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Intravascular photoacoustic imaging has been developed to evaluate the possibility of plaque rupture in
atherosclerosis by high spatial resolution imaging of lipid. However, the detection sensitivity and spatial reso-
lution are compromised by the poor focusing caused by a multimode fiber. In this work, we report an intra-
vascular photoacoustic catheter with mode self-cleaning in a graded-index fiber to improve the beam quality and
the sensitivity for lipid detection. Compared with the higher-order modes in a step-index multimode fiber, the
lower-order modes generated by the self-cleaning effect in the graded-index fiber greatly enhanced the photo-

acoustic spatial resolution and detection sensitivity. The dominant ringing artifact caused by laser absorption of
the ultrasound transducer was further reduced by using stripe suppression. A lipid plaque mimicking phantom
was imaged for evaluation. Lipid particles with a small diameter of 75.7 um were clearly observed.

1. Introduction

To date, atherosclerosis has an increasing morbidity and is affecting
younger people [1]. Plaques consisting of lipid and other substances are
built up inside the artery walls in atherosclerosis, ultimately blocking
the blood flow. Another adverse event is the rupture of lipid-laden
plaque in atherosclerosis, which is the major cause of acute coronary
syndrome [2]. Generally, the plaque is not fully reversible once being
formed [3,4]. Yet, not all the plaques require coronary interventions like
angioplasty or stenting [5]. Reducing the lipid accumulation and
inflammation pharmacologically is a key strategy in conservative
treatment [5-9]. To determine the need for vascular intervention, the
plaque vulnerability, featured by a thinning fibrous cap and enlarged
lipid necrotic core, is estimated by its size and location inside an artery
wall [10]. Angiography is the most common method to image an artery
with significant stenosis [11]. Intravascular ultrasound (IVUS) imaging
has greater spatial resolution to evaluate much smaller plaque at a
resolution of 100-200 um [12]. Intravascular optical coherence
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tomography enables finer details at 10-20 pm [13]. However, chemical
information, especially that of lipid, are not resolved by the modalities
mentioned above. Infrared spectroscopy offers lipid abundance infor-
mation, yet without the information about location and size [14,15].
Fluorescence lifetime imaging is coupled with IVUS to provide molec-
ular information, whereas the imaging depth is sacrificed [16].
Intravascular photoacoustic (IVPA) catheters have been developed to
probe lipid-laden plaques in atherosclerosis [17-27]. The first overtone
of C-H stretch vibration at around 1730 nm has been used for selective
imaging of lipids [28-31]. The lipid size and location information could
be acquired based on the overtone vibrational absorption and photo-
acoustic effect, while the anatomy of the artery is imaged at the same
time by IVUS on the catheter. Molecular labeling with nanoprobes
provide extra information of inflammation and angiogenesis [32,33].
Both single mode and multimode fibers have been used in IVPA catheter
design. To improve the spatial resolution, a single mode fiber was
employed to output optical-diffraction limited resolution of about 19.6
um [34]. However, the damage threshold of a single mode fiber is much
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lower than that of a multimode fiber because of the smaller mode field
diameter, which limits the sensitivity for small lipid detection. A tapered
fiber was adopted to improve the laser coupling efficiency, where the
power was several times greater than in single mode fibers, while
keeping a fine resolution of 18 um [35]. Yet, the tapered fiber is prone to
rapid degradation after fabrication majorly due to the dust deposited on
the surface [36]. Careful fabrication and assembling in dust-free envi-
ronment may prevent the degradation over a week [36]. However, the
demanding requirement may limit the further application of tapered
fiber, especially when the fiber is in contact with the surrounding
environment. IVPA catheters assembled with step-index multimode
fiber allow high coupled laser power because of the larger effective area
compared with single mode fiber, and eventually improve the signal by
increasing the pulse energy [37,38]. However, the lateral resolution is
poor because of the speckled illumination caused by the randomization
of light propagation in multimode fibers. Moreover, the sensitivity for
lipid detection using a step-index multimode fiber is compromised due
to the distorted laser profile in higher-order modes (HOMs).

Mode cleaning has been applied to improve the beam quality usually
using spatial filters to reject light propagation modes other than the
fundamental mode (FM). Yet considerable laser energy is reserved in
HOM: s in multimode fibers. And it is also impractical to spatially filter
the laser in the tiny catheter. An elegant way of creating a high-energy
Gaussian beam is through mode cleaning inside a graded-index (GRIN)
multimode fiber [39]. A self-cleaning occurs in the GRIN fiber and could
be explained by the quasi phase matching in the periodic longitudinal
modulation of refractive index caused by periodic spatial self-imaging
and Kerr nonlinearity, where a higher nonlinear loss occurs in HOMs
compared to that in the FM or lower-order modes (LOMs), resulting in an
energy transfer from HOMs to FM/LOMs [39]. In other words, the
randomization of light propagation in multimode fiber is reduced and a
tight focus could be achieved in a GRIN fiber with high input energy
beyond the threshold of Kerr nonlinearity. Previously, our team reported
an IVPA catheter using the spatial beam self-cleaning effect in a GRIN
multimode fiber, in which a spatial lateral resolution of 30 ym was
achieved [40], due to the formation of a tight focus with a
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quasi-Gaussian beam from the GRIN fiber [39]. However,
high-sensitivity detection of lipids using this approach has not been
achieved. In addition, performance of GRIN fiber in IVPA imaging re-
mains to be explored, since the initial condition of the input beam,
including angle of launch, excitation radial position and phase front,
may lead to different transverse modes of the output laser [41].

Here, we report a high-sensitivity high-spatial-resolution intravas-
cular photoacoustic catheter through mode self-cleaning in a graded-
index multimode fiber. We use a nanosecond laser at 1731 nm for
excitation of the first overtone of C-H stretch vibration. A plaque-
mimicking phantom is imaged to evaluate the performance of our sys-
tem. We compare the performance of LOMs and HOMs after a GRIN fiber
for sensing lipids with a 10 MHz ultrasound transducer. The signal to
noise ratio (SNR) is much improved by employing the mode self-
cleaning effect. We also find that the ringing artifacts could not be
simply removed using bandpass filters, resulting in a disruptive inter-
pretation of the images. Alternatively, the circular ringing artifacts are
found to be stripes in cartesian coordinates and could be removed with a
stripe filter easily. Altogether, imaging of lipids as small as 75.7 um in a
phantom is achieved.

2. Material and methods
2.1. IVPA imaging system

The schematic of the system is shown in Fig. 1. A 1731 nm laser
(Photonics Industries) with a pulse duration of 10 ns and a tunable
repetition rate from 2 kHz to 10 kHz was used for the excitation of C-H
bonds. The laser was first attenuated with ND filters and then coupled to
a GRIN fiber (2002-200, Berkshire Photonics). Generally, to build an
IVPA catheter, the fiber should be incorporated into a slip ring and ro-
tary joint with intermediate fibers for rapid spinning. In our case, the
self-cleaning effect of the GRIN fiber is quite sensitive to the initial
condition at the input and a relative stable fiber coupling structure was
adopted. Therefore, only one single GRIN fiber was used, with one end
fixed at the fiber coupler and the other end passed through the slip ring
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Fig. 1. Schematic of the IVPA imaging system (a) and the IVPA probe (b). The gray area above the UST showed the detection area of acoustic wave. ND: neutral
density filter; GRIN MMF: graded-index multimode fiber; SR: slip ring; RJ: rotary joint; UST: ultrasound transducer; DAQ/PC: data acquisition card / personal

computer; PM: prism mirror.
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and rotary joint as indicated in a previous study [40]. To minimize the
mode changing and the damage to the fiber caused by over twisting, the
direction of rotation was reversed every revolution. A c-lens (custom-
ized, diameter 0.5 x1.0 mm, R1.0, AR 1725 + 30 nm) was used to
collimate the laser at the free end of the fiber in a 3D printed housing
tube. The laser was reflected at 90° with a prism mirror (#66-772,
Edmund optics) to allow side illumination on the tissue. According to
our previous study, the PA signal from lipids is centered at around 10
MHz [24]. Hence, a 10 MHz ultrasound transducer (sensing area 0.45
*0.45 mm?, 0.5 mm thick, AT34603, Blatek Inc.) was mounted on the
tube with a tilted angle of 10 degrees for lipid detection [40]. The tilted
angle was determined by the acceptance angle of the transducer and the
distance between the laser output and the transducer. Noting that the
acceptance angle of MHz Piezoelectric transducers is within + 20 de-
grees [24], the detection area of the ultrasound transducer was illus-
trated in Fig. 1b. Acoustic signals at a distance greater than 0.5 mm from
the probe could be detected by the tilted transducer. The outer diameter
of the IVPA probe was about 1.7 mm. In order to compare the PA signal
generated by LOMs and HOM:, the initial condition at the fixed end of
the fiber was optimized to output LOMs, then the fiber coupler was
rotated by 90°, which could change the output transverse mode from
LOMs to HOM:. In all cases, the output modes were confirmed by an IR
camera and a power meter. The power used for phantom imaging was
about 0.11 J/cm? on the sample, which was lower than the ANSI safety
standard 1.0 J/cm? for skin at 1.7 um. The PA signal detection was
synchronized with the laser and was amplified by a factor of 39 dB via a
pulser/receiver (5073PR, Olympus). A data acquisition card (ATS9350,
AlazarTech) with a sampling rate of 500 MHz was used. A LabView
program was designed for co-registered IVPA/IVUS imaging.

2.2. Lipid-laden plaque mimicking phantom

A lipid-rich phantom was prepared to mimic the lipid plaque
burdened artery. Agarose gel (1% w/w) in water was warmed and mixed

Camera

GRIN fiber
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with ground palmitic acid powder (Sigma) gently without making air
bubbles. Palmitic acid has a melting temperature at 62.9° Celsius and
can keep its shape before the gelling of agarose solution. The mixture
was poured into a cylindrical tube having an inner diameter of 9 mm. To
form the lumen, a 3-mm diameter stick was inserted into the center of
the tube. The phantom was cooled down to room temperature prior to
imaging.

2.3. Stripe suppression filter

The raw PA signals before Hilbert transform were displayed as a 2D
image in which each row represented an A-line at a specific angle and
each column represented the time of flight. The stripe suppression filter
in ImageJ was applied to suppress the vertical stripes with 0% tolerance
of direction [42].

3. Results

To demonstrate mode cleaning, we measured the laser profile with
an IR camera after the GRIN fiber (Fig. 2a). The initial condition at the
input of the GRIN fiber was optimized to output a tight laser spot by
adjusting the incident angle and distance between the fiber and fiber
coupler. Low input laser energy (10 pJ/pulse before the GRIN fiber) did
not display prominent mode cleaning, in which an irregular beam shape
could be observed (Fig. 2b). By increasing the laser energy to 100 pJ/
pulse, the laser spot was gradually confined in the center and displayed a
quasi-Gaussian shape (Fig. 2¢), demonstrating the self-cleaning effect.
The GRIN fiber was then coupled into the IVPA probe and the laser
profile was measured (Fig. 2d). A Gaussian-like beam profile was shown,
in which most of the laser power was concentrated (Fig. 2e). In contrast,
a speckled energy distribution was observed in HOMs at the same
location when the initial condition at the input for LOMs was slightly
disrupted by rotating the fixed end of the fiber by 90° (Fig. 2f). A much
greater diameter of the illumination area was displayed in HOMs,

1 Fig. 2. Laser mode self-cleaning in a GRIN multimode
fiber. (a) The laser profile measurement setup for (b) and
0.9  (c) by placing the camera at about 3 cm from the output.
The laser beam profile was confined to a quasi-Gaussian
power distribution when the laser energy increased from
10 pJ/pulse (b) to 100 pJ/pulse (c). (d) The laser profile
measurement setup for (e) and (f) by placing the camera at
0.6 about 5 cm from the output. (e) A tight focus with LOMs
was found after the IVPA probe. (f) A speckled power dis-
0.5 tribution with HOMs by slightly modifying the initial
condition for LOMs. Scale bar: 1 mm. (g) The total laser
04  power remained the same level when the mode was
switched from LOM to HOM.
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consistent with previous studies [39,43]. According to Py = I'®Pu,,
where Py is the initial pressure, I' is the Griineisen parameter, @ is the
incident fluence, and , is the optical absorption coefficient [44], the
incident fluence in HOMs is relatively smaller than that in LOMs, leading
to a weaker PA signal and a poorer spatial resolution, which typically
happens in step-index multimode fibers [39]. Although the laser energy
was redistributed, no significant difference in total laser power was
observed by switching from LOMs to HOMs (Fig. 2g). We further
measured the robustness of the mode self-cleaning by twisting the GRIN
fiber. Although being hard to achieve a constant FM output with a
4-m-long GRIN fiber as described in a previous study [41], a relatively
tight laser spot could be maintained in LOMs (supplementary movie 1)
while a speckle pattern was constantly found in HOMs (supplementary
movie 2).

Supplementary material related to this article can be found online at
doi:10.1016/j.pacs.2023.100451.

A phantom that mimicked lipid plaque burdened artery was imaged
with both LOMs and HOMs at the same laser power (Fig. 3). Under each
condition, 64 images were averaged. A higher contrast and lower noise
were observed in IVPA images by LOMs compared with that by HOMs
(Fig. 3a & b). However, ringing artifact, which was a result of laser
interacting with the ultrasound transducer, was dominant in both LOMs
and HOMs, leading to a broad background and compromising the
sensitivity of real lipid signal [29]. To be specific, the intensity of ringing
artifacts by LOMs were stronger than that by HOMs because of the
higher energy density, which turned out leading to a relatively poorer
imaging contrast in the raw images by LOMs. To address that, two
bandpass filters, 5-25 MHz and 10-20 MHz, were applied to the images
to reduce the artifacts as well as the noise during the data collection,
respectively (Fig. 3c-f). The ringing artifacts were more strongly sup-
pressed by the narrower 10-20 MHz filter than by the 5-25 MHz filter.
The weaker lipid signal could be identified clearly with more details
after 10-20 MHz bandpass filtering in both LOMs and HOMs.

To quantify the performance of LOMs and HOMs, representative A-
lines at the same location of the phantom, as marked along the yellow

No bandpass filters

5-25 MHz bandpass filter
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dotted line in Fig. 3a, were compared (Fig. 4). The SNR by LOMs was
found to be 3.3 times greater than that by HOMs without using any
filters, in which the SNR by LOMs was 62.6 with a peak intensity value of
356.2 while the SNR by HOMs was 18.9 with a peak intensity value of
88.8 (Fig. 4a & b). But the signal intensities were partially contributed
by the ringing artifacts. Thus, the SNR was recalculated by subtracting
the average ringing artifact signal at the same depth of the phantom. The
corrected SNR by LOMs was 45.2 with a peak intensity value of 257 and
the corrected SNR by HOMs was 19.9 with a peak intensity value of 93.4,
leading to a corrected SNR by LOMs 2.3 times greater than that by
HOMs. With 5-25 MHz filters, smooth A-lines were achieved but the
ringing artifacts remained distinctly present in both LOMs and HOMs
(Fig. 4c & d). A stronger suppression of ringing artifacts was observed
with narrower 10-20 MHz bandpass filters (Fig. 4e & f). Although the
ringing artifacts were reduced by the bandpass filters, the lipid signals
were compromised as well and the ringing artifact remained strongly
obscuring the possibly weak lipid signal, especially in a closer region to
the ultrasound transducer.

To further improve the imaging quality, we suppressed the ringing
artifacts on the unfiltered images with a stripe suppression filter that
removed the artifacts spatially among A-lines while the aforementioned
bandpass filters removed the noise during data collection in the time
domain (Fig. 5a, Figs. S1 & S2). Bandpass filters were also applied after
removing the ringing artifacts by the stripe suppression filter (Fig. 5b &
c). The ringing artifacts were significantly reduced in comparison to the
images without stripe suppression. The same A-line as shown in Fig. 4
was analyzed. We isolated the ringing artifacts and found that the target
lipid signal was indeed mixed with the artifact background (Fig. 5d and
Fig. S$3). Unlike the bandpass filters, the stripe filter did not compromise
the SNR and signal intensity of the lipid (Fig. 5e and Fig. S3). The ringing
artifacts showed overlapping frequency with the lipid signal, making the
bandpass filters less efficient (Fig. S1). A small lipid plaque (red box in
Fig. 5a) could be clearly identified after removing the ringing artifacts in
LOMs. The FWHM of the smallest lipid particle was 75.7 pm, measured
at 1.9 mm from the transducer, indicating that high-sensitivity and high-

10-20 MHz bandpass filter
Max

Fig. 3. IVPA images of the same location in a lipid plaque mimicking phantom. Laser in LOMs was used in (a), (c), (e), while laser in HOMs was used in (b), (d), and
(f). No bandpass filters were applied in (a) and (b), in which dominant ringing artifacts (red arrows) were observed and the lipid signals (blue arrows) were concealed
in the background. The probe was marked in the orange dotted line and the lumen of the phantom was marked in the purple dotted line. The yellow dotted line was
analyzed in Fig. 4. A 5-25 MHz bandpass filter was applied in (c) and (d). A 10-20 MHz bandpass filter was applied in (e) and (f). Scale bar: 1 mm.
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Fig. 4. Representative A-lines (along the yellow dotted line in Fig. 3a) of ringing artifact (red) and lipid signal (green). A-lines in LOMs and HOMs were from the
same location. Laser in LOMs was used in (a),(c), (e), while laser in HOMs was used in (b), (d), and (f). No bandpass filters were applied in (a) and (b). A 5-25 MHz
bandpass filter was applied in (c) and (d). A 10-20 MHz bandpass filter was applied in (e) and (f).

spatial-resolution lipid detection could be achieved.
4. Discussion

While IVPA imaging of lipids using a laser at 1.7 um has been well
illustrated, the speckle pattern from a multimode fiber not only com-
promises the spatial resolution, but also limits the sensitivity of detect-
ing small lipid particles due to a broad distribution of the laser energy. In
this work, we employed the mode self-cleaning effect in a GRIN fiber
[40] and generated a tightly focused laser profile at a wavelength of
1731 nm. A high-sensitivity and high-spatial-resolution IVPA imaging
system was demonstrated and label-free imaging of a lipid plaque
mimicking phantom was performed. We detected a lipid particle with a
diameter of about 75.7 ym at 1.9 mm from the transducer with a rela-
tively low laser energy of 5 pJ per pulse.

With a higher input energy, the GRIN fiber displayed a prominent
self-cleaning effect that outputs a quasi-Gaussian beam. Yet, we also
found that the initial condition of the laser could affect the performance
of the GRIN fiber. By rotating the fiber coupler, the laser profile changed
dramatically, while the total laser power remained the same. What’s
more, when the fiber was twisted or bent with a small radius, the laser
profile changed as well. In this work, we did not achieve a constant
fundamental mode during fiber rotation. It could be due to (1) the
imperfect initial condition at the fiber coupler; (2) disturbance of in-
ternal reflection during fiber twisting/bending; or (3) failing to meet the
threshold of nonlinear non-reciprocity in terms of laser power. Never-
theless, most of the energy remained in a certain center area in LOMs
during fiber twisting/bending. Although it is hard to tell if an optimal
initial condition has been achieved, it’s still possible to improve the self-
cleaning by (1) using a longer GRIN fiber as the highly multimodal
distribution is gradually collapse into bell-shape transverse profile; (2)
using a higher pulse energy to increase the Kerr nonlinear index so a

short fiber would be enough; or (3) minimizing the bending or twisting
of the fiber with a stiffer torque coil to hold the fiber in position.

Compared with HOMs, a higher SNR was achieved in LOMs because
the quasi-Gaussian laser profile allowed tighter optical focusing. In our
experiments, we simply used a c-lens to collimate the laser beam. To
further improve sensitivity and spatial resolution, lenses with shorter
focal length could be used.

We also noticed a low coupling efficiency in the catheter. A pulse
energy of 100 pJ was sent to the fiber coupler for IVPA imaging but only
5 pJ was retained at the output of the probe. We observed a ~10% en-
ergy loss at the fiber coupler that could be because of the coating issue.
Most of the energy was lost inside the probe. That was because the probe
was not capsulated, and water was in contact with all the optical com-
ponents. Noting that the water absorption coefficient is 6.44 cm™! at
1730 nm, only about 30% of the energy could reach the prism mirror
due to presence of water in the probe. What’s more, only a small portion
of light could be reflected by the prism mirror with a water interface. A
low transmission was reached as a consequence. Such an issue could be
further significantly improved by using a cap to enclose the optical parts.
As performing in the blood vessels, water absorption is one of the major
challenges for IVPA imaging at 1.7 um. Fortunately, the GRIN fiber al-
lows high pulse energy to be delivered to the target, which provides
enough energy to generate PA signal even in a larger vessel with greater
water absorption.

A dominant ringing artifact was observed during IVPA imaging. Such
artifact was caused by laser absorption by the ultrasound transducer and
was dependent on the laser modes. The 10 MHz transducer had a rela-
tively larger size (0.45 *0.45 *0.5 mm>) than higher frequency trans-
ducers, leading to a higher chance for the stray laser reaching the
transducer. A bandpass filter was applied to the A-lines to remove the
noise that was generated during data collection, whereas the ringing
artifact showed up constantly even in the presence of bandpass filters.
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Fig. 5. High-sensitivity and high-spatial-resolution lipid detection through mode self-cleaning GRIN fiber and ringing artifact subtraction. (a-c) Same IVPA images in
LOMs as in Fig. 3 after removing the ringing artifacts. Scale bar: 1 mm. (d) Isolated ringing artifacts in the same A-line (yellow dotted line in Fig. 3). (e) PA signals of
lipid in the same A-line after removing the ringing artifacts. (f) FWHM = 75.7 um for the small lipid signal in the red box in (a).

The suppression of ringing artifacts is necessary when imaging a rela-
tively small artery like coronary arteries. Although removal of the
ringing artifact by subtracting a background image has been reported
[45], a proper way to remove the artifact in a single image has not been
achieved. In this study, by converting the polar IVPA images into car-
tesian coordinates, ringing artifacts turned out to be stripes that
occurred at certain time in certain laser modes. Filtering the stripy
background was achieved with a stripe suppression filter.

5. Conclusions

We demonstrated a high-sensitivity and high-spatial-resolution
intravascular photoacoustic catheter through mode cleaning in a
graded-index multimode fiber. A nanosecond laser at wavelength of
1.7 um was used for lipid excitation. The system was evaluated by im-
aging a phantom mimicking atherosclerotic plaque. The performance of
LOMs and HOMs after a GRIN fiber for sensing lipids with a 10 MHz
ultrasound transducer was compared. The SNR was 2.3 times improved
by employing the mode self-cleaning effect. We also efficiently removed
the dominant ringing artifacts with a stripe suppression filter. With these
efforts, lipid particles as small as 75.7 pm in the phantom were clearly
imaged.
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