary artery [4-6]. While
a number of noninvasive imaging approaches
(ultrasonography, MRI, CT and fludeoxyglucose
PET) can provide clinical, structural and molecu-
lar insights into atherosclerosis in large arteries,
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such as the carotid arteries or the aorta, their reso-
lution and sensitivity are insufficient for imaging
the coronary arteries [6].

The main clinical intravascular coronary
arterial imaging modality is intravascular ultra-
sound (IVUS) 7]. The proximity of the acous-
tic components (<5 mm) to the imaged plaque
enables structural imaging with far greater
detail than achieved by any current noninvasive
method, and enables detection and quantifi-
cation of plaque burden and stenosis. Further
increases in image resolution have been realized
using optical coherence tomography (OCT) [s],
a rapidly growing clinical intracoronary imag-
ing approach, where optical scattering, rather
than ultrasound scattering, is used to form arte-
rial images via interferometry. However, OCT
has limited penetration depths of 1-2 mm, and
therefore it is not appropriate for deeper imaging
of blood vessels.

Despite continuing improvements in the per-
formance of both IVUS and OCT, their use has
so far been mostly limited to structural imaging.
A different class of imaging methods with sen-
sitivity to biochemical parameters has also been
developed to read biochemical information rel-
evant to the progression of atherosclerosis. Near-
infrared spectroscopy (NIRS) has been used to
measure absorption spectra from the blood ves-
sel tissue to assess lipid content [9]. Due to the
complex behavior of light propagation in tissue
and the complex spectra involved, the measured
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spectrum is typically correlated to biochemical
tissue parameters using a training set of data
obtained from a blood vessel that exhibited high
lipid content. At present, additional clinical data
are required before the reliability of the method
can be determined, and precise clinical appli-
cations utilizing NIRS remain to be defined.
Moreover, NIRS-based detection does not
distinguish between various subtypes of lipid
(e.g., oxidized low-density lipoprotein).

Near-infrared fluorescence (NIRF) molecular
imaging has recently been introduced as a new
imaging approach, where fluorescent probes are
used to reveal biological activity in the blood
vessel wall [10]. The use of exogenous probes
offers an array of specific molecular and cellular
targeting. A major limitation of this approach
has been the clinical availability of fluorocromes
with molecular specificity. However the recent
translation of fluorescence molecular imaging
to humans opens exciting possibilities for the
application of targeted fluorochromes in imag-
ing atherosclerosis and other cardiovascular
diseases [11].

Advances in optoacoustic (or photoacous-
tic) technology may also prove important for
the detection and management of atheroscle-
rosis. Optoacoustic imaging is a potent optical
imaging approach that has gained significant
attention in recent years since it is insensitive
to photon scattering in tissue and offers high-
resolution optical images within several millime-
ters to centimeters tissue depth [12.13]. The tech-
nique is based on the transformation of transient
optical energy absorbed in tissues to acoustic
waves through thermoelastic expansion. Since
the carriers of image information are acoustic
waves, resolution and penetration depths similar
to ultrasonography may be achieved in tissue,
which is generally superior to optical resolution

for distances over 1 mm [14]. However, the image
contrast is optical, which often has more signifi-
cance in the characterization of biological tissue.
In particular, multispectral optoacoustic tomog-
raphy (MSOT) allows the detection of various
photo-absorbing molecules and NPs distributing
in tissues, by resolving their absorption spectrum
signatures (14-17]. While earlier implementations
of the technology focused on small animal imag-
ing [18,19], breast cancer imaging [20] and blood
vessel anatomy [19.21,22], optoacoustic imaging
has been more recently considered for atheroscle-
rosis imaging applications [23-25]. MSOT offers
potentially unique characteristics to atheroscle-
rosis imaging since it can resolve important mol-
ecules involved in atherosclerosis including lipids
(24], oxygenated and deoxygenated hemoglobin
content [21], as well as extrinsically administered
imaging agents that enable molecular imaging,
including various photo-absorbing molecules
spanning from NPs [17] to organic dyes and
fluorochromes [15]. One of the major challenges
of optoacoustic imaging in general and MSOT
in particular is the low efficiency in which the
optical energy is converted to acoustic waves.
As a result, intravascular applications of opto-
acoustic technology have suffered from consid-
erably lower imaging speed than purely optical
or acoustical techniques [23,24]. Tase 1 presents a
comparison between the potential capabilities
of MSOT and those of IVUS, OCT and NIRF.
Throughout the paper, the term MSOT will be
restricted to optoacoustic imaging where more
than a single wavelength is used.

Since MSOT is a hybrid optical-acoustic
method, it shares similarities with IVUS, OCT
and NIRF in both performance and in hard-
ware implementation. An MSOT catheter
could potentially be integrated with any of these
modalities, as has already been shown for the

Resolution Penetration Contrast Pullback rate Flushing
mechanism
100-200 pym Whole artery Acoustic scattering 0.5 mm/s Not required
20 ym 1-2 mm Optical scattering OCT: 1 mm/s Required
OFDI: 20-40 mm/s
250-1000 ym Whole artery Fluorescence 1 mm/s Not required
100-200 pm Whole artery Optical absorption 0.1 mm/min May not be required

spectrum

in specific
wavelength bands
(e.g., the near-
infrared window)

The values in the table are typical for in vivo applications. For MSOT, the values are estimates based on state-of-the-art technology. The pullback rate was calculated
for four wavelengths, a pulse repetition rate of 10 Hz, 300 A-scans per slice and a step size of 200 um.
IVUS: Intravascular ultrasound, MSOT: Multispectral optoacoustic tomography; NIRF: Near-infrared fluorescence; OCT: Optical coherence tomography; OFDI: Optical
frequency domain imaging.
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case of a hybrid optoacoustic-IVUS catheter
(23]. Additionally, the potential capabilities of
MSOT could be best understood in the context
of existing techniques. For these reasons, we
first briefly review the leading coronary-artery-
targeted intravascular-imaging approaches and
assess their performance relative to intravascular
MSOT. We discuss advantages and limitations
of each technology and summarize next steps
towards preclinical and clinical intravascular

MSOT applications.

IVUS

IVUS is a pulse-echo technique that maps the
strength of acoustic back-scattering in the blood-
vessel wall, which is the result of heterogeneity in
the acoustic properties of tissue. IVUS imaging
is performed using a miniaturized ultrasound
transducer mounted on the tip of a catheter
inserted into the blood vessel imaged. The trans-
ducer generates a directional beam of short acous-
tic pulses, which propagate into the artery, and
detects the waves that are subsequently reflected
from the tissue and reach the transducer. In these
so-called A-scans, the amplitude of the detected
wave signal depends on the strength of the acous-
tic scatterers, whereby the time of arrival corre-
sponds to their depth. 3D imaging is enabled by
scanning the blood vessel along its circumference
and length. With recent technological advances,
IVUS may reach resolutions of approximately
100-200 pm with typical longitudinal pullback
scanning rates of 0.5 mm/s.

IVUS systems resolve typical ultrasonic con-
trast, which is determined by the density and elas-
tic moduli of the tissue, and can detect interfaces
between components that have different acoustic
properties (e.g., fluids, soft tissue, calcified tis-
sue or metal in coronary stents). IVUS is typi-
cally used for measuring the degree of stenosis,
assessing plaque burden and a few compositional
features (e.g., calcium), as well as for optimizing
stent deployment [26]. While some morphologi-
cal features are significantly more common in
vulnerable plaque than in stable plaque, plaque
classification based on morphological (grayscale)
IVUS images has not yet demonstrated the reli-
ability required for clinical prognosis. Alchough
plaque composition is clearly linked to plaque
instability, grayscale IVUS provides limited dis-
criminatory contrast for atherosclerotic plaque
composition. In recent years, advanced math-
ematical analyses of IVUS raw signals have
expanded IVUS ability in discerning the com-
position of atherosclerotic plaque. Most notable

is the ability of virtual-histology (VH)-IVUS

future science group

to detect the lipid-rich necrotic core in plaques,
which has been validated in human coronary
arteries [27]. Despite these promising findings,
recent studies in a porcine model suggest that
VH-IVUS might have limited accuracy in the
case of complex lesions [28.29]. In addition, a land-
mark clinical trial (PROSPECT) demonstrated
that VH-IVUS measures of high-risk plaques
were not as predictive as grayscale IVUS burden
measures [4].

oCT
OCT may be viewed as the optical counterpart
of IVUS, but uses light instead of sound to
detect heterogeneity in tissue via optical back-
scattering. The use of light dictates different
detection principles and leads to substantially
different image characteristics. In intravascular
OCT, the catheter is composed of a single-mode
optical fiber that guides light to the blood-vessel
wall and collects scattered light due to micro-
scopic variations in the refractive index of the
tissue. The collected light is interfered with a
reference beam enabling detection of both phase
and amplitude. The combined phase—amplitude
data is used to form an A-scan signal similar to
that of IVUS. The transition from A-scans to 3D
imaging is obtained by rotating and translating
the catheter within the blood vessel. Originally,
A-scan data was obtained using so-called time-
domain OCT [30], where mechanical scanning
was used to detect the signal strength at each
depth level individually. The later transition to
frequency domain OCT, or optical frequency
domain imaging (OFDI) [31], where scanning
is performed in the laser wavelength, has led to
significant improvement in imaging speed. In
both cases, the bandwidth of the optical source
determines the axial resolution of the images.
Frequency domain OCT has a characteris-
tic resolution of 20 pm and pull-back speeds
of 20-40 mm/s. Penetration depth is typically
limited to 1-2 mm, and is thus insufficient for
imaging the entire arterial wall in the case of cor-
onary arteries. To achieve maximum penetration
depth using OCT, both optical scattering and
absorption should be as low as possible. OCT is
thus usually performed with wavelengths around
1300 nm, where water absorption is acceptable
and tissue scattering is low. However, the strong
signal attenuation through blood at these wave-
lengths requires flushing to be performed during
the imaging session. However, even when flush-
ing is performed, residual blood may occasion-
ally obscure parts of the blood vessel and may
lead to image misinterpretations.
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The high resolution offered by OCT enables
better detection of superficial structural fea-
tures in blood vessels as compared with IVUS,
(e.g., lumen geometry, fibrous cap thickness and
stent structure/coverage). In the case of athero-
sclerosis, OCT has shown potential to detect
thin-cap fibroatheroma, a leading pathologic
subtype of rupture-prone plaque, character-
ized by a large necrotic core and a thin fibrous
cap (<65 pm) [32]. The high resolution of OCT
enables a reliable estimation of the thickness of
the fibrous cap, an insurmountable task for cur-
rent IVUS systems. Macrophages are also visible
on OCT images and dedicated algorithms based
on the normalized standard deviation param-
eter have shown promise in their identification
(33], although further investigation is required
for assessing the reliability of this method in
real-time operations. Full visualization of the
large necrotic core, eccentric remodeling and
plaque burden measurements, however, are
beyond the reach of OCT because of its limited
penetration depth.

NIRF imaging

Fluorescence imaging is a well-established
method for molecular imaging that has found
various applications in preclinical research.
In vivo applications often involve the injection
of a fluorescent probe that can target disease
biomarkers 77 vivo. Numerous fluorescent
probes have been considered for detecting dif-
ferent characteristics of vascular disease [34]. In
the case of atherosclerosis, inflammation associ-
ated proteases, including cathepsins and matrix
metalloproteinase (MMP) have been visualized
using activatable probes [10,35-37). In a study by
Jaffer et al., a cathepsin enzyme-activatable
probe was used, which was generally quenched
until cleaved by an inflammation regulated
protease such as cathepsin B [10]. In a study by
Vinegoni et al., the US FDA-approved NIRF
agent indocyanine green (ICG) was shown to
target lipids and macrophages in atherosclerotic
plaques, and to have minimal accumulation
in non-inflamed tissue [38]. In both cases, the
probes had their excitation and emission bands
in the near-infrared (NIR) imaging window
(700-950 nm [14]), where blood absorption
is relatively low, enabling imaging without
flushing.

Intravascular NIRF imaging was originally
performed using a 1D pull-back fiber (39] and
more recently with a 2D pull-back rotating
fiber [10]. The principle of operation of the 2D
pull-back system resembles that of intravascular
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OCT; however, the NIRF catheter utilizes a
multimode fiber for illumination and fluores-
cence collection. In particular, the NIRF cath-
eter is based on an optical fiber that guides laser
light into the tissue. The light emitted by the
fluorescent probes is collected by the same fiber
and is sent through an appropriate filter to a
highly sensitive optical detector that measures
its intensity. Since fluorescent light is incoher-
ent, the depth of the probes cannot be detected
by the technique used in OCT. Thus, trans-
lation and rotation of the fiber leads to a 2D,
surface-weighted image. The use of NIR light
has enabled 77 vivo imaging in the presence of
blood with a good signal-to-noise ratio (SNR).
The typical axial resolution demonstrated
in the study by Jaffer ez al. was estimated at
500-1000 pm in blood and 250-500 pm in
saline, and may be improved by the use of
focusing optics [10]. The pull-back speed dem-
onstrated in a study by Jaffer ¢z a/. is comparable
to that of IVUS and was mainly a limitation of
the motors and not of the system sensitivity [10].

Current challenges in NIRF imaging include
robust quantification of the NIRF signal and
in image interpretation. Light attenuation and
scattering lead to a depth-dependent weighting
in the images. As a result, NIRF images depend
on the location of the catheter inside the lumen,
where areas of the blood vessel that are closer
to the fiber appear stronger owing to surface
weighting. Since NIRF imaging does not discern
depth, fully correcting for bias in the images
is not possible with standalone NIRF imag-
ing. However, coregistration of NIRF images
with structural images obtained from IVUS or
OCT [40] could enable better quantification and
interpretation of NIRF images.

MSOT
In optoacoustic imaging, an optically absorb-
ing object is illuminated with modulated light,
whose absorption creates a distribution of tem-
perature variations in the object proportional
to the absorbed energy. Through the process of
thermal expansion, this leads to pressure varia-
tions in the object, which propagate outwards
as acoustic waves. The efficiency of the conver-
sion of the thermal energy to pressure waves is
commonly described by the Griineisen coeffi-
cient, which is a thermodynamic property of the
tissue and depends on the tissue type [41] and
temperature [42].

Commonly, the modulated light is provided
by a pulsed laser, where the pulse repetition
rate determines the rate at which the acoustic
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fields are formed. By measuring all the acous-
tic waves emanating from the object, a 3D map
of the absorbed optical energy may be con-
structed, which is generally proportional to the
light fluence and optical absorption coefficient.
Commonly, the tissue is assumed to be acousti-
cally homogeneous and lossless [41], enabling a
simple mathematical description the optoacous-
tic effect and accurate image formation schemes.
However, local variations in acoustic proper-
ties, losses, dispersion and acoustic scattering
may lead to signal distortion and image arti-
facts. In the case of extreme acoustic distortion
(e.g., when imaging through the lungs, some
parts of the specimen might not be accessible
via optoacoustic imaging). In that sense, opto-
acoustic imaging shares the same limitations
with conventional medical ultrasonography.

In MSOT, measurements are performed using
laser light at several wavelengths to obtain a 3D
map of the absorption spectrum of the speci-
men [12]. Optical contrast agents that possess
absorption resonances within the measurement
span may be mapped through the processing of
the multispectral data [16]. The map of a con-
trast agent, referred to as an MSOT image,
may be superimposed on the structural single-
wavelength optoacoustic image to enable coreg-
istered molecular and structural imaging. One
of the challenges of multispectral analysis is the
wavelength-dependent attenuation of light in
tissue, which alters the spectrum of the light as
it diffuses deeper in the tissue [41]. As a result,
identical objects that are situated in different
positions in tissue may appear to have different
absorption spectra in the multispectral image
dataset. Nonetheless, in many cases, MSOT has
the potential to supplant fluorescence imaging,
as fluorescent probes may be detected by MSOT
based on their distinct absorption spectrum [1s].
Another advantage is that MSOT, like NIRF,
could potentially be performed in blood, with-
out flushing or occlusion by utilizing the NIR
imaging window [14].

The imaging capabilities of MSOT are deter-
mined by both the optical and acoustical com-
ponents used in the system design. Resolution
is commonly determined by the acoustic design,
though in some cases the optical design may have
a major contribution to it as well. Specifically,
when imaging is performed at depths in which
total light diffusion has yet to occur, optical
focusing can be the decisive factor in the lateral
resolution of the MSOT image. This regime
relates mostly to optoacoustic microscopy [21],
although it is potentially relevant to the first
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millimeter of artery wall in intravascular imag-
ing when flushing is performed. At deeper parts,
light diffusion may become dominant and the
lateral resolution would be determined by the
acoustic focusing. The axial resolution is deter-
mined solely by the acoustic bandwidth of the
detector, in analogy to OCT where axial resolu-
tion is determined by the optical bandwidth of
the source. The SNR of the image is determined
by the amount of optical energy deposited in
the region of interest, the Griineisen coefficient
and by the sensitivity of the detector. Since light
scattering and absorption lead to attenuation of
the light fluence (i.e., the energy that can be
potentially deposited in the tissue), image SNR
decreases with depth. Highly absorbing sub-
stances (e.g., blood) usually enjoy a high SNR
and are often visible in the single-wavelength
optoacoustic images. Injected fluorescent probes
commonly produce weaker absorption than the
tissue background when their concentration in
tissue is less than 100 nM and become visible
only in the MSOT image [14,43]. As the MSOT
image is produced by the often subtle differ-
ences between the optoacoustic images at dif-
ferent wavelengths, MSOT may require higher
detector sensitivity than what is required for
single-wavelength optoacoustic imaging [14,43.44].

Generally, the optoacoustic effect is charac-
terized by low efficiency, which requires high
detection sensitivities, typically better than
1 kPa. Additionally, the frequency content of
the acoustic fields is inversely proportional to the
size of the illuminated object, where submillime-
ter objects emit acoustic fields of several MHz.
Commonly, piezoelectric materials, which con-
vert pressure changes into voltage, are used for
the acoustic detection. The optimal design of the
piezoelectric detector is highly dependent on the
imaging geometry. While the SNR is generally
scaled with the detector size, increasing the size
of the detector might lead to a reduced detection
bandwidth, and thus resolution, owing to the
effect of spatial averaging (45]. Optical interfero-
metric detectors for ultrasound have also been
demonstrated for optoacoustic imaging [46-48].
In such detection schemes, ultrasound is detected
by the effect it has on the optical properties of the
medium in which it propagates. By using vari-
ous interferometric techniques, an interrogating
optical beam can sense these changes and thus
measure the acoustic field. One of the advantages
of optical schemes is that they can often be min-
iaturized without hindering their sensitivity [47).
Finally, micromachined ultrasonic transducers
have been suggested for optoacoustic imaging
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as their fabrication capabilities enable manufac-
turing highly dense 2D detector arrays [49-s1].
However, the use of this technology for opto-
acoustic imaging of biological tissue has so far
been limited [51].

Imaging application for
atherosclerosis

In atherosclerosis, MSOT has shown potential
for imaging both endogenous and exogenous
contrast factors. Two promising exogenous con-
trast agents have been demonstrated so far with
MSOT technology: gold NPs [52] and a MMP-
activatable fluorescent probe [25]. In the former,
it has been shown that the intake of the gold NPs
by macrophages leads to a substantial change in
the spectrum of the NPs. This effect was used for
detecting gold NP-loaded macrophages injected
to a diseased rabbit aorta, as shown in the ex vivo
intravascular MSOT images in Fiure 1. In a sec-
ond example, MMP activity was detected using
MMP-activatable fluorescent imaging agent
in conjunction with an extravascular MSOT

0.95
0.9
0.85

0.8

700

Normalized photoacoustic response @

750 800 850
Wavelength (nm)

0.75

Figure 1. Intravascular multispectral optoacoustic tomography of gold
nanoparticle-bearing macrophages in rabbit aorta. (A) Intravascular
ultrasound image and (B) optoacoustic image acquired at 700 nm of an
atherosclerotic rabbit aorta injected with gold nanoparticle-bearing macrophages.
The arrows indicate the locations where injection was performed. (C) The
normalized spectral optoacoustic response obtained in a small section on the aorta,
where injection was performed. (D) Multispectral optoacoustic tomography image
corresponding to the recovered spectrum overlaid onto the intravascular ultrasound
image revealing the injected regions.

Reproduced with permission from [s2].
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system. Detection of the probe via MSOT was
possible because of the alteration in the probe’s
absorption spectrum owing to its activation. The
experiment was performed in resected human
carotid plaques, which were incubated in a
suspension of the fluorescent MMP agent. An
MSOT image was formed based on the spec-
trum of the probe in activated form, and revealed
MMP activity in the plaque, a known indicator
of plaque instability. Ficure 2 shows the MSOT
image laid over the single-wavelength opto-
acoustic image and compared with epifluores-
cent images obtained after dissecting the plaque.
In contrast to the intravascular images shown
in FiGure 1, the images in Ficure 2 were obtained
using a small-animal imaging apparatus that
entailed broad illumination of an entire section
of the plaque and a large ultrasound transducer
43]. This design, which was not constrained by
the confined geometry of intravascular setups,
generally enables a higher detection sensitivity
than an intravascular setup, though at the price
of reduced spatial resolution owing to the large
size of the detector.

In the case of endogenous contrast, the com-
plex composition of atherosclerotic plaque is
expected to lead to spectrally rich MSOT data
that can be used for its identification. Indeed, a
preliminary study in a rabbit model has shown
that MSOT can potentially distinguish between
several components of atherosclerotic plaque [s3].
Specific attention has been devoted for imaging
lipid content in plaque owing to its importance
in characterizing plaque vulnerability. Lipids
possess a relatively strong absorption band cen-
tered on 930 nm [24] whose maximum absorption
band is comparable to that of connective tissue.
Thus, the application of MSOT around this
wavelength could be used resolve lipid content
in plaque. At 1210 nm lipids have an additional
peak, whose absorption coefficient is signifi-
cantly higher than that of the connective tissue
and becomes the most dominant component in
the optoacoustic images. Recently, intravascular
MSOT imaging of lipids has been demonstrated
in an excised atherosclerotic human coronary
artery [24]. Ficure 3A & B show the optoacoustic
images of the artery obtained at wavelengths
corresponding to the 1210 nm absorption reso-
nance of lipids. The match between the spectrum
obtained from the optoacoustic images and the
known absorption spectrum of lipids (Ficure 3C)
indicates the presence of lipids in the specimen.

Recently, ex vivo investigations have been made
into imaging lipids also via their absorption band
at 1720 nm, which is significantly higher than
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absorption in the 1210 nm band. Additionally, it
was found that at wavelengths around 1720 nm,
lipids constitute the strongest absorption in tis-
sue [54]. Around this wavelength, the absorp-
tion spectrum of water has a local minimum
which, although higher than blood absorption
in the NIR imaging window, enables a reason-
able light transmission through at least several
millimeters [ss]. Despite the higher absorption
of water, the improved optoacoustic signal from
the lipids led overall to a significant improvement
in image SNR. Since the absorption of water
and blood around 1720 nm is similar, the pres-
ence of blood did not severely limit the imaging
performance [54,55].

One of the most important developments
in the application of MSOT to atherosclerosis
is its adaptation to coronary artery geometry.
Commonly, MSOT is performed noninvasively
with free-space optical beams and large-area
transducers located at a distance from the imaged
object. Early work by Sethuraman ez 4/. has dem-
onstrated acoustic detection within blood vessels
using an IVUS catheter, where optical illumina-
tion was provided from the exterior of the blood
vessel s6]. Although the method was limited to
excised blood vessels, it gave an initial impres-
sion of the image quality to be expected from
MSOT and showcased its potential for imaging
atherosclerosis. In subsequent studies, integrated
catheters were constructed, which performed
both optical illumination and acoustic detec-
tion. The illumination was performed by cou-
pling the laser beam to an optical fiber, which
guided the light into the interior of the blood
vessel. Several strategies were used for perform-
ing the illumination and acoustic detection: in
studies by Karpiouk ez 4l. 23] and Jansen et al.
[24], a piezoelectric transducer with a limited
detection angle was used, leading to a partial
overlap between the acoustic detection field and
the cone profile of the illumination. In studies
by Yang ez al. [s7] and Wei et al. [58], a coaxial
design was utilized that enabled a full overlap
between the acoustic detection field and the illu-
mination. In a study by Sethuraman ez 4/. [56] the
illumination was uniform over the cross-section
of the blood vessel, whereas the directionality of
the detector determined the angular resolution.
In all cases, rotation was performed to obtain a
full cross-sectional view. Despite the disparity in
designs, the axial and lateral resolutions achieved
in these studies were comparable to that of IVUS.

Similarly to purely optical methods, the
high optical absorption and scattering of blood
poses a challenge to the iz vivo application of
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Figure 2. Localization of matrix metalloproteinase activity in three carotid
specimens. Samples 1 and 2 were incubated in MMPsense™ 680, a fluorescent

probe activated by matrix metalloproteinase, while sample 3 (control) was
incubated in PBS. (A-C) Imaging results from intact plaques made with MSOT.
Cross-sectional multispectral reconstruction, revealing the location of
MMPSense680 activity in the slice, is shown by the bright signal (green color

online) that is superimposed onto the morphological single-wavelength (635 nm)

optoacoustic images. (D—F) The corresponding epifluorescence images from
dissected plague (in green online) superimposed onto the color images of
cryosections from the three carotid plaque specimens.

Reproduced from [25] with permission.

intravascular MSOT. However, since the illumi-
nation travels only one way in MSOT — from the
catheter to the target — whereas in purely optical
techniques the photons must complete a round-
trip and return to the catheter, signal attenu-
ation due to blood is reduced. Nonetheless,
at wavelengths for which blood absorption is
extremely high, flushing must be used. In the
NIR imaging window, the relatively low absorp-
tion of blood could potentially enable perform-
ing MSOT without flushing. Indeed, it has
already been shown that the effect of blood is
not detrimental for intravascular NIRF imaging
when performed 77 vivo at wavelengths around
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Figure 3. Intravascular optoacoustic imaging of lipids in human aorta using
the 1210 nm wavelength. An intravascular ultrasound image of a diseased
explanted human aorta with overlaid pseudocolor optoacoustic images obtained at
(A) 1210 nm and (B) 1230 nm. (C) The spectrum of the optoacoustic signal
strength averaged in the area indicated in (A & B). The optoacoustic spectrum fits
the reference absorption spectrum of lipids, indicating the presence of lipids in the

examined area.

Reproduced with permission from [24].
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800 nm. Thus, MSOT could potentially be
used for intravascular imaging of NIR bio-
markers through blood. The exact span of the
NIR imaging window for MSOT will depend
on the catheter design, namely the illumina-
tion power and detector sensitivity, and on the
imaging frame rate. Ex vivo demonstrations of
MSOT at 1720 nm suggest it could be used for
imaging lipid content in atherosclerotic plaque
without flushing.

As MSOT is a hybrid technology that com-
bines ultrasound and optical hardware, MSOT
catheters could have IVUS and OCT capa-
bilities added to them. Examples of integrated
IVUS-opotoacoustic catheters can be found in
studies by Karpiouk ez al. 23] and Jansen et al.
(24], and typical integrated images are shown in
Ficures 1 & 3. Integration of MSOT with OCT
may be performed by using double-clad fibers,
which can provide a single-mode operation for
the OCT beam with a small cross-section and

Imaging Med. (2012) 4(3)

a multi-operation for the MSOT illumination
with a large cross-section. This approach has been
previously used for integrating NIRF with OCT
with low cross-talk between the modalities [40].
Thus, integration with OCT can probably be
performed without increasing the total diameter
of the MSOT catheter. The imaging abilities of
MSOT may offer complementary information
to existing modalities. By combining MSOT’s
ability to detect endogenous lipids and targeted
fluorochromes/NDPs reporting on plaque inflam-
mation, angiogenesis or apoptosis, with structural
features provided by IVUS or OCT, more accu-
rate identification of high-risk plaques may be
possible. Additionally, the results from different
modalities may be used in a corroborative man-
ner: images of macrophages detected by MSOT
via the use of contrast agents may be compared
with macrophage quantification obtained by
OCT 335 lipid detection by VH-IVUS [27] or
NIRS may be corroborated with that of MSOT;
and quantitative plaque burden could potentially
be assessed by both MSOT and IVUS.
Integrating MSOT with existing structural-
imaging catheter technologies may offer sev-
eral advantages over NIRF-based integration.
The inherent 3D data of MSOT allows for a
natural coregistration with existing modali-
ties. Specifically, because an integrated cath-
eter would constitute a single unit in which all
imaging modalities rotate and translate synchro-
nously, the relative position and orientation of
the A-scans performed by MSOT would be the
same as those performed by IVUS or OCT.
Common morphological structures for MSOT
and IVUS/OCT, such as the luminal area, vessel
area, or position of the stent struts, may poten-
tially be used to further enhance the accuracy
of the coregistration. Depth information in
MSOT, which NIRF lacks, could be used to
account for light attenuation in blood and tissue,
thus enabling better interpretation of the images.

Clinical considerations & challenges
Despite progress in recent years, many chal-
lenges remain before intravascular MSOT can
become a viable method for imaging atheroscle-
rosis. These challenges pertain to the technology
involved as well as to the complex biology of
atherosclerosis. Envisioned clinical applications
will have to conform to the standards employed
in the field, while offering additional informa-
tion on the state of the disease over established
technologies.

Arguably the biggest challenges to intracoro-
nary application of MSOT are miniaturization
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(<1.2 mm diameter) and speed (>0.5 mm/s pull-
back rates through blood, or >10 mm/s during
saline flushing). Although both the optical fibers
and the ultrasound detectors come in coronary
artery-compatible sizes, miniaturization comes
at a cost. When piezoelectric technology is
used for acoustic detection, miniaturization
often means lower sensitivity. On the optical
side, fibers with small diameters are more dif-
ficult to couple light to than fibers with large
diameters. Miniaturization of the optics could
enable better focusing of the fiber output, which
could potentially lead to a higher (optical) reso-
lution in the case when flushing is performed.
Additionally, because the transducer can detect
signals originating outside its prescribed sensitiv-
ity field — albeit with lower efficiency — when the
illumination is broader than the acoustic detec-
tion field, the accumulative effect of signals that
originate outside the detection field could lead
to increased noise in the image or artifacts. Due
to the tradeoff between catheter size and image
SNR, miniaturization inhibits measurement
speed. The smallest reported catheter [24], having
a diameter of 1.25 mm, has been demonstrated
to obtain approximately two cross-sectional
single-wavelength images per second. Such
frame rates (approximately two orders of mag-
nitude slower than what is achieved by IVUYS)
are unacceptable in clinical cardiac catheteriza-
tions. Acquisition of multispectral data would
lead to even longer procedure times because of
the increased size of the data set.

In the case of ex vivo extravascular imaging of
plaque, for example in a study by Razansky ez al.,
considerably faster imaging may be performed
by increasing the number of acoustic detection
elements [25]. In this case, a large portion of the
object is uniformly illuminated and is fully recon-
structed from the sets of projection acquired from
asingle laser shot. This technique has been previ-
ously demonstrated for whole-body small-animal
imaging systems, where a 10-Hz frame rate was
demonstrated with a 10-Hz pulse repletion rate.
Although this approach may also be used in intra-
vascular applications, the confined geometry of
the blood vessel would require significant min-
iaturization of the acoustic transducers, which
would reduce their SNR. Additionally, such an
implementation would require illuminating a
larger area of the blood vessel, for example in an
entire slice in a study by Hsieh ez 4/., necessitat-
ing higher coupling efficiency of the pulsed laser
to the fiber and potentially hindering the efforts
for miniaturization [59]. Alternatively, imaging
speed may be enhanced by switching to lasers
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with repetition rates higher than those reported
in recent studies [23-25]. However, because laser
power should be kept below the tissue damage
threshold, more pulses per second would mean
weaker pulses, and thus weaker acoustic signals.
Asaresult, to increase the frame rate while main-
taining image quality necessitates increasing the
sensitivity of the ultrasound detector. This chal-
lenge may be met by improving the design of the
piezoelectric transducers employed, or by consid-
ering alternative technologies such as capacitive
micromachined ultrasonic transducers [49-51] and
optical detectors [46-48].

Conclusion

MSOT is an emerging technology for 3D imag-
ing of optical molecular markers and for ana-
lyzing tissue composition. The unique contrast
offered by MSOT makes it a promising technol-
ogy for intravascular imaging and could com-
plement IVUS and OCT/OFDI. Specifically,
as MSOT is a hybrid modality that combines
both ultrasound and optical components, it
could be integrated with either IVUS or OCT
to provide multimodality imaging. In recent
years, investigations have been made into apply-
ing MSOT for intravascular imaging, namely
for characterizing atheroslecrotic plaque. This
involved the technical development of several
coronary artery-targeted catheter designs, as well
as the investigation of MSOT’s ability to discern
plaque composition and to detect protease and
macrophage activity.

Future perspective

Although MSOT has yet to become a clinically
viable tool for intravascular imaging in vivo,
recent developments in catheter miniaturization
suggest that imaging a small number of cross-
sections is currently possible in a catheterization
procedure. Considering the accelerated develop-
ment of optoacoustic catheters and versatility of
recently proposed designs, it is fair to assume
that small-scale preclinical iz vivo studies will be
performed in the near future. However, current
designs cannot be used for more than proof-of-
principle studies, because the largely inhomoge-
neous structure of atherosclerotic plaque requires
imaging numerous cross-sections and 3D ana-
lysis of the data recovered — an insurmountable
task at current imaging speeds.

Whether MSOT becomes a practical tool
for intravascular imaging will depend mostly
on technological advancement in lasers and
acoustic detectors. High-repetition-rate lasers
with sufficient power and tunability in the NIR
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imaging window already exist (e.g., Ti-sapphire
lasers) and can be used for imaging lipids using
their 930-nm absorption band as well as vari-
ous NIR fluorescent probes. Assuming a suffi-
ciently sensitive acoustic detector, the kilohertz
repetition rate of Ti-sapphire lasers could enable
MSOT imaging at frame rates comparable to
that of IVUS, whereas the use of the NIR imag-
ing window could enable imaging through blood
— making such a frame rate clinically acceptable.
Recent achievements in the miniaturization and
sensitivity enhancement of optical detectors of
ultrasound make them already an attractive
alternative to piezoelectric transducers for intra-
vascular applications. A fiber-only MSOT could
be fabricated using two fibers — one for illumina-
tion and one for detection — or more elegantly
out of a single double-clad fiber. In either case,
the small diameter of optical fiber may eliminate
the need for further miniaturization.

An additional crucial factor in the evolution
of intravascular MSOT is the identification of

useful atherosclerosis-targeted imaging agents.
Although endogenous contrast from lipid is use-
ful for plaque characterization, a more detailed
picture of disease progression could be painted
by imaging molecular agents targeting specific
biological processes (e.g., inflammation, angio-
genesis, oxidative stress and apoptosis). Early
preclinical studies with intravascular MSOT
could profit from the availability of targeted
fluorescent probes already useful for imaging
atherosclerosis. More advanced studies could
involve MSOT-specific contrast agents char-
acterized by high optoacoustic efficiencies and
distinctive absorption spectra (e.g., NDs).
Successful performance in preclinical stud-
ies would probably pave the way for clinical
applications. The recent clinical approval of
OCT/OFDI and NIRS for coronary arterial
imaging in patients should facilitate transla-
tion of intravascular MSOT into the clinic,
although limitations on illumination power may
require higher detection sensitivities than those

Intravascular ultrasound
Intravascular ultrasound (IVUS) imaging is based on acoustic contrast, is useful for assessing plaque burden and stent apposition, but is
limited in its ability for characterizing the composition of atherosclerotic plaque.
Capable of whole-artery imaging in coronary artery geometries.
3D grayscale images; tissue characterization via virtual-histology-IVUS.
No flushing is required.
Optical coherence tomography
Optical coherence tomography (OCT) is capable of structural imaging with a higher resolution than IVUS, which enables better
visualization of blood-vessel morphology. The high resolution achieved by OCT enables assessing the thickness of the thin fibrous cap —
a hallmark of rupture-prone plaque.
Penetration depth is limited to 1-2 mm.
3D grayscale images; macrophage density assessments via the normalized standard deviation parameter.
Flushing is required.
Near-infrared fluorescence
Can image fluorescent probes, which are administered prior to imaging and can target specific biological activities relevant for
diagnosing atherosclerosis (e.g., inflammation or angiogenesis).
Capable of whole-artery imaging in coronary artery geometries.
2D, surface-weighted images (no depth information). Single wavelength at present, multiwavelength feasible.
No flushing is required.
Multispectral optoacoustic tomography
Multispectral-optoacoustic tomography (MSOT) images the optical absorption spectra of tissue with a typical resolution similar to that of
ultrasound methods.
Still in initial experimental stages in intravascular applications.
Capable of whole-artery imaging in coronary-artery geometries.
3D multispectral images with slower acquisition speeds compared with IVUS, OCT and near-infrared fluorescence.
Detection of indigenous (lipids, blood) and exogenous (fluorescent probes, nanoparticles) chromophores.
Flushing may not be required when imaging at specific wavelengths (e.g., in the near-infrared window of 700-950 nm).
Conclusion
Due to the versatile contrast offered by MSQT, its intravascular implementation could offer a more complete picture of the blood-vessel
condition and lead to new diagnosis and treatment strategies for atherosclerosis.
With recent technological progress, intravascular MSOT specifications can currently enable limited proof-of-principle in vivo
demonstrations.
A substantial increase in imaging speed is still required to achieve a performance level acceptable for in vivo imaging in preclinical studies
or clinical use.
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acceptable in preclinical studies. The currently
low selection of clinically approved contrast
agents is expected to pose a much greater limi-
tation to potential clinical use. Nonetheless, the
recent translation of fluorescence targeting for
intraoperative imaging of ovarian cancer [11], the
recently described capabilities of indocyanine
green [38], and the clinically viable performance
of intravascular NIRF create the incentive
already for translating fluorescent probes spe-
cific for atherosclerosis despite the immaturity
of intravascular MSOT. Additionally, MSOT’s
ability to image endogenous tissue contrast such
as lipids is likely to be sufficient to justify a
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