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Abstract: Myocardial infarctions are most often caused by the so-called vulnerable plaques,
usually featured as non-obstructive lesions with a lipid-rich necrotic core, thin-cap fibroatheroma,
and large plaque size. The identification and quantification of these characteristics are the
keys to evaluate plaque vulnerability. However, single modality intravascular methods, such as
intravascular ultrasound, optical coherence tomography and photoacoustic, can hardly achieve
all the comprehensive information to satisfy clinical needs. In this paper, for the first time,
we developed a novel multi-spectral intravascular tri-modality (MS-IVTM) imaging system,
which can perform 360° continuous rotation and pull-backing with a 0.9-mm miniature catheter
and achieve simultaneous acquisition of both morphological characteristics and pathological
compositions. Intravascular tri-modality imaging demonstrates the ability of our MS-IVTM
system to provide macroscopic and microscopic structural information of the vessel wall,
with identity and quantification of lipids with multi-wavelength excitation. This study offers
clinicians and researchers a novel imaging tool to facilitate the accurate diagnosis of vulnerable
atherosclerotic plaques. It also has the potential of clinical translations to help better identify and
evaluate high-risk plaques during coronary interventions.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Despite advances in medical therapy and revascularization, cardiovascular disease (CVD) remains
the world’s leading cause of death and causes extensive disability [1–3]. Many of these coronary
events are attributed to the so-called vulnerable coronary plaques, defined as non-obstructive
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lesions that are at elevated risk of rupture [4,5]. The early evaluation of the vulnerability of plaques
has a high priority in the prevention of cardiovascular diseases. Several characteristics have been
recognized as the key factors of plaque vulnerability, including lipid-rich necrotic core, thin-cap
fibroatheroma, and plaque burden [4–6]. Early studies focused on the morphological quantification
of plaque burden, stenosis, and fibrous cap, whereas recent researches emphasized that lipid
core burden index, which indicates the richness of lipid in plaques, is also highly associated
with patient-level major adverse cardiac events [7–9]. Acquiring the plaque morphological
information to evaluate the plaque burden and thin-cap fibroatheroma, as well as identifying and
quantifying lipid component at the same time, are always what the researchers and physicians
expect to evaluate the vulnerability of plaques by using intravascular imaging modalities.

The commonly used clinical intravascular imaging modalities are IVUS and IVOCT. Intravascu-
lar ultrasound (IVUS) is helpful to evaluate the plaque burden and the degree of stenosis of artery
lumen, and thus has been widely used as a common diagnostic procedure in cardiology currently
[10]. Intravascular optical coherence tomography (IVOCT) is indispensable for evaluating the
thickness of the fibrous cap covering the lipid core of the atheroma due to its micro-scale spatial
resolution [11,12]. Both IVUS and IVOCT are primarily sensitive to the structural information
of the artery wall. In addition to morphological imaging, several functional imaging methods
have been proposed, including near-infrared fluorescence imaging (NIRF) [13,14], near-infrared
spectroscopy (NIRS) [15], and Raman spectroscopy [16]. These methods have the ability to
quantify the functional information of plaques, such as the richness of lipid core plaques [7–9].
However, limited penetration depth and lack of depth resolution make these purely optical
imaging methods difficult to image or locate interested targets beneath deep tissues. Due to the
nature of optical excitation and ultrasonic detection, the emerging intravascular photoacoustic
imaging (IVPA) can image beyond the ballistic regime while maintaining optical contrast, which
makes photoacoustic imaging capable of locating and imaging lipid core in both lateral and
depth directions [17,18]. Importantly, the photoacoustic modality can also provide absorption
spectroscopic information of matters. With multi-wavelength excitation, the spectroscopic
photoacoustic imaging is capable of distinguishing lipids from other components and quantifying
the lipid concentration [19,20], which is significant in evaluating lipid deposits for the diagnosis
of vulnerable atherosclerotic plaques.

However, there is no current single modality intravascular imaging method that can completely
meet the satisfy of diagnosing vulnerable atherosclerotic plaques. The plaque vulnerability
is highly related to the structure of the plaque as well as its chemical composition [21]. The
clinicians require multiple features to make comprehensive identification [7,22,23]. Thus, it
is important to develop an intravascular imaging technology combining multiple modalities to
evaluate the vulnerable plaques. Several dual-modality imaging systems have been proposed for
evaluation of total plaque burden, fibrous cap, and providing the lipid distribution information
[17,24–26]. However, none of the dual-modality imaging methods can provide the information
of fibrous cap, lipid core, and plaque burden simultaneously. Recently, several PA/US/OCT
tri-modality systems were developed and applied into biomedical imaging: a 5-mm prototype
endoscopic probe, which consisted of an OCT fiber, a photoacoustic-light-delivering fiber, and a
US transducer, enabled PA/US/OCT tri-modality imaging of ovarian tissue from a patient with
endometriosis [27], but the size of the probe makes it not suitable for imaging human coronary
artery (3-4 mm) [28]; a 1-mm miniature endoscope probe, which was physically integrated, was
developed to image human artery with lipid-rich plaques by rotatory scanning the sample and
mouse ear by horizontal scanning [29,30]. In these previous studies, the problems of oversize and
non-rotation limit the translation of the tri-modality system into intravascular clinical applications.
In addition, the benefits of photoacoustic in functional imaging have not been fully developed in
current tri-modality systems.
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Here, we introduce a novel multi-spectral intravascular tri-modality (MS-IVTM) imaging
system with three modalities fully integrated: photoacoustic, OCT, and US imaging, through a
single miniature catheter (0.9 mm). It can perform three-dimensional intravascular imaging with
360-degree continuous rotation and pull-backing synchronously. Meanwhile, the MS-IVTM
system also achieved multi-wavelength photoacoustic imaging of lipid components and evaluated
their concentration.

2. Materials and methods

2.1. MS-IVTM system design

The custom-built tri-modality imaging system was fully integrated as shown in Fig. 1(a). In the
photoacoustic modality, a pulsed optical parameter oscillator laser (OPO) laser (Vibrant 355 II
HE, OPOTek, USA) was used for photoacoustic signal excitation, covering the wavelength range
of lipid absorption peaks. The output laser beam from OPO was focused into a multimode fiber
(MMF, FG105LCA, Thorlabs, USA), which has a broad operation wavelength range (400 nm
- 2400 nm). In the OCT modality, a swept-frequency laser (AXA10823-8, Axsun, Canada)
was used as the OCT source. The swept-frequency optical beam was directly coupled into a
single-mode fiber (SMF, SMF-28-J9, Thorlabs, USA). The photoacoustic optical path (MMF)
with the OCT optical path (SMF) was combined into one double cladding fiber (DCF) through a
custom-designed double-cladding fiber coupler (DCFC, Thorlabs, USA), which is optimized
for the wavelength range from 1250 nm to 1750nm. The photoacoustic excitation beam was
transmitted through both the inner cladding and core of the DCF, and the OCT beam was
transmitted via the core. A custom-designed opto-electric slip ring was used to transmit both
optical beam and ultrasonic signals, and drive the imaging catheter to perform 3D scanning by a
rotary motor and a pull-back stage, which is similar to the design of the previous study [31]. The
opto-electric slip ring was assembled co-axially with an electrical slip ring and a fiber optical
rotary joint. The fiber optical rotary joint is custom-designed based on DCF, which allows the
core and inner cladding of the DCF to transmit OCT and photoacoustic beam during rotation at
the efficiency of 95% and 75% respectively. As shown in Fig. 1(a), the photoacoustic signal and
the US signal were received by a pulser/receiver (5073PR, Olympus, Japan) with an amplifier of
39 dB.

A fully integrated miniature intravascular catheter with a diameter of 0.9 mm was custom-built
as shown in Fig. 1(b), which allows tri-modality imaging. The OCT beam and photoacoustic
beam were transmitted via the DCF and focused by a graded-index (GRIN) lens (Agiltron, USA),
which has a cleaved angle of 8° for minimum reflectance loss and a diameter of 0.25 mm and allow
operation wavelength from 600 nm to 1800nm and then reflected towards the tissue surface by a
right-angle prism of 35°. A 40 MHz ultrasonic transducer (Blatek, USA, 0.5 mm (width)×0.6 mm
(length)×0.2 mm (height)) was used to emit ultrasound waves and receive both photoacoustic
and US signals. The optical beam and acoustic beam were overlapped between 0.6 mm and
3.6 mm from the center of the catheter, covering the normal range of the coronary artery wall.
The catheter was driven by the DCF-based opto-electric slip ring to perform 360-degree rotation.

Furthermore, time synchronization in the tri-modality system was strictly controlled. The
trigger signals from OPO lasers were used to synchronize tri-modality data acquisition as well as
the rotation and pull-back of the slip ring. To avoid aliasing of photoacoustic and US signals,
triggers for ultrasound transmission were delayed by 5 µs with a custom-made delay module.
OCT signals were acquired when an OCT trigger was generated immediately after an OPO trigger.
Two computers with two same data acquisition (DAQ) cards (ATS9325, Alazar Tech, Canada)
were used for PA/US and OCT signal data acquisition separately. The data acquisition and display
were performed in LabVIEW and all the recorded data were post-processed by MATLAB.



Research Article Vol. 12, No. 4 / 1 April 2021 / Biomedical Optics Express 1937

Fig. 1. (a) The MS-IVTM system overview, with an inset figure of opto-electric slip ring,
(b) the tip of MS-IVTM catheter overview, and (c) photograph. OPO: optical parameter
oscillator laser; A: aperture; P: pinhole; L1-L3: lens; FC: fiber connector; DCFC: double-
clad fiber coupler; RM: rotary motor; PS: motorized pull-back stage; FORJ: fiber optical
rotary joint; ESR: electrical slip ring; EC: electrical cable; SS: swept-source; PC1-PC2:
polarization controller; PM: power meter; FCP1-FCP2: fiber optical coupler; FOC1-FOC2:
fiber optical circulator; BPD: balanced amplified photodetector; CM: collimator; PP: prism
pair; M: mirror; DM: delay module; P/R: ultrasound pulser/receiver; OCT: optical coherence
tomography signal; US: ultrasound signal; PA: photoacoustic signal.

2.2. Imaging performance

The signal-to-noise ratio (SNR) of the tri-modality system was evaluated by imaging a black tape
(for PA/US) and a mirror (for OCT) placed at different distances from the catheter. The SNR is
determined by the ratio between the maximum intensity of the target and the standard deviation
of the noise.

A 6-µm tungsten wire was imaged to evaluate the resolution of the system from the depth from
1 mm to 3.5 mm, except that the axial resolution of OCT was evaluated by imaging a mirror. The
resolution images of tungsten wire were presented in the form of unwrapped B-scan images, with
the same method stated in [32]. The resolution is determined by the full width of half maximum
intensity of the tungsten wire signal. In the case of the OCT transverse resolution, the OCT
profiles of the tungsten wire in lateral direction were blind-deconvoluted in order to restore the
real transverse resolution of OCT based on the Richardson-Lucy algorithm [33].

2.3. Ex vivo coronary artery sample imaging with lipid identification

In the case of tri-modality imaging, one healthy porcine coronary artery with a 2.2-mm diameter
stent implanted was utilized as the main part of ex vivo imaging sample 1. One piece of
porcine subcutaneous fat and two pieces of rat-tail tendon were separately fixed with agar and
inserted into the gap between the stent and the coronary artery. The sample was preserved in
4% neutered-buffered formalin and stored at 6-8 °C before imaging. During the tri-modality
imaging, the artery sample was fixed inside a container filled with water at room temperature.

In the photoacoustic modality, two wavelengths (1283 nm and 1720nm) were used to distinguish
lipids from collagen components. Since the absorption coefficients of water at 1720nm and
1283 nm are different, energy compensation was performed before data analysis to eliminate
the attenuation of water. According to the Beer-Lambert law [34], the manually segmented
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photoacoustic signal of targets was multiplied by the compensation coefficient e−µλz, where µλ is
the optical attenuation coefficient at a certain wavelength λ, z is the depth of target under water.
Then the photoacoustic signals were computed through slope-based method [35]:

slope =
I1720 − I1283
λ1720 − λ1283

, (1)

where I is the compensated intensity of the photoacoustic signal, λ is the wavelength. The
slope of photoacoustic amplitude was used as a parameter to identity lipid components and can
qualitatively reflect the local concentration of components [36].

In the case of spectroscopic photoacoustic imaging, another healthy porcine coronary artery
was utilized as imaging sample 2, with a 3-mm stent implanted, and two porcine peripheral
adipose tissues from the aorta inserted into the gap between the stent and coronary artery. The
method of preservation and storage was the same as the first sample. This sample was used
for spectroscopic photoacoustic imaging with 11 excitation wavelengths from 1690 nm to 1778
nm. The photoacoustic spectrum of adipose in this sample was compared with the absorption
spectrum of lipid [37]. The correlation coefficient is determined by:

corr =
∑︁n

i=1(Ii − Ī)(Ai − Ā)√︂∑︁n
i=1 (Ii − Ī)2

∑︁n
i=1 (Ai − Ā)2

, (2)

where I and A are the photoacoustic signal intensity and optical absorption at different wavelengths,
n is the total number of excitation wavelengths.

3. Results

3.1. Resolution and signal-to-noise ratio

According to Fig. 2(a)-(d)(h), the transverse resolution of the photoacoustic, ultrasound, and
OCT image maintain 100-180 µm, 130-240 µm, and 24-44 µm respectively between the imaging
range of 1 mm and 2.5 mm, which covers the range of artery wall. Correspondingly, the axial
resolution of OCT is 16 µm, and ultrasound and photoacoustic can reach 35-55 µm, which is
related to the bandwidth and center frequency of the ultrasound transducer. Meanwhile, the
SNR performance of the system was measured with the black tape (PA/US) and mirrors (OCT).
Figure 2(g) shows the SNR plots of photoacoustic, ultrasound, and OCT at different imaging
depths. All three modalities have an SNR higher than 20 dB within the range of 0.6-3.2 mm. In
addition, as shown in Fig. 2(g), photoacoustic have better resolution and SNR within the image
range of 1-2 mm, due to the smaller focused optical beam size in this overlap area.

3.2. Ex vivo sample tri-modality images

As shown in Fig. 3, tri-modality images of the ex vivo sample 1, were obtained simultaneously,
with a rotation speed of 0.75 rad/min and a pull-backing step of 100 µm. Figure 3(a)-(c) shows the
photoacoustic, OCT, and US B-scan images of sample 1 at the same site respectively. Figure 3(a)
shows porcine subcutaneous fat had a higher photoacoustic signal than tail tendon since lipid
has a higher optical absorption coefficient than collagen at an excitation wavelength of 1720nm.
Figure 3(b) and Fig. 3(c) show the high-resolution images of stent structure and strut coverage
inside the vessel by OCT, and the whole blood vessel wall image of IVUS. Figure 3(d) shows
the merged tri-modality image. The total computational time of each PA/US and OCT B-scan
image is 2.6 s and 2.5 s respectively. The 3D volume images of photoacoustic, OCT, and US
were shown in Fig. 3(e)-(g). OCT and US images show the morphological information of fat and
tendon tissues, while photoacoustic images indicated the chemical composition of tissues based
on their optical absorption characteristics. However, there are still difficulties to identify the lipid
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Fig. 2. PA/US/OCT resolution and SNR of the MS-IVTM system. (a)-(c) unwrapped
PA/US/OCT B-scan images of the tungsten wire (∼6 µm) at different imaging depths. (d)
unwrapped OCT B-scan image of the mirror at different depths. And the insets in (a)-(d)
show an enlarged view of the targets around 1.5 mm. (e), (f) Axial and transverse resolution
of three imaging modalities from the enlarged view of the dashed box in (a)-(d) respectively.
(g) Signal-to-noise ratio (SNR) of PA/US/OCT at different depths. (h) Resolution of
PA/US/OCT at different depths with different targets.
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component from another component at a single wavelength, especially when the concentration of
components is unknown.

Fig. 3. Cross-sectional and three-dimensional (3D) tri-modality images of the phantom.
(a)-(c) PA (1720nm), OCT, and US B-scan image respectively. (d) Merged tri-modality
image. (e)-(g) PA, OCT, and US 3D image. (h) Phantom photograph. Scale bar: 1 mm

In order to interrogate the composition, dual wavelengths (1283 nm and 1720 nm) were
chosen to perform photoacoustic imaging in Fig. 4(a)(b), since they are the absorption peak
for collagen and lipid respectively. The enlarged view of target regions 1, 2, and 3, marked
by white dashed circles, were laid on left and right side of Fig. 4(a)(b). The gradient ratio of
region 1 was mostly positive, while that of region 2 and 3 was mostly negative. It suggested
that the absorption coefficient of the substance in region 1 was greater at 1720 nm than at 1283
nm, and it was oppositive in region 2 and 3, which proved that the composition in region 1 is
different from that in region 2 and 3. Then, the gradient ratios at each pixel in three regions from
dual-wavelength images were overlaid to the photoacoustic B-scan image, as shown in Fig. 4(c).
With dual-wavelength excitation, the gradient ratio method can distinguish one component from
another through their respective absorption peak.

3.3. Spectroscopic photoacoustic imaging

Dual-wavelength excitation of photoacoustic imaging can do help to distinguish lipids from
another component, but it is necessary to compare the photoacoustic signal at multiple wavelengths
with the absorption spectrum of lipids in order to identify lipids from multiple components or
evaluate their concentration. Another porcine coronary artery sample with porcine peripheral
adipose inside was utilized for spectroscopic photoacoustic imaging at 11 wavelengths from
1690 nm to 1778nm with a pulse energy of 15 µJ, as shown in Fig. 5(a)-(h). The amplitude of
the photoacoustic signal within the white dashed area is significantly higher at 1720nm than
that at other wavelengths. Then, the spectroscopic photoacoustic signal plot was compared with
the optical absorption spectrum of lipid [37], as shown in Fig. 5(i). The correlation coefficient
between the experimental photoacoustic spectrum and the absorption spectrum was calculated
for each pixel, indicating abundant lipid deposition within the region 1 and 2. Figure 5(j) shows
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Fig. 4. Adipose and tendon photoacoustic images at two wavelengths (1720nm and 1283 nm)
and distribution analysis results. (a),(b) photoacoustic B-scan image at 1720nm and 1283 nm.
Left: the enlarged image of the region 1; Center: B-scan image; Right: enlarged images of
the region 2 and region 3. (c) The slope results of region1, 2, and 3. Left: enlarged view of
the slope of region 1; Right: enlarged view of the slope of region 2,3; Center: the slope of
region1, 2,3 remapping to the photoacoustic B-scan image. Scale bar: 1 mm

the mapping of the correlation coefficient, which suggests the spatial distribution of the adipose
concentration.
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Fig. 5. Spectroscopic PA images of the peri-adventitial adipose tissue from a porcine
aorta segment. (a)-(g) Representative PA B-scan images from 1690 nm to 1778nm. (h)
Experimental PA spectroscopic result and optical absorption spectrum [37] of peri-adventitial
adipose tissue. (i) Distribution of adipose concentration mapping by correlation calculation.
(j) Phantom photograph. Scale bar: 1 mm

4. Discussion

Both morphological and functional information of plaque is important for research and diagnosis
of the vulnerable plaque. Multi-modality intravascular imaging has been developed for obtaining
comprehensive information, but some problems still hinder the application of this new technology,
such as over-large catheters, non-rotational scanning, and lack of quantitative analysis of lipid
components. In this study, for the first time, an MS-IVTM system with a miniature imaging
catheter was developed, which allowed continuous 360-degree rotational PA/US/OCT imaging,
including spectroscopic photoacoustic imaging.

Compared to the previous tri-modality catheter of coaxial design [30], we performed a
non-coaxial setup in order to reduce the size of the catheter. The configuration of the transducer
allows the outer diameter of our catheter remains only 0.9 mm, which is, to our knowledge, the
smallest tri-modality catheter currently. Furthermore, the non-coaxial design avoids additional
acoustic attenuation through acoustic reflection prisms in the coaxial design, which decreases the
transition efficiency of the acoustic signal [38]. Meanwhile, the imaging performance indicated
a relatively high SNR within the imaging range from 0.6 to 3.2 mm, which fits the size of the
lumen and depth of the wall to satisfy the needs of intravascular imaging. Although the SNR
reduces rapidly over 3.2 mm, it does not affect the application of imaging atherosclerotic plaques.
Additionally, the GRIN lens in our catheter was fused at the tip of DCF, in order to transmit
both OCT and photoacoustic beams and reduce the reflectance at the surfaces between DCF and
GRIN lens. Due to the difficulties of fusion splicing a small diameter fiber to a large diameter
GRIN lens, the diameter of the GRIN lens is limited to 0.25 mm, which leads to poor focal
performance within the desired working range. Therefore, both transverse resolutions of OCT
and photoacoustic are compromised. In future works, a 0.5-mm GRIN lens can be used to lead
to a better resolution for OCT and photoacoustic modalities, if the fusion problem can be solved.

The ex vivo samples were made from stents, porcine subcutaneous fat, peripheral adipose,
rat-tail tendon, and porcine coronary arteries, to mimic stent-implanted coronary arteries with
lipid-rich or collagen-rich plaque, referring to previous studies [39–41]. Through the experiments
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of these ex vivo samples, it was indicated that OCT can evaluate the stent structure and have access
to stent strut coverage with the vessel wall clearly, IVUS can offer the entire vascular structural
information, and photoacoustic can offer the depth-involved lipid-deposition information with
high contrast. Through the difference of photoacoustic signals, the dual-wavelength (1283 nm and
1720nm) results demonstrated the ability of the MS-IVTM system to detect and distinguish lipids
from collagen components effectively. Moreover, multi-spectral photoacoustic excitation was
applied to the ex vivo vessel sample with porcine peripheral adipose tissues inside, which have
been used to mimic plaque lesions [40]. The photoacoustic spectrum results from the adipose
tissues show a high correlation with the optical absorption spectrum of lipid. But the correlation
coefficients, which represent the lipid concentration, vary from the different regions of the adipose
tissues. Therefore, with multi-spectral excitation, the spectroscopic photoacoustic images can
result in the spatial distribution of the lipid concentration from the correlation computing map.

In the scenario of IVPA imaging of lipids, it is important to maintain a high SNR of targets.
The upper limit of SNR mainly depends on the optical fluence illuminated on the targets. Because
of the relatively weak optical absorption of lipids, the precise determination of the photoacoustic
spectrum and concentration quantification is sensitive to signal intensity. Therefore, MMF-based
catheters are commonly used to deliver large energy [17,18], although SMF can result in a better
resolution of photoacoustic imaging. In the case of the tri-modality system, however, the OCT
modality can only work in single mode to precisely control its optical path length. There is
a dilemma between OCT and spectroscopic photoacoustic imaging through a single channel.
In this work, we designed and manufactured a DCF-based catheter to resolve the problem of
using MMF or SMF. The OCT and photoacoustic optical path can utilize the core and first
cladding of DCF respectively. Utilization of core guarantees the stable coherence condition of
OCT, and first cladding with a bigger diameter can help transmit enough optical energy to the
surface of the tissue in order for spectroscopic photoacoustic imaging. The maximum optical
fluence of excitation (80 mJ/cm2) is lower than the ANSI safety limit of 1 J/cm2 between 1500 nm
and 1800nm [42]. Higher energy under ANSI safety criteria can be delivered to the targets to
improve SNR by increasing the optical coupling efficiency of our system. Furthermore, the IVPA
modality, with a resolution of 100-300 µm, in the MS-IVTM system is sufficient for imaging
lipids in the necrotic core, which reach the size of the submillimeter scale [43]. The upper
limit of the photoacoustic transverse resolution is related to the numerical aperture (NA) of the
optical system, which depends on the core diameter and NA of fiber and the focal ability of the
GRIN lens. As a result, our DCF-based catheter design can achieve deeper penetration with
sufficient resolution and SNR to image and distinguish rich lipids in plaques in IVPA modality
and maintain a high resolution of IVOCT imaging simultaneously.

In addition, our MS-IVTM system achieved three-dimensional imaging with continuous
rotational scanning with pull-backing. Unlike imaging by an array detector, mechanical scanning
is essential for point-by-point imaging by a single element detector. For intravascular imaging,
rotational scanning combined with pull-backing is a reasonable method, which has been proved
in the clinical application [17,24,25,44]. Thus, an optical rotatory or slip ring is important,
which can connect the stator with the rotor to transmit continuous signals from the source to
the tip of the catheter and backward during the rotational scanning. In addition, the utility
of rotatory joint allows 360-degree rotation and full field-of-view of samples, compared to
previous micromotor-based mirror-rotating scanning methods, which lost partial view due to the
blocking of the electric wires [45]. However, multi-optical modality usually requires the optical
rotatory to connect several fibers, which increases the difficulty of design and assembly of optical
rotatory and the catheter connected to maintain suitable transmission stability and efficiency. The
customized optical rotary joint based on DCF reduced the engineering challenge dramatically.

There are still a few improvements to our MS-IVTM system to be obtained in the future.
Firstly, in the case of intravascular imaging in vivo, flushing is commonly used to reduce the
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effect of optical scattering of blood, especially in IVOCT. However, water has a strong optical
absorption around the wavelength of 1700nm, which has an effect on lipid detection. Therefore,
flushing fluid with low optical absorption is required for intravascular tri-modality imaging in
the future. Secondly, the image speed is limited by the low repetition OPO laser source (10 Hz).
Therefore, in vivo images will be affected by the movement of breathing and other artifacts.
High repetition and high energy laser source around 1700nm wavelength is appreciated, for
spectroscopic photoacoustic imaging of lipid component. Thirdly, the lipid components used
in this paper are peri-adventitial adipose instead of cholesterol deposition in the necrotic core.
Future studies will focus on imaging atherosclerosis models or vessels in vivo. Fourthly, the
correlation coefficient between photoacoustic spectroscopic results and the absorption spectrum
of a certain component in a complex environment can suggest its concentration quantitatively
but not qualitatively. Previous methods of concentration analysis require both multi-wavelength
photoacoustic detection and the spectrum information of major components in the complex
environment, which consume a long detection time. Thus, a new analytic method for concentration
calculation shall be optimized to balance the imaging speed and selection of photoacoustic
wavelengths. Finally, clinical intravascular applications require the outer diameter of imaging
catheters < 1 mm and rigid length < 5 mm, in order to access the small branches of coronary
arteries [46]. The diameter of our catheter is 0.9 mm, which satisfies the needs. However, the
9.6-mm rigid part of our catheter is oversize for clinical applications. The reason is that the fiber
coating at the DCF tip, with a total length of about 5 mm, was stripped to fusion splice the DCF
to the GRIN lens. Therefore, this part of the catheter required special protection with UV glue,
which occupies the majority of the rigid part of our catheter. Future work will consider how to
recoat the stripped fiber, restore its flexibility, and reduce the rigid length of the catheter.

5. Conclusion

In summary, we present a novel intravascular tri-modality imaging system, including US, OCT,
and photoacoustic imaging with multi-spectroscopic imaging ability. To our knowledge, this
is the first PA/US/OCT tri-modality imaging system that can achieve continuous 360-degree
rotation and pull-backing within vessels, through a fine catheter with a diameter of mere 0.9 mm.
The imaging results of the macroscopic morphology and microstructure of the blood vessels
were obtained by IVUS/IVOCT, and the identification of lipid composition and the analysis of
lipid concentration distribution were performed by photoacoustic spectroscopy. Our MS-IVTM
system has the potential to evaluate rich lipid deposition in the necrotic core, fibrous cap covered,
and stenosis comprehensively; in the future, it has the potential to be translated into the clinic to
provide an effective tool for a comprehensive evaluation of atherosclerotic plaques.
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