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Abstract—Atherosclerotic cardiovascular diseases are a major
cause of death in industrialized countries. Molecular imaging
modalities are increasingly recognized to be a promising avenue
towards improved diagnosis and for the evaluation of new drug
therapies. In this work, we present an acquisition system and associated catheter enabling simultaneous photoacoustic, ultrasound
and fluorescence imaging of arteries designed for in vivo imaging.
The catheter performance is evaluated in tissue-mimicking phantoms. Simultaneous imaging with three modalities is demonstrated
at frame rates of 30 images per second for ultrasound and fluorescence and 1 image per 13 seconds for photoacoustic. Acquired
radio-frequency ultrasound data could be processed to obtain
radial strain elastograms. With motorized pullback, 3D imaging
of phantoms was performed using the three modalities.
Index Terms—Biomedical electronics, biomedical optical
imaging, catheters, fluorescence, molecular imaging, phantoms,
photoacoustic effects, ultrasonic imaging.

I. INTRODUCTION

C

ARDIOVASCULAR diseases (CV) are the main cause
of mortality and morbidity worldwide [1]. The majority
of CV events are related to atherosclerosis, a pathology characterized by the formation of a plaque into the artery wall [2].
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Current challenges in evaluating the benefits of new drugs are
associated with the difficulty of performing this evaluation on
the background of effective standard therapy. To address this
issue, new tools are needed to measure CV risk and to evaluate
novel therapies. Potential candidates include imaging techniques, as they enable early and longitudinal measures of drug
efficacy [3]. Current non-invasive imaging techniques include
B-mode ultrasound, used to measure the carotid intima-media
thickness (CIMT), computed tomography (CT), to quantify
coronary and carotid calcium, and magnetic resonance imaging
(MRI), to identify carotid fibrous cap status and to provide indirect measures of inflammation with magnetic contrast agents.
Intravascular ultrasound (IVUS) is a minimally invasive technique providing high-resolution images that allow the delineation of small plaques and the follow-up of remodeling processes, mainly in coronary arteries. Intravascular optical coherence tomography, which is a new technique, has recently been
shown to provide better resolution than IVUS at the cost of a
[4]. It also necessitates a saline
limited penetration
flush to reduce light absorption of blood.
Atherosclerosis imaging modalities presented above are
mostly limited to depict structural features, but emerging
molecular imaging techniques now offer an alternative to study
the development of the plaque at a cellular level. Molecular
imaging of atherosclerosis can provide relevant information
on the development of the plaque with a large variety of
biomarkers. For example, vascular cell adhesion molecule-1
(VCAM-1)-internalizing targeted iron oxide contrast agent
showed greater uptake in the aorta of untreated hyperlipidemic
apoE-knockout mice on a high-cholesterol diet compared to
the statin-treated mice [5]. In our laboratory, anti-VCAM-1
was also successfully conjugated with a fluorophore or with
gold nanoshells to provide photoacoustic contrast in mice [6].
Other targets (e.g., matrix metalloproteinases [7], cathepsins
[8], angiogenic markers [9]) have also been investigated. More
recently, non-specific FDA approved indocyanine green (ICG),
was shown to target lipid-loaded macrophages in human tissues
ex vivo [10]. However, with optical imaging, most of the above
studies were performed in mice due to the high absorption
of light by the hemoglobin. For optical molecular imaging,
extension to larger animals (rabbits, pigs) or humans requires
an intravascular approach [10].
Multimodal imaging catheters combining ultrasound and
photoacoustic were initially demonstrated with an external
illumination thus preventing in vivo imaging [11], [12]. Fur-
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ther integration was demonstrated in recent works where an
ultrasound catheter including an optical fiber was tested on
phantoms [13]–[16] and used for ex vivo intravascular photoacoustic (IVPA)/IVUS imaging of a coronary artery [17]–[19].
Recently, an IVPA/IVUS imaging catheter was used for in
vivo imaging of a rabbit, but with a low frame rate and on
a ligatured artery [20]. Separately, 2D fluorescence imaging
catheters were developed to perform molecular imaging of
atherosclerotic plaques in rabbits [21]. Images were aligned
with IVUS acquired with a different catheter, which complicated experimental acquisitions. Catheters combining IVUS
and fluorescence imaging were also designed, but they remain
relatively large in size [22]–[24].
In this work, we present the design and validation of a trimodal catheter, combining photoacoustic, ultrasound and fluorescence imaging. Data from all three modalities are acquired
and displayed simultaneously and the scanning system is designed for in vivo imaging. Furthermore, achieved image acquisition at a frame rate of up to 30 Hz in IVUS enables intravascular elastography (IVE) applications. The IVE method displays
tissue deformations produced by the pulsating blood pressure
using radio-frequency IVUS images. It has been shown to have
potential to identify plaque components and vulnerability [25],
[26]. In this work, the diameter of the optical fiber and transducer assembly is 1.1 mm. When inserted in a catheter sheath,
it has an outer diameter of 1.4 mm, small enough to fit in a 5
French introducer. The design of the system and its validation
in tissue-mimicking phantoms are described including tri-modal
2D and 3D images.
II. MATERIALS AND METHODS
A. System Overview
The system was designed as an ultrasound-optical imaging
catheter linked to an optical assembly and custom-made
electronics. The catheter per se combined an optical fiber
for fluorescence imaging and photoacoustic excitation and
an ultrasound transducer for acoustic imaging and detection
of photoacoustic signals. The electronic circuit synchronized
the acquisition of the three modalities with the two motors
driving the rotating/translating catheter assembly. The raw
data was then transferred to a laptop via a USB connection
at rates up to 250 Mbps. A Matlab user interface filtered the
signals, reconstructed and displayed the three images in real
time during acquisitions.
B. Catheter Conception
Catheters were built by gluing an optical fiber to an ultrasound transducer and its transmission cable with cyanoacrylate
along the full length of the catheter. The ultrasound transducer
single element and its coaxial transmission cable were extracted
from a commercial IVUS 45 MHz catheter (Revolution, Volcano Therapeutics, Rancho Cordova, CA, USA). The
optical fiber had a numerical aperture of 0.22. A
right
angle prism with an aluminized hypotenuse (Edmund Optics
Inc., Barrington, NJ, USA) was glued at the tip of the fiber
for side-fire illumination with an optical UV curing adhesive.
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Fig. 1. (a) Diagram of the tip of the catheter. The overlapping region of the light
illumination and the ultrasound field of view is shown. It allows the co-registration of the different imaging modalities. The space under the prism and between
the fiber and the transducer is filled with glue. (b) Photograph of the tip of the
catheter inside the LDPE tube. The fiber was connected to a 660 nm laser and
the catheter was placed on a white surface for visualization.

Alignment was performed by gluing the optical fiber and the ultrasound transducer under a microscope. The prism was tilted on
the tip of the fiber by about 15 degrees, to optimize the overlapping region of the illumination and ultrasound emission. This
region starts at 1.5 mm from the catheter’s surface. The assembly was inserted inside a customized torque coil (Asahi Intecc, Santa Ana, CA, USA) to obtain a uniform rotation and then
installed in a thin low-density polyethylene (LDPE) tube with
an outer diameter of 1.4 mm so that it would fit in a 5 French
introducer. The rigidity of the optical fiber added negligible distortion in the IVUS signal due to the non-uniform rotation, even
when applying a radius of curvature of 30 mm. The catheter had
a length of 150 cm. A diagram and a picture of the tip of the
catheter are shown in Fig. 1.
A DC motor (MicroMo, Clearwater, FL, USA) was used to
rotate the optical fiber and the ultrasound transducer at an angular speed of 30 revolutions/second. Two hundred fifty six angular positions were acquired at each revolution to generate the
images. A linear motor (Zaber Technologies, Vancouver, BC,
Canada) was used to add a pullback function and to enable 3D
reconstructions. Optical and electrical connections between the
fixed and rotating assemblies used an optical rotary joint for the
optical fiber (Doric Lenses, Quebec, QC, Canada) and a slip ring
to transmit and receive the electrical signals, both able to operate
at 30 revolutions/second. A small preamplifier with a gain of
20 dB was designed to rotate with the ultrasound transducer to
amplify the signal close to the source. A transmit/receive switch
was installed in front of the preamplifier to protect the amplifier
circuit from the pulser. The slip ring had extra signal lines to
provide power to this circuit. The ultrasound excitation signal
and the output of the preamplifier were transmitted to the main
acquisition circuit through the slip ring.
C. Optical Design
Fig. 2 provides an overview of the optical system, combining
photoacoustic illumination and fluorescence imaging.
For photoacoustic imaging, a Q-switched ND:YAG pulsed
laser (Quanta-Ray INDI series, Newport Corporation, Irvine,
CA, USA), followed by an Optical Parametric Oscillator (OPO,
GWU-Lasertechnik, Erftstadt, Germany), operating at 710 nm
was used. The repetition rate of the laser was 20 Hz and it was
synchronized with the rotating motor. The pulse energy was
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Fig. 3. Block diagram of the electronic circuit.

Fig. 2. Overview of the tri-modal catheter system.

at the tip of the catheter. The laser did not cause any
damage to the prism or the fiber. We have calculated that the fluence on an artery wall at 1 mm from the catheter through blood
would be
, which is below the ANSI safety limit of
.
For fluorescence imaging, a filtered laser diode (
,
filter:
) was used to excite the fluorophore. The
output power at the tip of the catheter was 25 mW. A photomultiplier tube (PMT, Hamamatsu Photonics, Hamamatsu
City, Japan), combined with a narrow-band optical filter
was used to detect the emitted fluorescence.
A dichroic filter (cut-off wavelength: 801 nm) isolated the
excitation and emission light paths. Filter sets can be changed
depending on the fluorophore, in the experiments below, ICG
was used. A second dichroic filter (cut-off wavelength: 741 nm)
was placed between the fluorescence and photoacoustic light
paths to maximize light transmission for both modalities and to
avoid saturating the PMT during photoacoustic pulses.
D. Electronics
The electronic circuit was custom designed from discrete
electronic parts to allow simultaneous tri-modal imaging. The
main component of the system was a field-programmable
gate array (FPGA) (Cyclone III, Altera, San Jose, CA, USA)
linked to the computer by a USB connection (using a microcontroller from Cypress Semiconductor, San Jose, CA, USA).
The FPGA was in charge of synchronizing and recording all
signals acquired. Analog electronics for ultrasound pulse-echo,
fluorescence detection and motor control were also integrated
and controlled by the FPGA. The schematics of the entire
electronic circuit are available on demand.
The ultrasound excitation was generated by a
custom
pulse circuit with a return-to-zero function. Photoacoustic and
ultrasound detection circuits included a variable-gain amplifier
(VGA) with customizable time-gain compensation and a 14-bit
analog-to-digital converter (ADC) acquiring at 200 MegaSamples/second. The circuit further included digital lines for control
of the Nd:YAG laser.
For fluorescence imaging, a laser driver circuit allowed flexibility in using almost any laser diode, depending on the fluorophore used. The variable gain PMT was amplified and then

digitalized at 250 kiloSamples/second using an 18-bit ADC. Finally, a part of the circuit controlled the speed of the DC rotating
motor and the position of the linear pullback motor. The system
included two laser driver and PMT acquisition circuits to visualize two fluorescent contrasts simultaneously for future works.
All data acquired was relayed in real-time to the computer
at every angular position. A packet of data contained an ultrasound and photoacoustic vector, a fluorescence value and other
acquisition information, such as the motor positions, errors and
warnings.
E. Acquisition
Data in ultrasound and fluorescence modes were acquired at
a frame rate of 30 Hz. Due to the limited pulse rate of the photoacoustic laser
, obtaining a full frame in this
modality required 13 seconds. At this laser repetition rate, a photoacoustic laser pulse and acquisition could be performed every
1 turn and a half (i.e., for 256 angles,
, then
,
,
,
, etc.). Laser triggering by the acquisition system in the range 19-21 Hz allowed synchronisation between angular positions (measured by the encoder of the
motor) and precise angular pulse triggering. In future developments, it would be feasible to increase the frame rate by using
lasers pulsing at kHz rates without any changes to the system
electronics or software.
The acquisition process for each angular position is presented
in the timeline of Fig. 4. First, a trigger was sent to the Nd:YAG
laser to illuminate the tissue and the photoacoustic signal was
recorded. Next, an ultrasound pulse was generated with the
transducer, and the associated echo was recorded to form an
ultrasound RF line. Five ultrasound echoes could be performed
before the motor reached a new position (adjustable depending
on the rotation speed). This specification is of interest if one
aims to improve the signal-to-noise ratio (SNR) of B-mode
images by reducing the rotation speed. The fluorescence excitation and recording started just after the Nd:YAG laser pulse
and lasted until a new angular position.
F. Reconstruction
At each angular position, the FPGA sent the acquired data
to a Matlab user interface on the acquisition computer. When a
complete slice of 256 angular positions was received, a B-mode
image was reconstructed for visualization. For that purpose,
photoacoustic and ultrasound data were processed first with a
band-pass filter (4th order Butterworth, 40 to 50 MHz), followed
by a Hilbert transform. Ultrasound data was processed with a
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Fig. 4. Timeline of the tri-modal acquisition for a single angular position
repeated 256 times to gather one frame. A frame rate of 30 Hz could be obtained
with the current implementation. The photoacoustic (PA) pulse and acquisition
was not generated at every angular position, but at 20 Hz on average.

Fig. 5. 3D depiction of the phantoms. (a) Phantom for fluorescence and
photoacoustic sensitivity tests (‘d’ is an adjustable distance from the outer layer
of the catheter to the thin film of the surface of the inclusion). The inclusion
contained either ICG or black ink at different concentrations. (b) Two tubes
in a spiral shape (one filled with ICG and the other with black ink) around the
imaging catheter for tri-modal validation. (c) PVA phantom with a softer region
on one quarter of a slice for ultrasound elastography measures. This region was
injected with ICG for fluorescence validation.

logarithm compression. The dynamic range of the signal was
59 dB before logarithm compression and 20 dB after. Further,
the images were converted from polar coordinates to Cartesian
coordinates. Slices from the three modalities were displayed in
real time during the acquisition at up to 30 images/second. For
3D reconstructions, an isosurface with a threshold value was applied to generate the images presented below.
G. Phantoms
To measure the sensitivity of the system, we placed an inclusion at various distances from the catheter in a blood-mimicking solution, as seen in Fig. 5(a). The inclusion was a rectangular-shaped container with a thin and transparent plastic wall.
The container had a depth and a width of 10 mm. It contained
either ICG at 100 nM and
or black ink dilutions to measure fluorescence and photoacoustic sensitivity, respectively.
To validate the tri-modal imaging capabilities, we placed two
tubes shaped in a spiral around the catheter in the blood-mimicking solution, as seen in Fig. 5(b). The diameter of the spiral
was about 5 mm. Tubes were made of low density polyethylene
(LDPE) with an internal diameter of 1.2 mm. To generate photoacoustic and fluorescence contrasts, one of the tubes was filled
with ICG at
and the other with black ink.
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To evaluate the capability of performing ultrasound elastography imaging, a tissue-mimicking phantom was made
using a mix of 10% polyvinyl alcohol (PVA, #CAS7732–18-5,
Beacon, NY, USA) dissolved in pure water and ethanol homopolymer (#CAS9002–89-5), and 2% of Sigmacell cellulose
particles (type 20, Sigma Chemical, St-Louis, MO, USA).
Sigmacell acted as both acoustic and optical scatterers. Black
ink was added to the PVA solution for optical absorption.
The phantom is shown in Fig. 5(c). It was shaped as a hollow
cylinder with an outer diameter of 15 mm, an inner diameter
of 4 mm and a length of 30 mm. A 3D printer (Replicator 2X,
Makerbot, Brooklyn, NY, USA) was used to make the moulds
and allowed the construction of reproducible phantoms. The
phantom underwent 6 freeze-thaw cycles to induce the desired
solidification and polymerization of the PVA [27]. It contained
a sub-section that underwent a single freeze-thaw cycle, which
led to a softer region. This region represented 90 degrees of
a slice, positioned from 3 mm to 5 mm radial distance from
the center. During experiments, this phantom was filled with a
blood-mimicking solution and connected to a dynamic pump
simulating the pulsatile blood pressure of the heart at 100 beats
per minute (model #1421, Harvard, Holliston, MA, USA).
Since the number of freeze-thaw cycles has little effect on the
echogenicity of the phantom, the sub-section was not expected
to be visible in B-mode. However, elastography aimed to detect
changes in stiffness of the phantom by analysing consecutive
RF images during pulsation with the Lagrangian speckle model
estimator [28]. The sub-section was also injected with
of
ICG, to allow fluorescence co-localization.
In all phantom experiments, the blood-mimicking solution
was 1% intralipid and 0.1% black ink diluted in water to obtain a reduced scattering coefficient of
and an
absorption coefficient of
[29]. No ultrasound
scatterers were present in the lumen of the phantom (i.e., in the
circulating blood-mimicking fluid of Fig. 5(c).
III. RESULTS
A. Sensitivity Measurements
Sensitivity measurements in photoacoustic and fluorescence imaging were performed with an inclusion at various
distances from the catheter in a blood-mimicking solution.
Signal-to-noise ratios (SNR) were calculated and the results
are shown in Fig. 6. The catheter was rotating at 30 revolutions/second and both SNRs were calculated using the signal of
a single frame (no averaging). Higher SNR could be achieved
by averaging multiple frames (results not shown). SNR was
calculated by dividing the signal amplitude by the standard
deviation of the background in a region where there were no
inclusions.
In fluorescence, 100 nM &
of ICG were detected
through a blood-mimicking solution at up to 1.4 mm and
2.8 mm, respectively. Black ink was visible in photoacoustic
through 5 mm of blood-mimicking solution. IVUS images were
used to measure the distance between the outer layer of the
catheter and the beginning of the inclusion.
In the sensitivity measurements shown above, we used a
blood-mimicking solution with
to gather results
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Fig. 7. Simultaneous photoacoustic, ultrasound and superimposed
fluorescence imaging. (a) The bottom inclusion (tube filled with black
ink) is visible in photoacoustic. (b) Both inclusions are visible in IVUS.
The contour in the IVUS image represents the fluorescence intensity signal.
of ICG) is visible in fluorescence.
The top inclusion (tube filled with
(c) Fluorescence signal is shown. 0 is at the right of the IVUS image, with a
clockwise rotation.

Fig. 6. (a) Sensitivity in photoacoustic with black ink at different
concentrations. The ink was diluted in water for the 50 and 25% concentrations.
(b) Sensitivity in fluorescence with different concentrations of indocyanine
green. Dilutions were made with dimethyl sulfoxyde.

comparable with previous work [30], but this value slightly
underestimated blood scattering. We performed Monte Carlo
photon propagation simulations with a more realistic value of
to assess the impact on our sensitivity measures. Using higher scattering, the fluorescence signal intensity
is expected to be reduced by 65% according to simulations.
Therefore, an average of 8 frames would be required to obtain
the SNR shown. However, in an in vivo experiment, this would
not be detrimental, as it corresponds to a longitudinal length of
0.13 mm, well below the resolution achievable by this modality,
at a pullback speed of 0.5 mm/s and given our rotation speed
of 30 revolutions/second.
B. Tri-Modal 3D Imaging Validation
In Fig. 7, simultaneous photoacoustic, fluorescence and ultrasound imaging on a slice of the phantom in Fig. 5(b) is shown.
It took 13 seconds to acquire the photoacoustic signal without
averaging (single shot for each angle), while the ultrasound and
fluorescence signals were from a single frame acquired at 30
frames/second. The system differentiated photoacoustic and fluorescent contrasts without any apparent crosstalk. In IVPA, the
signal is not as strong closer to the catheter, due to the overlapping region of the illumination and ultrasound beam, which
starts at 1.5 mm from the catheter. We measured an axial resolution of
in IVUS. The phantom used for tri-modal imaging
validation was not the same as the one used for sensitivity measurements. Therefore, obtained SNRs differ between both re-

Fig. 8. 3D reconstructions from a tri-modal acquisition. The catheter is shown
in gray. (a) Ultrasound signal of both inclusions is in blue. (b) Photoacoustic
signal is in red and fluorescence signal in green. (c) 3 frames along the phantom
in all three imaging modalities. Scale bar is 1 mm.

sults as they are dependent on the spatial sensitivity associated
with light propagation.
To demonstrate the feasibility of three-dimensional imaging,
the same phantom was imaged, while performing a 30 mm pullback. Fig. 8 shows a 3D reconstruction obtained from photoacoustic, fluorescence and ultrasound images.
The 3D images were built using 30 slices taken at every 1 mm.
The total acquisition time was 7 minutes (effective pullback
speed of 0.07 mm/s). 3D fluorescence was achieved by using
the ultrasound image as a prior to obtain the depth of the inclusion [31].
C. Elastography
The inner and outer contours of the phantom images were
segmented using a fast marching algorithm based on a combination of gray level gradient and mixtures of gamma probability
density functions (PDFs) to model the log-compressed envelop
gray level distribution of the IVUS [32].
IVE elastograms were computed for the segmented phantom
wall according to the polar domain Lagrangian speckle model
estimator that provides the radial and circumferential strains and
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Fig. 9. (a) Combined IVUS-fluorescence image of a slice of the phantom.
(b) Radial strain deformation in . The softer region is shown by the white
arrow. Negative strains correspond to the compression of the phantom.
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catheter than us [22]–[24]. Our scanning system and catheter allowed colocalized acquisitions of fluorescence and ultrasound at
a frame rate of 30 images/second. We further integrated the optical fiber inside the catheter, reducing the diameter to 1.4 mm,
which is small enough to fit inside a 5 French introducer and
image the aorta of a rabbit. To our knowledge, we presented the
first intravascular catheter combining fluorescence and elastography imaging, the latter requiring a high frame rate.
The sensitivity of the system with molecular probes in vivo
remains to be evaluated. Our next steps will be to extend this
work to in vivo studies and confirm the potential of this technology for atherosclerotic plaque characterization.
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