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Abstract

Intravascular photoacoustic (IVPA) imaging is a catheter-based, minimally invasive, imaging
modality capable of providing high-resolution optical absorption map of the arterial wall.
Integrated with intravascular ultrasound (IVUS) imaging, combined IVPA and IVUS imaging can
be used to detect and characterize atherosclerotic plaques building up in the inner lining of an
artery. In this paper, we present and discuss various representative applications of combined
IVPA/IVUS imaging of atherosclerosis, including assessment of the composition of
atherosclerotic plaques, imaging of macrophages within the plaques, and molecular imaging of
biomarkers associated with formation and development of plaques. In addition, imaging of
coronary artery stents using IVPA and IVUS imaging is demonstrated. Furthermore, the design of
an integrated IVUS/IVPA imaging catheter needed for in vivo clinical applications is discussed.

Index Terms

Atherosclerosis; contrast agent; imaging catheter; intravascular photoacoustic (IVPA) imaging;
intravascular ultrasound (IVUS) imaging; molecular imaging; stent; vulnerable plaque

l. Introduction

Atherosclerosis is a long-term, systematic disease characterized by plaques building up in
the blood vessel wall. The disease claims tens of thousands of lives in the U.S. each year [1].

Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
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Although the traditional imaging modalities such as angiography and intravascular
ultrasound (IVUS) can be used to image the location and morphology of the atherosclerotic
lesions, recent research showed that the composition of the plaques, rather than the degree of
stenosis, determines the vulnerability of the plaques [2]. Therefore, an imaging modality that
can assess the composition of the plaques together with cellular and molecular activity of the
disease is necessary for both diagnosis and treatment of atherosclerosis. We introduced
intravascular photoacoustic (IVPA) imaging—a catheter-based imaging modality that has
the potential to characterize the plaques based on the remote assessment of the optical
absorption property of tissue.

Photoacoustic imaging [3], [4] (also known as optoacoustic [5], [6] imaging and, generally,
thermoacoustic [7], [8] imaging) relies on the absorption of electromagnetic energy, such as
light, and the subsequent emission of an acoustic wave (sound). For photoacoustic imaging,
the tissue is irradiated with low energy short pulses of laser light. Then, through the
processes of optical absorption followed by thermal expansion, broadband acoustic waves
are generated within the irradiated volume. Nanosecond pulses are generally needed to
satisfy the stress confinement criteria [9] resulting in the most efficient generation of
photoacoustic transient waves. Using an ultrasound detector, the photoacoustic waves can be
detected and spatially resolved to provide an image of the optical absorption distribution in
the internal tissue. The strength of the received photoacoustic signal is proportional to the
intensity of the local laser beam (or laser fluence) and the local optical absorption coefficient
of the tissue [10], [11].

IVPA imaging offers various advantages in imaging atherosclerotic plaques. By analyzing
the multiwavelength photoacoustic responses of the vessel wall, it is possible to discriminate
between different tissue/cell types. With high-frequency transducer, the photoacoustic signal
can be resolved with a spatial resolution on the order of a few tens of micrometers [12]—
such resolution is appropriate for detection of vulnerable plaques. In addition to the
endogenous optical absorption contrast already present in the tissue, external contrast for
IVPA imaging can be introduced through contrast agents characterized by high optical
absorption. Indeed, nanoscale contrast agents can be conjugated with antibodies to target
biomarkers that are present in the atherosclerotic plaques. Thus, IVPA imaging may be
performed on the molecular and cellular level. Furthermore, [IVPA may also be used to
guide and monitor the treatment of the atherosclerotic lesions. For example, coronary artery
stents, the most widely used treatment method for atherosclerosis, can be imaged using
IVPA. Finally, to introduce IVPA imaging to clinical practice, photoacoustic imaging can be
integrated with IVUS imaging system, since both IVPA and IVUS imaging systems can
utilize the same ultrasound sensor and associated receiver electronics.

Il. Combined IVUS/IVPA Imaging

IVUS is a well-developed technology that has been routinely used in the catheterization
laboratories for diagnostic imaging and guidance for procedures [13]. For coronary artery
imaging using current IVUS catheters, ranging in the diameter from 0.96 to 1.17 mm, the
artery is visualized using high-frequency ultrasound beam transmitted to and received from
a particular direction. The time between transmission of the ultrasound (pressure) pulse and
reception of the backscattered wave is directly related to the distance between the source and
the reflectors/scatterers within the tissue. To form real-time transverse cross-sectional
images of the vessel, the ultrasound beam is rotated at 30 rotations per second, thus allowing
30 images per second to be acquired and displayed. If the IVUS imaging catheter is
gradually pulled back, a stack of transverse images is obtained and longitudinal cross
sections of the vessel can be examined. Therefore, IVUS imaging is a minimally invasive
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modality that permits real-time imaging of the vessel wall and provides high-quality cross-
sectional or even volumetric views of the vessel with atherosclerotic disease [13].

Diagnostic applications of IVUS imaging include detection of angiographically
unrecognized disease, detection of lesions of uncertain severity (40%—75% stenosis), and
risk stratification of atherosclerotic lesions in interventional practice. IVUS imaging can
delineate the thickness and echogenicity of vessel wall structures, and may be used to select
the most appropriate option of transcatheter therapy (rotational atherectomy, stents, etc.)
[14]. However, histopathological information obtained with IVUS imaging is limited [13].
Angioscopy and histological studies generally report low sensitivity of IVUS imaging in
detection of thrombus and lipid-rich lesions [15]. To overcome the limitations of IVUS
imaging, various investigational techniques such as integrated backscatterer imaging,
spectral RF signal analysis [16], and IVUS palpography [17] have been introduced to
facilitate the discrimination of atheroma.

Our approach to combine IVUS/IVPA imaging can improve the effectiveness of vulnerable
plaque detection and diagnosis. Indeed, on the basis of plaque echogenicity in IVUS images,
coronary atheroma can be differentiated into three categories: 1) highly echoreflective
regions with acoustic shadows, often corresponding to calcified tissue; 2) hyperechoic areas
representing fibrosis or microcalcifications; or 3) hypoechoic regions corresponding to
thrombotic or lipid-rich tissue or a mixture of these elements [13]. However, IVUS imaging
alone cannot reliably detect and, more importantly, differentiate vulnerable plaques.

By mapping the optical absorption contrast in the tissue, [IVPA imaging, on the other hand,
may identify important composition and functional changes closely related with the
pathology of atherosclerosis. For example, the formation of the neovasculature (i.e., vasa
vasorum) is closely related with the progression of atherosclerotic lesions [18]. The
increased blood supply to the affected areas may result in notable changes of photoacoustic
signal compared to the signal from a healthy artery. In addition, the absorption spectra of
oxygenated hemoglobin and deoxygenated hemoglobin differ. Photoacoustic measurements
at two or more wavelengths can identify oxygenation levels of hemoglobin, and differentiate
fresh and old thrombi [19]. Similar technique may be used to identify the origination of the
neovasculature. Lipid is another critical component related to the vulnerability of a plaque.
Since fatty acid has distinct optical absorption from water in the near infrared (NIR)
wavelength range, it may be possible to differentiate lipid core from fibrous cap and
intraluminal blood using multiwavelength IVPA imaging [20]. Furthermore, because intima,
media, and adventitia have different optical absorption property [4], it may be possible to
detect endothelial dysfunction based on high-resolution IVPA images. The applications of
IVPA imaging are not limited to detect the intrinsic optical absorption contrasts in the artery
or plaques. IVPA is a promising tool for imaging externally introduced contrast—molecular
and cellular IVPA imaging of macrophages using contrasts with strong optical absorption
co-efficient in the NIR wavelengths is possible. Finally, IVPA can also be used to image
deployed stent in coronary artery.

IVPA imaging will greatly benefit if the optical absorption properties are visualized in
context of the overall anatomical structures of the surrounding tissues, i.e., in context of
IVUS images. IVUS/IVPA imaging techniques supplement rather than replace each other,
and together can detect most of the factors associated with the vulnerable plaques. Fusion of
IVPA/IVUS imaging will result in a more comprehensive imaging system with potentially
better sensitivity and specificity needed in interventional cardiology. In addition, since IVUS
is routinely used in many cardiac catheterization laboratories to guide interventions, all
necessary prerequisites for IVUS/IVPA imaging are readily available. Patients will not be
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subjected to additional procedures or examination time to perform IVUS/IVPA imaging of
the vessel. Finally, there are no safety concerns associated with nonionizing laser irradiation.

lll. Imaging System

The block diagram of the combined IVUS/IVPA imaging system is shown in Fig. 1(a). In
the system, two laser sources were used: either a tunable optical parametric oscillator (OPO)
laser system (680-950 and 1200-2400 nm wavelength range, 5—7 ns pulse duration, up to 10
Hz pulse repetition frequency) or a Q-switched Nd:YAG laser (1064 or 532 nm wavelength,
5 ns pulse duration, up to 20 Hz pulse repetition rate). A high-frequency single-element
IVUS catheter (40 MHz Atlantis SR Pro imaging catheter, Boston Scientific, Inc.), with
element size around 0.5 mm, was aligned with the light delivery system. The imaging
sequence was triggered by the laser source. The sample was first irradiated by a laser pulse.
Then the IVPA signal was acquired using the IVUS transducer interfaced with a 14-bit, 200-
MHz digitizer. After a user-specified delay was applied to insure that all photoacoustic
transients are vanished, the ultrasonic pulse-echo signal was acquired using the same IVUS
catheter. The IVPA and IVUS signals, therefore, formed a single A-scan containing both
signals from the same position of the sample. Once the A-scan was captured, the phantom
was incrementally rotated by a stepper motor, and the IVPA and IVUS signals were
acquired from a new location. One cross-sectional view of the phantom consisted of 256
IVUS and IVPA beams. To form spatially coregistered IVUS and IVPA images, analog low-
pass and digital bandpass filters were applied to the A-scan signals followed by scan
conversion of the envelope-detected signals.

The setups of two laboratory prototypes of the IVUS/IVPA imaging system are shown in
Fig. 1(b) and (c), respectively. In the setup shown in Fig. 1(b), the laser irradiated the sample
externally through a free-space beam or an optical fiber—such system was easy to assemble,
and used to initially test and characterize the combined IVUS/IVPA imaging system. An
experimental setup shown in Fig. 1(c) is a step toward clinical implementation of IVUS/
IVPA imaging based on an integrated imaging catheter from which light is delivered into the
lumen. The integrated catheter can irradiate the vessel wall from inside.

The IVPA system can image vessel and atherosclerotic plaques with relatively high axial
and lateral resolutions and a penetration depth of several millimeters [12]. To image the
vessel wall, IVPA imaging should be performed in the NIR wavelength range to prevent
high optical absorption from blood. Since only one way travel of light is needed in
photoacoustic imaging, IVPA imaging is less affected by the light scattering in tissue, and
therefore, can penetrate deeper compared to pure optical imaging methods where a round-
trip travel of light is required.

IVUS, IVPA, and combined IVUS/IVPA images are demonstrated in Fig. 2 using a tissue-
mimicking vessel phantom. The phantom consisted of ultrasonically and optically scattering
background and an optically absorbing inclusion. The cylindrically shaped phantom was
made out of 8% (by weight) polyvinyl alcohol (PVA)—as prepared. PVA has a milky
appearance and scatters light. In addition, 0.4% by weight of 30-40 um silica particles were
added that act as ultrasound scatterers. A spiral PVA inclusion containing 0.1% of optically
absorbing graphite powder was embedded into the vessel wall. The phantom was irradiated
with 720 nm wavelength, 11 mJ/cm? laser fluence, and imaged using IVUS/IVPA imaging
system shown in Fig. 1(c) [21]. To perform 3-D imaging, a linear 1-D motion axis was used
to move the phantom relative to the imaging plane in 200 um increments. The collected
cross sections were then combined to form a 3-D image of the phantom.

IVUS images [see Fig. 2(a) and (d)] demonstrate the general structure of the phantom
including lumen size and vessel wall thickness. However, the inclusion is not identifiable
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because of limited acoustic contrast between the inclusion and the vessel wall. In the IVPA
images [see Fig. 2(b) and (e)], the inclusion is clearly visible, but no structural content of the
vessel is shown. By combining the two images together [see Fig. 2(c) and (f)], the relative
location of the inclusion in the phantom is displayed.

IV. Spectroscopic IVPA Imaging

The amplitude of the photoacoustic signal from the tissue is proportional to the product of
optical absorption coefficient and the local laser fluence [22]. Therefore, at certain fluence,
the contrast in photoacoustic imaging may reflect the optical absorption property of different
types of tissues. Indeed, atherosclerotic plaques, blood, and other tissue constituents of the
vessel wall not only have different magnitudes of optical absorption, but also wavelength-
dependent optical absorption (see Fig. 3). Therefore, the wavelength-dependent optical
absorption behavior of various tissue components is an independent parameter and may be
used to identify the composition of arterial tissue.

We investigated the potential of spectroscopic IVPA imaging to assess the composition of
the plaques using ex vivo rabbit aorta samples [23]. IVPA images taken at multiple optical
wavelengths were obtained using the IVUS/IVPA imaging system shown in Fig. 1(b). Both
plaque-rich and healthy rabbit aortas were imaged from 680 to 900 nm wavelengths. The
diseased aorta was obtained from a rabbit subjected to 0.15% cholesterol chow for ten
months.

To analyze the spectral variation in the optical absorption of the plaques and tissue
constituents, a simple method utilizing linear approximation of wavelength dependence of
the optical absorption was employed. After compensation for the energy of each laser pulse,
the first derivative of the optical absorption with respect to the wavelength was computed
using the finite difference approach. Fig. 4 shows the spectroscopic IVPA images of the
atherosclerotic and normal aorta computed using the finite differences of photoacoustic
signals at 900 and 680 nm wavelength. The map of the plaque-rich aorta is fairly
heterogeneous with positive and negative values of the first derivative. For example, three
regions with distinctly different slopes are indicated by the arrows. In Fig. 4(a), region 1
contains positive slope due to an increase in light absorption with increase in the optical
wavelength. The negative slope in region 3 indicates a decrease in the optical absorption
coefficient, while the nearly constant values in region 2 suggests no significant change in
optical absorption. Compared to the atherosclerotic vessel, the spectroscopic image of the
control aorta shown in Fig. 4(b) is nearly homogeneous with regions largely containing
slope values close to zero.

For detailed analysis of the multiwavelength photoacoustic responses in the regions of
interest, the relative energy (integral or area under the curve) of the original photoacoustic
response was calculated. A 1-D trapezoidal numerical integration was evaluated for the
magnitude of the IVPA responses in each of the 20 beams (28.8° azimuthal), covering a
depth of 30 samples (225 um radial). The energy of the photoacoustic response in various
representative regions of atherosclerotic vessel and normal aorta was analyzed (see Fig. 5).
Clearly, there are significant spatial and spectral variations in the energy of the
photoacoustic signal within the plaque-rich vessel. The spatially averaged relative
photoacoustic energy in the regions 1 and 3 shown in Fig. 5(a) corresponds to areas with
positive and negative slopes, respectively. The energy of the photoacoustic signal in region 2
shown in Fig. 5(a) shows minimal variation, and is characteristically similar to the values
obtained in regions 4 and 5 shown in Fig. 5(b).

The spectroscopic IVPA images (see Fig. 4) and the energy variations of the photoacoustic
responses (see Fig. 5) may be used to identify the constituents of the plaque and tissue. The
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optical absorption coefficient of fat (see Fig. 3) increases toward NIR range of wavelength
with local maxima at around 920 and 1210 nm [25]-[27]. Therefore, to detect lipids, the
major constituent of vulnerable plaques, the IVPA spectroscopic behavior of the tissue
should be evaluated near these optical wavelength ranges where the differences in slopes
between various tissues are largest. Our observation of positive slope values in the
spectroscopic IVPA images (region 1 in Fig. 5) and the presence of lipids in the histology
slides suggest that spectroscopic IVPA could possibly detect lipids in the plaque. The
negligible changes of signal in region 2 and control aorta may indicate the location of thin
fibrous structures of collagen type III. The regions of negative slope in the spectroscopic
IVPA images (region 3 in Fig. 5) may correlate with the thickened fibrous deposits of
collagen type 1. This structural change in collagen is an important indicator that determines
the stability of a plaque.

V. Molecular Imaging

Various biomarkers are present during the development of atherosclerotic lesions (see Fig.
6). The ability to detect and localize certain biomarkers in the atherosclerotic plaques would
help to understand the pathology of atherosclerosis, facilitate the diagnosis of the disease
while it is asymptomatic, identify the stage and vulnerability of plaques, and determine the
proper therapeutic procedures. Many contrast agents with high optical absorption
coefficients, such as gold nanoparticles (Au NPs) [28], can be used in photoacoustic
imaging. These nanometer-sized contrast agents have their unique advantage in penetrating
into the plaques embedded in the vessel. Contrast agent enhanced IVPA imaging can detect
atherosclerotic lesions at a molecular and cellular level. Here, we focus on using Au NPs as
contrast agents for [IVPA imaging to identify macrophages in atherosclerotic plaques.

Macrophages play a crucial role in the development and vulnerability of plaques.
Macrophages in atherosclerosis are derived from monocytes entering the intima layer of the
vessel wall. Macrophages internalize low density lipoprotein (LDL) particles that enter into
the vessel wall, and may later evolve to form the lipid pool in the plaques [29], [30].
Moreover, macrophages that infiltrate into the fibrous cap of plaques accelerate the
progression of disease by releasing matrix metalloproteinases (MMPs). MMPs can weaken
the fibrous cap and cause the plaque to be prone to rupture [31]. Because of the nonspecific
uptake property of macrophages, Au NPs coated with methoxy-polyethylene glycolthiol
(mPEG-SH) can be internalized by these cells.

Au NPs are a favorable contrast agent for photoacoustic imaging because of their high
volumetric optical absorption coefficient and good biocompatibility [32]-[34]. The optical
spectra of Au NPs can be tuned by changing the size and/or shape of the particles, thus
providing flexibility for different imaging or therapeutic applications [35]. The surface of
the NPs can be functionalized with various antibodies to target biomarkers of interest [36],
[37]. One attractive property of Au NPs is surface plasmon resonance coupling that occurs if
the distance between particles is in the range of diameter of the particles (i.e., NPs attached
to the cell membrane or internalized into the cell). Plasmon resonance coupling results in the
change of optical absorption spectrum [38]. This effect was previously used in photoacoustic
imaging to detect anti-epidermal growth factor receptor (EGFR) antibody conjugated Au
NPs interacting with EGFR positive cancer cells [39]. To test if plasmon resonance coupling
can be utilized to identify macrophages loaded with Au NPs, murine macrophages (J774 A.1
cell line) were incubated with 50-nm-diameter spherical PEGylated Au NPs. The optical
absorbance of the cells loaded with Au NPs and the Au NPs alone were measured by UV-vis
spectrophotometer (see Fig. 7). Compared to the spectrum of Au NPs (green curve), the
spectrum of cells loaded with NPs (red curve) is shifted around 20—30 nm to the longer
wavelength. The peak of the spectrum was also broadened. The shift and broadening can be
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explained by the cumulative effect of plasmon resonance coupling of adjacent Au NPs after
being internalized by macrophages.

Macrophages loaded with particles were first imaged in a PVA phantom containing four
compartments. The setup of the imaging system is shown in Fig. 1(b). Macrophages loaded
with 50 nm Au NPs were resuspended in 10% gelatin gel (1 x 10* =6 x 10* NPs per cell
with the total concentration of 2 x 10!! per ml) and injected into one of the compartments in
the phantom. Another compartment was injected with Au NPs uniformly mixed within
gelatin gel (2 x 101! NPs per ml). These compartments simulated Au NPs internalized by
macrophages in plaques and unbound Au NPs present in the blood stream or at the surface
of the arterial wall. The remaining two compartments of the phantom were filled with either
macrophages suspended in gelatin gel or gelatin gel alone. The structure of the phantom is
depicted in Fig. 8(a). IVUS image [see Fig. 8(d)] clearly shows the cross-sectional structure
of the phantom. As expected, ultrasound could not detect the presence of NPs. At 532 nm
wavelength, high intensity photoacoustic signal [see Fig. 8(b)] was detected from the
compartments containing NPs, thus indicating high optical absorption at this wavelength. By
combining the spatially coregistered IVPA and IVUS images, the origin of the photoacoustic
signal can be interpreted within the structure of the vessel phantom [see Fig. 8(c)]. If imaged
at 680 nm wavelength [see Fig. 8(e) and (f)], only the compartment that contained cells
loaded with NPs generated high photoacoustic signal. The difference in IVPA images at 532
and 680 nm wavelengths was because the absorption of individual Au NPs at 680 nm was
much lower than that of cells loaded with NPs at higher wavelengths (see Fig. 7).

The phantom experiment indicated that the optical absorption contrast created by Au NPs
could be detected using the IVPA imaging system. Moreover, macrophages loaded with NPs
could be differentiated from Au NPs alone by imaging at 680 nm wavelength. Thus, by
imaging in the NIR wavelengths, it is possible to detect only macrophages labeled by NPs,
but not the unbounded Au NPs, such as particles circulating in the blood. As a result, the
IVPA imaging in the NIR range may be used to detect other pathology related targets in
atherosclerosis, such as MMPs or a3 integrin [40].

Furthermore, the detection limit of the IVPA imaging system on imaging macrophages at
680 nm was investigated using the same PVA phantoms with four compartments. Each
compartment of the phantom was filled with different concentrations of particles per cell
and/or cells per volume. The detection limit at 680 nm was 0.015 gmol/ml of gold in IVPA
imaging [41]. This number is less than the detection limit of ferromagnetic NPs in MRI
(within 0.089-0.893 umol/ml of iron [42]).

To confirm that IVPA imaging may be used to image macrophages in atherosclerotic
plaques, ex vivo tissue experiments were performed on a diseased rabbit aorta. A section of
the aorta was extracted from a rabbit subjected to a high cholesterol diet for three months.
Macrophages loaded with Au NPs were mixed with gelatin and injected into the vessel wall
at three positions near the outer and inner boundaries of the aorta. Using IVUS/IVPA
imaging system [see Fig. 1(b)], the sample was imaged at various wavelengths within 700—
875 nm range.

The injected cells are notable in the cross-sectional IVUS image [see Fig. 9(a)]. The
macrophages loaded with Au NPs do not backscatter ultrasound waves strongly and appear
as hypoechoic regions (denoted by arrows). In IVPA image [see Fig. 9(b)] obtained using
700 nm wavelength, the injected areas produced high intensity photoacoustic signals. The
result indicated that even in a highly optical scattering tissue such as diseased rabbit aorta,
IVPA imaging can image macrophages loaded with Au NPs near the surface and embedded
in the tissue. The wavelength dependence of the photoacoustic signal amplitudes from one
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injected area was normalized by the photoacoustic signal amplitude at 700 nm wavelength.
The wavelength-dependent photoacoustic response decreases with the wavelength [see Fig.
9(c)]. This behavior is similar to the optical absorption spectra of aggregated Au NPs (see
Fig. 7).

Intraclass correlation (ICC) analysis [45]—a measure of the strength of linear relationship
between subjects belonging to the same class or subgroup, was applied to objectively
identify the regions of injected macrophages. The multiwavelength photoacoustic signal
from one of the injected areas [see Fig. 9(c)] was chosen as the correlation curve. The
correlation between the photoacoustic responses from the tissue and the correlation curve
was performed, and ICC coefficients were calculated [44]. Specifically, a correlation kernel
size of 30 axial samples (110 xm) by 5 beams (6 degrees) was used in the ICC analysis. The
computed correlation coefficient was assigned to the location corresponding to the middle of
the kernel. The correlation analysis was performed at every position within the entire IVPA
image, i.e., the kernel was moved with a step size of one sample or beam. At each position,
the wavelength-dependent photoacoustic signal amplitude in the kernel was normalized by
the signal amplitude at 700 nm wavelength and compared with the correlation curve. A
correlation coefficient greater than 0.75 was color coded and overlaid on top of the IVUS
image of the injected aorta [see Fig. 9(d)]. All three injected areas showed high correlation
coefficients, which indicated that the injected areas had similar local optical absorption
spectra as the aggregated Au NPs. The results also indicated that ICC analysis may be used
to identify the location of aggregated Au NPs.

During the laser-based IVPA imaging, there are thermal effects associated with the
absorption of laser energy by Au NPs. Although thermal effects can be used for selective
destruction of cells [45], it is unwanted during the imaging procedure. Therefore, we
conducted cell experiments to test cell viability after laser irradiation. A monolayer of
macrophages loaded with Au NPs was irradiated at 680 nm wavelength with 50 laser pulses
at 10 Hz pulse repetition frequency. After laser irradiation, cells were stained with
fluorescein diacetate (FDA). The cells showed metabolic activity and membrane integrity
after laser irradiation as high as 114 mJ/cm? [41]. The laser fluence used in our phantom and
ex vivo tissue experiments did not exceed 20 mJ/cm?. Therefore, the temperature elevation
and other thermal effects during IVPA imaging are insignificant and do not cause any
destructive effect [46]. However, in order to create a desired thermal therapeutic effect in the
macrophages loaded with Au NPs, laser source pulses of longer duration or a continuous-
wave laser may be utilized. In this way, after imaging the distribution of targeted NPs using
IVPA system, the same light delivery system interfaced with a therapeutic light source could
be used for selective laser therapy of atherosclerotic lesions.

VI. Imaging of Stents

Coronary stents are currently the most widely used coronary intervention for atherosclerosis
in the United States. While the procedure is more than 95% successful [47], stents have
brought along several unique issues including restenosis, hyperplasia, and stent drift. The
ability to visualize stents both during the stenting procedure and during postsurgery follow-
up is important in order to correctly assess the stent with respect to the plaques and vessel,
and also identify its apposition within the vessel wall. Immediately following a stenting
procedure, it is important to determine the relation of the stent struts to the vessel wall [48].
Ideally, the stent is deployed in contact with the lumen wall; however, malapposition can
occur, resulting in the stent being detached from the wall. This can cause turbulent eddies to
form in the vessel that can lead to thrombosis in the area of the stent. It is also important
when monitoring the stent to determine how much restenosis has been formed around the
stent struts. This distance must be determined to assess stent viability. Currently, the most
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common method for assessing stent position is X-ray coronary angiography/fluoroscopy
[49]. However, this procedure is problematic due to its use of ionizing radiation and possible
complications in using iodinated contrast agents. Furthermore, X-ray fluoroscopy can only
depict a 2-D projection that can lead to an underestimation of the lumen diameter and the
stent apposition within the lumen.

Other imaging modalities such as MRI and coherence tomography (CT) have problems with
metallic susceptibility artifacts, which prevent the vessel lumen from being accurately
visualized relative to the stent [47], [50]. The use of optical CT (OCT) directly competes
with these disadvantages with a resolution of 10-20 um, but has severe depth limitations,
allowing only a penetration depth of about 2 mm [48], [51]. The presence of blood flowing
through the vessel limits this depth even further, requiring clinicians to flush the vessel
during the imaging procedure [52], [53]. Furthermore, the tissue behind the stent strut
becomes hidden due to scattering shadows in OCT, which prevents complete diagnosis of
the stent’s relation to the vessel lumen [52].

To counteract these disadvantages, we used the IVPA imaging system to image a clinical
off-the-shelf stent (Cordis BX Velocity). The IVPA imaging has sufficient depth
penetration, resolution, and contrast to visualize the stent and surrounding tissue. The
imaging is tomographic, allowing 3-D reconstructions of the stent and vessel combined.

To test the feasibility of the IVPA system to image stents, a study was performed using a
BX Velocity 5.0 mm stent embedded within the tissue-mimicking vessel. The cylindrical
phantom was prepared using 8% PV A and 1% silica. The 10 mm outer diameter vessel had
three different interior regions, where the inner diameter varied around the stent. These three
regions were constructed so that the stent was embedded approximately 1.0 mm inside the
vessel wall, deployed (adjacent to the vessel wall), and malapposed approximately 1.0 mm
from the lumen wall. The malapposed region was creating a gap between the stent and the
vessel wall. However, due to the molding process during phantom fabrication, the stent itself
was covered with a thin film of PVA.

Imaging of the vessel and stent was performed using the prototype IVUS/IVPA benchtop
system similar to the setup shown in Fig. 1(b), where, instead of an air beam, laser irradiated
the vessel from the outside using an optical fiber delivering 800 nm wavelength light. This
wavelength was chosen for sufficient depth penetration. For pullback-based 3-D imaging, a
1-D axis was placed under the water cuvette to move the sample along its longitudinal axis.

The cross-sectional ultrasound, photoacoustic, and combined images of the vessel phantom
with the stent are shown in Fig. 10. With the ultrasound signal displayed at 40 dB, the
photoacoustic images at 15 dB show high contrast between the stent and the background.

Indeed, photoacoustic signal from the stent is high due to the high optical absorption of
metal struts compared to the vessel that has little photoacoustic response at this wavelength.
This allowed high contrast of the stent to the background tissue. The ultrasound image
visualized the complete vessel including the structure and thickness of the vessel wall.
Therefore, the location of the stent (IVPA image) was given in relation to the vessel (IVUS
image). By scanning along the length of the vessel, the varying radial distance between the
stent and the lumen wall could be assessed. In the region where the stent was embedded
within the vessel [see Fig. 10(a)], the stent struts were measured embedded 0.7-1.0 mm
within the vessel wall. In the region where the stent was merely adjacent to the vessel wall
[see Fig. 10(b)], the image gave good qualitative agreement in visualizing the correct
position of the stent to the vessel. The malapposed section was also quantitatively measured
and showed that the stent was malapposed away from the lumen wall by 0.8—1.1 mm [see
Fig. 10(c)].
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By combining a set of 80 cross-sectional images, a 3-D image of the entire vessel wall and
stent was reconstructed (see Fig. 11). The structure of the stent was clearly seen in the
context of the vessel structure. The transparency (alpha value) of the ultrasound image was
modified such that only the photoacoustic signal could be seen, leaving only the structure of
the stent [see Fig. 11(b)]. The shape and position of the stent within the vessel is easily
assessed [see Fig. 11(c)]. The photoacoustic image also allowed the inner diameter of the
stent to be correctly measured at 5.0 mm, the manufacturer reported size of the stent.

Fig. 12 demonstrated that a stent deployed into an excised sample of rabbit aorta could also
be visualized in the IVPA image. Even though the tissue was irradiated externally by the
laser, sufficient laser fluence penetrated the vessel wall to generate photoacoustic signals
with enough contrast from the stent. Thus, IVPA imaging may be able to image stents
embedded deep inside the arterial wall.

Since in vivo IVUS/IVPA imaging may occur in the presence of optically attenuating
luminal blood, we also imaged the samples in an optical scattering environment created with
a mixture of low fat milk and water. The optical fiber delivering the light to the vessel was
placed 0.5 cm away from the surface of the vessel. Although the photoacoustic signal
intensity showed a reduction in the peak signal intensity of the stent struts due to the light
attenuation of milk, the quality of the IVPA image was reduced insignificantly.

Coronary artery stents are well visualized using combined IVUS/IVPA imaging. Ultrasound
imaging provides useful structural information of the vessel wall. Photoacoustic imaging
utilizes the differential optical absorption of laser energy and offers high optical contrast in
viewing the metal stent relative to the surrounding vessel. In the combined IVPA/IVUS
images, the full structure of the phantom is visible and not obscured behind the stent struts,
thus allowing one to see the apposition of the stent within the vessel wall, regardless of
where the stent was located.

The use of IVUS/IVPA imaging to image stents is a natural progression as stents are
commonly used to treat blood vessels that have narrowed due to atherosclerosis. Recent
studies have shown that stent positioning can drift over time, bringing the need to detect
stent location with respect to the site of atherosclerosis while analyzing the progression of
plaque vulnerability also. Our study clearly shows that IVUS/IVPA imaging is a promising
modality to image stents in vivo.

VII. Integrated Imaging Catheter

In the laboratory prototype of the IVUS/IVPA imaging system [see Fig. 1(b)], the ultrasound
transducer was positioned inside the lumen, while the light was delivered externally. For in
vivo IVUS/IVPA imaging, the laser irradiation should be delivered inside the lumen.
Therefore, the combined IVUS/IVPA imaging requires an integrated imaging catheter
consisting of an ultrasound transducer and a light delivery system. Others have reported the
design of an endoscopic photoacoustic probe with ultrasound transducer and fiber optics
[55], [56]. Here, we introduce two designs of integrated catheters for combined IVUS/IVPA
imaging using IVUS catheter and fiber optics.

Two prototypes of the integrated IVUS/IVPA imaging catheters were built based on a
single-element ultrasound transducer coupled with two different types of light delivery
systems. One prototype used a side fire fiber while the second design utilized microoptics.
In both designs, the purpose of the light delivery system is to direct the optical beam
approximately 90° relative to the longitudinal axis of the optical fiber. In this way, the laser
light will irradiate the vessel wall within the ultrasound imaging plane.
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The operation of the light delivery system in the side fire fiber-based IVUS/IVPA imaging
catheter is based on the effect of total internal reflection (TIR) that takes place when the
distal end of the fiber is polished at a certain angle. The light distribution near the distal end
of the fiber, the microphotograph, and the diagram of the integrated IVUS/IVPA imaging
catheter are shown in Fig. 13. Because of the nonzero numerical aperture (NA) of the fiber,
laser radiation can propagate inside the fiber within certain cone [shown as gray region in
Fig. 13(a)] with a full cone angle of 2a. If § is a polishing angle of the fiber, then the TIR
effect appears when this angle is less than

B1=180 — arcsin( el ) — arcsin (nmd)

ncore ncore

where npyed, feores and n¢) are the refractive indexes of the medium around the fiber, fiber’s
core, and cladding, respectively. The TIR effect increases for smaller angles and reaches
100% when the polishing angle S is

. ) . [ Nmed
fpr=arcsin — arcsin| —|.

HCUFE }TCOIE

If f» < B < By, a limited fraction of the light will be redirected by the TIR effect and the
remaining light will not be utilized in IVPA imaging. To achieve reasonable values for both
f1 and B, angles, a medium with refractive index different from that of water is needed.
Therefore, the distal end of the fiber was sealed with a glass cup containing air [see Fig.
13(b)]. In such configuration, light can be completely redirected by TIR effect with a
polishing angle of about 62°. Partial redirection will take place with a polishing angle up to
about 125°.

The side fire fiber-based light delivery system was coupled with a single-element IVUS
imaging catheter as shown in Fig. 13(c). The IVUS transducer and light delivery system
were aligned to insure the best overlap between the ultrasound and laser beams. This
prototype of the integrated catheter was used to obtain the experimental results shown in
Fig. 2 and Fig. 16(a) and (b).

In the second prototype of the integrated IVUS/IVPA imaging catheter shown in Fig. 14, the
distal end of the optical fiber was polished perpendicularly to optical axes and flat (i.e., at
the 90° angle), and a micromirror was used to redirect the light [see Fig. 14(a)]. The mirror
was attached to the fiber using a custom-made brass fixture. The IVUS transducer was fixed
to the optical fiber with the ultrasound element facing away from the fiber. The angle
between the axis of the optical fiber and the mirror was chosen to achieve the maximum
overlap between the light and ultrasound beams [see Fig. 14(b)] while avoiding any possible
direct interaction of light with the transducer.

Both prototypes of the integrated IVUS/IVPA imaging catheters were tested using point
target and tissue-mimicking phantoms. The diagram of a point-target phantom is shown in
Fig. 15. The phantom consisted of 12 point targets that should be visible in both ultrasound
and photoacoustic imaging. The targets were positioned along the spiral trajectory such that
11 targets, positioned at different angles, were 4-9 mm away from the center of the phantom
in 0.5 mm increments. The last, 12th point target was positioned 10 mm away from the
center of the phantom and behind the first target. These point targets were embedded into a
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tissue-mimicking environment made out of 10% gelatin. To mimic acoustic properties of
tissue, 0.5% silica particles with average sizes of 40 um were added.

The ultrasound images (30 dB display dynamic range) and photoacoustic images (25 dB
display dynamic range) of the point-target phantom are shown in Fig. 16. The images shown
in Fig. 16(a) and (b) were obtained by the side fire fiber-based catheter, while the images
obtained using mirror-based catheter are shown in Fig. 16(c) and (d). Ultrasound B-scans
shown in Fig. 16(a) and (c) outline the structure of the phantom. The signal from the targets
slightly decreased with depth due to ultrasound beam divergence and the attenuation of the
high-frequency (40 MHz) ultrasound in the tissue-mimicking environment. The differences
between the ultrasound images are attributed to slightly different planes imaged with each
imaging catheter and different characteristics of the IVUS transducers used in the
experiments.

The IVPA images shown in Fig. 16(b) and (d) demonstrate a decrease of the photoacoustic
signal strength with depth. Because of the light reflection at the water—gelatin interface and
the scattering from silica particles in the phantom, the laser fluence decreases with increased
imaging depth. As a result, the target located furthest away from the catheter becomes
invisible due to limited light illumination.

For clinical applications of IVUS/IVPA imaging, the integrated catheter should be able to
freely travel along the vessel. To retain flexibility, the diameter of the optical fiber is limited
to a few hundreds of micrometers. To increase the efficiency of the light delivery system
without affecting the flexibility of the catheter, a bundle of optical fibers may be used
instead of a single optical fiber. One possible design of such fiber bundle-based light
delivery system is shown in Fig. 17. The integrated IVUS/IVPA imaging catheter consists of
a single-element, mechanically rotated IVUS imaging transducer. The light delivery system
is based on a set of stationary, small diameter optical fibers surrounding the IVUS catheter.
A laser beam emitted from one of the fiber is shown in Fig. 17. During IVPA imaging, laser
beams emitted from several fibers will overlap to achieve high laser fluence. In this design, a
port for fiber in the fiber bundle may be replaced by a guide wire that is critical for guiding
the integrated catheter along the artery.

VIIl. Conclusion

IVPA imaging provides a way to visualize the optical absorption property of atherosclerotic
lesions. In this paper, we reviewed various attractive applications for combined IVUS/IVPA
imaging. Based on the unique optical absorption spectra of various tissue types, [IVPA
imaging may identify the tissue composition in the blood vessel wall. By introducing
functionalized Au NPs as contrast agent, IVPA imaging may be used for cellular imaging
(i.e., macrophages) or molecular imaging (i.e., adhesion molecules, selectins, and integrins).
IVPA imaging may also be used to guide the placement of coronary stents and monitor the
deployed stents within the content of the surrounding tissue. Lastly, various designs of the
integrated catheter for combined IVUS/IVPA imaging were discussed.
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(a) Block diagram of a combined IVUS/IVPA imaging system. (b) and (c) Two laboratory
prototypes of the imaging system with laser light delivered from outside or inside of the

lumen.
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(d) . ()

Fig. 2.

(a)—(c) Cross-sectional and (d)—(f) 3-D IVUS images [(a) and (d)], IVPA images [(b) and
(e)], and combined IVUS/IVPA images [(c) and (f)] of a tissue mimicking phantom with a
spiral inclusion embedded in the phantom wall. Adapted from [21].
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Fig. 3.

Optical absorption spectra of potential tissues in atherosclerotic plaques [24], [25].
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Fig. 4.

Spectroscopic (first derivative) [IVPA images of: (a) the atherosclerotic and (b) control aorta
calculated at 900 nm using a finite differences approach. The reference image for evaluating
the first derivative was obtained at 680 nm. Adapted from [23].
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Fig. 5.

Variations in the relative energy of the photoacoustic responses with wavelength observed
in: (a) atherosclerotic and (b) control aorta. The energy values were calculated from the
regions marked 1, 2, 3, 4, and 5 in Fig. 4. Adapted from [23].
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Biomarkers that are presented during the development of atherosclerotic lesion. Adapted
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Fig. 7.

Optical absorbance spectra of Au NPs and cells loaded with NPs. The spectra were
normalized to their maximum absorbance within 450-800 nm wavelength.
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(a) Diagram and (d) IVUS image of the tissue mimicking vessel phantom with four
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compartments. The IVPA images of the same cross section of the phantom were taken at (b)
532 nm and (e) 680 nm wavelength. The combined IVUS and IVPA images of the phantom:
(c) =532 and (f) —680 nm wavelength, indicating the origin of the photoacoustic responses

in IVPA images. Adapted from [43].
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Fig. 9.

(a) IVUS image and (b) 700 nm IVPA image of a diseased rabbit aorta injected with
macrophages loaded with Au NPs. Arrows indicate the locations of three injections of
macrophages loaded with Au NPs. (c¢) Normalized photoacoustic signal at various
wavelengths recorded from one of the locations. (d) Result of ICC analysis—the correlation
coefficient higher than 0.75 is color coded and overlaid onto the IVUS image to identify the
injection regions.
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Fig. 10.

(Left column) IVUS, (middle column) IVPA, and (right column) combined IVUS/IVPA
images from the three different stent regions in the vessel. (a) Stent embedded within the
vessel. (b) Stent adjacent to lumen wall. (c) Stent detached from lumen wall. Due to the
fabrication of this section of the PVA phantom, a thin layer of PVA was formed on the
surface of the stent. This PVA film is the source of the additional inner ultrasound ring in
(c), where the stent is located. Adapted from [54].
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Fig. 11.

3-D reconstructed (a) IVUS, (b) IVPA, and (c) combined images of trisectional phantom.
Individual cross sections can show the position of the stent within the vessel. Photoacoustic
signal alone can assess the shape of the stent in order to determine the condition of the stent.
Adapted from [54].
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Fig. 12.

Reconstructed (a) IVUS, (b) IVPA, and (c) combined images of a stent deployed within an
excised section of an atherosclerotic rabbit aorta. Stent is visible as adjacent to lumen wall.

IEEE J Quantum Electron. Author manuscript; available in PMC 2011 February 25.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Wang et al.

Page 32

Ovwerlap between
ultrasound and laser,

Cladding
/

Optical
IVUS imaging T fiber
catheten gan

(a) (b) (c)

Fig. 13.

(a) Schematic diagram of the light distribution near the distal end of the optical fiber. (b)
Photograph of the distal end of the integrated IVUS/IVPA side fire fiber-based imaging
catheter that utilizes the TIR effect. (c) Diagram of the integrated IVUS/IVPA imaging
catheter showing the alignment between ultrasound and light beams. Adapted from [57].
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Fig. 14.

Prototype of the microoptics mirror-based combined IVUS/IVPA mirror-based imaging
catheter. (a) Photograph of distal end of the IVUS/IVPA imaging catheter. (b) Diagram of
the catheter showing an alignment of the ultrasound and light beams. Adapted from [57].
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Fig. 15.
Diagram of phantom with point targets used to evaluate the performance of the integrated
IVUS/IVPA imaging catheters.
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Fig. 16.

[(a) and (c)] Ultrasound and [(b) and (d)] photoacoustic images of the point-target phantom
obtained using the side fire fiber-based [(a) and (b)] and the mirror-based [(c) and (d)]
combined IVUS/IVPA imaging catheters. Adapted from [57].
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Fig. 17.

Combined IVUS/IVPA imaging catheter based on a single-element mechanically rotating
IVUS transducer and light delivery system consisting of bundle of optical fibers surrounding
the ultrasound transducer.

IEEE J Quantum Electron. Author manuscript; available in PMC 2011 February 25.



