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Abstract. Autofluorescence endoscopy is a promising functional imaging technique to improve screening of pre-
cancerous or early cancer lesions in the gastrointestinal (Gl) tract. Tissue autofluorescence signal is weak compared
to white light reflectance imaging. Conventional forward-viewing endoscopes are inefficient in the collection of
light from objects of interest along on the Gl luminal wall. A key component of a complete autofluorescence
endoscope is the light collection module. In this paper, we report the design, optimization, prototype development,
and testing of an endoscope objective that is capable of acquiring simultaneous forward and radial views. The
radial-view optical design was optimized for a balance between image quality and light collection. Modulation
transfer function (MTF), entrance pupil radius, manufacturability, and field-of-view were parameters used in
the lens optimization. In comparison with the typical forward-viewing endoscopes, our nonsequential ray trace
simulations suggest the proposed radial-view design is more practical in the light collection. To validate the
proposed simulation methods, a 3:1 scaled-up prototype was fabricated. Contrast measurements were taken with
the prototype, and then compared with the simulated MTF. ©2071 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOI: 10.1117/1.3593148]
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1 Introduction

Fluorescence imaging has shown great potential to improve di-
agnosis for early detection of malignant lesions in the gastroin-
testinal (GI) tract. Endogenous tissue autofluorescence (AF)
may provide physiological and biochemical information re-
garding the nature of the targeted biological system,'~> while
exogenous fluorescence has also been used to detect malignant
lesions.* In comparison to white light reflectance imaging, both
endogenous and exogenous fluorescence signals are weak. The
combination of white light endoscopy, AF imaging, and auto-
mated video processing could improve the screening sensitivity
and specificity,’ as well as reduce the number of histopathol-
ogy tests required.® For screening applications with very low
yields, capsule endoscopy is particularly attractive compared to
traditional catheter-based endoscopes.” There are several chal-
lenges to be met for practical in vivo AF imaging of the GI tract.
First, high sensitivity photodetectors and efficient light collec-
tion optics are usually required to detect the weak AF signal.®
The AF signal is isotropic such that the irradiance on a detector
decreases rapidly with the increase of the distance from the fluo-
rophore. This implies the distance between the fluorophore and
the collection optics should be minimized in AF imaging system
designs. Second, in vivo endoscopic applications in a clinical
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setting require miniaturized components,’ which should fit in-
side the confined space of a GI endoscope sheath or endoscopic
capsule. Despite advances in miniaturized optical'®'" and high
sensitivity photodetectors,®% 2 these challenges still remain as
obstacles to practical in vivo AF imaging of the GI tract.

Most of the current wide-field endoscope objectives were
built based on the Hopkins rod-lens design, which is ca-
pable of imaging a wide field-of-view (FOV) using small
components.'3~!> Wide FOV objectives are commonly used in
standard video endoscopes.'® For example, a number of com-
mercial wide-angle endoscope objective patents!’! have simi-
larities to the reversed telephoto lens form. In these wide-angle
designs, the divergent lens group near the object is responsi-
ble for the large FOV. Aside from wide-field video endoscopy,
many emerging scanning-based techniques have been developed
for endoscopic applications. Some of these techniques include
confocal,?? multiphoton,>*2* endomicroscopy,?2® and optical
coherence tomography.'!

The intestine tends to contract around luminal objects,27
therefore the internal diameter of the GI tract can be prac-
tically assumed to be comparable to the diameter of the
endoscope shaft during operation. Such lumen-occluding con-
tractions generally bring the intestinal wall into close proximity
with the endoscope shaft. It is very possible that involuntary GI
movements for food transport and the collapse of the intestinal
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Fig. 1 Comparisons of existing forward-viewing wide-angle endoscope objectives design (a), side-side view objective design (b), and an endoscope
using a dual-view objective design (c). The proposed design encompasses only select components labeled in red in (c). The conventional forward-
viewing wide-angle endoscopes have a wide FOV, but may not be efficient in imaging the off-axis luminal walls. Objects along the luminal wall
would have different object depth distances for a forward-viewing endoscope. The diameter of the luminal space is approximately the same as the
size of the endoscope sheath. This means the radial object depth distance in the side-viewing design (b) and (c) from the mirror is limited, and the
amount of luminal wall imaged is less dependent on the DOF of the objective. The distance between the object and the light collection optics is also
shorter. Lens 1 represents the lens group responsible to form an image from the radial FOV, and lens 2 represents the additional lens group required
to form an image from the forward FOV. Mirror represents the mirror configuration used to redirect the radial FOV. The thick arrows indicate the
coordinate position (6.9 and 3.7 mm) used in light collection simulation for the radial-viewing endoscopes, and the thin arrows (10 and 0 mm) serve

a similar role for the forward-viewing endoscopes.

wall onto the endoscope would eventually orient the optical axis
of the endoscope such that it is parallel to the direction of travel.
This assumption does not hold for regions of the GI tract with
larger local luminal space (e.g., the stomach), but these regions
are relatively short compared to the total length of the GI tract.
The object of interest in most GI endoscopy applications is the
GI luminal wall. Due to the collapse of the GI tract on the cylin-
drical endoscope sheath, the lens-to-object distance would be
minimized if the FOV of the endoscope is projected radially, as
opposed to the forward direction. With a shorter lens-to-object
distance, the numerical aperture (NA) for imaging the collapsed
GI luminal wall surface could be optimized more efficiently than
a forward-viewing endoscope. This could lead to a larger angle
for the light collection cone. For a forward-viewing endoscope
in Fig. 1(a), the portion of GI luminal wall that is both in focus
and within the FOV would depend on the depth-of-field (DOF)
of the endoscope objective. Since the GI tract can practically be
assumed to be collapsed onto the endoscope during operation,
there is little variation in the radial lens-to-object distance. In the
case of the radial-viewing endoscope in Fig. 1(b), dependence
on DOF is very limited due to the diameter of the GI luminal
space being comparable to the endoscope sheath. Consequently,
the light collected should be more uniform across the radial FOV,
and the DOF design criteria of a radial-viewing endoscope could
be relaxed.

From the above discussion, radial-viewing endoscope objec-
tives may be more suitable than forward-viewing objectives for
applications that emphasize light collection. Panoramic image
acquisition at the macroscale is a well-investigated area; some
of the application-based literature include robotics,”® head-up
displays,”® and surveillance.®® The method of panoramic
acquisition was implemented by either catadioptric optics
or foveated imaging techniques. Foveated imaging systems
have variable magnification across its FOV.>"3 The region
of interest is usually assigned a higher magnification than
other regions within the FOV. Catadioptric techniques utilize
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rotationally symmetric curved mirrors to redirect the FOV of
a group of refractive elements.>*>°> Due to the rotationally
symmetric nature of the mirrors, the acquired panorama would
appear circular. This acquired imagery may require further
manipulation to reinterpret the scene objects in a more con-
ventional perspective. Catadioptric panoramic imaging systems
can be further classified as single-viewpoint (SVP) systems
or nonsingle-viewpoint (nonSVP) systems. The SVP theory
provided a well-conditioned initial design for the optimization
scheme used in our design framework. The details of our
proposed framework are explained in Sec. 2.

The aforementioned panoramic imaging systems are
typically used for imaging distances on the order of meters.
Adopting the optical design for endoscopic applications was a
nontrivial task. For example, the short lens-to-object distance
in endoscopy applications imply significant aberrations and
limited DOF. It is difficult to optimize a design subjected to
such issues without reducing the NA, yet NA is one of the
design criteria to be maximized. There had been reports of
radial-viewing endoscope objective designs based on tech-
niques from either foveated imaging®® or catadioptric optics.?’
The report of the foveated objective design®® did not provide
an in-depth analysis of their light uniformity. The catadioptric
objective design®” utilized a folded mirror configuration. The
center of the concave mirror was removed such that the light
collection pathway would not be obstructed. The periphery
of the concave mirror and the paraxial regions of the convex
mirror were used to redirect the light collection pathway. This
had the effect of minimizing the incident ray angles to the first
refractive element. In essence, the refractive elements see the
incoming rays as near paraxial, which allowed a simple doublet
lens design to be used, while maintaining decent image quality.

In this paper, we report an investigation on the design frame-
work of a miniaturized endoscope objective. The target appli-
cation is for GI screening. This design framework was used to
generate a design simulation and a scaled-up prototype. The pro-
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posed design is capable of simultaneous acquisition of both the
radial and forward views. Although light collection is important
in endoscopic applications that involve weak optical signals,
the presence of a forward-view is important for navigation and
landmark recognition/co-registration purposes in practical GI
endoscopy applications. Figure 1(c) illustrates how the proposed
endoscope objective design could be used with other additional
components to form a fully functional endoscope. The simplified
mirror and lens groups are labeled with Mirror, Lens 1, and Lens
2. The paraxial region of the mirror group was removed so the
light collection pathway for the forward-view was unobstructed.
The peripheral regions of both mirrors were used to redirect the
light collection pathway, which was a different optical design
method than the surveyed catadioptric objective design.?’

The presented work only covers the light collection module
of an ongoing development project for an in vivo AF endoscope.
The proposed objective design would eventually be coupled with
an optimized illumination design and a hyperspectral photode-
tector. The emphasis on the proposed radial-view design was to
maximize both the light collection and image quality. The em-
phasis on the forward-view was to provide a large enough FOV
for navigation purposes. The proposed objective design assumed
the imaging would occur in the visible spectrum, and the illu-
mination implementation was assumed to be ultraviolet (UV)
light-emitting diodes (LEDs). Some potential challenges for a
radially projected excitation source include the small physical
size limit and the low power consumption. The small physical
size limit constraint will require the illumination pathway to
partially utilize the optical components (e.g., the mirrors) from
the light collection pathway. One possible method to reduce the
power consumption is to use a pulsed illumination sequence (re-
duced duty cycle) that matches the imaging exposure time. The
excitation pathway design and these two related issues will be
addressed in a future paper.

Although AF imaging was the original inspiration of this
project, the dual-view design may also be applied to exogenous
fluorescence imaging. This is because the collection of the ex-
ogenous fluorescence signal could also benefit from a similarly
optimized objective. The intended use of the proposed dual-
view endoscopic objective design is for capsule endoscopes.
However, many of the challenges we encountered may be alle-
viated in catheter-based endoscopies (e.g., track length of the
design). Therefore, our design framework shall not be limited
only to capsule endoscopy. It may find some potential applica-
tions in specialized applications of catheter-based endoscopes.
The proposed framework in this report could be re-optimized for
a different set of operating wavelengths (e.g., other illumination
schemes), and was validated using a 3:1 scaled-up prototype
imaging system (Secs. 4 and 5).

2 Design Methods

Commercial ray tracing packages were extensively used in our
design framework. Sequential ray tracing with OSLO™ and
ZEMAX™ were used for the lens design. Nonsequential ray
tracing with LightTools™ was used for the light collection
simulations. The sequential ray tracing and nonsequential ray
tracing application to the proposed framework are described in
Secs. 2.3 and 3.2, respectively. Sequential ray tracers are closely
associated with lens design theory.® The notion of chief rays,
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ray bundles, and aperture stops are central to the lens design
theory. By definition, chief rays are required to pass through
the center of the aperture stop of the optical system. Alterna-
tively, the chief ray path may be interpreted as the unobstructed
ray path that maps an object point with an image point, and
the chief ray path must also intersect the center of the aperture
stop.?¥# This description of the chief ray is related to the defi-
nition of a SVP constrained imaging system; an imaging system
is said to be SVP constrained if the image formation rays are
required to pass through a common point in space.>* The SVP
theory ignores aberrations and diffraction effects. Each image
formulation ray is the line-of-sight from an object point, with a
direction toward the center of the entrance pupil as seen from
the object point. This implies that an imaging system with a
stationary entrance pupil would be a SVP constrained imaging
system. SVP constrained mirror surfaces were used to provide
an initial mirror design to the proposed design framework.

In a typical sequential ray trace simulation, the rays interact
with each of the specified optical surfaces in the order that they
are defined. Although this simplifies the computation for the ray
paths, the designer must ensure the placement of each optical
surface is feasible. Illogical placement of optical surfaces would
greatly decrease the feasible set of possible ray path solutions,
and also decrease the chance of converging to a realistic ray
path solution. The off-axis components in the radial-view may
create ray convergence problems when using numerical solvers
based on lens design theory (e.g., sequential ray tracers). We
encountered convergence issues with the sequential ray tracer
with a freeform design approach, but most SVP constrained
initial design attempts were able to achieve convergence to a
realistic ray path solution. Once an initial design solution was
successfully simulated, the actual optimization for maximum
light collection and image quality may be carried out.

2.1 Design Framework

Traditional catadioptric optical designs (e.g., Cassegrain reflec-
tor) utilize the mirror to provide most of the focusing power, and
the refractive elements were used for aberration control.*" In
contrast, catadioptric panoramic designs utilize the mirrors for
the redirection of the FOV of the refractive group of elements.
Figure 2 illustrates a flowchart of our design framework. The
SVP theory®® was used to identify potential mirror configura-
tions. These potential mirror configurations were imported into
separate sequential ray trace simulations to determine the FOV
and NA. The most practical mirror configuration served as the
initial mirror design for the subsequent design phases. The lens
design phase began by the integration of the initial mirror de-
sign with a preselected lens template. Lens optimization was
then performed iteratively until the radial-view design criteria
were satisfied. The refractive elements in the radial-view were
then imported into a new separate simulation, which was the
forward-view simulation in the subsequent design phases. Ad-
ditional refractive elements were inserted into the forward-view
simulation, and described in Sec. 2.3.3 with more details. Lens
optimization was then performed over these additional refrac-
tive elements. The most prioritized optimization criterion for
the forward-view lens design was to match the back focus of
its imaging plane to that of the radial-view design. This was a
challenging task that required multiple readjustments of both
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Fig. 2 Flow chart of the proposed design framework.

the radial-view and forward-view lens design. The optimization
process concluded when all specified criteria had been satisfied
and manual refinement was carried out. After revising minor
technical details that were not described in the optimization
criteria, the design was deemed to be complete.

The design criteria for the proposed design are summarized
in Table 1. The image quality was evaluated using spot dia-
grams and modulation transfer functions (MTF). The targeted
image detector is a hyperspectral CMOS device that is currently
under development. The pixel pitch of this image detector was
estimated to be approximately 5 x 5 um. For efficient light col-
lection onto one pixel, the upper bound of the root mean square
(rms) spot size was set to 5 um. This pixel pitch suggested a
spatial sampling frequency of 100 lp/mm. From the Nyquist—
Shannon sampling theorem, the analog optical signal should be
roughly limited to spatial frequencies below 200 Ip/mm to avoid
aliasing. To determine the MTF cut-off, the minimum accept-
able modulation score was taken to be 50% modulation. The
image dimensions were taken from the surveyed endoscope ob-
jective patent designs'’2! for ease of comparison. The lower
bound on the edge thickness was set to 0.6 mm, as per the rec-
ommendations from optical fabrication shops. The minimum
radius of curvature and the image dimensions were set to be
similar to that of the surveyed patents.!”! FOV, DOF, and en-
trance pupil radius (EPR) were parameters in the optimization
objective function to be maximized.

Table 1 Design constraints for the proposed simulation design.

Design constraints Target

rms spot size® <5 pum

Image dimension 2 mm x 2 mm

MTF <200 lp/mm @ 50% modulation
Track length <20 mm

Radius of curvature >1 mm

Edge thickness >0.6 mm

FOV, DOF, EPR Maximize

9 The targeted pixel pitch is 5 um x 5 pum.
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2.2 Mirror Design

To determine a suitable initial mirror design, the expected FOV
from various SVP constrained mirror surfaces were computed.
From SVP theory, the solution to the family of single mirror

surfaces that satisfy the SVP condition is as follows:>

)t aes o
tT3) T \2 “ 2 Uk =

c\2 ) c? 2k + 2
(z—i) +r <1+ﬁ>=( Z )(k>0). ©)

Equations (1) and (2) show two independent solutions of the
mirror surfaces that would each independently satisfy the SVP
condition.’® The parameters r and z describe the radius and
height of the mirror surface, respectively. The parameters k and
¢ both describe the curvature of the surface. In addition, the
parameter ¢ can be physically interpreted as the distance be-
tween the entrance pupil of the entire system and the entrance
pupil of only the refractive elements. These two independent
solutions of mirror surfaces could be further classified in terms
of the physical shape they represent. Equation (1) describes the
hyperbolic and cone surfaces, and Eq. (2) describes the sphere
and ellipsoidal surfaces. In most cases, practical solutions of
Egs. (1) and (2) have the effective entrance pupil centered at
the mirror’s focus. The convex hyperbolic surface was found to
have the largest practical radial FOV, but the MTF score was un-
satisfactory (<1 Ip/mm at 50% contrast, aperture radius <0.05
mm) when simulated in sequential ray tracers. It was evident
that the short lens-to-object distance in endoscopy applications
gave rise to significant image quality issues.

Folded mirror configurations were investigated, under the
hypothesis that aberrations may be compensated if mirrors with
opposite concavity are used. The coma and astigmatism aberra-
tions introduced by the convex mirror were indeed reduced by
the concave mirror. The folded mirror configurations shown in
Fig. 3 were simulated using commercial sequential ray tracers.
The ray angle incident on an optical surface has a significant
impact on the resultant aberration; therefore, small tolerance
deviations on the mirror curvature may induce significant aber-
ration. Although the hyperbolic-ellipsoid configuration in Fig.
3(a) was a valid solution, the parabolic-parabolic configuration
in Fig. 3(b) was chosen because the chief rays were practically
parallel to each other in the region between the two mirrors. This
phenomenon follows from the nature of a parabolic reflector;
incident rays from different field angles that were aimed at the
focus of a parabolic mirror would all be reflected in a parallel
direction. This decoupled two mirrors: focus adjustments from
one mirror would not require significant readjustments from the
other mirror. This decoupling effect provided a more intuitive
design flow, and increased the resilience of the design to
tolerance-induced performance degradation.

2.3 lens Design
2.3.1 Optimization considerations

The paraxial regions of both mirrors were removed for the
forward-view ray paths, and the peripheral regions of both mir-
rors were used for the radial-view ray paths. The cut-off radius
of both mirrors was optimized for maximum radial FOV without
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Fig. 3 Ray trace layout with the aperture stop located at the focus of the convex mirror. The two candidate mirror configurations were: (a) convex
hyperbolic and concave ellipsoidal mirrors, and (b) parabolic mirrors. The different colored ray bundles are from different object points within the
FOV. The unit of the scale bar is millimeters, i.e., 1.86 mm in (a) and 2.27 mm in (b).

significant vignetting of the blue and yellow ray bundles near
the edge of the FOV in Fig. 4. With reference to Fig. 4, the blue
ray bundle is the lowest bundle from the object, and the yel-
low ray bundle is the highest bundle from the object. The blue
bundle is imaged furthest away from the optical axis, and the
yellow bundle is imaged closest to the optical axis. To maximize
the amount of area used on the image detector, additional opti-
mization constraints were set on the image heights of selected
field points across the FOV. The wavelengths 486.1, 587.6, and
656.3 nm had been used with equal weights for the lens opti-
mization routines. It was assumed that UV LEDs would be used
as the excitation source for radial-view AF imaging, and white
light LEDs would be used for the radial-view and forward-view
white light imaging. In a fully functional florescence imaging
system, the UV and the shorter wavelengths of the visible spec-
trum would be attenuated by other filter components, thus they
were not considered in the lens design.

2.3.2 Radial-view lens design process

Similar to the design of most current optical system design
processes,>* 0 the radial-view lens design started with an ex-
isting lens template design. This template was chosen from the
surveyed wide-angle endoscope objective patent designs,'’>!
and the chosen design template had a practical balance between
short track length, large FOV, and mild radius of curvature (ease
of manufacturability). Wide FOV was required to image the
periphery of the concave mirror, which was responsible for pro-
viding the ray path for the radial-view. Lens designs of this scale
with severe radius of curvatures would have high manufacturing
complexity and cost. To avoid stress-induced ischemia on the GI
tissue,*! the optical components used for endoscope objectives
should be smaller than the diameter of the GI tract. The chosen
patent design®! had mild radii of curvature for all its lens com-
ponents, effective focal length (EFL) of ~1 mm, track length of
~9.9 mm, and hyperfocal distance of ~4.3 mm.

After the lens template was integrated with the mirror
simulation, some negative elements were removed to increase
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Fig. 4 Side-view optical layout and representative ray traces. The
shaded mirror regions would be hollow for light to pass through. For
practical lens edge thickness handling, the clear aperture of the last
doublet may need to be smaller than specified here, or the FOV would
need to be reduced.
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Fig. 5 Forward view optical layout and representative ray races. The radial view lenses are the same lenses used in the second forward view lens
group (right box). The image plane of the radial view is the same as that of the forward view.

the EPR. The field flattener lens near the imaging plane in the
template lens design was removed to improve the DOF, and
to allow practical matching of the back focus between the two
views. The final radial-view lens design consisted of a negative
lens in front of a Kellner eyepiece, as illustrated in Fig. 4.

The singlet negative lens in Fig. 4 contributed to the cor-
rection of field curvature aberrations, and it controlled the back
focus distance by reducing the optical power of the system. One
method of correcting field curvature without the use of a field
flattener is to use a strong negative lens with a low incident ray
height to avoid significant increase of the overall focal length;
this was used in the design philosophy of the Cooke Triplet.>$~4
The marginal ray height on the negative singlet lens in Fig. 4 was
no longer near the paraxial region, thus, the EFL was slightly
increased (4 0.2 mm). This increase in EFL led to the decrease
in total optical power, but the light collection was also reduced.
However, the longer EFL helped to increase the back focus of
the radial-view optics, such that practical matching of the back
focus with the back focus of the forward-view optics was made
possible.

The lenses below the aperture stop in Fig. 4 constitute a
Kellner eyepiece lens form. Eyepiece lens forms are usually
suitable for low FOV applications. The marginal ray angle inci-
dent on the eyepiece was 15 deg, which was a modest angle of
incidence compared to 63 deg for the singlet negative lens. The
front convex surfaces were used to correct coma aberrations,
while the break in the refractive index in the doublet was used
to correct field curvature and astigmatism aberrations.

2.3.3 Forward-view lens design process

The lenses responsible for the forward-view light path are shown
in Fig. 5. They include the radial-view lenses and additional
lenses placed in front of the mirrors. These additional lenses are
referred to as the forward-view lens group. One challenge for
the forward-view lens design was the matching of the radial-
view and forward-view back focuses. Another challenge was
the design of a wide FOV for the forward view with a fixed
field stop aperture size. The forward-view field stop was the
central opening of the parabolic mirrors, and a change in its
diameter would compromise the radial FOV. The lens system
in Fig. 5 resembled a reverse telephoto lens form, where the
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first Zeonex™ plastics lens acted as the optical dome of the
endoscope. The first two lenses compressed the field rays to
implement a moderate FOV. The third lens helped to correct
the field curvature. The fourth element had an aspherical front
surface that corrected other primary aberrations, and a back
surface that controlled the back focus.

3 Simulation Results
3.1 Design Evaluation

The simulated performance comparison between the proposed
design and the reference forward-viewing design is summarized
in Table 2. The reference design was taken to be the patent

Table 2 Simulation results: comparison of the template lens patent
with the proposed system.

Evaluation parameters Reference Radial Forward
Track length (mm) 9.94 13.7 19.5¢
EPR (mm) 0.10 0.19 0.15
Working F/# 493 2.46 2.99
FOV (deg) 0~56 20~40 0~22
EFL (mm) 1.00 1.12 0.90
DOF (mm)® <43 Oto4.7¢ 1101000
NA in object space 0.019 0.026 0.014
NA in image space 0.10 0.16 0.17
Nominal MTF (lp/mm) 50 120 160
Min. radius of curvature (mm) 0.93 1.8 1.8
Max. rms spot size (um) 6.0 4.0 1.9

9 This is the total track length of the proposed simulation design prescription.

b The maximum acceptable blur size was rms spot size <10 um.

¢ Simulated in the radial direction from the outer surface of the endoscope
sheath.
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Fig. 6 Image surface spot diagram for (a) forward-view optics and (b) radial-view optics. The black circle is the simulated Airy Disk radius. The
colors correspond to the wavelength legend at the top right of this figure; all units are in micrometers. RMS radius is the root mean square spot size,
and GEO radius is the distance from the centroid to the furthest ray intersection with the imaging surface. IMA describes the location of the centroid
on the imaging surface. OBJ describes the location of the field points in terms of field angles. The forward optics has smaller spot sizes than the

sidewall optics.

design?! that was used as the starting lens template for the radial-
view lenses. The proposed radial-view design had larger NA in
the object space and EPR. The largest rms spot sizes were ~4.0
and ~1.9 pum for the radial and forward views, respectively.
This was beneficial to light collection since most of the rays
from the object would be concentrated on an area smaller than
the specified pixel pitch of 5 um in Table 1. The spot diagram in
Fig. 6(a) for the forward-view design did not have similar spot
sizes for each of the three color-coded design wavelengths. This
indicates a chromatic shift in the focus position. The spot sizes
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across the different wavelengths were similar for the radial-view
optics, as shown in the spot diagram in Fig. 6(b).

The simulated MTF was calculated from the modulus of the
optical transfer function by the commercial sequential ray tracer.
It can be seen from Fig. 7(a) that the simulated nominal modula-
tion for the forward-view design dropped below 50% at spatial
frequencies higher than 160 Ip/mm. In Fig. 7(b), the simulated
nominal modulation for the radial-view design dropped below
50% at spatial frequencies higher than 120 Ip/mm. These nomi-
nal simulated MTF scores were below the upper bound specified
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Fig. 7 Simulated MTF for (a) forward-view optics and (b) radial-view optics. T is tangential MTF curve at the specified field point. S is sagittal MTF
curve at the specified field point. Field points are specified in terms of field angle (measured in degrees). DIFF. LIMIT is the theoretical diffraction

limited MTF curve.

in Table 1, so aliasing should not occur. Due to the presence of
fabrication and alignment tolerances, the actual performance
of a lens design is expected to be lower. As evident from the
similar spot diagrams across the design wavelengths, chromatic
aberration was not a significant problem for the radial-view
design.

3.2 Irradiance Simulation

Commercial illumination optical design packages are adept at
the computation of radiometric quantities at specified detector
surfaces. These packages often employ nonsequential ray trac-
ing algorithms that generate a high number of rays that are not
required to pass through the specified optical surfaces in sequen-
tial order (e.g., no pre-defined ray path). In exchange for compu-
tational time, this type of ray tracing allows stray light contribu-
tions to the irradiance on the image detector to be accounted for.
Light intensity contributions from stray light incident on the im-
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age detector could be considered as noise, and could contribute
to form ghost images.> The LightTools™ commercial illumi-
nation design package is based on nonsequential ray tracing,
and it was used in this work to provide a relative irradiance col-
lection comparison between the designs. The endoscope sheath
material was a poly(methylmethacrylate) (PMMA) tube with a
thickness of 1 mm. Another set of simulations were performed
for the proposed design without the endoscope sheath. This was
to compare the effect when different sheath materials were used.

The light reflected or emitted (such as in the case of AF
imaging) from the collapsed GI wall were modeled using point
sources placed across the FOV of the radial-view design. Due to
the different FOV orientation of the proposed radial-view design
and forward-viewing reference design, the source locations for
both simulations had to be different. In Fig. 1(c), the locations of
the simulation field points are marked for the radial-view design
and the reference design. The cylindrical endoscope sheath had
an outer radius of 5.5 mm, and the linear FOV projected onto
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Table 3 Radiometry simulation results.

Reference design

Proposed design

Proposed design without PMMA tube

Source location (mm)  Irradiance (W/mm?2)

Source location (mm)

Irradiance (W/mm2)

Source location (mm)  Irradiance (W/mm2)

0.5 1.5 3.76
1.5 0.53 4.50
3.0 0.21 5.30
5.0 0.089 6.10
6.9 0.052 6.90

0.22 3.76 0.18
0.16 4.50 0.19
0.14 5.30 0.13
0.11 6.10 0.12
0.094 6.90 0.095

this surface was 3.76 to 6.9 mm (Table 3). This corresponded
to an imaging length of 3.14 mm along the cylindrical surface.
The point sources were set to have 100 W evenly distributed
over its entire projection sphere. The large power distribution
of 100 W was chosen to avoid the computation of extremely
small numbers, therefore, this measure of light collection served
only as a relative comparison. The irradiance plot in Fig. 8 was
computed using samples at the surface of the image detector.
Each bin was set to 95 x 95 um for practical computation, and
to increase the signal-to-noise ratio.

4 Prototype Development

To validate the proposed design framework within a reasonable
budget, a 3:1 scaled-up prototype of the proposed design was
developed with modified design criteria. Only the image quality
was validated in this report. The illumination design is an

-1.0

investigation in progress and thus empirical radiometry exper-
iments are not included here. In addition, a proof-of-concept
panoramic image rectification algorithm was investigated. C-
mount mechanical threading was used to interface between the
lens barrel and a commercial CMOS camera (Mightex Systems,
MCE-BO013-U). The fabrication of customized optical and
optomechanical components as well as system assembly was
contracted to the Instrument Technology Research Center of the
National Applied Research Laboratories (ITRC-NARL,
Hsinchu, Taiwan).

4.1

There were three new design considerations for the prototype;
1. to achieve convenient manufacturability, 2. to provide inte-
gration with a commercial CMOS camera, and 3. similarity to
the proposed simulation design described in Sec. 3. Table 4

Prototype Design Specification
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Fig. 8 Irradiance plot of the radial-view design.
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Table 4 Design constraints for the prototype simulation design.

Design constraints Target

rms spot size <5.2 um

6.66 mm x 5.32 mm

Image dimension
Nominal MTF >60 lp/mm @ 0.5 modulation

Avg. radial MTF
(w/Tolerance)

>30 lp/mm @ 0.5 modulation

Avg. forward MTF

(w/Tolerance)

>35 Ip/mm @ 0.5 modulation

Radius of curvature >5 mm

Center thickness >1.10 mm

Edge thickness >0.6 mm

Radial DOF +5 mm or larger, rms spot size <12 um

Forward DOF +40 mm or larger, rms spot size <12 um

summarizes the evaluation and fabrication specifications used
for the prototype design. The CMOS camera had an image di-
mension of 6.66 mm x 5.32 mm, which was different from the
image dimension of 2 mm x 2 mm used in the proposed simu-
lation design. Constraints were added such that the design rays
would approximately sample the radial-view FOV in a uniform
manner. The camera has a pixel pitch of 5.2 um, which defined
the upper bound of the rms spot size. The lower bound on the
MTF with tolerance considerations was set to 30 Ip/mm, which
was approximately one-third of the nominal MTF lower bound
for the proposed simulation design in Table 1. The nominal MTF
calculation was used during the lens optimization because tol-
erance simulations are time consuming. The lower bound of the
nominal MTF simulation score in Table 4 (60 lp/mm) was set
to significantly exceed the tolerance MTF score to compensate
for the anticipated performance drop from manufacturing and
assembly tolerance. Other fabrication related specifications in
Table 4 were based on recommendations from the ITRC-NARL.
The additional specifications for the prototype cannot be satis-
fied with a mere scaled version of the simulation design from
Sec. 3. Nevertheless, minor modifications in the optimization
constraints yielded a suitable initial prototype prescription. After
an initial round of optimization, each lens prescription was com-
pared with stock lenses across different catalogues. Several stock
lenses were found to be similar to particular lens prescriptions.
Certain elements in the design were functionally separable, such
that multiple elements with similar stock prescriptions was be
used in its place. After the selected stock lenses were incorpo-
rated into the design, the optimization process was iterated to
compensate the aberration induced by the stock lenses. This iter-
ative process lasted until the optimization constraints were met.

4.2 Tolerance Simulation

The tolerance simulation was conducted via the commercial
optical design packages, ZEMAX™ and OSLO™. The built-in
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2cm

Fig. 9 Photograph of the 3:1 scale prototype. Four pillars are used to
connect the front and back optics groups instead of using transparent
housing. The entire device is 7 cm long and 3 cm in diameter.

Monte Carlo tolerance simulation was used to take tolerance
deviations into account. Fifty design simulations were generated
from random perturbation of each optical surface in the nominal
design. These perturbations have a maximum magnitude spec-
ified by the tolerance input. Their probability distribution was
set to be parabolic, in which the maximum extremes of the per-
missible perturbation were more likely to occur. The specified
MTF criterion (30 Ip/mm at 50% modulation for radial-view)
was simulated for each of the 50 perturbed designs, then the
statistics of these simulations were computed. This tolerance
simulation provided a probability of the performance one may
expect from a manufactured system with the specified tolerance.

5 Prototype Results
5.1 Prototype Evaluation

The assembled prototype in Fig. 9 consisted of a lens barrel
housing for all the optical components. The assembled proto-
type was 7.6 cm long and 2.8 cm in diameter. The simulated
prototype performance is shown in Table 5. The track length of
the prototype prescription was ~83 mm, and the radial FOV was
~23°. Figure 10(a) is the acquired image used for the forward-
view MTF test. The USAF1951 target (Thorlabs R3L3S1N) was
backlit, and it was placed 2 cm from the front lens surface of
the lens barrel. The resolutions of the test patterns in Fig. 10(a)
are listed in Table 6. The top-left horizontal bar pattern is group
0 and element 2, which corresponded to a spatial frequency of
1.12 Ip/mm from the USAF1951 specification. The maximum
frequency measured for the forward-view was 5.66 lp/mm on
the object side, where the modulation was slightly over 50%.
After multiplying by a forward view magnification factor of
16.3 (Table 5), this corresponded to a resolution of 92 lp/mm
on the image side. The radial-view FOV was not illuminated in
Fig. 10(a) and appeared dark. Figure 10(b) is the acquired image
of a 2 Ip/mm pattern. The radial FOV corresponds to the annular
region indicated by the double-ended arrows. The forward FOV
is the central circular region of the image, and the paper outline
of the cylindrical test pattern could be seen near the center of the
image. The fixed frequency pattern was rolled into a cylindrical
tube [Fig. 10(c)], and placed around the prototype. The cylin-
drical test pattern had different line pair orientations for the tan-
gential and sagittal radial contrast measurements. The prototype
was then placed in the center of the test pattern tube to acquire
the radial-view contrast modulation [Fig. 10(d)]. Similar fixed
frequency test patterns were used to calculate the radial-view
contrast modulation in Table 7, whereas the forward-view used
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Table 5 Simulation results: prototype design.

Radial Forward
Evaluation parameters view view
Track length (mm)° 38.27 83.07
Entrance pupil radius (mm) 0.84 0.67
Working F/# 4.14 4.26
Full FOV (deg)® 23 50
EFL (mm) 3.52 2.8
Depth of field (mm)© 210114 61073
NA, object space 0.017 0.008
NA, image space 0.12 0.12
Average diffraction MTF at 0.5 91 105
modulation (lp/mm)
Nominal MTF at 0.5 modulation (lp/mm) 73 68
Magnification 17.5 16.3

9This is the total track length of the proposed design.

bThe field angle range is 26 deg to 49 deg.

“This is the distance over which the rms spot size is below 10 um.

dSimulated in the radial direction from the sidewall of the endoscope. The endo-
scope has a radius of 13.88 mm.

the USAF1951 target. Table 7 shows the comparison between
the simulated MTF performance after accounting for tolerance
and the measured contrast modulation scores.

5.2 Image Post-Processing

The target application of the proposed imaging system is the
diagnostic screening of the GI tract, in which case the gas-
troenterologist would need to interpret the acquired imagery.
Although automated post-processing of the acquired endoscope
video may be able to identify potentially malignant regions, a
certified diagnosis would require a gastroenterologist to inter-
pret the video frames. The use of curved mirrors had induced
distortion on the acquired imagery. This may cause some incon-
venience for a human to interpret of the radial-view imagery.
There are existing publications*>*3 that describe rectification
algorithms for panoramic images that were acquired from cata-
dioptric optical devices. Most of these algorithms are based
on the pinhole camera model, which is a popular paradigm
in the fields of computational vision and computer graph-
ics. In this work, we propose an alternative method for scene
reinterpretation.

If successful, a sequential ray trace simulation would es-
tablish a mapping between the sampled object points to corre-
sponding blur regions on the image detector. These blur regions
are characterized by the point-spread function of the imaging
system. This mapping relationship could be simplified by col-
lapsing the blur area on the image to its rms centroid. For an
imaging system with a radial FOV, the notion of object depth
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corresponds to the radial distance between the object and the
imaging system. Our method for scene reinterpretation is based
the use of precomputed object-image point mappings as a look-
up-table. Due to the limited radial DOF range in GI endo-
scopic applications, it was feasible for us to build a database
of the ray traced results of sampled object points. These ob-
ject points were sampled across the FOV and the DOF of the
nominal prototype design simulation. Cubic spline interpola-
tion algorithms were used to interpolate values between the
entries of the database. This database was used to process two
acquired images for proof-of-concept purposes. The two ac-
quired images in Figs. 11(a) and 11(b) were processed by this
implementation of the ray database to generate Figs. 11(c) and
11(d). Figure 11(a) is the radial-view test pattern at 0.5 lp/mm,
and Fig. 11(b) is a business card wrapped around the proto-
type. The object points were sampled across 10 different object
depths within the DOF and 36 samples were taken across the
FOV.

6 Discussion
6.1 Performance

Low chromatic aberration in the design was desired, because the
emission spectrum of tissue AF due to UV excitation is broad-
band. The forward-view was designed only to provide white light
imaging for navigation purposes, hence the noticeable chromatic
focus shift in Fig. 6(a) was deemed acceptable. The proposed
radial-view design achieved similar spot sizes across the three
design wavelengths (486.1, 587.6, and 656.3 nm) in Fig. 6(b).
The forward-view nominal MTF in Fig. 7(a) was lower than the
aliasing upper bound specified in Table 1. Both the tangential
and saggital nominal MTF were similar. This was not true for the
nominal MTF for the radial-view in Fig. 7(b), and extra weights
may need to be assigned to equalizing the MTF in both direc-
tions for future work. The irradiance chart in Fig. 8 is similar
to a spot diagram, but with very coarse sampling. The ability to
simulate the amount of irradiance on a pixel could be induced
in the optimization framework for future work.

In Table 3, the irradiance collection of the proposed design
in the radial-view was much more uniform across its FOV than
the reference forward-viewing design. The reference design had
better light collection efficiency at objects closer than 3 mm.
For objects further than 3 mm, the light collection ability di-
minished quickly. For object distances shorter than the DOF,
Table 2 shows that the rms spot size of the reference design was
larger than 10 wm. This suggests more light was collected for
objects near the reference design, but at the expense of reduced
image quality. The exclusion of a PMMA endoscope sheath
gave interesting results; closer objects experienced a decrease in
light collection, and distant objects experienced an increase in
light collection, relative to the proposed design with a PMMA
sheath. The field angle distribution was altered when the endo-
scope sheath material was changed to air, which led to a modified
entrance pupil size. The difference in light collection between
sheathed and sheathless designs was small (Table 3). Different
endoscope sheath materials may be used with minor impact on
the overall light collection characteristics. In depth revision of
the imaging system with different sheath materials could be per-
formed by running the lens optimization in most commercial
optical design packages.
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Fig. 10 Acquired images and the radial-view image acquisition setups. The forward-view acquisition (a) used the USAF1951 target as the test pattern.
The four pillars in the radial-view acquisition (b) are part of the housing for the prototype, and the annular region spanned by the double-ended
arrows is the radial-view FOV. The scene in (b) was constructed from a custom printed and fixed frequency (2 Ip/mm) pattern (c), which was rolled
into a tube with a sagittal oscillation direction. This test pattern tube was then fixed around the prototype to create a cylindrical scene, as shown in (d).

6.2 Design Robustness and Issues

Monte Carlo tolerance simulations were conducted using com-
mercial optical design packages. The statistics were set to have
larger probability at the endpoints of the tolerance interval. In
other words, the perturbations of optical elements during manu-
facturing were assumed to be more probable at the extremes of
the allowed tolerance. This is a stringent assumption that may
be relaxed in future simulations. The measured forward-view

Table 6 Number of line pairs/millimeter in the USAF 1951 test chart.

Group number?

Element number® 0 1 2 3

1 1.00 2.00 4.00 8.00
2 1.12 2.24 4.49 8.98
3 1.26 2.52 5.04 10.10
4 1.41 2.83 5.66 11.30
5 1.59 3.17 6.35 12.70
6 1.78 3.56 7.13 14.30

°The element numbers are located at the left or right of a test pattern in
Fig. 10(a).
bThe group numbers are located at the top of a group of test patterns in
Fig. 10(a).
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MTF performance of the fabricated prototype (Table 7) was in
fact higher than expected (Table 4). The measured radial-view
MTF in the tangential and sagittal directions were dissimilar in
Table 7, but the averaged MTF score between the two directions
was within the expected range. This was because the averaged
MTF was used as the evaluation criterion for the tolerance simu-
lations. For future work, additional constraints should be placed
on both the MTF directions during optimization.

The concave mirror in the proposed design could not have a
shorter focal length than the distance between the folded mirrors.
This was due to practical optomechanical stability issues on the
negative singlet lens in Fig. 4. Therefore, the design was re-
optimized such that the radial-view lens group contributed a
moderate amount of optical power to the system. The mirrors
provided the remaining optical power, as well as the redirection
of the FOV of the radial-view lens group. The radius of curvature
of the doublet in Fig. 4 was the shortest in the entire design (~1.8
mm). Attempts in splitting the power of the doublet proved to
be unsuccessful, since it was instrumental in the correction of
coma aberration. The clear aperture of that doublet may need
to be smaller, e.g., 10% smaller, to satisfy the minimum edge
thickness specified for some lens manufacturing processes. If
the clear aperture were to decrease, the ray bundles that are
far from the optical axis in Fig. 4 would suffer from vignetting
effects. This would reduce the light collection of the field points
near the edge of the FOV.

The nonreflecting portions of the mirrors in the manufactured
prototype were treated with black micro-arc oxidation to reduce
stray light. The four pillars indicated by the single-ended arrows
in Fig. 10(b) are the pillars that hold the two mirrors together
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Table 7 Comparison of measured MTF and tolerance simulated average MTF.

Average modulation®

Data source®  Image spatial frequency (Ilp/mm)  Tangential®  Sagittal®  Measured 90% 80% 50% 20% 10%
F-S 70 N/A N/A >046 >049 =053 =061 >0.062
F-M 73.2 0.69 0.76 0.725

R-S 30 N/A N/A >045 =052 =068 =079 >0.8]
R-M 35 0.18 0.66 0.42

R-S 60 N/A N/A >021 =027 =045 =061 >0.63
R-M 52.5 0 0.60 0.3

9F denotes forward-view, R denotes radial-view, S denotes simulated score, and M denotes measured score. A score of 1.0 refers to 100% modulation.
bThe evaluation criterion from simulations is averaged MTF, thus intermediate sagittal and tangential values are unavailable.
“The Monte-Carlo simulation result is given in terms of probabilities of achieving different modulation scores at the specified spatial frequency.

in Fig. 9. In the simulation design, there were no pillars and the
space between the mirrors would be supported by a transparent
cylindrical sheath. As the illumination design was not addressed
by this work, backlit illumination was used for both Figs. 10(a)
and 10(b).

6.3 Application Issues

The diameter and track length of typical capsule endoscopes
range between 9 to 11 mm and 12 to 26 mm, respectively.*»*
The maximum track length of capsule endoscope optics should
be less than 15 mm in order to have room for other components,
e.g., antennas and batteries.® From Table 2, the simulated track

(a)

length of the proposed design was 19.5 mm, which is twice
as long as the reference design.”! The proposed design was
not scaled down further, because a design with shorter radii of
curvature is unlikely to be technically or economically feasible
with present day lens manufacturing processes. Although the
simulated track length of the current design was 19.5 mm
(Table 2), it should be suitable for catheter-based devices. One
alternative application of the proposed design could be the imag-
ing of colon polyps, which are usually hidden behind folds of the
colon.

The radial imagery would require post-processing to generate
an interpretable view of the scene. The results of a proof-of-
concept algorithm are shown in Figs. 11(c) and 11(d), where the

(b)

(d)

2y =nginearin

g Fhys

Fig. 11 The unprocessed images, (a) 0.5 Ip/mm test pattern and (b) business card, are manipulated using precomputed mappings relationships to

produce (c) and (d), respectively.
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acquired radial panorama imagery was manipulated to appear
more user-friendly. Although the FOV between the forward and
the radial view is discontinuous, it may be possible to estimate
a mosaic map in a post-processing of the acquired video.*>’

7 Conclusion and Future Work

We have designed and characterized a dual-view (forward and
radial) catadioptric optical system for minimally invasive endo-
scopic screening of GI disease. The dual-view optical design
allows the simultaneous acquisition of both the radial-view (im-
aged as an annular region) and the forward-view (imaged as a
circular region). A number of optical simulation packages such
as OSLO™, ZEMAX™  and LightTools™ were used to com-
plement each other throughout this design process. We have also
documented our design framework, which others may use to de-
sign similar endoscope systems. Although the current project
was intended for AF imaging in a capsule endoscope, the design

may also be applied in other endoscopic imaging modalities 11
where the optical signal is weak, e.g., exogenous fluorescence
imaging and narrow band imaging.
The detailed design analysis of the illumination and AF ex- 12.
citation pathway is an ongoing investigation, and will be re-
ported in the future. Radiance matching between the illumina-
tion source, the object, and then the proposed design, is projected } i
to be a crucial topic of our illumination design investigation. Dif-
ferent algorithms for reinterpreting the acquired radial panorama
image will also be investigated. 15
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