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Intravascular photoacoustic (IVPA) imaging, benefiting
from high optical contrast, large imaging depth and absorp-
tion specificity, is of great potential for lipid-rich plaque
detection. However, the diameters of reported IVPA endo-
scopes are too big to intervene into the coronary artery
branches. Here, by designing an ultracompact house em-
bedded with a side-fire fiber and a miniature single-element
ultrasound transducer, we developed an ultrafine IVPA
endoscope with a diameter of 0.7 mm aiming at coronary
artery branches atherosclerotic plaque detection. The reli-
ability and feasibility of the ultrafine IVPA endoscope
was demonstrated by imaging a stent with a 1.6 mm inner
diameter. Furthermore, the photoacoustic imaging and
ultrasound imaging of a mouse thoracic aorta with an inner
diameter of 1.15 mm was conducted to verify the clinical
potentiality of the endoscope, and the PA images have good
consistency with histological staining results. To the best
of our knowledge, this is the first time we have achieved
the IVPA imaging in fine vessel by the 0.7 mm diameter
ultrafine photoacoustic endoscope, which paved a way
for the translation of the IVPA endoscope to clinical
application. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.005406

Coronary artery diseases, caused by atherosclerotic plaque
rupture and subsequent thrombosis, remain the leading
factors of morbidity and mortality throughout the world [1].
Photoacoustic imaging (PAI) is a rapidly developing technique
capable of providing anatomic, functional, and molecular infor-
mation about biological tissue, which can provide volumetric
images with high optical contrast and high ultrasonic spatial
resolution at sufficient imaging depths [2–11]. Intravascular
photoacoustic (IVPA) imaging has been one of effective meth-
ods for quantitative assessment of plaque lesions and mapping
the lipid distribution over the entire artery wall [12–16]. The

ongoing development of IVPA endoscopes has focused on
improving the imaging speed, achieving high spatial resolving
ability, and combining them with other intravascular imaging
methods. Various fast optical parametric oscillator (OPO) la-
sers, new beam focusing methods and other mixed technologies
related to the IVPA system have emerged within the past few
years [17–24]. However, the diameter of an IVPA probe is still
one of the factors that limit the IVPA endoscope for coronary
artery branches detection. Coronary artery branches, such as
the anterior descending branch from the main coronary artery
to the circumflex branch, are usually characterized by exceed-
ingly small diameters. When stenosis takes place in those
branches, the acute coronary syndromes would occur with high
probability. Therefore, the miniaturization of the IVPA endo-
scope is of great significance for the detection of coronary artery
branches atherosclerotic lipid-rich plaque. In this circumstance,
the ultrafine IVPA endoscope has the advantage of lipid
detection.

In this Letter, we present the design of an ultrafine IVPA
endoscope with an ultracompact house, a side-fire fiber (SFF)
and a miniature single-element transducer. The SFF with an
angle of 35° and coated with gold film at the polished end
was used for the delivery of light to the probe. The core diam-
eter of the SFF was 50 μm, and the total diameter of the fiber
was 144 μm. The miniature single-element ultrasound trans-
ducer with the dimension of 0.5 mm × 0.6 mm × 0.3 mm
(customized, Doppler, Guangzhou, China) was used for PA sig-
nals reception. The design of the ultrafine endoscope with a
diameter of 0.7 mm is shown in Fig. 1(a). The SFF and the
transducer cable were installed through the two channels of
the 0.7 mm diameter house, and the transducer was fixed
on the platform of the house. The transducer was fixed forward
the SFF, with its sensing area facing the laser emit direction.
Then, the 0.7 mm ultracompact house embedded with the
SFF and the miniature ultrasound transducer was connected
to a 0.7 mm diameter torque coil (customized, Asahi Intecc,
Aichi, Japan). The assembled 0.7 mm probe is shown in
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Fig. 1(b). The zoom-in view of the 0.7 mm probe and the
detailed design of the ultracompact house were shown in
Fig. 1(c), and the upper left showed the detailed cross section
structure of the ultracompact house. Figure 1(d) shows the
photographs of the probe from the top view and the side view,
along with the illuminating laser from the probe, since the laser
at 1720 nm is invisible; 680 nm was chosen to show the laser
emission path of the probe.

The intensity distribution of the emitted laser beam, mea-
sured by the beam analyzer at 1 mm distance from the SFF
polished end, is shown in Fig. 2(a). The intensity curve [inset
of Fig. 2(a)] exhibited the diameter of the spot, which was
about 200 μm. The miniature transducer has a central fre-
quency of 50 MHz, and the spectrum curve of the transducer
is shown in Fig. 2(f ). The ultrafine probe was connected to the

IVPA/US imaging system to rotate and acquire the PA/US
signals. An OPO laser source (NT200 Series Laser, Ekspla,
Vilnius, Lithuania) was used to deliver a high repetition pulsed
laser at a rate of 2.5 kHz, and the duration of the laser was
approximately 8 ns. The laser at 1720 nm, which was highly
absorbed by lipid, was used to conduct the experiments. The
laser beam was first collimated, then focused by a convex lens
and passed through a 50 μm pinhole for spatial filtering.
Subsequently, the reshaped laser was focused into the fiber
by an objective lens (RMS4X, Thorlabs, USA), which was fixed
in a Travel Flexure Microblock MBT Series Stage (MBT613D,
Thorlabs, USA). The fiber was connected to the stator end of
an optical-electric slip ring (customized, JINPAT, China).
Finally, the laser was delivered to the probe by the SFF. The
output energy from the fiber tip was about 32 μJ, and the
energy density was calculated to be 0.1J∕cm2, which was
below the 1 J∕cm2 ANSI safety standard at this wavelength.
The PA signals excited by the pulse laser were transmitted
by the optical-electric slip ring mentioned above. The three-
dimensional (3D) images of the samples were obtained by
the rotation motor and the retraction motor [25].

The induced IVPA/US data detected by the ultrasound
transducer were first pre-amplified by the pulse generator/
receiver (5073PR, Olympus, USA) with a 10 dB gain, and then
the raw data was amplified by the main amplifier (LNA-650,
RFBAY, Gaithersburg, MD, USA) with a 53 dB gain and
digitized by a high-speed data acquisition card (M-3i.4120,
Spectrum, German) at a sampling rate of 250 MHz/s. All the
procedures were controlled by the Labview software (National
Instrument, USA), and the data reconstruction was processed
by MATLAB (MathWorks, USA).

To evaluate the spatial resolution of the ultrafine endoscope,
imaging of a carbon fiber with strong optical absorption and a
well-defined thin diameter was conducted. The carbon fiber,
with a diameter of 7 μm, was positioned parallel to the probe
within an agar phantom. And the distance between the probe
and the carbon fiber was about 1.0 mm. Figure 2(b) showed the
reconstructed cross-sectional PA image of the carbon fiber with
a rotational scanning, as the bright spot observed in the
view. The enlarged PA image of the carbon fiber is shown
in Fig. 2(c). The experimental data of the imaged carbon fiber
was plotted along the radial direction and the transverse direc-
tion, respectively. The dotted lines were then fitted with
Gaussian functions to estimate the lateral resolution and the
axial resolution. Based on the full width at half-maximum
(FWHM) of the fitted functions, the lateral resolution was
estimated to be 209 μm, while the axial resolution was
61 μm, as shown in Fig. 2(d) and Fig. 2(e), respectively.

In the proof-of-concept experiment, the feasibility of the ul-
trafine probe was first verified by imaging a fine stainless-steel
cardiovascular stent with an inner diameter of 1.6 mm. The
stents were widely used when the vascular was stenotic. The
endoscope with the finer diameter was easier to intervene into
the stent, facilitating the observation of stent expansion and
apposition. In our experiments, the stent was fixed in agar
phantom, and the probe was put in the center of the stent.
Five hundred A-lines were acquired to reconstruct a cross-
sectional PA image. The imaging planes were moved axially
from proximal to distal of the stent with the spatial distance
of 200 μm using the retraction motor. Two hundred and fifty
cross-sectional PA images were acquired to reconstruct the 3D

Fig. 1. Design and photograph of the 0.7 mm ultrafine IVPA endo-
scope. (a) Main components of the probe before being assembled.
(b) Assembled 0.7 mm probe. (c) Zoom-in view of the probe tip with
emit laser and excited ultrasonic waves. The upper left corner was the
cross-section structure of the house. (d) Photograph of the fabricated
0.7 mm probe and the illuminating laser (at 680 nm) from the probe.

Fig. 2. Lateral and axial resolution of the ultrafine IVPA endoscope.
(a) The emitted laser beam intensity distribution of the SFF measured
by the beam analyzer, and the bottom right corner is the measured
laser spot curve. (b) The B-scan IVPA image of a carbon fiber
(7 μm in diameter). (c) Enlarged view of the dashed box in (b).
(d) The lateral resolution of the ultrafine endoscope. (e) The axial res-
olution of the ultrafine IVPA endoscope. (f ) The bandwidth of the
miniature single-element ultrasound transducer.
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image of the stent. The photograph of the stent is shown in
Fig. 3(a). Since the stent was not completely same from the
proximal to the distal, three representative cross sections
(the white dash lines labeled as I, II, III) were chosen to test
the ability of the endoscope. Figure 3(b) exhibited the corre-
sponding PA images of the three chosen cross sections. The
cross-section I PA image showed the even spacing wire of stent.
The cross-section II PA image displayed the stent junction of
two wires and that was why the least bright spot in the PA im-
age, and the cross-section III PA image depicted the largest
spacing wire of stent. The 3D PA image of the stent recon-
structed by Volview (Kitware, USA) was also displayed in
Fig. 3(c). The cross-sectional images and the 3D PA images
showed good morphology of stent, which indicated that the
endoscope can be performed post-intervention to guide the
situation of the stent.

To verify the performance of the ultrafine probe in fine
vessel-mimicking sample with lipid core, PA imaging of the
porcine adipose tissue in fine tubular was conducted. The por-
cine adipose tissue was put into a tube with an inner diameter
of 1.6 mm [Fig. 3(d)], and the endoscope was employed to
detect lipid-rich plaque spatial structure in a fine vessel. The
experiment was conducted as described above. Figure 3(d) ex-
hibited the photograph of the fine tubular sample with a lipid
core. Three different cross sections [marked as i, ii, iii by green
dash line in Fig. 3(d)] of the sample were chosen to display
the PA images. Figure 3(e) showed the corresponding cross-
sectional PA images of the sample marked in Fig. 3(d); the
PA images of the three sections were diverse from each, just
as the photograph showed. The 3D PA image of the fine
vessel-mimicking sample with a lipid core is also reconstructed
and shown in Fig. 3(f ). The spatial structure of the fine vessel-
mimicking sample with a lipid core was clearly observed. The
good contrast 3D images of stent and the fine vessel-mimicking
sample with a lipid core demonstrated the reliability and fea-
sibility of the ultrafine IVPA endoscope.

To further verify the advantage of the ultrafine endoscope
with a 0.7 mm diameter for fine vessel imaging, the ex vivo
IVPA/US imaging of a thoracic aorta (with an inner diameter
of 1.15 mm) from an ApoE-mouse (35 weeks old) was carried
out. After sacrificed by euthanasia, the mouse thoracic artery
was excised and preserved in formaldehyde before IVPA/US
imaging experiments [26]. The harvested artery was fixed in
an agar phantom, and the experiments were conducted without
the outer sheath. Then, a spiral scan from the proximal end to
the distal end was conducted. After the IVPA imaging, the
mouse thoracic artery was sectioned into slices and stained with
Oil Red O for histological analysis. The stained tissue slices
were captured using a color camera (AxioCam MRc 5, Carl
Zeiss, Germany) mounted on a stereoscope (SteREO Lumar.
V12, Carl Zeiss, Germany).

Two obtained cross-sectional IVPA images and US images
of the thoracic aorta are shown in Fig. 4. Figure 4(a) showed the
IVPA images of lipid distribution of the thoracic aorta, two
white arrows showed the lipid imaged by the ultrafine IVPA
endoscope (corresponding to the black arrows showed in
histological result), and the US image of the aorta section is
shown in Fig. 4(b) and the merged IVPA/US image is shown
in Fig. 4(c). Compared with the corresponding histological
stain result, the merged IVPA/US image indicated that the lipid
reconstructed by the ultrafine IVPA endoscope was from the
peri-adventital adipose of the aorta. The same result was
observed earlier in this Letter.

The US images revealed the morphology of the thoracic
aorta, which also has good consistency with the histological
stain results. Since the aorta has been preserved in formalin,
which may cause the deformation of the samples, several layer
structures of the sample can be seen in histological images,
which were also observed in the US images. In addition, the
operating procedure of the frozen slice may change the

Fig. 3. IVPA endoscope imaging of the stent and the fine vessel-
mimicking sample with lipid core. (a) Photograph of the stent with
an inner diameter of 1.6 mm; the scale of the ruler is 1.0 mm.
(b) Corresponding cross-sectional PA images of the stent marked in
(a). (c) 3D PA image of the stent in (a); the scale bar is 1.0 mm.
(d) Photograph of the fine vessel-mimicking sample with lipid core.
(e) Corresponding cross section PA images of the sample marked
in (d). (f ) 3D PA image of the fine vessel-mimicking sample with
lipid core.

Fig. 4. PA and US images of the mouse thoracic aorta. (a),
(e) Corresponding IVPA images of lipids at different cross sections
(marked as I, II) in (i). (b), (f ) Corresponding IVUS images of the
cross sections I and II. (c), (g) Merged IVPA and IVUS images.
(d), (h) Corresponding Oil Red O stain results. (i) Reconstructed
3D IVPA image of lipids. (j) Mean and mean square deviation error
of the lipid area counted in IVPA imaging and histological staining.
(k) Bland–Altman tests of IVPA and histology (n � 20). The scale bar
is the same as the scale in Figs. 4(d) and 4(h).
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morphology of the adipose tissue from the vascular wall, and
this may lead to the difference between the IVPA/US images
[Figs. 4(c) and 4(e)] and the histology stained slice results
[Figs. 4(d) and 4(h)]. The 3D IVPA image of the lipid distri-
bution in the mouse thoracic artery is shown in Figs. 4(i), and
the lower left corner was the photograph of the mouse thoracic
aorta (black dotted box was the imaging region).

The lipid area from the histological staining photograph and
the PA images were measured by Image-Pro Plus (IPP) software
(Media Cybernetics, USA). The mean and the mean square
deviation error of the lipid area in the PA imaging and histo-
logical staining results are shown in Fig. 4(j). The average lipid
areas were 0.1863� 0.04 mm2 and 0.1737� 0.06 mm2 for
histological staining and IVPA imaging, respectively. Bland–
Altman tests (n � 20) were performed to determine the agree-
ment between them with Medcalc (Medcalc software, USA)
in Fig. 4(k). The results also demonstrated a high degree of
coherency between IVPA and histology staining results.
These results indicated that the IVPA imaging was in good con-
sistency with the histological staining in narrow artery lipid
detection.

The diameter of the endoscope was critical to access the side
branch to fulfill interventional strategy of bifurcation lesions or
to evaluate the outcomes of bifurcation stenting. The total
diameter of the ultrafine IVPA endoscope does not exceed
0.9 mm, even if the outer sheath is included, which is close
to the diameters of the clinically used IVUS catheter with a
diameter of 2.9 Fr (about 0.96 mm, Boston Scientific,
USA) and the IVOCT catheter with a diameter of 2.7 Fr (about
0.89 mm, Dragonfly, C7, USA) (the outer sheath was counted
in the diameter). Though there are some noises, which may
cause the little artifacts in IVPA images, the ultrafine IVPA
endoscope can still reconstruct most lipids in very fine vessel.
In general, the ultrafine IVPA/US endoscope not only has the
ability of lipid detection but can also locate the lipid position by
comparing with US imaging.

In summary, we have designed and developed an ultrafine
intravascular photoacoustic endoscope with a diameter of
0.7 mm, and the IVPA imaging of the stent and the mouse
thoracic artery exhibited good reliability and consistency with
histological staining results. The performance of the ultrafine
endoscope illustrated its capability of fine coronary artery
branches atherosclerotic detection. This ultrafine endoscope
can also combine with other intravascular imaging methods
such as IVOCT to provide more information about the coro-
nary artery atherosclerotic. However, there is still more work to
do to improve the performance of the ultrafine endoscope, such
as improving the lateral resolution in this diameter by focusing
the laser beam with fiber ball lens, and making the outer sheath
suit with this endoscope for further in vivo experiments, which
will promote the IVPA endoscope translation into clinical
application.
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