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Thin-cap fibroatheroma (TCFA) are the unstable lesions in coronary

artery disease that are prone to rupture, resulting in substantial
morbidity and mortality worldwide. However, their small size and

complex morphologic and biologic features make early detection

and risk assessment difficult. We tested our newly developed

catheter-based Circumferential-Intravascular-Radioluminescence-
Photoacoustic-Imaging (CIRPI) system in vivo to enable detection

and characterization of vulnerable plaque structure and biology in

rabbit abdominal aorta. Methods: The CIRPI system includes a

novel optical probe combining circumferential radioluminescence
imaging and photoacoustic tomography (PAT). The probe’s CaF2:

Eu-based scintillating imaging window captures radiolumines-

cence images (360° view) of plaques by detecting β-particles during
18F-FDG decay. A tunable laser-based PAT characterizes tissue
constituents of plaque at 7 different wavelengths—540 and 560

nm (calcification), 920 nm (cholesteryl ester), 1040 nm (phospho-

lipids), 1180 nm (elastin/collagen), 1210 nm (cholesterol), and
1235 nm (triglyceride). A single B-scan is concatenated from 330

A-lines captured during a 360° rotation. The abdominal aorta was

imaged in vivo in both atherosclerotic rabbits (Watanabe Heritable

Hyper Lipidemic [WHHL], 13-mo-old male, n 5 5) and controls (New
Zealand White, n 5 2). Rabbits were fasted for 6 h before 5.55 · 107

Bq (1.5 mCi) of 18F-FDG were injected 1 h before the imaging pro-

cedure. Rabbits were anesthetized, and the right or left common

carotid artery was surgically exposed. An 8 French catheter sheath
was inserted into the common carotid artery, and a 0.035-cm

(0.014-in) guidewire was advanced to the iliac artery, guided by

x-ray fluoroscopy. A bare metal stent was implanted in the dorsal
abdominal aorta as a landmark, followed by the 7 French imaging

catheters that were advanced up to the proximal stent edge. Our

CIRPI and clinical optical coherence tomography (OCT) were per-

formed using pullback and nonocclusive flushing techniques. After
imaging with the CIRPI system, the descending aorta was flushed

with contrast agent, and OCT images were obtained with a pullback

speed of 20 mm/s, providing images at 100 frames/s. Results were

verified with histochemical analysis. Results: Our CIRPI system
successfully detected the locations and characterized both stable

and vulnerable aortic plaques in vivo among all WHHL rabbits. Calci-
fication was detected from the stable plaque (540 and 560 nm),

whereas TCFA exhibited phospholipids/cholesterol (1040 nm, 1210

nm). These findings were further verified with the clinical OCT system

showing an area of low attenuation filled with lipids within TCFA. PAT
images illustrated broken elastic fiber/collagen that could be verified

with the histochemical analysis. All WHHL rabbits exhibited sparse to

severe macrophages. Only 4 rabbits showed both moderate-to-severe
level of calcifications and cholesterol clefts. However, all rabbits

exhibited broken elastic fibers and collagen deposition. Control

rabbits showed normal wall thickness with no presence of plaque

tissue compositions. These findings were verified with OCT and
histochemical analysis. Conclusion: Our novel multimodality hybrid

system has been successfully translated to in vivo evaluation of

atherosclerotic plaque structure and biology in a preclinical rabbit

model. This system proposed a paradigm shift that unites molecular
and pathologic imaging technologies. Therefore, the system may

enhance the clinical evaluation of TCFA, as well as expand our un-

derstanding of coronary artery disease.
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Acute coronary syndrome leads to a sudden reduction in per-
fusion and oxygenation to the myocardium resulting in heart at-
tack. Each year, more than 20 million people with coronary artery
disease (CAD) experience acute coronary syndrome, and one third
of them die from complications (1). The underlying causes of acute
coronary syndrome are unstable lesions known as thin-cap fibroa-
theroma (TCFA), which are prone to rupture, resulting in substantial
morbidity and mortality worldwide. This is a progressive condition
typically asymptotic at early stages and is characterized by the
thickening of the arterial vessel wall due to the buildup of arther-
manous plaque in the inner lining of the arteries (2,3).
Early clinical diagnosis of TCFA is thought to be critical not

only to prevent catastrophic events of plaque rupture through
intervention or pharmacologic strategy but also to contribute to the
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study of epidemiology of vulnerable plaques. Although the current
clinical definition of TCFA is large lipid pool, heavy infiltration of
inflammatory cells/macrophages, and fibrous wall thickness less
than 65 mm, understanding TCFA, the most common phenotype of
vulnerable plaques, remains to be elucidated. For the larger-sized
coronary arteries, various intravascular imaging modalities have
been developed and tested clinically, including optical coherence
tomography (OCT) and intravascular ultrasound (4–7). Although
these methods provide information about the structural characteris-
tics of the imaged vessel, they do not directly characterize biologic
aspects of disease (8,9), such as inflammation or angiogenesis (10,11).
There is a wide range of molecular imaging modalities (such as
iodinated nanoparticulate contrast agent, photoacoustic imaging
using spheric nanoparticles (12) and gold nanorods (13), intravas-
cular photoacoustic (IVPA) with optical contrast (14), MRI with
wall sheer stress (15), CTwith N1177 (16), PETwith 18F-FDG (5),
MRI using ultrasmall superparamagnetic iron oxide probes (17,18),
SPECT using VCAM-1–specific 99mTc-labeled peptidic sequences
(19), hybrid imaging such as simultaneous OCT for b-detection
(20), OCT-near-infrared fluorescence system with indocyanine-
green contrast agent used for colocalization of anatomic and mo-
lecular information from the artery wall). However, because of
their small size, motion, and obscuring signal from the adjacent
myocardium, it is still difficult to detect TCFA in the early stages.
Therefore, an optimal intravascular imaging technology for the
identification of TCFA needs to possess unique features such as
visualizing endoluminal structure (2), identifying plaque components
(21), providing adequate spatial resolution, and monitoring plaque
rupture/thrombus formation. However, because of the inherent limi-
tations of these currently available imaging systems, an integration
of multiple imaging modalities seems a synergistic solution (22,23).
To address these limitations, we developed a multimode Cir-

cumferential-Intravascular-Radioluminescence-Photoacoustic-Imaging
(CIRPI) system that would permit the precise location and evalu-
ation of coronary vulnerable plaque pathology in an early stage (24).
The goal of this feasibility study was to test the CIRPI system in in
vivo an atherosclerotic rabbit model to detect the TCFA with
superior spatial resolution (25) and improve the quantification of
aortic TCFA morphology relative to other imaging modalities that
are clinically available today. The innovation of this study was
both technologic and intellectual novelty as it aimed to distinguish
TCFA from stable plaques with high sensitivity and accuracy and
provide quantitative image maps of TCFA with colocalized infor-
mation on plaque compositions with histopathologic information
(24,26). In this study, we present the in vivo rabbit experiments
performed with our CIRPI system to monitor disease compositions
and location through mapping perturbed microanatomic features
of TCFA.

MATERIALS AND METHODS

Circumferential Radioluminescence Imaging (CRI)

Peripheral System Design

The components of the CIRPI system are described in our previously

published study (26). In brief, the optical components of the CIRPI
system consist of a 10· magnification infinity-corrected microscope

objective (RMS10x; Olympus Inc.) with a working distance of 10.6 mm,
numerical aperture (NA) of 0.25, and effective focal length of 18 mm

(Supplemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org). The system also contains an infinity-corrected

tube lens for plan fluorite objective (ITL200; Thorlabs) in between
the objective (F2 5 102 mm) and the ProEM charge-coupled device

(CCD) camera (F3 5 200 mm) (Princeton Instruments). The CIRPI

system provides a 360� view inside an artery through an innovative
probe design (see the ‘‘Dual-Modality Endoscopic Probe’’ section).

The novelty of this CIRPI system is based on a scintillating window
made from organic calcium fluoride doped with europium (CaF2:Eu)

phosphor, placed on the catheter-based probe to convert the b-parti-
cles of the positron emission signal into visible light due to radioactive

decay (primary decay time 940 ns). The molecules in the scintillating
window get excited with the incoming ionizing radiation, especially

b-particles from the decay of 18F-FDG, or other isotopes, by absorb-
ing energy. When these molecules return to a lower energy state from

an excited state, they release optical radiation in the visible range. This
light is then captured with a highly sensitive CCD camera using deep

thermoelectric cooling at 270�C for minimizing the background signal
from the temperature-dependent dark current, hot pixel blemishes, and

vibration. The deep thermoelectric cooling was done with a CoolCUBE
II liquid circulatory system (Teledyne Princeton Instruments). The cam-

era exposure times were set to 45 s based on sensitivity (above this
threshold the pixels were saturated). For 18F-FDG imaging with the

CIRPI system, the binning factor was set at the smallest limit (1·1
pixel) with effective active imaging resolutions of 1,024·1,024 pix-
els (width · height). The analog-to-digital conversion speed was set to

10 MHz, with a corresponding electron multiplying gain of 50 at 16-bit
depth. The storage shift rate was set to 600 ns with readout time of 4 ms

for ‘‘frame transfer’’ readout mode. The CCD camera shutter mode was
set to ‘‘always open’’ without any delay (0 ms) in opening and closing.

The selection process of optimal scintillating material and resolution
were described in the our previously published manuscript (25).

Photoacoustic Tomography (PAT) Peripheral System Design

The PAT peripheral system has been redesigned to perform faster
data acquisition from our previously published study (24). For the PAT

system, we used a tunable Horizon I OPO pumped by Surelite II
nanosecond laser (192–2,750 nm Continiuum) with a 4- to 7-mm

beam diameter (before focusing into the 200-mm core multimode

fiber). The peak wavelength of the laser’s spectral bandwidth can be
tuned to multiple values for selective imaging of the different tissue

constituents. The central hypothesis of this PAT imaging is that the
absorption spectra of calcium, lipids, elastic, and collagen are suffi-

ciently well differentiated from those of the constituents of normal
arterial tissue in the 500- to 1400-nm wavelength range to permit the

detection of calcium or lipid-rich plaques using PAT imaging.
The repetition rate was set to the highest at 20 Hz with a 3- to 5-ns

full width at half maximum pulse length. The laser was linearly
polarized at a less than 2 mrad divergence. The Horizon tunable laser

operates at 110 V and is connected to Surelite 210. Power supply for
Surelite 210 operates at 220 Vand is attached to a coolant circulation to

regulate the temperature. Horizon sends an Sync Out signal as an
external trigger to a pulse-receiver signal generator (5073PR-15U, 75

MHz bandwidth, 39dB, RF Gain, 115 VAC; Olympus America Inc.).
A preamplifier receives the photoacoustic signal from the multimode

optical probe, and after 8· amplification this signal is sent to the pulse-
receiver. This 75 MHz computer-controlled pulse-receiver is used to

trigger a 4-channel, 14-bit Digital Acquisition System (NI PXIe-
5170R, 250 MS/s, 100 MHz, Oscilloscope with 750 MB RAM and

Kintex-7 325T FPGA; National Instruments, USA) and receive the
amplified photoacoustic signal. A custom-written Matlab (The Math-

Works) code was used to concatenate 330 A-lines captured during a
360� rotation to generate a B-scan.

Dual-Modality Endoscopic Probe

The components of CIRPI system probe are described in our
previously published study (26). However, the probe is reduced in

diameter. The CIRPI system includes a novel optical probe combining
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CRI and PAT (Supplemental Fig. 2A). The probe’s CaF2:Eu-based

scintillating imaging window captures radioluminescence images

(360� view) of plaques by converting b-particles to visible photons

during 18F-FDG decay (Supplemental Fig. 2B). A single 360� arterial
radioluminescence image acquisition is 45 s for our CIRPI system.

During radioluminescence imaging, the visible photons from the

optical radiation of high-energy b-particles reflect to/from the 45�
scanning mirror. These photons are then collected through the gradi-

ent-index (GRIN) lens followed by creating an 18,000-pixel image at

every 1.43� rotation of the mirror. A total of 63 images were collected

for each quadrant of the circular arterial wall. A tunable laser-based

PAT characterizes tissue constituents of plaque at 7 different wave-

lengths—540 and 560 nm (calcification), 920 nm (cholesteryl ester),

1040 nm (phospholipids), 1180 nm (elastin/collagen), 1210 nm (choles-

terol), and 1235 nm (triglyceride) (Supplemental Fig. 2C).

The CIRPI probe (Supplemental Figs. 2D and 2E) has a 840-mm
flexible tether with up to 17� of bending freedom, and a 36-mm (pre-

viously 42 mm) long rigid distal imaging head consists of a CaF2:Eu

scintillating imaging window; a light-guiding multimode optical fiber
(OF-1, 0.22 NA, 0.2 mm core diameter; Thorlabs Inc., USA); a

leached image fiber (OF-2, 18,000 optical fibers represent a 0.9-mm
diameter imaging area with 7.4-mm pixel size; Schott Inc., USA);

a single-element ultrasonic transducer (Lithium Niobate LNO, 40
MHz, unfocused, ring transducer with outer diameter 5 2 mm, inner

diameter 5 1.37 mm, and length 5 5.1 mm); a digital actuator
(2.0-mm diameter, 18.62 mm long; Namiki Precision Jewel Co.,

Ltd. Japan); and 45� degree flat rotating mirror (2-mm diameter, pro-
tected aluminum on glass substrate, with the reflection surface at 45�
to the probe’s axis; Edmund Optics Inc., USA) that is placed in a
stainless steel tube housing. The absolute field-of-view of 0.9-mm

imaging area is 6.5 mm. A single-element ultrasonic transducer is
used for achieving a high signal to noise ratio at MHz repetition rates.

Laser pulses from a portable UV-VIS-NIR tunable laser (7 ns pulse
length at 20 Hz repetition rate) are coupled into a multimode fiber

using a 10· microscope objective. These laser pulses are guided by the
multimode optical fiber, which is also positioned parallel to an imag-

ing fiber-bundle belonging to the CIRPI system. These pulses are then
emitted into the tissue through a central hole (1.37-mm diameter) in

the transducer located in the distal end of the probe. The distal end of
the OF-2 is terminated by a 1-mm diameter GRIN lens designed to

have a working distance of 5 mm and paraxial magnification of 5.86.
The GRIN lens provides an NA of 0.5, and radial index gradient has a

maximum central refractive index of 1.635 at the lens axis.
The scintillating window is fabricated from a polymer-based polyvinyl

toluene block made of CaF2:Eu phosphor (Saint-Gobain Crystals).

CaF2:Eu is selected as the optimal scintillating material with respect to

highest radioluminescent signal (25). The phosphor has a refractive in-

dex of 1.58, with 68% light output. The scintillating efficiency is 10,400

photons/1 MeVe2. It has a maximum emission at a 435-nm wavelength

with a temporal pulse width of 2.2 ns (full width at half maximum). The

scintillating window is machined into a cylindrically shaped tube with a

10-mm length and wall thickness of 0.150 mm. The outer diameter and

inner diameter of the window are 2.31 and 2.01 mm, respectively. Radio-

luminescence is produced within the scintillating imaging window fol-

lowing the emission of a b-particle from a radiotracer (18F-FDG) within

a macrophage. The optical photons are captured by a high-numerical-

aperture 10· microscope objective coupled to a deep-cooled ProEM

CCD camera. This scintillating window can detect radioluminescent

signal from the disease tissue within the travel distance of b-particles

(1–3 mm in tissue) emitted from the 18F-FDG decay. The CRI peripheral

system provides the overall spatial resolution of the CIRPI system that is

1.2 mm based on our previous study (25). The spatial resolution of the

CRI is calculated on the basis of a modulation transfer function. A

modulation transfer function is an important aid to objective evaluation

of the image-forming capability of our CRI peripheral system, providing
a means of expressing the imaging quality of the optical system objec-

tively and quantitatively, plus predicting performance reliably. The de-
tection limit and overall radioluminescence signal sensitivity of our

system is identified to be 10,020 (photon counts) on the basis of a 1-mCi
closed disk b-source.

Circumferential sector scanning (B-scan) is accomplished by
rotating a 45� flat mirror. The mirror is driven by a geared actuator

(gear ratio, 254:1) to steer the laser beam from the optical fiber to the
tissue and the acoustic wave from the tissue to the ultrasonic trans-

ducer. A single 360� arterial PAT image acquisition time is 1.15 s for
our CIRPI system. Therefore, the overall detection speed for a 360�
view of an artery with our CIRPI system took only a few minutes
(�2 min). When the pulsed laser light illuminates atherosclerotic

plaque, the optical absorbers there (such as lipid, cholesterol, calcifi-
cation) undergo thermoelastic expansion, generating an acoustic pres-

sure wave that is detected with the ultrasonic transducer. The mirror is
also important for reflecting visible light to the OF-2 due to the vi-

bration of molecules within the scintillating imaging window upon the

deposition of b-particles energy from the 18F-FDG decay. As water
and glass have a large ratio of sound propagation speeds, the scanning

mirror has exhibited total external reflection within the acceptance
angles of the ultrasonic transducer and the GRIN lens, and thus, con-

tributes to no additional propagation losses into the ultrasonic and
visible light detection. The scanning mirror system has enabled cir-

cumferential B-scanning without moving other illumination optics and
the ultrasonic sensor. The optical fibers, the transducer’s signal wires,

and the actuator wires are encapsulated in a flexible catheter body with
an outer diameter of 2.31 mm where 0.5 mm is used for a catheter

enclosure. The mirror’s rotational speed is kept constant, while pro-
viding a matching medium for acoustic wave propagation; the trans-

ducer and scanning mirror’s housing space is water-coupled with
deionized water through a 0.25-mm hole on the 0.150-mm-thick scin-

tillating imaging window. The actuator is isolated from the water with
a spacer, and the torque is required for the mirror rotation that is

transferred through a micro-magnetic (outer diameter, 1.58 mm with
a length of 3.175 mm, K&J Magnets Inc., USA) coupling mechanism.

PAT Image Reconstruction

PAT images are created from the generation of thermoelastic stress
waves by heating endogenous chromophores (e.g., calcification, choles-

terol) or exogenous contrast agents in an optically heterogeneous medium
with a short laser pulse. These stress waves contain information about the

distribution of structures with preferential optical absorption. Therefore,

information about the relative concentrations of endogenous chromo-
phores or exogenous contrast agents can be determined allowing

enhanced signal-to-background ratios. The low optical absorption and
ultrasound scattering of disease tissues make it optimal for PAT imaging

at high resolution and depth (maximum, 3–5 cm deep). However, for
this study we adjusted the depth to be between 5 and 8 mm.

The temporarily confined optical absorption induces a temperature
rise ΔT and consequently an initial pressure rise p0 due to thermo-

elastic expansion: p0 5 b. ΔT/k, where k is the isothermal compress-
ibility. The photoacoustic signal was collected every 1.43� rotating

step of the scanning mirror for photoacoustic acquisition at 7 different
wavelengths. The PAT image is developed one laser pulse per image

line. The procedure of photoacoustic signal processing includes high-
pass signal filtering, compensation for acoustic diffraction, detection

of the irradiated surface position, and rejection of the reverberating
signal. A radial backprojection algorithm for image reconstruction

is developed and included in the Labview/Matlab computer code.
Laser-induced noise is removed with a singular value decomposition

method.
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Coregistered with Histologic Analyses and OCT

After the in vivo imaging experiments, WHHL (n 5 5) and New
Zealand White (NZW) (n5 2) rabbit dorsal abdominal aortic samples

were cut from the distal edge of the stent (used as a landmark) and
placed in 10% formalin and submitted for paraffin embedding, sec-

tioning, and staining. Step sections (5 mm thick, n 5 16) were col-
lected at different levels beginning at the proximal end of the stent to

exclude the aorta-containing stent (otherwise the blade would brake)
and proceeding to the other end. The sections were mounted on glass

microscopic slides, stained with hematoxylin and eosin (H&E), tri-
chrome (collagen), and EVG (elastin) reagents and covered with Tissue

Tek Film as coverslips.
The microscopic slides were examined with an Olympus BX51

microscope fitted with diffuse white light (LM) and transmission
polarizing (TPM) optics and 2·, 4·, 10·, 20·, and 40· objectives.

Selected fields were imaged by a pathologist at Stanford SOM using a
Zeiss Axiocam MRc5 digital camera mounted on the microscope and

Zeiss AxioVision SE64 Rel 4.8 software supported by a Dell Optiplex
980 desktop computer. The histologic study was based on a quantita-

tive analysis of disease tissue constituents that were coregistered with

the CIRPI results and clinical OCT based on the stent location.

Safety Assurance

After each experiment, we used a classic g-counting analog meter

(Geiger-Muller counter) to perform safety assurance on the instru-
ments, countertop, whole body, and laboratory coat, to ensure that

there was no contamination from 18F-FDG. Each time, the counts
per minute were around 30–50 CPM, which was in the normal range

of 0.03–0.05 mR/hr.

Statistical Analysis

A pairwise 2-sample Student t test was performed to compare in

vivo radioluminescent signal intensity from the 18F-FDG–enriched
vulnerable plaques and stable plaques. The same t test was performed

for photoacoustic signals as well for both TCFA and non-TCFA. As
WHHL rabbits had similar weights (2.276 0.01 kg [56 0.02 lb]) and

the same dose, these factors were not considered in the statistical
analysis. Therefore, weight and dose were eliminated during the sta-

tistical process. Rabbit samples were not randomized. These analyses
were performed using custom-written MATLAB code. We presented

all values as mean 6 SD. We considered a P value of less than 0.05 as
statistically significant for all ex vivo analyses.

For a significance level of P , 0.05 and a statistical power of 0.90,
each group should comprise at least 5 animals to obtain a statistically

significant result. We used an equation for sample size calculation for
a study comparing 2 means: N 5 {4*s2(Zcrit 1 Zpwr)2}/D2, where

N is sample size, D is the minimum expected contrast-to-noise differ-
ence based on the means of the 2 groups (plaque vs. control), s is the

assumed SD of each group (assumed to be equal for both group)
= 1.65, Zcrit 5 1.960 for a significance level of 0.05(95) (standard

normal deviate corresponding to selected significance criteria), and
Zpwr 5 1.645 for statistical power of 0.95 (standard normal deviate

corresponding to selected statistical powers).

Experimental Procedure of In Vivo Imaging of

Atherosclerotic Plaque

We tested this system in in vivo rabbit (13-mo-old male; n 5 5,
WHHL; n 5 2, NZW, control) abdominal aorta models according to

an approved protocol by the Stanford University Administrative Panel
on Laboratory Animal Care (APLAC 9948). The WHHL rabbit model

is hypercholesterolemic due to a deficiency of low-density lipoprotein
receptors and has contributed to studies about lipoprotein metabolism,

hypercholesterolemia, and atherosclerosis. We let the WHHL rabbits
acclimate for 7 d after arrival from the Institute for Experimental

Animals, Kobe University Graduate School of Medicine. The same

acclimation procedure was followed for the NZW rabbits (Charles

River Laboratories, USA). After 7 d, we performed preanesthetic evalu-
ations of rabbits by chest auscultation to determine whether the rabbits

were suitable candidates for the imaging procedure. Once determined,
rabbits were fasted for 6 h before preoperative care was provided to

them 30 min before surgery and 5.55 · 107 Bq of 18F-FDG were
injected 1 h before imaging.

During the procedure, rabbits were anesthetized with ketamine,
xylazine, bupivacaine, and maintained with inhaled isoflurane with

3% oxygen through intubation. Hair in the neck area was shaved, and
1% lidocaine was applied to vocal folds with a cotton-tipped applicator

to facilitate intubation with an endotracheal tube to maintain airways
and prevent laryngospasm. A midline neck incision was made to

surgically expose right or left the common carotid artery (2.85 6
0.15 mm in diameter) (Supplemental Fig. 3A). An 8 French (2.67-

mm diameter) catheter sheath was inserted into the common carotid
artery carefully, and a 0.035cm (0.014 in) guidewire was advanced

into the common carotid artery followed by an implantation of bare-
metal stent in the dorsal abdominal aorta (4 6 0.38 mm diameter) as

a landmark. Then a 7 French (2.31 mm in diameter) imaging catheter

was inserted into the descending aorta guided through x-ray fluoros-
copy (Supplemental Fig. 3B). The CIRPI probe needed to be within

1–3 mm of the plaques for the radioluminescence image. However,
for this experiment the probe was within 0.75 mm from the arterial

wall (based on acoustic signal). Our CIRPI and clinical OCT (ILU-
MEN OCT Imaging System; Abbott) were performed using pull-

back and nonocclusive flushing techniques. After imaging with the
CIRPI system, the descending aorta was flushed with contrast agent,

and OCT images were obtained with a pullback speed of 20 mm/s,
providing images at 100 frames/s. Results were verified with histochem-

ical analysis.

RESULTS

In Figures 1–3, images from 1 control rabbit (ID#R817) and 1
WHHL (ID#R717) are shown for discussion purpose only. The
CIRPI and confirmatory clinical OCT imaging were done at the prox-
imal stent edge located within the abdominal aorta of the control
rabbit (highlighted with a green box), performed under the x-ray–
guided fluoroscopy (Fig. 1A). The H&E-stained (2·) histologic
image overviews tissue condition at which the CIRPI system was
used to collect radioluminescene and photoacoustic images (Fig.
1B). The histology slide illustrates a normal abdominal aortic wall
thickness with no atherosclerotic plaques, highlighting the loca-
tions (i–iv) at which the CIRPI images were taken. A 360� view of
the radioluminescence image and all 4 quadrants showed no radio-
luminescent signal which renders an absence of macrophages
(Supplemental Fig. 4A; Fig. 1C). Confirmatory clinical OCT im-
ages further validated these findings by showing normal abdomi-
nal aortic wall thickness with no atherosclerotic plaques (Fig. 1D).
The highlighted (3·) section in the OCT image showed no atten-
uation signals, a representation of no lipids or TCFA (Fig. 1E). For
the photoacoustic image, no photoacoustic signals were detected
at all 7 tested wavelengths, representing an absence of calcifica-
tion, cholesterol cleft in the forms of cholesterol ester, phospho-
lipids, cholesterol and triglyceride, and a presence of intact elastic
fibers and collagen (Fig. 1F).
The area of the abdominal aorta of a diseased WHHL rabbit

imaged with our CIRPI system is highlighted in the x-ray fluoroscopy
image (Fig. 2A). Macrophages are found within the vulnerable pla-
ques (TCFA, wall thickness , 65 mm) located on one side of the
aortic wall of the in vivo WHHL rabbit based on both Trichrome/
H&E-stained histologic slides (Figs. 2B, 2C-iv, and 2G). A high
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amount of radioluminescent signal is collected with our CIRPI
probe at the location with macrophages within TCFA (Fig. 2D-iii;

Supplemental Fig. 4B). Trichrome (2·) and H&E (4·)-stained his-

tologic images also highlighted stable (wall thickness . 65 mm)

plaques (Figs. 2B and 2C-i, ii, iv). The clinical OCT system also

confirms our findings with the CIRPI system and histochemical

analysis (Figs. 2E and 2F). Statistical analysis showed 203· times

higher radioluminescent signal (TCFA vs. non-TCFA: 6.36 · 104 6
5.3 · 103 vs. 3.14 · 101 6 1.91 · 101 photon counts, P 5 0.003)

from the area with macrophages and lipids within the TCFA com-

pared with stable plaques (Fig. 2H).
We detected cholesterol cleft within TCFA with our CIRPI

system in the forms of cholesterol ester, phospholipids, choles-

terol, and triglyceride on collected photoacoustic signals at 920-,

1040-, 1210-, and 1235-nm wavelengths, respectively (Fig. 3C).

H&E (4·)-stained histologic images also confirmed these tissue

compositions (Figs. 3A and 3B). Further, OCT image verified

these results by showing an area of low attenuation, a representa-

tion of lipid/cholesterol within the TCFA (Fig. 3D). We observed

photoacoustic signals from broken elastic fibers and damaged col-

lagens at the 1180-nm wavelength with our CIRPI system (Fig. 3F).

These findings were confirmed with EVG (2·) (Fig. 3E)-stained

histochemical image. Calcification was detected within stable pla-

ques when our CIRPI system laser was tuned at the 540- and 560-nm

wavelength (Fig. 3C). This finding was further confirmed with the

H&E-stained histologic images (Figs. 3A
and 3B). However, the clinical OCT system
was unable to detect calcification at that lo-
cation. The PAT image in Figure 3C was
reconstructed from 5 individual PAT images
representing 4 different lipid compositions
and calcification and then superimposed on
the ultrasound image.
Overall, our CIRPI system detected

sparse (n 5 2), moderate (n 5 2), and
severe (n 5 1) macrophages in in vivo
WHHL rabbits. Four of 5 WHHL rabbits
had moderate-to-severe calcification and
severe cholesterol clefts in the forms of
cholesterol ester, phospholipids, choles-
terol, and triglyceride. We found a 250
6 30.33 A.U. (arbitrary units; P 5 0.001)
photoacoustic signal from non-TCFA at
the 540- and 560-nm wavelengths, indicat-
ing calcification was present. However, no
photoacoustic signal was detected in the
TCFA for the 540-nm wavelength. We ob-
served 240 6 20.56 A.U. (P 5 0.003),
110 6 8.67 A.U. (P 5 0.004), 210 6
15.85 A.U. (P 5 0.002), and 90 6 5.75
A.U. (P 5 0.003) photoacoustic signals
from lipids in the forms of cholesterol es-
ter (920 nm), phospholipids (1040 nm),
cholesterol (1210 nm), and triglyceride
(1235 nm), respectively, in the area of
TCFA. No photoacoustic signal was de-
tected in the areas with non-TCFA. One
of the WHHL rabbits showed early-stage
atherosclerosis with no calcification or
cholesterol clefts. This rabbit also showed

intact elastic fibers and a small amount of collagen deposits. The
other 4 WHHL rabbits exhibited broken elastic fibers and collagen
deposits. Statistically, we found a 806 4.71 A.U. (P5 0.0001) photo-
acoustic signal at the 1180-nm wavelength that elucidated broken elas-
tic fibers and collagens. The clinical OCT system showed early-stage
atherosclerosis in 2 of 5 WHHL rabbits with intimal hypertrophy. In
addition, 4 of 5 WHHL rabbits exhibited lipid-filled TCFA with wall
thickness between 40 and 60 mm, which were located within 7.9–
30.9 mm from the proximal stent edge. One rabbit showed multiple
TCFAs along with several stable plaques. Histology analysis corrobo-
rated these findings by showing occlusion between 10% and 60%.
Control rabbits showed normal abdominal aortic wall thickness with
no plaques using our CIRPI system and verified with the clinical OCT
system and histologic analysis. Results from each rabbit are shown in
Supplemental Table 1.

DISCUSSION

We have demonstrated that our multimodality catheter-based
CIRPI system can detect 18F-FDG uptake by the macrophages
within the TCFA of in vivo rabbit abdominal aorta with high
resolution and sensitivity and is capable of simultaneously char-
acterizing plaque morphologic compositions. These findings were
verified with clinical OCT and ultrasound imaging systems, as
well as immunohistochemical analyses of the molecular compo-
sition and pathologic status. The data based on radioluminescence

FIGURE 1. In vivo abdominal aorta images of the control rabbit. (A) x-ray–guided fluoroscopy

image illustrates that a guide wire is followed by CIRPI probe located at the peripheral stent edge

(proximal stent edge [PSE] is used as a landmark). (B) H&E-stained (2·) histologic image overviews

tissue condition at which CIRPI system is used to collect radioluminescene and photoacoustic

images. Further, same location was imaged with a clinical OCT system for secondary verification.

Histology slide illustrates normal abdominal aortic wall thickness with no atherosclerotic plaques.

(C) Radioluminescence images are collected at every 1.43° with scanning probe. Each quadrant (i),

(ii), (iii), and (iv) is the representation of concatenated images between starting point of scan up to 90°.
Each quadrant of radioluminescence image represents precise location of histologic slide that is

highlighted with same number. None of the quadrant of radioluminescence image showed radio-

luminescent signal that renders an absence of macrophages. (D) Confirmatory OCT images further

validate these findings by showing normal abdominal aortic wall thickness with no atherosclerotic

plaques. (E) Highlighted section in OCT image shows no attenuation signals, a representation of no

lipids or TCFA. (F) In photoacoustic image, no photoacoustic signals are detected at all 7 tested

wavelengths, representing an absence of calcification, cholesterol cleft in form of cholesterol ester,

phospholipids, cholesterol and triglyceride, and a presence of intact elastic fibers and collagen.
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and photoacoustic signals illustrated low variability based on the
statistical analysis. The radioluminescence signal variability among
all disease rabbits was within 8.33%. On the basis of the photo-
acoustic signals, the disease tissue compositions showed variabil-
ities between 5.89% and 12.13% (calcification: 12.13%, cholesterol
ester: 8.56%, phospholipids: 7.88%, cholesterol: 7.54%, triglycer-
ide: 6.38%, and elastin/collagen: 5.89%). The lowest variability was
observed for elastin/collagen whereas calfication varied the most.
We were not able to discuss these results in ratio as we found no
photoacoustic signal for calcification (540 and 560 nm) from TCFA
and cholesterol ester, phospholipids, cholesterol, triglyceride, and
broken elastic fibers/collagen from non-TCFA.
Our integrated CIRPI system offers an unprecedented opportu-

nity for intravascular detection and characterization of the biology
and morphology of atherosclerotic plaques that provides a multi-
parametric analysis of pathognomonic constituents of vulnerable
plaques. This approach will both broaden our understanding
about human CAD and enable prognostic data for this deadly
disease. Such measurements have important implications for
guiding treatment that may ultimately lead to reducing the risk of
heart attack and the debilitating aftermath.
On the basis of the results analysis, we found that if the aortic

occlusion is less than 10%, the plaques are mostly early stage with
moderate macrophages. Also, these early stage atherosclerotic

plaques have no calcification or cholesterol clefts, and its elastic
fibers are still intact with a small amount of collagen deposition.
When the aortic occlusion was between 25% and 60%, we
identified severe macrophages, calcifications, and cholesterol
clefts in the form of cholesterol ester, phospholipids, cholesterol,
and triglyceride located over a 500-mm to 1-mm area. In some
rabbits, multiple TCFAs and stable plaques were identified in
close vicinity. Most of these severe atherosclerotic abdominal aor-
tas of the WHHL rabbits revealed broken elastic fiber and collagen
deposition. The endogenous chromophores such as calcification,
lipids cause the enhanced signal-to-background ratios.
Our CIRPI system uses an intravascular molecular imaging

approach with optical, photoacoustic imaging in conjunction with
18F-FDG. The system collected radioluminescent and photoacoustic
signals to detect the exact location of TCFA and demonstrated its
usefulness for disease characterization through biologic imaging of
atherosclerotic plaques. On the basis of this feasibility study, we
demonstrated that our multimodality CIRPI prototype system was
sufficiently sensitive toward the detection of 18F-FDG in in vivo
TCFA with good resolution. Thus, our novel system in conjunction
with radionuclide molecular probes may lead to intravascular imag-
ing platforms for coronary arterial molecular imaging in the clinic.
Coronary imaging remains challenging with PET or other

currently available imaging modalities due to small size, constant

FIGURE 2. In vivo images of abdominal aorta with atherosclerotic plaques in WHHL rabbit. (A) x-ray–guided fluoroscopy image illustrates CIRP

probe followed by guide wire marked with stent (highlighted within a green box). Histologic images are presented to give overview of plaque

orientation within CRI imaging area using our CIRPI system and secondary verification with a clinical OCT system. (B) Trichrome-stained (2·)
abdominal aorta highlights stable plaque, fibroatheroma non-TCFA with wall thickness . 65 μm. On the opposite wall there is clear evidence of

fibroatheroma TCFA with a wall thickness , 65 μm filled with macrophages. (C) H&E-stained (4·) abdominal aorta shows 4 highlighted locations, (i),

(ii), (iii), and (iv) in histology image that are same location of each quadrant of CIRPI image; (i), (ii), and (iii) represent non-TCFA, and (iv) TCFA with

large macrophage accumulation. (D) Radioluminescence images are collected at every 1.43° with scanning probe. Each quadrant is representation

of concatenated images between starting point of scan up to 90°. Each quadrant of radioluminescence image represents precise location of

histologic slide that is highlighted with same number. Quadrant iv of radioluminescence image exhibits high radioluminescent signal that is indicative

of large macrophage accumulation within TCFA. (E) Confirmatory OCT images validated presence of non-TCFA and TCFA at arterial wall of

abdominal aorta. (F) Highlighted section in OCT image shows low attenuation signal, a representation of lipids within TCFA. (G) Trichrome-stained

TCFA area illustrates large number of macrophages that represents same area with lipids in OCT image. (H) Statistical analysis showed 203· higher

radioluminescent signal (TCFA vs. non-TCFA: 6.36 · 104 ± 5.3 · 103 vs. 3.14 · 101 ± 1.91 · 101 photon counts, P 5 0.003) from area with

macrophages and lipids within TCFA compared with non-TCFA.
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motion, and in the case of 18F-FDG, the obscuring of uptake by
adjacent myocardium (27). Although 18F-FDG uptake is a marker
for viable myocardium, this myocardial uptake makes it harder to
image the adjacent small-sized coronaries (28), though there are
some promising initial results (29). This makes an intravascular

imaging approach advantageous, minimizing the distance and

maximizing the sensitivity to coronary plaque signal. Although
18F-FDG PET has been well studied, there are other PET agents

being investigated, such as 18F-labeled mannose (30), which could

also be studied in the future by our CIRPI system.
As any scintillating screen with a thickness as small as 1 mm

provides an intrinsic efficiency close to 10% due to annihilation

photons, we chose to use a scintillating screen made of CaF2:Eu

with a thickness of 0.150 mm. Because of this extremely thin

screen, the CIRPI system eliminates a significant amount of anni-

hilation photons, which would have come from distant tissues

such as the bladder caused by high g-radiation from urine or

g-contamination that is spill in from the myocardium and hinders

the imaging of the local 18F-FDG uptake in the plaque. Also, this

thin scintillating imaging window allows a small fraction of en-

ergy deposition from the g-particles due to Compton interaction.

Therefore, it was unlikely that the g-particles would have inter-

acted with the scintillator to create background noise. Thus, subtraction

of the g-radiation signal was not considered. We used a typical

radiation dose, despite the nature of this feasibility study of the CIRPI

system for in vivo imaging.
In this study, we have developed the central hypothesis on

detecting and characterizing lipid-rich plaques using our CIRPI

system through sufficiently well-differentiated absorption spectra

of lipids from those of the constituents of normal arterial tissue in

the 740- to 1400-nm wavelength range. Although, we observed

cholesterol clefts in the forms of cholesterol ester, phospholipid,

cholesterol, and triglyceride in in vivo rabbit abdominal aorta with

our CIRPI system, we could not confirm the presence of individual

components of lipids with the histochemical analysis and clinical

OCT system (histology and OCT cannot distinguish specific lipid

components). However, we were able to correlate large lipid pools

at the TCFAwith both histology and the clinical OCT system. Thus,

downscaling photoacoustic imaging of the CIRPI system provides a

tool for understanding metabolic pathways. Because hypermetabo-

lism is a quintessential hallmark of TCFA atherosclerotic plaques,

metabolic photoacoustic imaging may enable clinical CAD screening

at the earliest stage without using exogenous contrast agents.
Several intravascular hybrid imaging systems including IVIS-

Xray, OCT-Xray, IVUS-CTCA, OCT-CTCA, NIRS-IVUS, IVUS-OCT,

OCT-NIRF, IVUS-NIRF, OCT-NIRS, IVUS-IVPA, and IVUS-FLIM

FIGURE 3. Images of in vivo atherosclerotic plaques in rabbit abdominal aorta. (A) Histologic images are presented to give overview of plaque

orientation within PAT imaging area using our CIRPI system and secondary verification with clinical OCT system. H&E-stained (10·) abdominal aorta

highlighted plaques containing trace amount of calcification and prominent cholesterol cleft/lipids in close vicinity to macrophages, fibroatheroma

TCFA with wall thickness , 65 μm. (B) Enlarged image of A shows severe cholesterol cleft and trace amount of calcification. (C) In PAT image, high

photoacoustic signals were detected at area with cholesterol, calcification. (D) Confirmatory OCT images validated presence of presence of lipids at

arterial wall of abdominal aorta. Highlighted section in OCT image showed low attenuation signal, a representation of lipids within TCFA. (E) EVG

(20·)-stained area illustrates both broken (red arrow) and intact collagen (green arrow). (F) High photoacoustic signal was detected at area with

broken collagen in PAT image collected with CIRPI system. (G) Statistical analysis showed high photoacoustic signal from (i) non-TCFA calcification

(250 ± 30.33, P 5 0.001, no other signal was observed); (ii) TCFA: cholesterol ester (240 ± 20.56, P 5 0.003), phospholipids (110 ± 8.67, P 5 0.004),

cholesterol (210 ± 15.85, P 5 0.002), and triglyceride (90 ± 5.75, P 5 0.003), which represent the presence of severe lipids; elastin/collagen (80 ±
4.71, P 5 0.0001) that elucidates broken/damaged elastic fibers and collagen.
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were developed over the years to detect and evaluate athero-
sclerotic plaques. These systems were evaluated on the basis of
their ability to get information on lumen dimension, plaque
burden, positive remodeling, lipid content, and cap thickness. These
hybrid imaging systems mentioned here have the ability to
perform 3 of these areas efficiently, unlike our CIRPI system,
which can perform all 5. In these hybrid systems, NIRS-IVUS (3–
16 mm), IVUS-OCT (1 mm), OCT-NIRF (1–3 mm), OCT-NIRS
(1.5 mm), and IVUS-IVPA (4–5 mm) are considered the best with
respect to millimeter range resolution. However, none of the
imaging systems has the resolution in mm as our CIRPI system
(1.2 mm) does. Acquisition time varies among all hybrid systems
specially IVIS-OCT (20–45 s/image), OCT-NIRF (44 ms/image),
and OCT-NIRS (2.5–4 min/image). These 3 hybrid systems have
the best acquisition time compared with other hybrid imaging sys-
tems mentioned here. Our CIRPI system has the acquisition time of
2 min/image. Thus, the acquisition time of our CIRPI system is
comparable with the top 3 intravascular hybrid imaging systems that
are discussed in this article.
It is important to evaluate our CIRPI system sensitivity with

respect to other intravascular b-detecting scintillator-based (BC-408
plastic) imaging systems such as intravascular radiation detector
(IVRD) (31). However, it is almost impossible to compare the CIRPI
system with other imaging modalities as this is the first time, to our
knowledge, that CaF2:Eu phosphor was ever used to make an imag-
ing window for a catheter-based system. In addition, IVRD was used
to collect b-particles from 115, 230, and 1,335 kBq of 18F-FDG
point-fixed sources in the femoral artery of a dog instead of intrave-
nous injection. The IVRD probe consists of only 100 optical fibers
that can only create spectral images, unlike our CIRPI system that
has 18,000 optical image fibers to create a 360� image of the artery.
We found that our design of the CIRPI system is suitable for early

detection/characterization of vulnerable plaque with high sensitivity/
accuracy and to track the plaque biology/morphology by multipara-
metric analysis of pathognomonic compositions of TCFA. This
approach can both broaden our understanding about human CAD and
enable prognostic data for this deadly disease. Therefore, such
measurements will have important implications for guiding treatment
that may ultimately lead to reduce the risk of MI and the aftermath.
Thus, this CIRPI system may propose a paradigm shift in the diagnosis
and risk stratification of CAD. The synergy that would be created by this
imaging system could unite molecular and pathologic information
associated with TCFA. Therefore, our CIRPI system with advanced
catheter design can reveal molecular aspects of plaque pathobiology that
may constitute a valuable and indispensable ally in this challenging
quest.
The CIRPI system catheter probe needs to be within 1–3 mm

of a vulnerable plaque to capture signal from the b-particle emit-
ting from 18F-FDG decay despite the field of view of 6.5 mm. This
close distance between the plaques and probe may increase the
risk of rupturing TCFA. Another limitation to the system is the
probe’s rigid scanning head as it limited the bending radius of
the probe. In the future, we plan to reduce the length of the rigid
head with decrease the radius.
Despite these limitations with the current CIRPI system, we dem-

onstrate future potential for clinical detection, diagnosis, and treatment
of human coronary atherosclerosis and offer the possibilities for expanding
our understanding of CAD. The CIRPI system was designed with
essential features that will enable intravascular imaging for clinical
characterization of vulnerable coronary plaques and is destined to
have an impact on how we manage this disease.

CONCLUSION

Although significant advancements have been made in medical
imaging, CAD remains the number one cause of death in the United
States and worldwide. Early detection of atherosclerosis and
prevention of myocardial infarction and sudden cardiac death have
remained critical unmet medical needs, which we address using this
multimodality imaging approach. In the last 15 y, molecular imaging
strategies have become an integral part of basic science and recently
in the clinical diagnosis of numerous disease. However, there re-
mains a substantial translational gap for molecular imaging of cor-
onary atherosclerosis in patients. Our multimodality molecular
tissue imaging approach comprises an integrated fiber-optic CIRPI
system, harnessing light, radioluminescence, and sound to detect
and characterize vulnerable atherosclerotic plaques. We could out-
line the plaque location with characteristic information pertaining to
specific tissue compositions. Our catheter-based system provides
the high sensitivity and resolution needed for coronary plaque
imaging. Radioluminescence and photoacoustic imaging are ripe
for clinical translation, particularly as there are multiple Food and
Drug Administration–approved radionuclides (e.g., 18F-FDG). We
demonstrated the potential for clinical detection and evaluation of
in vivo vulnerable and nonvulnerable atherosclerotic plaques via
CIRPI, plus the potential for expanding our understanding of CAD
to ultimately improve how we manage this disease.
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KEY POINTS

QUESTION: Can the CIRPI system overcome the current clinical

system’s limitation in detecting thin-cap fibroatheroma (TCFA)?

PERTINENT FINDINGS: Early stage TCFA showed macrophages.

Advanced-stage TCFA showed broken elastic fibers/collagen,

lipids with one-to-one correlation with histology. Results were

statistically significant.

IMPLICATIONS FOR PATIENT CARE: These results demon-

strated the potential for clinical detection and evaluation of

vulnerable and nonvulnerable atherosclerotic plaques via

CIRPI.
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