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Integrated IVUS-OCT Imaging for
Atherosclerotic Plaque Characterization

Xiang Li, Member, IEEE, Jiawen Li, Joe Jing, Teng Ma, Shanshan Liang, Jun Zhang, Dilbahar Mohar,
Aidan Raney, Sari Mahon, Matthew Brenner, Pranav Patel, K. Kirk Shung, Life Fellow, IEEE,
Qifa Zhou, Senior Member, IEEE, and Zhongping Chen

Abstract—For the diagnosis of atherosclerosis, biomedical imag-
ing techniques such as intravascular ultrasound (IVUS) and optical
coherence tomography (OCT) have been developed. The combined
use of IVUS and OCT is hypothesized to remarkably increase di-
agnostic accuracy of vulnerable plaques. We have developed an
integrated IVUS-OCT imaging apparatus, which includes the in-
tegrated catheter, motor drive unit, and imaging system. The dual-
function imaging catheter has the same diameter of current clinical
standard. The imaging system is capable for simultaneous IVUS
and OCT imaging in real time. Ex vivo and in vivo experiments
on rabbits with atherosclerosis were conducted to demonstrate the
feasibility and superiority of the integrated intravascular imaging
modality.

Index Terms—IVUS, OCT, intravascular, multimodal.

I. INTRODUCTION

THEROSCLEROSIS is a systemic disease process in
A which fatty deposits, inflammation, cells, and scar tis-
sue build up within the wall of arteries. The specific disease that
atherosclerotic plaques build up within coronary artery is coro-
nary artery diseases (CAD) or coronary heart diseases, which is
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responsible for the high mortality in the U.S. [1]. Progression of
plaques can cause lumen narrowing and intracoronary throm-
bosis, leading to serious diseases, including heart attack, stroke,
and even death. It has been shown that the rupture of vulnerable
plaque, which is composed of a thin fibrous cap and underlying
necrotic core, is the major cause of luminal thrombosis in acute
coronary syndromes [2]-[4].

Various catheter-based intravascular imaging techniques have
been investigated to characterize the vessel wall, as well as
stent implantation. The conventional intravascular ultrasound
(IVUS) imaging, working in the range of 20-45 MHz, is the
most commonly used modality for diagnosing CAD. IVUS pos-
sesses the unique property of imaging through luminal blood
with large penetration (>5 mm) into vessel wall, which fa-
cilitates the evaluation of lumen size, vessel remodeling, and
plaque morphology [5], [6]. However, its moderate image con-
trast and resolution may be insufficient to distinguish the com-
plex constituents in vulnerable plaques [7]-[9]. While the acous-
tic method has been adopted for clinical use over many years,
a number of optical imaging modalities are evolving to pro-
vide new insights into the microstructural, compositional, and
biochemical features of coronary lesions. The optical modalities
for intravascular applications include angioscopy, optical coher-
ence tomography (OCT), laser speckle imaging, near-infrared
spectroscopy (NIRS), Raman spectroscopy, and fluorescence
imaging, etc. [10]. Among them, intravascular OCT is being ex-
tensively investigated in both laboratory and clinical researches.
OCT is analogous to IVUS except that infrared light is used in-
stead of ultrasonic waves [11], [12]. OCT allows for a superior
resolution (~10 pm) to detect extremely thin fibrous plaque
caps. However, the major limitation of OCT is the shallow pen-
etration depth, which is around 1-2 mm [10].

At present, there is no single intravascular imaging modality
defined as “gold-standard” for the assessment of plaque vul-
nerability. Each method mentioned above has unique features
and intrinsic shortcomings; therefore, a synergistic approach
combining two or more modalities seems favorable [1]. Several
investigators have reported different multimodality imaging by
combining OCT and fluorescence [13]-[15], IVUS and fluo-
rescence [16], IVUS and photoacoustic [17]-[20], IVUS and
NIRS [21]. The integration of IVUS and OCT, which are the
two mostly used modalities in the clinic, has been introduced
recently [22]-[26]. The combination of IVUS and OCT of-
fers unique advantages of high resolution to resolve superficial
microstructures, large penetration depth to detect large lipid
pool inside vessel wall, and quick coregistration of IVUS-OCT
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images. In prior studies, several different prototype integrated
IVUS-OCT probes have been introduced. Yin et al. [22] reported
a probe with side-by-side arranged IVUS and OCT elements.
Yang et al. [23] reported a probe by incorporating a mirror
to redirect acoustic and light beams. Li et al. [24] reported a
probe with confocally lunched IVUS and OCT beams. These
designs are relatively large (outer diameters (OD) > 2.4 mm)
and excluded from intracoronary use since the lumen size of
coronary artery is quite limited (2-3 mm). Later, Li ez al. [25]
reported a 1-mm-OD probe inside a 4-Fr (1.3 mm) catheter
sheath for characterizing coronary atherosclerosis ex vivo. Yin
et al. [26] reported a 0.69-mm-OD probe which fitted in a 3.6-Fr
(1.18 mm) catheter sheath and conducted the first in vivo ani-
mal study. However, in this probe, the rigid tip was more than
10 mm long; optic fiber and electrical wire were sealed in a rigid
steel tube through the whole catheter, which significantly lim-
ited the catheter’s length and flexibility. Moreover, the imaging
system previously reported had a relatively slow frame rate of
4-5 frames/s (fps), which was limited by the rigid probe and the
data processing procedure.

In this paper, we report the improvements and technical de-
tails on the integrated IVUS-OCT catheter as well as the imag-
ing system, which is capable of real-time imaging for preclinical
studies. We built a 1.6 m flexible probe that could fit in a 3.6-Fr
catheter sheath, which is a standard clinically used sheath
(Boston Scientific Corporation, Natick, MA, USA). In the inte-
grated IVUS-OCT imaging catheter, the rigid tip is miniaturized
(OD: 0.65 mm, length: 5 mm); optical fiber and electrical wire
are sealed in a double wound toque coil. The new design is
more reliable and flexible. For the imaging system, in utilizing
commercial graphics processing units (GPU), we achieved great
improvements in computational speed allowing for simultane-
ous real-time imaging (20 fps) and raw data saving for both
modalities. A custom designed motor drive unit is to serve as
an interface between imaging catheter and system, as well as to
conduct catheter rotation and pull-back. The capability of the
integrated IVUS-OCT catheter and imaging system has been
demonstrated through ex vivo and in vivo imaging of rabbit
abdominal aortas with atherosclerotic plaques.

II. INTEGRATED IVUS-OCT IMAGING APPARATUS

The integrated IVUS-OCT imaging apparatus consists of
three major components: integrated [IVUS-OCT catheter, motor
drive unit, and imaging system. A block diagram illustrating the
construction of the apparatus is shown in Fig. 1. The integrated
IVUS-OCT catheter is a single disposable catheter which is ca-
pable of IVUS and OCT imaging simultaneously. The motor
drive unit is the interface between catheter and imaging system,
which includes a rotational motor, linear pullback stage, and sig-
nal coupling joints. The imaging system is composed of several
hardware units as well as custom built software, responsible for
controlling transmitting, receiving, and processing IVUS and
OCT signals.

The overall imaging performance has been benchmarked.
The frame rate of the imaging system is now 20 fps with
500 A-lines per revolution and 8192 sampling points in each
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Fig. 1. Diagram of the integrated IVUS-OCT imaging apparatus, which is

composed of integrated IVUS-OCT catheter; motor drive unit and imaging
system.

A-line. The system is capable of real-time displaying and
raw data saving for both IVUS and OCT. Pull-back speed is
0.5-5 mm/s. Resolutions of OCT imaging are 8 and 30 ym in
axial and lateral directions, respectively. Resolutions of IVUS
imaging are 57 and 275 pm in axial and lateral directions, re-
spectively, with a 40 MHz ultrasonic transducer.

A. Integrated IVUS-OCT Catheter

The integrated IVUS-OCT catheter (see the left portion in
Fig. 1) features a sequential arrangement of the IVUS transducer
and OCT probe, allowing for synchronized imaging while also
minimizing the overall probe size. Photographs of the miniature
IVUS-OCT catheter are shown in Fig. 2. Fig. 2(a) shows the tip
of the catheter, where locates the IVUS transducer and followed
by the OCT probe. Within the OCT probe, a single mode fiber
is utilized to deliver laser beams, and a 0.35-mm-OD gradient
index (GRIN) lens is used for light focusing, followed by a
0.30-mm-OD cylinder microprism for redirecting the focused
light beam into tissue. All the optical components are fixed in a
polyimide tube with an OD of 0.41 mm. Image scan radius of
the OCT probe is 3 mm. The IVUS transducer has an aperture
size of 0.4 mm x 0.4 mm and is made of PMN-PT single crys-
tal which has superior piezoelectric properties for building high
sensitivity ultrasonic transducers in a small size. The transducer
element is connected to a 46 AWG coaxial electrical wire and
properly grounded. The IVUS transducer has a center frequency
of 40 MHz with a fractional bandwidth of 52%. Two way inser-
tion loss of the transducer is measured to be 15 dB at the center
frequency. The IVUS transducer and the OCT probe are placed
sequentially inside a 0.65-mm-OD thin-wall stainless tube with
a length of 5 mm. Two small windows are created on the tube to
allow for the light beams and acoustic waves to exit unimpeded.
There is a fixed offset between the IVUS transducer and the OCT
prism, which is measured to be 2 mm. By realigning the IVUS
and OCT image frames at this distance, coregistration of the
two images can be achieved. The transducer wire and the OCT
fiber are confined in a custom double wound torque coil with
0.64 mm OD and 0.4 mm ID. The flexible torque coil ensures
accurate and smooth translation of torque to the distal end over
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Fig.2. (a) The distal end of the miniature integrated IVUS-OCT probe, which
is composed of IVUS transducer and OCT probe; (b) The integrated IVUS-OCT
probe fits in a clinical standard 3.6 Fr catheter sheath; A bird-view of the whole
catheter.
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Fig. 3.
couples electrical and optical signals between the rotational and stationary parts.

A rotary joint device connects the rotational and pull-back motor; and

a large distance and through tortuous curves. At the proximal
end, the transducer wire and the OCT fiber are connected to an
electrical slip ring and an OCT connector, respectively, as shown
in Fig. 2(c). The catheter is 1.6 m long, with a rigid tip length
of 5 mm and the maximum OD of 0.65 mm, which properly
fits in a commercial 3.6 Fr catheter sheath and freely rotated, as
shown in Fig. 2(b) and (c). The integrated IVUS-OCT catheter
is capable for ex vivo and in vivo imaging studies.

B. Motor Drive Unit

A custom built motor drive unit (see middle portion in Fig. 1)
interfaces the IVUS-OCT catheter and imaging system, as
shown in Fig. 3. The unit is used for motion control and signal
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coupling between the rotational part and the stationary part. A
rotational motor is linked through a gear fixture with gear ratio
of 2:1 to a fiber optic rotary joint, which connects the integrated
catheter via the OCT connector to translate rotational torque.
The optic rotary joint and a brushed electrical slip ring are used
for OCT and IVUS signal coupling, respectively, to allow the
whole probe rotate freely. All these components are fixed to a
linear translation stage which functions for imaging pull-back.

C. Integrated IVUS-OCT Imaging System

The integrated IVUS-OCT imaging system (see the right por-
tion in Fig. 1) is responsible for transmitting and receiving IVUS
and OCT signals, data acquisition (DAQ), and synchronization.
The imaging system is composed of laser source, OCT circuits,
ultrasound pulser/receiver (P/R), digitizer, computer, as well as
custom built software.

In the IVUS subsystem, a Panametrics PR5900 pulser/
receiver (Olympus NDT, Kennewick, WA, USA) is used to drive
the transducer for pulse generation and subsequent echo signal
detection. 2 pJ pulse energy is used to drive the transducer.
26 dB gain and 10—100 MHz band-pass filter are applied to the
received RF signals.

In the swept-source OCT (SS-OCT) subsystem, light from a
SS (1310 nm center wavelength; 100 nm FWHM bandwidth;
18 mW output power; 20 kHz scanning rate) is split by an
80/20 1 x 2 coupler, with 80% of the power directed to the
IVUS-OCT probe and the remaining 20% to the reference arm.
Two circulators are used in both arms to redirect back-scattered
and back-reflected light to the two input ports of a 50/50
2 x 2 coupler for balanced detection. The measured sensitivity
of the OCT subsystem (excluding catheter) is 110 dB. The OCT
catheter including rotary joint has the two way insertion loss of
5-7 dB, which is majorly caused by the coupling loss of probe
connector, as well as the internal loss of rotary joint.

The laser source generates 20 kHz trigger signals which
drive a function generator to synchronize the digitizer and the
pulser/receiver. IVUS and OCT signals are fed into separate
channels of the 12 bit digitizer and digitized at a sampling rate
of 200 MHz. The sampling clock is provided by an external
voltage controlled oscillator (VCO). The reason of choosing
200 MHz sampling rate is multiple. High-frequency broadband
IVUS signals (40 MHz) require a certain degree of oversam-
pling to avoid aliasing. However, since OCT signals require full
fringe period sampling, higher sampling rate will dramatically
increase the amount of data generated at both channels of the
digitizer. The 200 MHz sampling rate is chosen to balance the
data processing time and IVUS-OCT image quality.

The acquired IVUS and OCT signals are processed, dis-
played, and saved in real time by custom built software. The
framework and control mechanics are completely written in
C++ while the entirety of the data processing is implemented
in NVIDIA’s CUDA software development kit (SDK). Process-
ing of the data occurs on a frame by frame basis, with each
frame having 500 (up to 1000) A-lines and 8192 points per
A-line. The VCO sampling clock is tuned to provide a 200 MHz
clock for both channels of the DAQ board. The data set size
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(8192) per A-line is chosen to be a power of two to speed up
fast Fourier transform (FFT) calculations. The acquired frames
are transferred to the onboard memory of a GPU (NVIDIA
GTX 580, NVIDIA, Santa Clara, CA, USA) for the respective
processing. The OCT data first undergo a resampling calibra-
tion [27], either by linear interpolation or spline interpolation, to
ensure data points (8192 per A-line) are linear in the K domain,
followed by the subsequent FFT and logarithmic scaling. The
captured IVUS data meanwhile is digitally filtered with a pass
band of 20-60 MHz to help isolate the echo signal followed
by a Hilbert transform and logarithmic scaling. Both IVUS and
OCT sets of data are then scan-converted and formatted into
bitmaps and transferred back to the host for display. The GPU
acts as a massively parallel processor, allowing for very fast
arithmetic computations on large data sets. FFT performance
on 1000 A-lines improved from 421 ms on a single CPU thread
to 212 ps using the GPU. Logarithm calculations likewise ex-
perienced large scaling improvements from 276 ms on the CPU
to 1.05 ms on the GPU. Both linear and spline OCT resampling
were implanted with almost negligible differences due to the
large oversampling of the data. The overall time to process one
pair of IVUS and OCT images from the transfer of data to the
GPU until the transfer of the processed bitmaps back into the
host’s memory is on average 10.5 ms. Overall, the system is
capable of handling up to 96 frames (assuming 500 A-lines per
frame per modality) of IVUS-OCT images per second, includ-
ing processing, displaying, and raw data saving. However, due
to the limited pulse repetition rates of laser source (20 kHz)
and ultrasound pulser/receiver (~15 kHz), our system currently
works at an imaging speed of 20 fps.

III. IMAGING ON RABBIT MODEL OF ATHEROSCLEROSIS

Ex vivo and in vivo experiments have been conducted on
rabbit abdominal aorta segments with atherosclerotic plaques.
The disease model is developed in New Zealand white rab-
bits. The rabbits were undergone deendothelialization surgical
procedures and fed by high-cholesterol diets (0.5% cholesterol
and 6% peanut oil) for 12—-16 weeks to induce atherosclerotic
plaques.

During ex vivo imaging, abdominal aortas were harvested
freshly and cut into 20-mm-long segments. The imaging catheter
was placed through one specimen segment without a guide wire
and lying inside a dish filled with saline. The specimen was
supported by the catheter and immersed in saline. Attention
was paid so the aorta did not touch dish wall to avoid imaging
artifacts. The integrated IVUS-OCT probe was spinning inside
the catheter sheath. Saline was filled in the sheath for coupling
acoustic waves. The whole segment of aorta was imaged by
doing pull-back at the speed of 0.5 mm/s. Both IVUS and OCT
images were displayed simultaneously while pull-back. If any
interested cross section was observed, pull-back can be stopped
at that location and OCT catheter can be switched to a visible
aiming beam to pinpoint the location on the aorta segment. After
imaging, the aorta was fixed in formalin and pinpointed cross
sections were stained for histology examination.
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Fig.4. Exvivo OCT (a) IVUS (b) fused IVUS-OCT image (c) and correspond-
ing H&E histology (d) images of an atherosclerotic rabbit aorta with eccentric
plaque. The magnified histology in (d) is Verhoff elastic stain which highlights
elastin fibers. I: intima; M: media. The yellow and black arrows point to an
elastin layer in OCT and histology images, respectively.

Fig. 4 shows IVUS and OCT images acquired at one cross
section of rabbit aorta with atherosclerosis. The H&E histology
result, shown in Fig. 4(d), indicates an eccentric plaque with in-
timal thickening around the lumen. The OCT image, shown in
Fig. 4(a), displays signal rich at surface and gradually diffused
inside the plaque at the position of 7-12 O’clock, which corre-
lates with the dramatically thickened intima in Fig. 4(d). Still in
the histology image of Fig. 4(d), a thin elastin layer is observed
overlying on the surface of thickened intima at the position of
4-5 O’clock, as indicated by a black arrow in the magnified
image (Verhoeff Elastic Stain). This feature is identified as a
bright thin layer in OCT image, as indicated by a yellow arrow
in Fig. 4(a), owing to OCT’s superior resolution for characteriz-
ing superficial microstructure. By magnifying this region, OCT
displays the intima at higher clarity. On the other hand, the IVUS
image, shown in Fig. 4(b), does not identify this ultrathin layer
due to insufficient resolution, but IVUS signal penetrates the
entire arterial wall and differentiates the intima layer from me-
dia layer. Fig. 4(c) shows a fused IVUS and OCT image, from
which the intima layer is highlighted by OCT while the entire
arterial wall is visible from IVUS. Overall, the OCT image pre-
cisely correlates with histological section in the distribution of
intimal thickening, although media layer is not seen by OCT
due to the lack of depth penetration. The IVUS image shows the
media layer clearly defining the outer border of the thickened
intima due to higher penetration, although the spatial resolution
of the intimal structures is inferior.

In vivo studies have also been successfully conducted on
the rabbits with atherosclerosis. The rabbits were anesthetized
and went through an open chest surgery. During the surgery, a
guide wire was first inserted into the abdominal aorta through an
open cut on the thoracic aorta. The guide wire served as a rail to
position a 6-Fr access sheath into thoracic aorta. After the access
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(¢) Fused

Fig. 5. OCT (a) and IVUS (b) images of a rabbit abdominal aorta obtained
in vivo without flushing; OCT (c) and IVUS (d) images obtained after flushing;
fused image (e) of OCT (c) and IVUS (d); and corresponding H&E histology
image (f). Lip: lipid rich plaque; FC: foam cell.

sheath was tied up onto the aorta, the guide wire was pulled
out. IVUS-OCT imaging catheter was then inserted through the
access sheath down to abdominal aorta. Both IVUS and OCT
imaging display was kept on once the catheter was inserted
into the access sheath. The imaging catheter has markers on
it to record the length inside aorta. During imaging, once an
interested cross section was observed on screen, the length of
catheter inside aorta was logged. After experiment was done
and the rabbit was sacrificed, the catheter was repositioned to
the interested cross sections and OCT probe was switched to a
visible aiming beam to pinpoint the location for histology. OCT
images were displayed before pinpointing to ensure the correct
cross section was located.

Fig. 5 shows the OCT and IVUS images acquired before
and after flushing, as well as the corresponding H&E histology
image. Since the blood is highly scattering for light instead of
ultrasound, the aorta structures can only be identified by IVUS
without flushing, as shown in Fig. 5(a) and (b). Blood clearance
flushing was performed with 10 mL Omnipaque coronary an-
giography contrast (iohexol, 350 mI/mL) at ~3 mL/s. After the
infusion of flushing agent, OCT displayed a clear view of the
aorta, as shown in Fig. 5(c). As the flushing diluted and replaced
the blood temporarily, IVUS also obtained a clearer view of the
lumen border, as shown in Fig. 5(d). In the IVUS image, there
is a dark band inside vessel wall, which is an indication of lipid
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rich region (Lip). This feature is consistent with the lipid rich
plaque (foam cells) identified in the histology image, as shown in
Fig. 5(f). On the other hand, in the OCT image, signal is rapidly
attenuated behind the lumen border, which indicates the exis-
tence of lipid rich plaque. However, the shallow penetration of
OCT is insufficient to see through the entire depth of lipid region.
Throughout the imaging experiments, IVUS demonstrates
the capability to see through blood and the deep penetration to
evaluate the whole depth of plaques. On the other hand, OCT
demonstrates ultrafine resolution to define the superficial mi-
crostructures, which is critical for diagnosing the vulnerability
of plaques. The synergy of the combination of IVUS and OCT
brings the unique merits of each modality into one catheter,
which not only provides complementary information from the
two modalities but also reduces the fabrication costs and oper-
ational risks, compared to using the two modalities separately.

IV. DISCUSSION AND CONCLUSION

We have successfully developed an integrated IVUS-OCT
imaging apparatus for intracoronary imaging diagnosis. The
miniature integrated IVUS-OCT catheter has the same OD as
current clinical standard. The catheter is functional for simulta-
neously IVUS and OCT imaging in real time. The motor drive
unit facilitates the interfacing between the catheter and imag-
ing system, which also provides convenience for operation. The
imaging system has achieved the frame rate of 20 fps for both
IVUS and OCT for real-time displaying and raw data saving.
Imaging pullback speed is 0.5-5 mm/s. The functionality of the
entire apparatus has been validated through ex vivo and in vivo
imaging of rabbit aorta with atherosclerosis.

Though the testing results are promising for the integrated
catheter technology, there are still several technical aspects need
to be improved before this dual-modality imaging can be applied
to the clinic.

The rigid tip of the integrated catheter is 5 mm in length cur-
rently (2 mm in commercial IVUS catheter), which might cause
difficulty for the catheter to pass through some significantly
tortured strictures, as well as nonuniform rotational distortion
(NURD) artifacts in the image. The length of the rigid tip is
mainly limited by the multiple optical components in an OCT
probe, such as GRIN lens and prism. In the future, we plan to
replace the OCT probe by a ball-lens-based design, which could
reduce the tip length to 2-3 mm. The coplanar designs [22], [25]
may also help to reduce the rigid length, but at the cost of widen-
ing OD, which is even more undesirable. However, the copla-
nar designs have the unique advantage of imaging at the same
cross section simultaneously, which implies the coregistration
of IVUS and OCT is unaffected by the cardiac cycles. For the
design of sequentially arranged IVUS and OCT in this report,
the offset distance between IVUS and OCT is 2 mm and can
be reduced by 50% or more if a ball-lens-based OCT probe is
used. Reducing the offset distance is desired for synchronizing
IVUS and OCT images, as well as shortening the rigid tip of
catheter.

Imaging frame rate of the integrated modality needs to be
improved. The imaging speed affects the amount of flushing
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agent needed to create the time window of blood clearance,
which are directly related to the operation safety. The state-of-
the-art OCT catheter can achieve 100 fps with 500 A-lines per
frame. Our system currently can work at 20 fps with 500 A-
lines per frame. The major limiting factor is the repetition rate
of ultrasound pulse generator (~15 kHz) and swept laser source
(20 kHz). In order to achieve the speed of the state-of-the-art
OCT, the repetition rate needs to reach up to 50 kHz or higher
for both subsystems. At such speed, each IVUS A-line can still
image with 7.5 mm radius and allow another 10 ys for ultrasound
echo to die out before firing next IVUS pulse. Another frame
rate limiting factor may be the brushed electrical slip ring, which
needs direct contact between stationary and rotation conductors.
Alternatives can be a rotary transformer or capacitive coupler.
The ideal solution for signal coupling is to have an integrated
noncontact rotary coupler for both electrical and optical signals.

In conclusion, we reported an integrated IVUS-OCT imaging
apparatus, as well as results obtained from ex vivo and in vivo
tests. The results of experiments well demonstrated its capability
for small animal studies, providing high resolution and high
penetration depth for a better assessment of vulnerable plaques.
After solving some potential technical issues, this integrated
modality is promising for using in clinical studies.
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