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Abstract: Endoscopic imaging allows longitudinal observation of epithelial pathologies in
tubular organs throughout the body. However, the imaging and optical diagnosis of tubular
biostructures such as small animal models and small pediatric organs require appropriately
miniaturized devices. A miniaturized catadioptric flexible side-view endoscope is proposed
with omnidirectional field of view (FOV) in the transverse direction and sub-mm-scale
feature resolution. The FOV in the longitudinal direction is 50°. Images are unwrapped and
stitched together to form composite images of the target by two different algorithms,
revealing a composite FOV of more than 3.5 cm x 360°. The endoscope is well suited for
minimally invasive rapid monitoring of thin tubular organs in pediatric patients, as well as for
imaging of small animal disease models at near-cellular resolution.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Catadioptric devices, consisting of a combination of reflective and refractive elements, are
uniquely suited for applications requiring instantaneous imaging of a panoramic field of view
with a single sensor, and as a result they have found applications in fields as diverse as
computer vision and navigation [1], industrial oil pipe inspection [2], and wide-angle
surveillance [3,4], as well as in gastrointestinal imaging [5—7]. More recently, several teams
have investigated side-viewing but non-catadioptric endoscopes for biological applications,
such as esophageal endoscopy [8], and brain imaging [9,10].

In the biological sciences, as in industry, there is high demand for miniaturized imaging
technology. A large community of researchers is involved in the development of small animal
models of cancer in tubular epithelia such as the oral cavity [11], esophagus [12,13], and the
colon [14-18]. There is also significant interest in micro-endoscopic imaging of the cardiac
organs and the brain [19,20]. Small animal models allow quick and precise tailoring of
genetic variants to reveal chemical signaling pathways, reduce the time and cost of
experiments, and allow preclinical evaluation of potential therapeutic compounds [21].
Transfection of fluorescence-inducing viral vectors has allowed the fluorescent tagging of
tumor cells for orthotopic injection into the colon wall [14—18]. Fluorescent pharmaceutical
compounds have also been under development [22]. For the imaging of these targets in vivo
and the full longitudinal monitoring of the tumor development cycle, miniaturized side-view
endoscopes are necessary. Miniaturized endoscopes developed for small-animal applications
may later be adapted for pediatric and minimally-invasive clinical applications.

Catadioptric endoscope probes allow side-view imaging behind epithelial folds, which are
not accessible to surgeons when standard or wide-angle endoscopes are used [23,24],
potentially enabling the rapid detection of early-formation lesions. At present, state-of-the-art
side-view imaging is performed by rotating a mirrored micro-endoscope probe to stitch
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together cylindrical panoramic composite images [9,25]. However, the movement of the
imaging target due to autonomous tissue motion and experimental limitations results in
distorted or failed stitching, reducing the effective size of images. Furthermore, the rotation of
endoscope probes increases experimental invasiveness, resulting in failures of image
stitching, and tissue damage.

By imaging a panoramic region with a single sensor, catadioptric probes provide potential
solutions to these issues. Indeed, several research groups have developed side-view
colonoscope prototypes for clinical use in human gastroenterology, and these probes achieve
video images in viewing the large intestine [5,26,27]. Catadioptric probes with a panoramic
field of view would allow the simultaneous capture of panoramic views deep into folded
tissues without the need to correct for tissue motion. Several “dual view” and “reverse view”
catadioptric endoscope probes have been either proposed or demonstrated recently. Of these,
the smallest device diameter reported so far was in a cone-based capsule endoscope of
diameter 8 mm [28]. However, cone-based capsule endoscopes suffer from significant
astigmatism and field curvature aberrations [29].

In this paper, we demonstrate a family of novel flexible miniaturized micro-endoscopes
based on a single-fold catadioptric mirror design, which give a 360° side-view image of the
intestinal wall. The mirrors are demonstrated in parabolic geometry, and are fabricated by 3D
printing, while a number of off-the-shelf miniaturized lens assemblies are compared.
Composite image formation by stitching together a number of sequential full-diameter images
is demonstrated, and the modulation transfer function (MTF) is measured by the edge target
method. The probe is applied for imaging of the interior of a pediatric cardiac phantom
fabricated by 3D printing, resulting in the first realistic phantom image captured by a
miniaturized catadioptric probe, to the best knowledge of the authors.
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Fig. 1. Conception and realization of the miniaturized catadioptric device. (a) Example usage
of a proposed flexible catadioptric micro-endoscope. The goal of the catadioptric device is to
enable panoramic imaging into the thin tubular structures of the small animal and pediatric
epithelial tissues. (b) The simple device consists of six parts and (c) as realized, allows
imaging as well as illumination. (d) Scale design of a representative mirror mount and (e) lens
mount for additive manufacturing.
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2. Device design and experimental setup

In the application to side-view biological imaging (Fig. 1(a)), epithelial tissues such as the
colon, esophagus, trachea and even cerebral and vascular tissues will surround an endoscopic
probe such that the side-view probe is located at the central position of the tubular organs
[6,29-31], thereby maintaining a known working distance. To miniaturize the probe and
thereby minimize tissue damage, it was decided to focus on a single-fold catadioptric
geometry. In this way, not only could the probe be miniaturized, but aberrations introduced
by the mirror processing could be minimized, and the mirror assembly could be designed
without an additional interior aperture.

The standard optical model for catadioptric devices is the single-view-point design [30],
which results in an undistorted mapping between the world frame and the camera image,
provided that mirror geometries are selected from the conic sections [32]. Compared to other
strategies, mapping the catadioptric device field of view to a cylindrical projection of the
world frame, trades a loss of overall image pixels and resolution for a wider field of view and
simultaneous imaging in multiple directions [5]. For miniaturized catadioptric devices, where
sensor area is at a premium (the commercially available sensors used in this study had a
sensor width of 1.2 mm on a 3 mm wide package), device resolution is primarily limited by
the field of view (FOV) of the lens. The first goal of lens selection or design is thus to
maximize the image of the mirror in the sensor FOV at the design working distance. Careful
mirror selection will then minimize the area of the image sensor which captures the reflection
of the sensor itself in the mirror.

Three narrow-diameter, commercially available lenses were identified which met the
required specifications of low aberration, a diameter of less than 3 mm, and a working
distance of less than 5 mm. These were the SELFOC gradient index microlens, and the
Sumita SEL 110 and the Sumita SEL 120 miniaturized lens assemblies.

The mirror was designed to minimize the field of view which reflected the lens, and for
this purpose a parabolic geometry was found to be superior to spherical or hyperbolic
geometries. The mirrors shown in Table 1 were fabricated of unprotected aluminum, and
image quality was determined qualitatively, based on direct comparison of resolved features
from identical printed cylindrical targets, as shown in Fig. 2. Conical mirror geometries show
high astigmatism, due to their previously observed large birefringence and high field
distortion [29]. For spherical and parabolic mirrors, a lower radius of curvature results in
higher-resolution images, but also reduces the field of view. Best image quality was achieved
by pairing a SEL 120 lens assembly (Sumita, Japan) with a parabolic mirror of focus 0.172
mm and diameter 2 mm (Table | and Fig. 2).

Mirrors were fabricated of unprotected aluminum by an ultraprecise machining process
(K-Bio Health, Osong, Korea). Tolerances for mirror manufacture were £+ 0.003 mm.

Lens and mirror mounts which were fabricated by additive manufacturing were used to
immobilize lenses and mirrors relative to a transparent quartz tube of fixed length, as well as
relative to the image sensor, as shown in Fig. 1(b). Representative mirror mount and lens
mount schematics are shown in Fig. 1(d) and 1(e), respectively. Mirror mounts had diameter
matching that of the quartz or acryl tube to be used (OD = 5.00 mm), with an extrusion which
fit snugly within the tube (/D = 3.00 mm) and around the mirror (Dy, in Table 1), with
tolerances of # = 0.10 mm. Lens mounts (length 28.00 mm) contained a hollow chamber for
the sensor and integrated circuit (D;c = 5.00 mm), a hole which fit snugly around the lens
assembly (D; = 1.00 mm for SELFOC, 1.2 mm for SEL110, and 2.2 mm for SEL.120), and
extrusions to fit snugly around and within the tube (OD and ID, respectively). Six additional
holes of radius 0.5 mm allowed for the draining of fluids during manufacture. Lens mounts
were fabricated on a Formlabs Form2 stereolithographic (SLA) printer using white
photopolymer resin (FLGPWHO03) and grey resin (RS-F2-PRGR-01), followed by an
isopropyl alcohol rinse to achieve a print resolution of 0.05 x 0.05 x 0.025 mm. Mirror
mounts were fabricated on a ProJet 3500 SD printer using translucent VisiJet M3 Crystal
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resin at 375 x 375 x 790 DPI resolution with 32 micron layers. Tolerances for mirror and lens
mounts in the axial direction were thus 0.032 and 0.025 mm, respectively. Parts printed on the
ProJet were cleaned by heating at 65 °C to remove paraffin support structures, followed by
rinsing in an oil-filled ultrasonic bath at 65 °C to remove residue. Image sensors of 1/9”
standard were used as integrated (Etron Technology, Inc., Taiwan), and consisted of a model
GC0309 sensor (Galaxycore Technology Inc., China) with 480 x 640 resolution at 30 fps
VGA (Table 2). When applicable, a quartz or acryl tube was ground to length ( + 0.1 mm) on
sandpaper, and the parts were assembled by hand.

ves

Cone mirror Ball mirror 3 Parabolic mirror 2
(R=2.00 mm) (f=0.114 mm)

with SEL 120 lens

Ball mirror 2 Ball mirror 1 Parabolic mirror 1
(R=1.45 mm) (R=1.07 mm) (f=0.172 mm)
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Fig. 2. Comparison of best focus image quality (a-¢) for the catadioptric mirrors of Table 1,
show that best combination of focus, resolution, and field of view are obtained (a-f) with
Parabolic Mirror 1, a parabola of diameter 2.00 mm and focus 0.172 mm, and (g-i) the SEL
120 lens assembly. Note that (f) and (i) are intentionally identical.

Final devices were completed by immobilization with NOA 81 UV-curing polymer
(Norland Products Inc., USA). The mirrors and sensors were immobilized with respect to the
mirror and lens mounts, respectively, and the lenses were fixed into their mounts flush to the
image sensors. The mirror mount was then inserted into the end of the quartz tube, and the
tube was fit snugly into the corresponding groove in the lens mount. After verifying the
alignment and focus of the mirror assembly with respect to the sensor assembly, the joints
between assemblies were filled with NOA 81 and cured using a high-power UV LED
(ThorLabs, USA).

The final devices had dimensions suitable for human and animal colonoscopy. The optical
portion defined by the 1.5-mm-thick quartz tube has a diameter of 5 mm and a length of 7
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mm, making the device suitable for small animal colonoscopy. The rigid distal portion has a
length of 32 mm and a diameter of 5.25 mm, making the device comparable in dimensions to
existing colonoscopy probes [33]. With thinner packaging and smaller image sensors,
diameters as low as 3.5 mm will be accessible. The proximal flexible length of the device was
about 2 m, which is also a suitable length for colonoscopes in the clinic.

Figure 3 shows the optical layout of the device, including a parabolic mirror. The device
was simulated in Zemax with three paraxial lenses standing in for the SEL 120 lens assembly
(Fig. 3(a)), to obtain the theoretical performance limitations of the design. Nine field
components demonstrate device performance to vary significantly over an object plane FOV
of 445 mm (about 65°). Ray tracing was used to calculate spot sizes, which show
astigmatism/birefringence and varied with angle as shown in Fig. 3(b), with a minimum spot
size of 0.025 microns for a chief ray at +10° (object coordinate +0.103 mm from the
perpendicular), and a maximum spot size of 20 microns for a chief ray at —20° (—1.002 mm
object). The ray at +57° (+3.458 mm object) showed a spot size of 2.54 microns, indicating
that resolution is optimal at a viewing inclination near 10° to the perpendicular.

The modulation transfer function was estimated to vary highly based on measurement

position (Fig. 3(c)), and a simulated grid image shows the expected cylindrical projection
onto the image sensor (Fig. 3(d)).
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Fig. 3. Optical properties of the panoramic endoscope as-designed (a) Optical schematic of the
device. (b) Spot sizes of the fields from +57° to —30°. (c¢) Calculated MTF of the device in
selected fields. Measurements in mm denote object position axially from the mirror
perpendicular. (d) Simulated cylindrical projection onto the image sensor.

The experimental modulation transfer function was measured by the slanted edge method.
Cylindrical slanted edge targets with 60° and 45° angles were fabricated with resolution up to
1000 dpi (38 lp/mm) by printing a target pattern on standard (50 g) paper and wrapping
around cylindrical molds. Targets were imaged individually under identical conditions, and
MTF was calculated using Mitja’s MTF plugin for ImageJ [34].
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Table 1. Specifications of the mirrors

. Ball Ball Ball Parabolic | Parabolic
Parameters Cone mirror . . . . .
mirror 1 mirror 2 mirror 3 mirror 1 mirror 2
Material Protected Aluminum Unprotected Aluminum
Diameter D,, (mm) 2.00 1.07 1.45 2.00 2.00 2.00
Height (mm) 1.00 0.535 0.725 1.00 1.45 2.20
Focus or radius n/a 0.535 0.725 1.00 0.172 0.114
(mm)

Table 2. Specifications of the chip sensor

Parameters Specifications
Supply Voltage 28V
Chip size 2.64 mm x 2.22 mm x 0.69 mm
Pixel size 2.5 um x 2.5 um
Bit rate 24 MHz
Resolution 640 x 480

3. Results and discussion

For the clinical application of catadioptric imagers, it is desirable to create cylindrical
projections of the initial images and to composite those images together into cylindrical
composites of the target tubular biosystem. Figure 4 shows a demonstration of two different
versions of this unwrapping algorithm and image composition process. As the probe is moved
down a cylindrical surface, images are captured, as shown schematically in Fig. 4(a). In the
first process, these images are unwrapped to a cylinder individually using a polar coordinate
transformation. The unwrapped images are then composited to obtain a larger image using a
panorama stitching algorithm [35]. Figure 4(b) shows the unwrapped grid template images,
while in Fig. 4(c), the grids are combined into a composite image. This technique is
advantageous when the movement of the probe is not smooth, but it is limited by the
requirement that features for stitching be comparable between images.

A second method for image unwrapping allows for the automatic retrieval of a cylindrical
image from video. A single line of the composite image is interpolated from a circular region
of each frame of an endoscopy video, giving a very quick and feature-independent unwrapped
cylinder. Figure 4(d) shows this counterclockwise interpolation along a circular region in
each frame to give a composite unwrapped cylindrical image (Fig. 4(¢)).

Several distortions observed in actual images show difficulties which are not encountered
in simulated images, namely that the aspect ratio of features in the image depends on the
distance from the feature to the mirror. This can result in distortion when using non-radial (or
improperly centered) imaging targets.
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Fig. 4. Demonstration of the unwrapping and compositing processes with artificial images. (a)
Schematic of panoramic image capture along the longitudinal axis. (b) Three panoramic grid
images generated for testing of the algorithm. (c) Panoramic grid images unwrapped to
cylinders show little distortion (d-e) Demonstration of unwrapping algorithm for video.

Image quality may become deteriorated as a result of the packaging necessary for
biological applications of the endoscope. Figure 5 shows the difference between endoscope
images taken in air and in the final, quartz tubing package. Packaging in quartz increased the
total device diameter from 3 mm to 5 mm. Images taken in the quartz package were
significantly better than in an acrylic package (not shown), but showed slightly reduced
contrast compared to those in air, likely due to Fresnel reflection. The Latin script logo shown
in the image has printed dimensions of 6 mm x 35 mm, while the mixed-script logo has
dimensions of 3.3 x 11.7 mm.

Figure 5 demonstrates the practical application of the unwrapping and compositing
algorithms from Fig. 4. The polar unwrapping and feature-based stitching of static images,
demonstrated for simulated images in Fig. 3(a)-3(c), is demonstrated for practical images in
Fig. 5(a)-5(c), and works well for non-continuous image capture when distortion is not a
serious concern and features are shared between images. The algorithm for feature-
independent stitching of the consecutive video frames from Fig. 4(d)-4(e) is applied in Fig.
5(d)-5(2).

In Fig. 5(d)-5(f) and Fig. 6(a), it can also be seen that the quality of focus of a cylindrical
target varies with radial position on the imager. This is likely due to the radial dependence of
the mirror’s curvature and the dependence of the object distance on the ray angle from the
mirror to the object cylinder. Thus the image quality was observed to depend relatively little
on optomechanical assembly tolerances. When imaging a fixed-radius object cylinder, a small
(< 0.5 mm) deviation in lens-mirror distance during assembly only resulted in a radial shift of
the point of best focus. For this reason, it was also difficult to determine the focal distance
and focal depth of the device: following assembly, cylindrical target objects at working
distances of 0 to 10 mm, measured radially from the quartz tube (5.0 to 9.9 mm diameter),
were focused at different regions of the image sensor.
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(a)

Fig. 5. Sample unwrapping and compositing of test images, comparing the endoscope
packaged within and outside of a quartz tube. (a) Wrapped cylindrical logo in air, imaged at
three longitudinal points. (b) Unwrapped cylindrical logo for each of the images in (a). (c)
Composite image of the images in (b). (d,e,f) With the probe packaged in a quartz tube, frames
taken from a video of the wrapped cylindrical logo. (g) Frames unwrapped from the video in
(d,e,f) show decreased contrast due to Fresnel reflections, but reduced image distortion and
higher resolution overall. The unwrapping and composting of (a-c) demonstrates the algorithm
used in Fig. 3(a)-3(c), which works well for nonconsecutive images with shared features, while
that of (d-g) demonstrates the algorithm of Fig. 3(e)-3(f), which applies well to video images.

Figure 6 shows the modulation transfer function of the quartz-packaged endoscope, as
calculated by the slanted edge method. The contrast remains above 0.2 until 23 Ip/mm, which
corresponds to 600 dpi. This performance is much less than expected, and can be explained
by a combination of the low resolution of the printed target, and the focal limitations of the
system.
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Fig. 6. Slant edge derivation of modulation transfer function. (a) Raw image. (b) MTF.

The fabricated endoscope was further tested by insertion into a pediatric vascular 3D-
printed model mimicking a real congenital heart disease patient. A continuous video was
captured while the probe was removed from the cardiac phantom. Following the method from
Fig. 4(e) and 4(f), a circular section (red dashes) was interpolated from each frame into a
cylindrical image, as shown in Fig. 7(a). The probe clearly captured diverging arteries (blue
arrows) in the original video (Fig. 7(b)), as well as in the unwrapped image (Fig. 7(c)). The
well-focused texture of the vascular phantom can be seen in the unwrapped image. The
obtained image can be re-wrapped around a 3D model for a fly-through examination of the
cardiac phantom, as shown in Fig. 7(d). This is the first realistic phantom image captured by a
miniaturized catadioptric endoscope probe.

Fig. 7. Cylindrical imaging of a pediatric cardiac phantom. (a) Initial frame with overlaid
extracted circular imaging region (red dash). (b) branching of artery is observed in the
phantom (blue arrow). (¢) The unwrapped cylindrical image, with the first frame imaging
region marked (red dash). The imaging direction arrow (red) matches that in (a). (d) The image
re-wrapped onto a cylinder in 3D modelling software for a fly-through examination.
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4. Conclusion

We report on the realization of a miniaturized flexible catadioptric sensor capable of
panoramic view and composite image generation, with applications to pediatric diagnosis and
small animal model endoscopy. The device performance was evaluated theoretically and
experimentally, showing efficient performance compared to previously published larger
prototypes, and significant performance given the miniaturized device type. Following
simulations, MTF was calculated to be above 0.2 at 25 lp/mm. Field of view was 50° by 360°,
which is exceptional for a side-view device. The device prototype is demonstrated in a
pediatric cardiac phantom to give acceptable images in a packaged diameter of 5 mm, and
may be further miniaturized by suitable packaging. In short, this family of miniaturized
single-fold catadioptric devices is expected to be highly useful for the rapid diagnosis and
treatment of thin tubular biostructures.
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