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ABSTRACT

Defocus scanning, which causes a serious deterioration of the transverse resolution out of the focal zone, is a big obstacle to the application
of optical-resolution photoacoustic (PA) endoscopy (OR-PAE) in imaging internal hollow organs. However, the current solution to generate
an adjustable focal length is inapplicable for in vivo imaging due to the greatly increased scanning time. In this study, by applying an
elongated focus lens that produces Bessel beams to the OR-PAE, we developed a large-depth-of-field optical-resolution PA endoscope with a
depth of focus of ~8.6 mm in air, which can image targets at different depths without axial scanning, while maintaining a relatively constant
transverse resolution. Ex vivo experimental results demonstrate the advantage of the endoscope to image biological tissues at different depths.
Furthermore, an in vivo experiment presents three-dimensional vascular networks in the rabbit rectum, suggesting the potential of the

endoscope for colorectal clinical applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093789

Photoacoustic endoscopy (PAE) is a rapidly developing tech-
nique that embodies photoacoustic imaging (PAI) in a miniaturized
probe to image internal organs.' * As a label-free biomedical imaging
modality, PAI is based on optical illumination and ultrasonic (US)
detection.” "’ According to whether the laser beam is focused, PAE
can be categorized into two major types: acoustic-resolution (AR-)
PAE and optical-resolution (OR-) PAE."" In AR-PAE, an area optical
illumination is employed, and the spatial resolution is mainly deter-
mined by the intrinsic parameters of the US detector, such as the
bandwidth, the numerical aperture, and the center frequency.'” "
With this approach, the transverse resolution of images is generally
greater than 100 um. In contrast, OR-PAE utilizes a tightly focused
beam to achieve a high transverse resolution of less than 100 ym at the
expense of imaging depth, which is smaller than 1 mm due to the light
scattering in biological tissues;'® >’ whereas the axial resolution is still
determined by the time-resolved US detection.'>*' Therefore, com-
pared to AR-PAE, OR-PAE has greater vasculature resolving ability
owing to its higher transverse resolution.

Several groups have reported optical-resolution PA probes to
image blood vessels in internal organs. However, most of them utilize
a graded-index lens to focus light,”” ** thus generating a fixed depth of

focus (DOF) of much less than 1 mm, which generally causes defocus
scanning when internal hollow organs are imaged due to the difficulty
in ensuring that all targets at different positions are within such a short
DOF. Since the transverse resolution is seriously degraded out of the
focal zone, an autofocusing OR-PAE was developed in our previous
work to address the issue of defocus scanning.”® Nevertheless, chang-
ing the focal length requires additional scanning time and complex
data processing, which is unsuitable for real-time colorectal imaging.
Recently, many methods have been introduced to extend the
DOF in optical imaging fields, such as spatial multiplexing,” layer-
by-layer frequency domain imaging,”® deformable mirror,” spatial
light modulator,”” and synthetic Bessel light needle.”’ Although the
proposed methods are effective for DOF extension, those complicated
devices are inapplicable for endoscopic systems. Here, by utilizing an
elongated focus (EF) lens to generate Bessel beams, we developed a
large depth-of-field colorectal PA endoscope, which achieves relatively
constant transverse resolution at different depths without axial scan-
ning. Despite the fact that a conical lens can also generate Bessel
beams, it has difficulty in fabricating an ideal conical surface, and the
manufacturing errors can distort the Bessel beams.”” ° Nevertheless,
by employing computer-generated lithographic masks and etching
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technology to produce a continuous microstructure relief pattern, the
diffractive EF lens alters the phase of incident collimated beams to
create Bessel beams with high precision and high efficiency.

Figure 1(a) shows the schematic of the entire PAE system. A
trigger module provides a synchronous trigger for a pulsed laser
(527 nm, 7 ns pulse width) and a data acquisition system. Laser pulses
are coupled to a single-mode fiber and focused by a lens group, and
eventually, the focused laser beams are transmitted to the target tissue
after passing through the scanning head. Inside the probe, a stepper
motor and a linear motor are actuated by an external motor driver
to control the scanning head for rotation and linear motion. The PA
signals detected by the scanning head are amplified to ~50dB by an
amplifier (LNA-650, RF Bay) and then digitally recorded using a data
acquisition card (100 MHz, M3i.4110, Spectrum). Finally, the recon-
structed images are displayed on a computer. Figure 1(b) shows a
photo of the probe. To encapsulate the probe, a biocompatible acrylo-
nitrile butadiene styrene plastic tube (8 mm outer diameter, 12 cm
length) and a transparent medical-grade polystyrene coupling window
(500 um thickness, ~2 cm length) were fabricated. An iron block is
embedded in the bottom of the housing; hence, the probe can be flexi-
bly attached to or removed from the mechanical arm by switching on
or off the magnetic base.

Figure 1(c) presents a schematic to illustrate the built-in three-
dimensional (3D) scanning structure of the probe. Inside the housing,
a rotating shaft is supported by a sliding plastic case (SPC) through a
custom-built sliding bearing, which ensures the smooth rotation of the
rotating shaft. The optical focusing unit is encapsulated by a lens
holder, which is fixed to the SPC and coaxial with the rotating shaft.
The scanning head is sustained by the rotating shaft to achieve
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FIG. 1. (a) Block diagram of the PAE system. NDF, neutral density filter; BS, beam
splitter; PD, photodiode; FC, fiber collimator; SMF, single-mode fiber; and DAS,
data acquisition system. (b) Photo of the probe and the peripheral fixed platform.
(c) Schematic of the detailed structure of the probe. SPC, sliding plastic case; SW,
synchronizing wheel; PTFE, polytetrafluoroethylene; HT, hollow tube; SB, sliding
bearing; and IH, injection hole. (d) Schematic of the configuration of the optical
components. AL, aspherical lens.
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mechanical scanning. The key component of the scanning head is a
customized ring-shaped US transducer (unfocused, 15MHz, 71%
bandwidth) with an outer diameter of 5mm and an inner diameter of
2.5 mm, which is used to detect PA signals. A rod lens (2.5 mm diame-
ter) located at the center of the US transducer was fabricated to trans-
mit light reflected by a reflector (45°) and seal the hole. Hence, the
optical illumination and the acoustic detection can be realized coaxi-
ally to optimize the sensitivity. The signal wire in the scanning head
passes through the groove of the 14 cm long rotating shaft and con-
nects to the slip ring. A hollow tube was fabricated to act as a rotating
shaft of the slip ring; hence, when actuated by a stepper motor and
four synchronous wheels, the rotating shaft and the slip ring rotate
synchronously. To achieve 3D imaging, a linear motor was employed
to move the SPC back and forth. Limited by the length of the coupling
window, the maximum longitudinal length for a C-scan is ~1 cm. An
O-ring at the distal end of the rotating shaft was exploited to seal the
gap between the rotating shaft and the plastic tube. Hence, acoustic
coupling inside the probe can be realized by injecting water into the
probe through an injection hole (~1 mm diameter) in the coupling
window. However, as the scanning head moves forward, water flows
out of the injection hole, and thus the scanning head needs to be
pulled back after a C-scan for another water injection. Moreover, a
0.5mm thick polytetrafluoroethylene (PTFE) sheet was placed
under the SPC; thus, the linear motion can be carried out smoothly.
When a C-scan is performed, the plastic tube and the housing remain
stationary.

Figure 1(d) illustrates the optical assembly in the probe. Laser
pulses exited from a single-mode fiber are collimated by a customized
fiber collimator composed of an aspherical lens (352610-A, Olympus)
into parallel beams (~4 mm diameter). Then, the collimated beams
pass through an 11-mm diameter EF lens (EF-023-IYA, HOLO/OR)
with a focal length of ~152 mm to generate Bessel beams, which are
focused by an aspherical lens (#48-185, Edmund) and sent to the
target through the reflector inside the scanning head. The DOF is pro-
portional to the focal length of the focusing lens, and inversely propor-
tional to the collimated beam diameter. Additionally, the increase in
the wavelength or refractive index of the medium also extends the
DOF, but at the cost of increasing the spot size.

Before assembling the lens group into the probe, we quantified
the performance of the output beam. Figure 2(a) shows the simulated
optical intensity map of the focal zone. In the simulation, the beam
quality M and the refractive index n are set to 1. Considering that the
coupling medium we used for PA imaging is water, and assuming that
laser beams that exited from the rod lens are in the range of 135 mm
to 170 mm along the optical axis, another simulation was performed
by changing n to 1.33 in this range [Fig. 2(b)]. In Figs. 2(a) and 2(b),
the distance between the two white lines is the DOF, which is defined
as the range for which intensity (Y = 0) is greater than 1/2 of the maxi-
mum value; the two red lines depict the theoretically spot size at full
width at half maximum (FWHM). Hence, when the coupling medium
is air (n= 1) and water, the DOF is 8.6 mm and 9.8 mm, respectively.
Furthermore, in Fig. 2(a), the beam size within the DOF ranges from
17.5 um to 36.8 um. However, in Fig. 2(b), the spot size in the DOF
varies from 22.3 ym to 44.7 um.

To validate the simulation results, an experimental measurement
of the beam size was implemented. After the optical fiber was con-
nected to the fiber collimator, the lens holder was mounted on a
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FIG. 2. (a) and (b) Simulated transmission (i.e., one-way) light intensity maps of the
focal zone when the refractive index n of the coupling medium (in a range from
135mm to 170 mm along the optical axis) is 1 and 1.33, respectively; while in the
rest of the region both have a refractive index of 1. The distance between the two
white lines is the DOF, and the two red lines depict the theoretically calculated spot
size at full width at half maximum (FWHM). (c) Experimentally measured minimum
laser beam intensity profile in the focal zone (n = 1). (d) Experimentally measured
variation of the spot size along the optical axis with and without an EF lens.

one-dimensional translation stage with an adjustable range of 50 mm.
A beam profiler was aligned with the lens group to ensure that the
laser beam is perpendicularly illuminated on the beam profiler.
According to the results in Fig. 2(a), after finding the smallest beam
size at a distance of ~147.8 mm, we recorded the spot size within the
range of 9.45mm at a 1.35mm step size. As shown in Fig. 2(c), the
minimum FWHM-based beam diameter is ~24 um, which is larger
than the simulation result of 17.5 um; the discrepancy is mainly due to
the worse beam quality than the theoretical value. Figure 2(d) illus-
trates the variation of the spot size along the optical axis with and
without the EF lens. When the EF lens is used, the spot size changes
by ~21 pum within 8.6 mm, which is basically consistent with the theo-
retical simulation results [Fig. 2(a)]. Nevertheless, without the EF lens,
the spot size varies by ~126 um in the same range, indicating the sig-
nificant advantage of the EF lens. Consequently, a focal length of
~147.8 mm and a DOF of ~8.6 mm were recorded as parameters of
the lens group in air. When the coupling medium is water, the focal
length and the DOF increase by about 1.5mm and 1.2 mm, respec-
tively. Additionally, based on the discrepancy in the spot size (n=1)
between simulation and experiment, it is speculated that the actual
spot size is within a range of ~28.8 um to ~51.2 um when the cou-
pling medium is water.

Seven carbon fibers (~7 um thickness) were utilized as targets to
evaluate the spatial resolution of the endoscope. In the phantom, car-
bon fibers were imaged from a 4.32 mm to 13.8 mm distance in water
medium. Based on the results in Fig. 2, we adjusted the distance
between the lens holder and the reflector to cover all targets in
the DOF. Figure 3(a) shows a PA B-scan image of the optical phan-
tom. Figure 3(b) presents enlarged views of the dashed boxes in (a).
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FIG. 3. (a) PA B-scan image of seven carbon fibers with a diameter of 7 um at
different depths. (b) The magnified images of dashed rectangles in (a). (c) Transverse
point spread functions (PSFs) of the seven carbon fibers in (a). (d) FWHM of the
transverse PSFs extracted from (c). (e) Axial resolution of the carbon fiber at position
1in (a).

Figure 3(c) illustrates the transverse point spread functions (PSFs) for
the carbon fibers located at seven different depths [Fig. 3(a)]. It can be
concluded from Figure 3(c) that the optical intensity at 13.8 mm
decreases by 48% compared with that at 7.12 mm. In Fig. 3(d), accord-
ing to the FWHM of the PSFs extracted from Fig. 3(c), the optimal
transverse resolution (~40.18 um) is around at the imaging depth of
7.12mm. In the range of 9.48 mm, the transverse resolution is reduced
by ~24 um. The experimental transverse resolution is lower than that
predicted in Fig. 2. The discrepancy may be mainly due to the imper-
fections in the coupling window. Figure 3(e) shows the PA A-line
Hilbert-transformed signal at 7.12 mm. Based on the FWHM of the
PSF, the axial resolution is 125 ym, which is basically consistent with
the theoretical axial resolution’” (117 um).

To illustrate the imaging feasibility of the endoscope on biological
tissues at different depths, ex vivo imaging of an excised small intestine
of a pig was performed. As shown in Fig. 4(a), the small intestine was
placed on the outside surface of a noncircular hollow agar gel, which is
filled with water, then the probe was inserted into the hole of the agar
gel. Moreover, a contrast experiment was conducted by taking out the
EF lens. Figures 4(b) and 4(c) show the representative PA B-scan
image with and without the EF lens. Figures 4(d) and 4(e) show
enlarged views of the dashed boxes in Figs. 4(b) and 4(c), respectively.
As shown in Fig. 4(d), both subimages located in different areas clearly
provided the distribution of the vasculature. However, without the EF
lens, the blood vessels in the defocus area were not clearly distin-
guished owing to the deteriorated transverse resolution. Besides, due
to the light scattering in agar and the loss of blood in the excised small
intensity, only partial large blood vessels can be imaged.

To further demonstrate the full vasculature resolving capability
of the endoscope, we imaged the rectum of a New Zealand white
rabbit (~2.5kg, female). Before the experiment, the rabbit was fasted
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FIG. 4. (a) Schematic of an excised pig small intestine imaging experiment. (b) PA
B-scan image with the EF lens. (c) PA B-scan image without the EF lens. (d) and
(e) Representative magnified B-scan images in (b) and (c). The two subimages 1
and 2 represent the nearest and the farthest areas in (b), respectively. The two
subimages 3 and 4 represent the areas of defocus and focus in (c), respectively.

for ~12 h to make its rectum as empty as possible. Afterwards, the rab-
bit was anesthetized by injecting 1g/kg urethane intravenously and
placed on a tilted thermostatic stage (~10°) in a supine position. Once
the rabbit was properly fixed, we gave it a saline enema and filled its
rectum with clear water for acoustic coupling. During the imaging pro-
cess, anesthesia was maintained with 1.5% to 3% isoflurane through a
mask. Then, the probe was inserted into the rectum and fixed on the
mechanical arm. In the experiment, the laser pulse energy is 2 uJ at an
8 kHz repetition rate, which yields an optical fluence of 12.5 mJ/cm®
(62.5% of the ANSI safety limit™). To achieve a C-scan, we recorded
images with a 2 Hz B-scan frame rate when the linear motor actuated
the scanning head to move at a speed of 40 um/s. All procedures in the
experiment were approved by the South China Normal University.

presents the in vivo imaging results. shows a
volume rendered image from the rabbit rectum. The image was proc-
essed from 400 B-scan slices over a scanning time of ~3.3 min; thus, it
covers an 8-mm longitudinal length. shows a subimage of
the selected region in , clearly presenting the blood vessels in
the rectum and the adjacent mesentery. As shown in the radial-
maximum amplitude projection (RMAP) image [ ], in the later
stages of imaging, the imaging quality decreases due to the effect of air
bubbles. and present B-scan images selected from
position I and position II in , respectively. Although the rectal
diameters of the two positions differ by ~1 mm, it can be seen from
the subimages 1 and 2 that both present blood vessels as small as
~50 um in diameter, so there is no significant deterioration in trans-
verse resolution due to the long DOF.

In summary, we developed a PA endoscope with ~8.6 mm DOF
in air and demonstrated its imaging capability through ex vivo and
in vivo animal experiments. The transverse resolution of the endo-
scope in water medium varies from 41.8 um to 62 um in a range of
9.48 mm. Compared with an autofocusing endoscope, the merits of
the large depth-of-field and the built-in scanning structure make the
endoscope more suitable for clinical 3D imaging of the colorectum.
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FIG. 5. (a) In vivo PA image of a rabbit rectum. (b) The magnified image of the
dashed rectangle in (a). MA, mesenteric artery. (c) The radial-maximum amplitude
projection (RMAP) image of (a). (d) and (e) Representative B-scan images selected
from position | and position Il marked in (c), respectively. The rectal diameters of
the two positions differ by ~1 mm. The two typical subimages 1 and 2 are magni-
fied images of dashed rectangles in (d) and (e), respectively.

Nevertheless, the length of the plastic tube, which is limited by the
focal length of the lens group, is only 12 mm. In the future, the effec-
tive length of the probe can be increased by employing a smaller lens
group that can be mounted inside the scanning head. Furthermore,
the convex surface of the coupling window causes geometric acoustic
aberration, thus decreasing the sensitivity of the US transducer.
Replacing the rigid coupling window with a transparent elastic mem-
brane will improve the image quality and eliminate the attenuation of
ultrasound and light. As the endoscope presents PA images with 3D
vasculature information, it has potential for imaging colorectal tumors
and thereby provide clinicians with appropriate treatment protocols
for colorectal diseases.
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