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Abstract: We present a tri-modality imaging system and fully integrated tri-modality probe
for intravascular imaging. The tri-modality imaging system is able to simultaneously acquire
optical coherence tomography (OCT), ultrasound (US), and fluorescence imaging. Moreover,
for fluorescence imaging, we used the FDA-approved indocyanine green (ICG) dye as the
contrast agent to target lipid-loaded macrophages. We conducted imaging from a male New
Zealand white rabbit to evaluate the performance of the tri-modality system. In addition, tri-
modality images of rabbit aortas were correlated with hematoxylin and eosin (H&E) histology
to check the measurement accuracy. The fully integrated miniature tri-modality probe,
together with the use of ICG dye suggest that the system is of great potential for providing a
more accurate assessment of vulnerable plaques in clinical applications.
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1. Introduction

Cardiovascular disease is the leading cause of death in developed countries and ruptured
atherosclerotic plaques are the main cause of acute coronary events. Identifying plaque type
helps the diagnosis and plays an important role in choosing proper interventional techniques.
Therefore, accurate assessment of plaque is critical in the clinic. According to clinical studies,
three characteristics of plaques are used as the criteria to estimate the presence of vulnerable
plagues, which are (1) large lipid pool, (2) thin fibrous cap, and (3) major inflammatory
reaction [1-4]. Various imaging techniques, including X-ray angiography, computed
tomography (CT) angiography, and magnetic resonance angiography (MRA) have been
developed to assess the coronary arteries. However, accurate characterization of plagues with
these technologies remains challenging. So far, intravascular imaging is regarded as the most
accurate method for characterizing plaques in vivo. In the clinic, intravascular ultrasound
(IVUS) can image both the lumen geometry and structure of the arterial wall with an imaging
depth of ~7 mm and a resolution of ~150 um, which can be used to image large lipid pools
[5]. On the other hand, intravascular optical coherence tomography (IVOCT) offers a superior
spatial resolution of ~15 pm, which has enabled the detection of thin fibrous caps [6,7]. Near-
infrared fluorescence imaging is able to obtain specific molecular information by using
different contrast agents. For intravascular imaging, near-infrared fluorescence (NIRF)
imaging can be used to identify inflammatory reaction, which is one of the main
characteristics of vulnerable plaques [8]. However, most imaging systems focus on one or
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dual-modality imaging [9-13,18,19], which are not enough for an accurate characterization of
these characteristics (large lipid pool, thin fibrous cap, and major inflammatory reaction). For
example, it is difficult to identify whether there is a thin fibrous cap or not by using a
combined NIRF and IVUS system. Recently, a few tri-modality imaging systems have been
reported [14-16], and these works represent a significant step forward for the estimation of
atherosclerotic plaques. However, the tri-modality system [14] that combined OCT, US, and
photoacoustic (PA) can only obtain imaging by moving the probe instead of rotating, and thus
the system cannot truly perform endoscopic imaging such as intravascular imaging.
Moreover, the diameter of the probe presented in this study is 5 mm, which is too big to
achieve intravascular imaging. Another tri-modality system [15] that combined OCT, US, and
fluorescence was also reported from our group. This system is able to get tri-modality
intravascular imaging simultaneously. However, the diameter of the probe used in this system
is around 1.2 mm, which is still too big for clinical applications. Furthermore, for
fluorescence imaging, Cy5.5 dye has been applied as a contrast agent in that work. Cy 5.5 dye
is not FDA-approved, which impedes the clinical translation of this technology. For the tri-
modality system [16], only phantom experiments were conducted, so the performance of the
imaging plaque is unknown. In addition, the imaging speed of PA is relatively lower (~1
frame per 13 seconds) for clinical application.

For accuracy assessment of plaques, it is critical to obtain all the information of the main
characteristics of vulnerable plaques. In our study, we developed a tri-modality system with a
fully integrated miniature probe. We have reduced the diameter of the probe to 1.06 mm.
When inserted in a catheter sheath, it has an outer diameter of 1.3 mm, which is small enough
to fit in a 5 French introducer. The system is able to acquire OCT, US, and fluorescence
imaging simultaneously. US imaging has a large penetration depth and can be used for
identifying the lipid pool. The high-resolution OCT can contribute to the identification of the
thin fibrous cap. For fluorescence imaging, FDA-approved ICG dye is used as a contrast
agent to indicate the local accumulation of macrophages, which normally corresponds to
inflammatory reaction [17]. Ex vivo experiments of rabbit aortas were performed to validate
the performance of our tri-modality system. H&E histology results of the rabbit aorta were
also presented to check assessment accuracy.

2. Methods
2.1 System design

In order to obtain OCT, US, and fluorescence images, the three imaging technologies need to
be fully integrated. In our study, we applied a trigger signal from the swept source laser as the
main trigger to synchronize the US and fluorescence imaging. In addition, a wavelength
division multiplexer was used to combine the OCT and fluorescence imaging systems. For the
fluorescence imaging system, we used a double clad fiber (DCF) coupler (Thorlabs,
DC1300LEB) to collect the emission light instead of a free space optical path, which enabled
a compact and stable tri-modality system. Figure 1 illustrates the overall setup of the tri-
modality system, which consists of a 1310 nm- swept-source OCT (SS-OCT) system,
ultrasound imaging system, and fluorescence imaging system. For OCT, the swept source
(Santec, HSL- 2100) with a center wavelength of 1310 nm and a sweeping rate of 20 kHz was
used. For fluorescence imaging, a 785-nm semi-conductive CW laser (I1S785-50 IR, Meshtel)
was used as the excitation source, which corresponds to the excitation peak of ICG, and a
DCF coupler was incorporated to transmit excitation light and collect emission light. For
transmission, the combined beams went through the single mode core of the DCF from port A
to port S, and the small diameter of the single mode core contributes to high fluence on
surface tissue, which enables a high efficiency excitation. The emission light came back from
the first clad of the DCF and core (port S) to a multimode fiber (port B) whose larger
diameter and higher NA enhance the capability of collecting emission light, which was
filtered by a bandpass filter of 814 to 851 nm (Semrock, Rochester, NY), and then detected
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by a photomultiplier tube (PMT, Hamamatsu, Photosensor module; H10722-20). The beams
of the SS-OCT and laser diode were combined with a custom-made wavelength division
multiplexer (Thorlabs: WDM coupler785/1310). For ultrasound imaging, a JSR Ultrasonics
DPR500 DUAL Pulser/Receiver was used to generate and detect ultrasound signal.

Mirror
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7 \ - oCT
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laser 99:1 50:50
Balanced Photodetectors
S WDM
Laser diode .
DCF coupler
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\
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Fig. 1. Overall design of the tri-modality system. WDM: wavelength division multiplexer.
PMT: photomultiplier tube. DCF coupler: double clad fiber coupler.

For data acquisition, in consideration of three channels (OCT, US and fluorescence), two
synchronized data acquisition cards (Alazar Technologies Inc.,Canada) were used. The C + +
program is able to display OCT, ultrasound, and fluorescence imaging in real-time using
GPU.

2.2 Imaging probe

For tri-modality imaging, we designed and implemented a fully integrated miniature probe, as
shown in Fig. 2(a). The combined beams propagate through the single mode core of the DCF,
focused by a 0.5 mm GRIN lens, reflected by a rod mirror (Aviation Magneto Optical Sensor
Corp) with a diameter of 0.5 mm at an angle of 43°, then to the tissue surface. The spot size at
a 1.5 mm working distance (1310 nm) is around 20 pm. A custom-made single-element
ultrasonic transducer (dimension: 0.4 x 0.4 x 0.4 mm) with a center frequency of 40 MHz
was sequentially aligned with the optical components and tilted at a slight angle in order to
obtain optimum overlap between the optical beams and ultrasound, which contributes to
obtaining colocalized tri-modality images. All the elements were housed in a metal cap and
fixed by epoxy. The cap was connected to a double-wrapped torque coil (ASAHI INTECC
USA). The outer diameter of the element was 1 mm. A custom-made DCF rotary joint was
used to propagate the two optical beams and a slip ring was used to deliver electronic signals
while rotating the probe. Two motors were used for driving the rotating/pullback catheter
assembly. The pullback speed was set to be 1 mm per second with a frame rate of 20 images
per second.

We imaged the target at the different distances to acquire basic performance
characterizations of the developed probe. For OCT images, the sensitivity, lateral resolution,
and depth range are 115 dB, 25um, and 3-5 mm, respectively. For US images, sensitivity,
lateral resolution, and depth range are 72 dB, 200 pum, and 5-6 mm, respectively. For
fluorescence images, the minimum concentration of ICG that can be identified is 0.01pmol/L
under 5-mW laser power, and lateral resolution and depth range are 30 pm and 3-5 mm,
respectively.
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Fig. 2. Tip of the tri-modality probe. (a) Overall schematics. (b) Top view of the probe.
3. Experimental results
3.1 Phantom experiment

In order to demonstrate the performance of the tri-modality imaging system, a lipid-
mimicking phantom was fabricated by injecting 0.1 pmol/L of ICG into a healthy pig artery
to stain selective regions with ICG while other areas remained unchanged. Figures 3(1)—(1V)
show tri-modality images of the phantom at different sites. Figures 3(la)-(IVa), 3(1b)-(IVb),
and 3(Ic)-(IVc) are the combined OCT (inner, SNR: 61 dB) and fluorescence (outer, SNR:
113 dB), ultrasound (SNR: 51 dB), and tri-modality images, respectively. Figure (1),(I11) and
(V) show tri-modality images at the sites without injecting ICG. From Figs. 3(la), 3(llla),
and 3(1Va), it can be seen that the signal amplitude of fluorescence is significantly lower and
homogenous, corresponding to the sites without ICG. From OCT and ultrasound images, the
whole structural and micro-structural information can be obtained. From Fig. 3(l1a), it can be
found that, the signal amplitude of fluorescence (indicated by the white arrow) is significantly
higher than other regions with no ICG, corresponding to the site with ICG. Figures 4(I) and
(1) show the reconstructed 3D tri-modality images. Figure 4(la)/4(1la), 4(Ib)/4(11b), and
4(Ic)/4(lic) represent 3D fluorescence, OCT, and ultrasound images. These results
demonstrate that the tri-modality system has the capability of getting three modalities images
at the same time and same location.
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Fig. 3. Tri-modality images of lipid-mimicking phantom. (la-1Va) combined OCT (inner) and
fluorescence (outer), (Ib-1\VVb) US, (Ic-1Vc) fused tri-modality. The artifact circles in the IVUS
images are caused by the ultrasound pulse ring-down effect and the reflection of the catheter
sheath. The artifact that is similar to real OCT images but with much lower amplitude is
caused by the interference between the target and the interface of the GRIN lens. (1),(111) and
(IV) Healthy artery. (11) Healthy artery with ICG. Scale bars are 1 mm.
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Fig. 4. 3D tri-modality images of lipid-mimicking phantom. (la) and (lla) fluorescence, (Ib)
and (IIb) OCT, (Ic) and (llc) US. Scale bars are 1 mm. The high signal region (in la) indicates
the existence of ICG.

3.2 Rabbit aorta experiment

To demonstrate the capability of accurately assessing vulnerable plaques, an aorta from an
atherosclerotic rabbit was imaged. First, lesions were created by balloon injury and 16 weeks
of high-cholesterol diets in a male New Zealand white rabbit, and lesions were similar to
those of human atherosclerotic plaques. Then the experimental rabbit was anesthetized and
ICG (2.25mg/Kg) was injected. Twenty minutes after injection, the rabbit was sacrificed. The
aorta was excised and conserved in 4% formaldehyde for ex vivo experiments.

Representative OCT (SNR: 63 dB), IVUS (SNR: 50 dB), and fluorescence images (SNR:
84 dB) and corresponding H&E staining of coronary artery segments with different
pathological features are shown in Fig. 5. IVUS is used as the first step for identifying plaque
since IVUS enables the visualization of the layered structures of the artery wall. Due to low
soft-tissue contrast, it only provides initial identification of the lipid plague. Fibrosis and the
lipid pool can be differentiated by OCT images based on the its relatively higher soft tissue
contrast. Inflammatory region can be identified by fluorescence images to further characterize
the stability of the plaque.

From Figs. 5(11b) and 5(111b), intimal thickening and a low-density acoustic signal region
(denoted by the white arrow) can be found, which demonstrates the existence of plaque. At
the same site in the OCT image [in Fig. 5(111a))], a homogenous high signal region also
indicates intimal thickening. Moreover, the high signal region is also found at the same site in
the fluorescence images, which indicates inflammatory reaction. From the combined tri-
modality images, it can be concluded that this aorta as shown in Fig. 5(111) is in the early
stage of plaque formation. The classification of plaque type is validated by the corresponding
histology photos, which match the tri-modality images well. From Fig. 5(1la), the diffuse
boundary and weak signal region under the high signal region indicates the existence of lipid
pool. The thickness of the fiber cap is 150 um according to Fig. 5(I11A). Furthermore, the high
signal at the same site in the fluorescence images indicates an inflammatory reaction. A lipid
pool can be found in the corresponding H&E histology photo, which agrees with tri-modality
images well. Therefore, we can conclude that the arota shown in Fig. 5(11a) is Thick-cap (>65
um) fibroatheroma (ThCFA) in the stage of plaque progression. In Fig. 5(1b), some low echo
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signals can be found, which means that this region may have plaque. However, based on the
combined OCT and fluorescence results, it can be concluded that this aorta is normal.
Histology further supports this conclusion. From Fig. 5(1V), the tri-modality images and the
H&E histology all show that this aorta is healthy. These images and H&E histology illustrate
the capability of the tri-modality system to determinate the plaque type. 3D OCT, US, and
ICG-based fluorescence images are shown in Fig. 6.

Ylb

Fig. 5. Tri-modality images of atherosclerotic rabbit . (la-1Va) combined OCT (inner) and
fluorescence (outer), (Ib-1Vb) US, (lc-1\Vc) fused tri-modality and (Id-1vVd) hematoxylin and
eosin(H&E) histology. The artifact circles in the IVUS images are caused by the ultrasound
pulse ring-down effect and the reflection of the catheter sheath. (1) and (l11) aorta with plaque,
indicated by white arrows. (1) and (IV) are healthy aorta. Scale bars are 1 mm.

la Fluorescence

'194

Fig. 6. 3D tri-modality images of atherosclerotic rabbit. (la) and (lla) Fluorescence, (Ib) and
(llb) OCT, (Ic) and (llc)US. Scale bars are 1 mm.
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4. Discussion

In this paper, a tri-modality imaging system with a fully integrated tri-modality intravascular
probe was presented. The system has the capability of simultaneously obtaining OCT,
ultrasound, and fluorescence data and displaying images in real-time. The diameter of the
probe is Imm, which means that it has great potential for clinical applications. This system
may lead to a more accurate assessment of vulnerable plaques. Both phantom and ex-vivo
experiment demonstrate that this tri-modality system is capable of obtaining a high-resolution
OCT cross-section, deep-penetration ultrasound structure, and molecular-specific ICG-based
fluorescence images. Furthermore, H&E staining validated the ex-vivo results. The initial
results have shown that the tri-modality system has potential for plaque detection and
characterization. The tri-modality system and fully integrated tri-modality imaging probes, in
the near future, make the identification of lipid-rich, inflamed plaques that are likely to
rupture possible and provide a powerful tool for clinical management of cardiovascular
diseases.
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