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Abstract—Large lipid core is common in rupture-prone
atherosclerotic plaques. Detection of the location and
distribution of lipid in the atherosclerotic plaques can greatly
benefit the diagnosis and treatment of vulnerable plaques.
Recently introduced intravascular photoacoustic (IVPA)
imaging - a technique to image the optical absorption property
of tissue - can be used to detect and differentiate atherosclerotic
plaques. In this work, we further investigated the ability of
using spectroscopic IVPA imaging to visualize the lipid in
atherosclerotic plaques. IVPA imaging was performed on an
ex-vivo rabbit aorta in the 1200 — 1230 nm wavelength range.
In the lipid-rich plaques, the photoacoustic signal strength
within this spectral range behaved similar to the optical
absorption spectrum of fatty tissue. To distinguish lipid from
other types of tissue, correlation analysis was used. Specifically,
intraclass correlation between the IVPA signals and the
absorption spectrum of lipid reconstructed from multi-
wavelength IVPA images was conducted on a pixel-by-pixel
basis. The resulted correlation map showed the distribution of
lipid in the atherosclerotic plaques. The distribution of lipid is
further confirmed by histopathological analysis of tissue. The
results of our study suggest that spectroscopic IVPA imaging,
together with correlation analysis, may be used to detect lipid
in atherosclerotic plaques.
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I. INTRODUCTION

therosclerosis is a process that leads to a group of

diseases characterized by plaques building up inside the
arterial wall. Atherosclerosis claims tens of thousands of
lives in the U.S. each year. Moreover, the number of deaths
is growing each year, and the disease is becoming more
prevalent [1]. Intense research has been focused on the
detection and treatment of vulnerable plaques. One of the
most common types of vulnerable plaques is the rupture-
prone plaque characterized by a large lipid core, thin fibrous
cap and macrophage infiltration [2]. Identification of the
location of the lipid content in atherosclerotic plaques can
help physicians to determine the type and vulnerability of
plaques.
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Intravascular photoacoustic (IVPA) imaging can be used
to image atherosclerosis with relatively high resolution
(axial resolution around 40 pm, lateral resolution around 5.5
degrees) and penetration depth of several millimeters [3]. In
IVPA imaging, after irradiating the arterial tissue with
nanosecond duration laser pulses, photoacoustic signals
generated by the thermal expansion of the arterial tissue are
acquired. The depth-resolved photoacoustic signal strength
is proportional to the local optical absorption coefficient of
the imaged tissue and the local laser fluence. By performing
IVPA imaging at multiple wavelengths, i.e. spectroscopic
IVPA imaging, the local optical absorption spectra of arterial
tissues can be reconstructed. Through comparison of the
multi-wavelength photoacoustic signal and the known
optical absorption spectra of various tissue types, the
constituents of atherosclerotic plaques may be identified [4,
5]. The spectroscopic approach has also been used to detect
macrophages loaded with gold nanoparticles in molecular
IVPA imaging [6].
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Fig. 1 Optical absorption coefficient of tissue types that may be present in
vessel wall and atherosclerotic plaques [7, 8].

To detect lipid content in atherosclerotic plaques,
photoacoustic imaging should be performed at the optical
wavelength around 1200 nm. As shown in Fig. 1, fatty tissue
has a distinct absorption spectrum different from other
potential tissue types present in plaques and the vessel wall.
The absorption coefficient of fatty tissue is very low below
1000 nm wavelength and becomes higher than the
absorption coefficient of water in the wavelengths around
1190 — 1250 nm. The optical absorption coefficient of fatty
tissue has a peak around 1210 nm wavelength, and then
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absorption spectrum of water in this region remains
relatively constant. The different absorption spectrum of fat
from water can be used to identify lipid in atherosclerotic
plaques.

In this study, we performed multi-wavelength IVPA
imaging on a diseased rabbit aorta in the NIR wavelengths.
Intraclass correlation (ICC) between multi-wavelength IVPA
signals and optical absorption spectrum of the lipid was
analyzed to identify the presence of lipid content within the
plaques. The high correlation coefficients in the ICC result
may indicate the location of lipid content. Lastly, the
presence of lipid in the plaques was confirmed by
histopathological analysis.

II. MATERIALS AND METHODS

A. Animal Model

The New Zealand White rabbit was used as the animal
model for atherosclerosis. It has been reported that fatty
streaks and advanced fatty streaks can be developed in this
type of rabbit through a long term low-cholesterol diet [9].
In this study, an animal was put on a low-cholesterol diet
(0.2%) for 10 months. After sacrificing the rabbit, the aorta
was extracted for IVPA imaging.

B. Experimental Design

The experimental setup of the imaging system is shown in
Fig. 2. An OPO tunable laser that can generate laser pulses
from 680 — 950 nm and 1200 — 2400 nm wavelengths was
used in the experiment. The pulse duration of the laser was
around 7 ns. The laser beam was coupled into an optical
fiber with a core diameter of 1.5 mm. The output end of the
fiber was aligned with a clinically available 40 MHz
intravascular ultrasound (IVUS) imaging catheter (Boston
Scientific, Inc.). The element of the IVUS transducer was
faced towards the output of the optical fiber. The radio
frequency (RF) signal was digitized using an A/D card
operating at 200 MHz sampling rate.
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Fig. 2 Experimental setup of the IVPA and IVUS imaging system.

Once the IVUS imaging catheter was aligned with the
optical fiber output, a segment of the aorta tissue measuring
about 2 cm in length was immersed into saline. The aorta
was irradiated with laser pulses externally, and the
photoacoustic signal generated within the vessel wall was

recorded using the IVUS transducer. After a user-controlled
delay of 9 s, ultrasound pulse-echo signal was generated
and received by the same IVUS imaging catheter. The aorta
was then rotated by a stepper motor to another angular
position and IVPA/IVUS signal was recorded again.
Therefore, once the motor rotated the aorta 360 degrees, co-
registered IVPA and IVUS images were acquired. Each
image consisted of 256 beams. After the experiment, the
imaged cross-section of the aorta was marked using a
surgical suture for later histopathological analysis. The
histology slide was stained by Oil Red O stain for lipid and
RAMI1 stain for macrophages.

C. Intraclass Correlation

In order to identify the lipid content in the plaques,
intraclass correlation (ICC) was applied to the multi-
wavelength IVPA images [10]. ICC measures the strength of
linear relationship between subjects belonging to the same
class or the same subgroup or the same family. The ICC
between subjects can be expressed in the following function:
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where x;; and x;, are two measurements of the ith subject,
and r is the intraclass correlation output. A correlation value
of more than 0.75 is considered a good agreement between
two measurements [11].

In our study, ICC was used to assess the agreement
between  wavelength-dependent  photoacoustic  signal
strength and the spectroscopic optical absorption property of
lipid in atherosclerotic plaques. A correlation kernel size of
30 axial samples (110 um) by 5 beams (6 degrees) was
applied. To compensate the movement of the aorta tissue
between scans at various wavelengths, the size of the kernel
was chosen to be larger than the resolution of the imaging
system. The computed correlation coefficient was assigned
to the location corresponding to the middle of the kernel.
The correlation analysis was performed at every position
within the entire IVPA image, i.e., the kernel moved with a
step size of one sample or beam. At each position, the
photoacoustic signal strength from different wavelengths in
the kernel was normalized and compared with the
normalized absorption spectrum of lipid.

III. RESULTS AND DISCUSSION

The IVUS image of one cross-section of the diseased
rabbit aorta (Fig. 3(a)) clearly shows the morphology of the
aorta. Close to the inner lumen of the aorta, hypoechoic
ultrasound signals are generated from the lipid-laden plaques
in the thickened intima layer; whereas the media and
adventitia layer generate hyperechoic ultrasound signals.
The IVPA image of the same cross-section of the aorta
acquired at 1200 nm wavelength is shown in Fig. 3(b) with a
dynamic range of 40 dB. From the IVPA image, it is
difficult to identify the location of the optical absorber that
generated the photoacoustic signal. By combining the IVPA
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and IVUS images together, locations of the absorber can be
identified (Fig. 3(c) and Fig. 3(d)). High intensity
photoacoustic signals can be observed close to the outer
boundary of the aorta because of high laser fluence in that
region. Lower intensity of photoacoustic signals were
generated from the middle of the aorta wall.

Fig. 3. IVUS cross-sectional image of the atherosclerotic rabbit aorta (a).
IVPA image of the same cross-section obtained at 1200 nm wavelength (b).
Combined IVPA and IVUS images at 1200 nm wavelength (c) and 730 nm
wavelength (d).
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Fig. 4. The IVPA image taken at 1200 nm wavelength (left), and the
normalized photoacoustic response at various wavelengths from the area
denoted by green rectangle (right). The photoacoustic response from 1200
to 1230 nm with a step size of 10 nm was normalized to the signal strength
at 1200 nm wavelength.

The green arrows in Fig. 3 point to a region of interest that
generates photoacoustic signal at 1200 nm. However, when
imaged at 730 nm, the photoacoustic signal from the same
region is undetectable. As shown in Fig. 1, at the wavelength
over 1000 nm, water and fatty tissue became the main
absorber. Moreover, fatty tissue absorbs more than water
above around 1200 nm wavelength. Thus, the photoacoustic
signal indicated by the green arrow may be generated from
the lipid in atherosclerotic plaques. To confirm this
observation, photoacoustic strength at various wavelengths

from the arrow pointed area is plotted in Fig. 4. The
normalized photoacoustic signal strength shows a similar
descending trend as the absorption spectrum of fat (Fig. 1),
whereas the absorption spectrum of water is almost constant.
Note that the absorption spectrum of the fatty tissue has a
peak at 1200 nm wavelength, which is absent in the
spectrum of normalized photoacoustic signal strength. The
absence of the 1210 nm absorption peak may be due to the
difference in absorption spectrum of fatty tissue from lipid in
atherosclerotic plaques.

ICC was applied to IVPA data in 1200 - 1230 nm spectral
range with a step size of 10 nm. High ICC coefficients
(>0.75) were color coded and overlayed on top of the IVUS
image (Fig. 5). Almost all high correlation coefficients are in
the region of thickened intima layer, where lipid content is
usually found in a diseased aorta. The strong photoacoustic
signals in the adventitia layer (Fig. 3(b)-(d)) were not shown
in the ICC result because of low correlation coefficients. The
ICC result of spectroscopic IVPA data shows that the optical
absorption spectrum from tissue in the outer boundary of the
aorta is different from the inner lumen. Thus, the outer and
inner portions of the vessel wall have different tissue types.
In the wavelength ranging within 1200 — 1230 nm, the
scattering from the arterial tissue is less than that in the
650 — 900 nm range. As a result, the tissue scattering plays
less of a significant role in imaging using 1200 — 1230 nm
spectral range. Moreover, the tissue scattering changes little
within the 30 nm wavelength range where IVPA imaging
was performed. Thus, even without the depth compensation
for wavelength-dependent scattering in tissue, intraclass
correlation can successfully differentiate tissue types.

Fig. 5. Intraclass correlation coefficient with magnitude greater than 0.75 is
overlaid onto the IVUS image to show the distribution of lipid content in
atherosclerotic plaques.

Histopathological analysis was performed on the aorta
tissue close to the imaged cross-section (Fig. 6). Histology
slides show concentric lipid rich plaque occupying about
40% of the lumen. Oil Red O stain clearly demonstrates the
lipid content in the inner part of the vessel wall. The location
of the lipid content agrees with the ICC result in Fig. 5.
Interestingly, close to the media layer, where Oil Red O
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stain is relatively stronger, there is also more lipid content
shown in the ICC-based image. Note that not all the lipid
content in the plaques was shown in the ICC result. The
reason might be that the photoacoustic signal generated from
low concentration of lipids was below the detection limit of
the imaging system.

(a) (b)

Fig. 6. Oil Red O stain for lipid (a) and RAM11 stain for macrophages (b)
close to the imaged cross-section of the atherosclerotic rabbit aorta.

There are several limitations because of the limited
resources in this study. First, because of limited data on
absorption spectrum of lipid content in atherosclerotic
plaques, we used the absorption spectrum reconstructed
from the photoacoustic signal in the suspected lipid region
for the ICC analysis. For a more accurate analysis, the
optical absorption property of lipid-rich plaques needs to be
measured. Second, because of the limited wavelength range
of the OPO laser source, we performed IVPA imaging in a
small wavelength range (1200 — 1230 nm). Ideally, imaging
should be performed in a wavelength range from around
1150 nm to 1230 nm to cover the distinct absorption
spectrum of lipid from water. Third, in order to confirm the
reliability of the photoacoustic spectroscopic imaging
method to detect lipid in atherosclerotic plaques, future
experiments will be performed using different cross-sections
of the aorta on different types of atherosclerotic plaques.
Note that the experiment was performed with laser light
irradiated from outside of the artery. For in vivo IVPA
imaging, a combined catheter needs to be developed. One
option is using fiber optics to deliver light inside the
artery [12].

IV. CONCLUSION

IVPA imaging was performed on an ex-vivo diseased
aorta in the NIR wavelengths. Within the 1200 — 1230 nm
wavelength range, the photoacoustic signal in the lipid-rich
region of the plaque has the similar optical absorption
spectrum of fatty tissue. By applying the ICC method
between the multi-wavelength IVPA images and the
reconstructed absorption spectrum of lipid, the location of
lipid content in the plaques may be identified. The
distribution of the lipid content from ICC result corresponds
with the distribution of lipid in Oil Red O histological stain.
Thus, spectroscopic IVPA imaging near 1200 nm
wavelength has the potential to detect lipid in atherosclerotic
plaques.
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