Research Article

Vol. 9, No. 9 / September 2021 / Photonics Research 1829 |

PHOTONICS Research

500 um field-of-view probe-based confocal
microendoscope for large-area visualization
in the gastrointestinal tract
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Rapid large-area tissue imaging at the cellular resolution is important for clinical diagnosis. We present a probe-
based confocal microendoscope (pCM) with a field-of-view (FOV) diameter over 500 pm, lateral resolution of
1.95 pm, and outer diameter of 2.6 mm, compatible with the biopsy channel of conventional gastroscopes.
Compared to a conventional pCM, our system’s FOV increased by a factor of 4 while maintaining the probe
size and cellular resolution—comparable to the FOV of Zeiss Axio Observer’s 20x/0.8 numerical aperture ob-
jective lens. Ex vivo imaging of wide areas in healthy and diseased rat gastrointestinal tract tissues demonstrates

the system’s practicality.
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1. INTRODUCTION

The invention of the microscope provided us with the possibil-
ity of studying matter more precisely. Optical microscopes with
micrometer-level resolution have become indispensable tools in
the field of life sciences. For digestive tract cancers with high
incidence and mortality, endoscopic imaging at cell resolution
improves the early detection rate of cancer, increasing the five-
year survival rate. Confocal microendoscopy (CM) can provide
high-magnification and high-resolution images of the mucosal
layer of the gastrointestinal tract—that is, it presents iz vivo cell
morphology which is highly consistent with biopsy pathology,
the gold standard for disease diagnosis [1-4].

Probe-based confocal microendoscopy (pCM) achieves
proximal scanning using a flexible fiber bundle for light guid-
ance [1], providing real-time cellular images that are widely
used in the detection of Barrett’s esophagus [2], gastrointestinal
metaplasia [3], ulcerated colitis [4], and other diseases [5,6].
However, the pCM systems currently in use generally have a
field-of-view (FOV) of only 240-300 pm at a resolution of
1-2 pm [7,8]. The tissue information shown in a single frame
is limited, making it a time-consuming process and impractical
for medical inspections of larger lesion areas. Imaging of limited
lesion areas can easily result in a false-negative diagnosis.
Although systems with a larger FOV have been used for basic
research [9,10], the unclear cell observation caused by low res-
olution remains a challenge. Conversely, sub-millimeter FOV
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cellular resolution imaging helps to quickly locate diseased areas
and improves the accuracy of targeted biopsies.

Generally, for a given optical imaging system, based on the
Lagrange—Helmholtz invariant / = nub, the product of the re-
fractive index 7, aperture angle %, and object height 4 is con-
stant [11]. Here, 7 and # determine the numerical aperture
(NA) of the system; that is, NA = 7 sin #, which determines
its resolution. The object height / determines the system’s
FOV. Consequently, there is a trade-off between the resolution
and FOV of an optical imaging system, and it is challenging to
enhance the FOV while maintaining cell resolution. In recent
years, several methods have been explored to bridge the gap
between single cells and large tissue regions. Image stitching
is a method of reconstructing large-area images from multiple
high-resolution images with small FOVs [12,13]. Regardless of
the time required, an FOV of tens or even hundreds of milli-
meters can be obtained using this method. However, it is not
suitable for real-time imaging owing to its hard registration and
low speed. Fourier ptychographic microscopy (FPM) can ob-
tain high-resolution images through Fourier-domain post-
processing using multiple low-resolution images with large
FOVs [14,15]. Angle-varied illumination from a light-emitting
diode (LED) array is required for Fourier spectrum scanning of
an object in the spatial frequency domain and static samples are
required in FPM, but this cannot be achieved for iz vivo real-
time imaging. One of the more effective methods is to increase
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the field stop, which generally limits the FOV of an imaging
system. Customized large-aperture and high-NA objective
lenses have been manufactured and operated with specially de-
signed scanning light paths to obtain an FOV of several milli-
meters at micrometer resolution [16—18]. Unfortunately, these
objective lenses usually have a diameter of 65 mm, which is too
large for endoscopic imaging.

As endoscopic imaging uses fibers or fiber bundles for light
transmission, none of the preceding methods are appropriate
ways of increasing the FOV. In pCM, a possible solution is
to expand the field stop of the fiber-optic imaging probe, which
is either a fiber bundle with a millimeter image circle diameter
or a miniature objective lens. In this study, we developed for the
first time, to our knowledge, a confocal microendoscope with
an FOV diameter of over 500 pm that is comparable to the
imaging FOV of the 20x/0.8 NA objective lens of the Zeiss
Axio Observer, a resolution of 1.95 pm that is high enough
to resolve a single cell in tissues, and a 2.6 mm outer diameter
fiber-optic probe that is compatible with conventional endo-
scopic biopsy channels. Compared with conventional pCM,
our confocal microendoscope increased the FOV by a factor
of 4, showing more tissue information at a cellular level in a
single view. This is beneficial for obtaining a complete view
through mosaicking, and provides a potentially powerful clini-
cal tool for rapid and accurate assessment of gastrointestinal
tract lesions. An increased field stop and a custom-designed op-
tical system were used to significantly enhance the FOV at cel-
lular resolution. In this study, an optical design software was
used to simulate and optimize the relay system to correct sys-
tem aberration. In addition, a miniature objective lens with a
magnification of 2.2x was designed and fabricated to achieve
cellular resolution over the full FOV. Finally, we discuss the
performance of the system in detail, both theoretically and ex-
perimentally, and demonstrate its practicability by ex vivo im-
aging of healthy and diseased rat gastrointestinal tract tissues.

2. OPTICAL DESIGN

A. Optical Design of the Relay System

In pCM, increasing the field stop is an effective way to increase
the imaging FOV. The clear aperture of a miniature objective
lens is usually larger than that of the fiber bundle, which is
equivalent to the field stop of the system. Increasing the image
circle diameter of the fiber bundle can increase the field stop.
Usually, the diffraction limit resolution value of the miniature
objective lens is less than the core distance of the fiber bundle to
ensure the cellular resolution. Thus, the FOV and sampling
resolution & of the system are not only affected by the fiber
bundle diameter and core distance, but also by the magnifica-
tion of the miniature objective lens. This is shown by

FN
FOV = —, (1)
Mobj
and
d
£ = , 2
Mobj

where FN represents the image circle diameter of the fiber

bundle, M represents the magnification of the miniature

objective lens, and 4 is the distance between the neighboring
fiber cores, usually <5 pm. Based on the preceding two equa-
tions, the relationship between the FOV and resolution is as

follows:
FN x ¢
1L @

Consequently, the pCM FOV and resolution are mutually
restricted when the field stop is determined. To distinguish cells
clearly, the imaging resolution should be 1-2 pm. Thus, in-
creasing the image circle diameter of the fiber bundle is feasible
for large-FOV imaging.

As the imaging FOV increases, the scanning FOV of the
coupling objective lens before the fibers must be increased, re-
sulting in severe off-axis aberration and poor image quality. The
magnitude of the wave aberration can be used to evaluate image
formation. For a given rotationally symmetrical optical imaging
system, the wave aberration function caused by five primary
aberrations depends on the image height 4" and pupil coordi-
nates (7,0). This is shown as [19]

W(h'5r,0) = gagr* + a3, 5’1 cos 0 + a5, h"*#? cos O

FOV =

+ a0 h"* 1 + 32,5 r cos 6, (4)

where a4, 1431, 245, 24,9, and 3a,; represent the coefficients
of spherical aberration, coma, astigmatism, field curvature, and
distortion, respectively. The image height /4’ is the scanning
FOV of the coupling objective lens. For determined pupil co-
ordinates, the aberrations, except spherical aberration, vary
with the image height. The astigmatism and field curvature
are related to 4’2, and distortion is positively correlated with
the size of 4’3,

The scanning FOV is determined by the focal length of the
objective lens f and the scanning angle at the back aperture of
the objective lens w [20] is

b =2xf xtanw, (5)

where @ is measured with respect to the optical axis, corre-
sponding to half of the full scanning angle at the corner of
the scanning FOV. Hence, large focal lengths and large scan-
ning angles enable a large scanning FOV. However, a large focal
length usually means low magnification and a low NA, and the
root mean square (RMS) spot sizes at the fiber bundle space are
larger than a single fiber diameter, indicating low coupling ef-
ficiency [21]. Therefore, the scanning angle needs to be in-
creased to achieve a large scanning FOV. In this study, a
fiber bundle with a length of 3 m and core distance of
4.38 pm was selected for relay. Considering the 10% margin
of the scanning FOV, and based on Eq. (5), the full scanning
angle at the back aperture of the objective lens should be at least
8.6° (w = 4.3°). Consequently, we designed a relay system con-
sisting of a relay lens arrangement and a commercial flat-field
objective lens to optimize the aberrations.

The simulation and optimization of a relay system based on
available commercial lenses were performed using Zemax. The
relay lens system, composed of two identical doublet lenses, is
simple in structure and easy to implement, the symmetrical
structure being helpful for aberration correction. In our system,
the relay lens system is a symmetrical structure composed of
two doublet achromatic lenses (#49285 INK, Edmund)
with a diameter of 50 mm and a focal length of 150 mm.
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The coupling objective lens was replaced by a paraxial lens with
a focal length of 9 mm. The optical schematic diagram refers to
Appendix A. The optimization was performed with half the
maximum scanning angle of 8.6° before the relay lens system,
and a Gaussian beam diameter of 5 mm at 488 nm. To achieve
diffraction-limited performance, the RMS spot sizes of the relay
system should be smaller than the Airy disk spot size. The
modulation transfer function (MTF) values should be greater
than 0.5, when the spatial frequency of the fiber space is 132 Ip/
mm [22,23]. In addition, the maximum values of field curva-
ture, astigmatism, and distortion should be within an accept-
able range to ensure that the image surface is flat without
significant distortion.

The performance analysis of the relay system is shown in
Fig. 1. The RMS spot radii of the full FOV were smaller than
the Airy spot radius and 2 pm single fiber radius, as shown in
Fig. 1(a). Figure 1(b) shows the MTF curves in the tangential
and sagittal planes for four different image positions along the
radial direction: on axis, 0.5 field, 0.707 field, and full field.
Even the worst value, the MTF value of the tangential plane
of the full field, was greater than 0.6 at 132 lp/mm, which fully
meets the design requirements of the MTF values. Figure 1(c)
shows the field curvature plots in the image space. The maxi-
mum field curvature and astigmatism at the edge of the field are
11 and 6.6 pm, respectively. The maximum distortion at the
edge of the field was 0.02%, as shown in Fig. 1(d), which is
acceptable to the human eye. These results show that the relay
system can effectively correct the lens aberrations.
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B. Large-FOV Miniature Objective Lens

A miniature objective lens at the end of the fiber probe can
focus the incident laser from the fiber onto the tissue while
allowing the fluorescence signal to be collected by the same fi-
ber. The effective clear aperture of the miniature objective lens
should not be less than that of the fiber bundle to ensure that
the FOV of the system is not limited by the lens. According to
Eq. (2), a miniature objective lens with appropriate magnifica-
tion is essential to ensure a resolution of 1-2 pm in the system,
and because the system resolution is limited by the distance
between the neighboring fiber cores, the NA of the miniature
objective lens in the object space should be >0.5. Considering
that the refractive index of tissue is similar to that of water, the
object space of the miniature objective lens should be set to be
that of water immersion. Additionally, as the miniature objec-
tive lens is connected to the relay system through the fiber bun-
dle, its NA in the image space should match the 0.25-0.3 NA
of the illumination and collection fibers [24]. Similarly, the
RMS spot size and MTF value in the image space of the minia-
ture objective lens must be consistent with those of the relay
system.

The clear aperture of the miniature objective lens was
1.8 mm, which met the requirement that the FOV of the
pCM be limited only to the image circle diameter of the fiber
bundle. The NA in the object space was 0.52, which ensured
the FOV and resolution of the system. For more details of the
design requirements and lens parameters, please refer to
Appendix B. The layout of the large-FOV miniature objective

Fig. 1.
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Relay system performance analysis. (a) RMS spot radius as a function of field (incident degree). The black line indicates the diffraction

limit. (b) MTF plot in image space. (c) and (d) Predicted field curvature and distortion plots in image space, respectively. T, tangential plane; S,

sagittal plane.
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lens with six elements is shown in Fig. 2. To realize the effective
reduction of the RMS spot size, a plano-convex lens using a
high-refractive-index material (H-LAF50B) was used as the first
lens of the miniature objective lens to directly contact the tis-
sues. Element 2 is a convex lens made of glass H-LAK3, which
works with Element 1 to limit the light beam to the effective
clear aperture of the miniature objective lens. Element 3 is a
doublet lens that is used to correct chromatic aberration.
The remaining three lenses were used to correct residual aber-
rations. The last element was designed as an aspheric lens,
which could be used to correct global spherical aberration.

Element1 Element 2 Element4 Element5 Element 6
(Lens 1) (Lens 2) (Lens 5) (Lens 6) (Lens 7)
H-LAF50B  H-LAK3 H-LAK4L  H-ZF39 D-ZLAF67
Object/| é
Tissue
Element 3
(Lens 3 & Lens 4)
H-ZF72A:H-ZLAF89L
Fig. 2. Schematic diagram of the large-FOV miniature objective
lens.
RMS radius: RMS radius: RMS radius:
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Fig. 3. Spot diagrams with diffraction-limited Airy disks for six
radial image positions. The Airy disk spot radius is 1.272 pm.

The performance analysis of the large-FOV miniature ob-
jective lens is shown in Figs. 3—5. Figure 3 shows the spot dia-
grams with a diffraction-limited Airy disk for six radial image
positions. The RMS spot radii were close to the Airy disk spot
radius of 1.272 pm, and the maximum RMS spot radius of
1.778 pm was less than 2 pm.

Figure 4(a) presents the MTF curves for four different po-
sitions. The MTF values at 132 Ip/mm were greater than 0.6
for the eight MTF curves, indicating the high contrast of the
large-FOV  miniature objective lens. Figure 4(b) shows the
chromatic focal shift in the fiber bundle space. The maximum
focal shift is 14.52 pm, which is slightly greater than the dif-
fraction-limited range of 8.45 pm. Based on the correspon-
dence between object space and image space [25], the
maximum focal shift of the object space was calculated to
be 3.99 pum, which was less than the axial resolution of the
confocal microendoscope [24]. Therefore, the chromatic focal
shift of the miniature objective lens would not affect the im-
aging capability of the confocal microendoscope. Figure 5
presents the field curvature and distortion plots in the fiber
bundle space. The maximum field curvature and astigmatism
in Fig. 5(a) are 9.03 and 10.53 pm, respectively, which are 2.48
and 2.89 pm in object space. The maximum distortion in
Fig. 5(b) is 1.25%, which is less than the distortion range that

(a) Field curvature (b) Distortion
Y
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-20 -10 0 10 20 -2 -1 0 1
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Fig. 5. DPredicted (a) field curvature and (b) distortion plots in fiber
bundle space of the large-FOV miniature objective lens.
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(a) Polychromatic diffraction MTFs plot and (b) chromatic focal shift in fiber bundle space of the large-FOV miniature objective lens.
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Fig. 6. Photographs of the large-FOV miniature objective lens and testing results. (a) Large-FOV miniature objective lens placed next to a
Chinese 50-cent coin for perspective. (b) Testing results of resolution. (c) Calculated MTF curves from (b).

can be distinguished by the human eye. For more performance
evaluation results, please refer to Appendix C.

The performance analysis results show that the large-FOV
miniature objective lens effectively corrected these three aber-
rations to meet the design requirements. We also performed
tolerance and Monte Carlo analyses for the design (see
Appendix D). The outer diameters of all lenses were
2.2 mm to facilitate assembly. Based on this design, a miniature
objective lens with a magnification of 2.2x, outer diameter of
2.6 mm, and length of 11.2 mm was manufactured and as-
sembled, which is flexible enough to get through a working
channel of a commercial gastrointestinal endoscope. Figure 6
(a) shows an image of a large-FOV miniature objective lens
placed next to a 50-cent coin. A standard 1951 United
States Air Force (USAF) target was used for lateral resolution
testing, as shown in Fig. 6(b). The large-FOV miniature ob-
jective lens could resolve features separated by 0.775 pm, as
shown in the enlarged red box. The vertical and horizontal
MTF curves were calculated using the slanted-edge method
and the MATLAB program [21,26], and compared with the
diffraction limit MTF curve shown in Fig. 6(c), which showed
that the MTF at 132 lp/mm was greater than 0.5, again meet-
ing the design requirements.

3. LARGE-FOV PCM AND IMAGING
PERFORMANCE

A. Large-FOV pCM Setup

The schematic of the large-FOV pCM system is similar to that
of our previous visible pCM system [8,21,27] (see
Appendix E). The excitation light of wavelength 488 nm

(a)

Fiber-optic probe

Large-FOV pCM system

(OBIS 488 LX, Coherent) passed through the beam expander
and was then reflected using a dichroic mirror (DM, Di03-
R488-t1-25 x 36, Semrock). A two-dimensional scanner
(CRS, Cambridge, 6215 H, Cambridge) was used to scan
the beam, which was then relayed into the back aperture of
the objective lens (UMPLANFL N 20x/0.50, Olympus) to
focus on the end face of the fiber bundle. A miniature objective
lens at the distal end of the fiber bundle focused the beam onto
the tissues while collecting the fluorescent signal. The fluores-
cence returned along the same path and passed through a di-
chroic mirror and filter (FF02-525/40-25, Semrock). Finally,
the fluorescence was focused using a condenser through a pin-
hole and collected by a PMT (R3896, Hamamatsu). In image
processing, based on the blind calibration algorithm [28], the
honeycomb structure caused by the fiber bundle was eliminated
by Delaunay triangulations to obtain a good visualization. The
imaging speed of the system is 4.3 fps (frames per second), fast
enough for real-time imaging. Before the experiments, a new
fiber-optic probe consisting of a millimeter-diameter fiber bun-
dle and a large-FOV miniature objective lens was used for im-
aging. The packaged large-FOV pCM system and fiber-optic
probe are shown in Fig. 7(a).

B. FOV and Lateral Resolution

We tested the FOV by imaging a grating (80 lines/mm,
Edmund), which was dripped with sodium fluorescein solution
and was in contact with the distal end of the fiber-optic probe.
Here, 41 stripes could be distinguished clearly, as shown in
Fig. 7(b), indicating an FOV diameter of 512.5 pm. In addi-
tion, the lateral resolution of the large-FOV pCM was tested
using a 1951 USAF target. The smallest distinguishable

0 5 10 15 20 25
Distance (Pixels)

Fig. 7. (a) Packaged large-FOV pCM system with a fiber-optic probe. Measurement results of the (b) FOV and (c) lateral resolution with line
profile analysis result for the vertical features in Group 8 Element 1. The red arrow in (c) points to the smallest resolved details. The scale bars in

(b) and the enlarged red box in (c) are 50 and 20 pm, respectively.
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features of the system were the Group 8 Element 1 bars, as
shown by the red arrow in the enlarged red box of Fig. 7(c),
corresponding to a spatial frequency of 256 lp/mm or a bar
width of 1.95 pm. The cross section through the Group 8
Element 1 vertical features in Fig. 7(c) demonstrates that they
show the expected sinusoidal pattern. Both the measured FOV
and resolution were consistent with theoretical estimations.
To evaluate the lateral resolution uniformity, we tested the
resolution in multiple fields and directions. We divided the
512.5 pm diameter of the FOV in the radial direction into four
0.5 fie

Id

(@)

Orientation 3 Orientation 2 Orientation 1

Orientation 4

™ B
o Research Article

fields: field center, 0.5 field, 0.707 field, and full field. Each
field was further evenly divided in eight directions, setting
the orientation 1 to 0° and number clockwise with a 45° differ-
ence between the two adjacent orientations. We moved the
Group 8 Element 1 bars to different locations and tested
the resolution. The clarity of the features determines the con-
sistency of the resolution between these locations and the field
center. Owing to the symmetry of the FOV, we selected the
resolution test results of the 0.5, 0.707, and full fields with ori-
entations 1, 2, 3, and 4, as shown in Fig. 8. The red arrows

200
120 120
2150 2 F
S S100 S100
g g g
5100 5 80 5 80
60 60
50)
20 25 25 25

5 10 15
Distance (Pixels)

5 10 15 20
Distance (Pixels)

5 10 15
Distance (Pixels)

Fig.8. Resolution measurement results. (a)—(c) Resolution measured in three fields of orientation 1. (d)—(f) Resolution measured in three fields of
orientation 2. (g)—(i) Resolution measured in three fields of orientation 3. (j)—(I) Resolution measured in three fields of orientation 4. (m)—(o) Line
profile analysis results for the vertical features in Group 8 Element 1 in three fields of orientation 4. Red arrows indicate different orientations and
point to the smallest resolved details. All positions can clearly distinguish the Group 8 Element 1 bars, corresponding to a bar width of 1.95 pm. Scale

bar: 50 pm.
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indicate the different orientations and point to the smallest re-
solved details. In Figs. 8(a)-8(c), the Group 8 Element 1 bars
can be clearly distinguished in the three fields of orientation 1.
Thus, there was no difference in resolution between the differ-
ent fields of orientation 1. The resolutions of the orientations 2,
3, and 4 were also independent of the fields, as shown in Figs. 8
(d)-8(1). Cross sections in Figs. 8(m)—8(o) show that the Group
8 Element 1 bars can be resolved in different fields. However,
for the same field, the smallest distinguishable features of the
different orientations were the Group 8 Element 1 bars.
Therefore, the large-FOV pCM can maintain a 1.95 pm line
width visualization across the full FOV of 512.5 pm diameter.

4. TISSUE IMAGING

A. Animal Preparation

We tested the performance of the system by imaging the gas-
trointestinal tract tissues of male Sprague Dawley (SD) rats
weighing approximately 200 g. SD rats were purchased from
the Zhongnan Hospital of Wuhan University (Wuhan,
China) and fed adaptively for one week before the experiments.
All rats fasted for 24 h before the experiment and had free access
to water to reduce the possibility of food residues and residual
excreta. All experiments were approved by the animal experi-
ment guidelines of the Animal Experimentation Ethics
Committee of Huazhong University of Science and
Technology (HUST, Wuhan, China).

The gastric ulcer model in restrained cold-water stressed rats
is an acute stress gastric ulcer model, similar to human stress
ulcers. The characteristics of gastric mucosal lesions are acute
hemorrhagic superficial gastritis, with little difference in inter-
individual pathology. Thus, water-immersion-restraint stress
gastric ulcers in rats are the first choice for various stress ulcer
models, as they provide convenient modeling and high model-
ing rates [29-32], and they are widely used in basic biological
research [33-35].

The experimental group was starved for 24 h prior to the
experiments but was allowed free access to water. After mild
anesthesia with chloral hydrate, the rats were restrained on a
mouse rack and immersed up to a depth of the xiphoid process
in a water bath of temperature 23°C for 12 h. The dextran sul-
fate sodium (DSS)-induced ulcerative colitis model is one of the

4
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) 48

g%ﬁ%v Ny

&P 2 ,ﬁ Y
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most widely used chemically induced colitis models for biologi-
cal research [36-39], so DSS (6%, w/v) was administered orally
via drinking water for seven days to establish an ulcerative col-
itis model.

All rats were anesthetized using an intraperitoneal injection
of urethane and chloral hydrate mixed solution (60 pL/10 g),
and then 33 mg/kg injection of sodium fluorescein was admin-
istered intravenously. Subsequently, the gastrointestinal tract
tissues were removed, exposing the inner surface with
stroke-physiological saline solution dripped to prepare for im-
aging. During imaging, the laser power was maintained at
0.4 mW at the tissue surface.

B. Healthy Rat Stomach

Large-area tissue imaging can help reduce the observation time
and improve the accuracy of targeted biopsies, improving the
detection rate. To characterize the imaging capability of a large-
FOV pCM system, we imaged the gastrointestinal tract tissues
of healthy SD rats. A homemade large-FOV pCM and a con-
ventional pCM (FOV diameter: 269 pm, CLE-1000,
Endovision Medical Technology Co., Ltd, China) were used
to image the same gastric tissues at the same laser intensity,
the results of which are shown in Figs. 9(a) and 9(c), respec-
tively, at the same scale. Both pCMs were able to observe the
typical structure of gastric pits and clearly distinguish the finer
epithelial cells. The shape, arrangement, and size of gastric pits
are the basis for diagnosis by clinicians. In the imaging results,
regular-shaped and distributed gastric pits (blue arrows) and
epithelial cells (red arrows) could be clearly observed, consistent
with the hematoxylin—eosin (HE) staining results shown in
Fig. 9(b).

The imaging area of the large-FOV pCM was significantly
larger than that of the conventional pCM, which was compa-
rable to the imaging FOV of the 20x/0.8 NA objective lens of
the Zeiss Axio Observer. Consequently, the number of gastric
pits observed using the large-FOV pCM was much greater than
that observed using the conventional pCM. The gastric pits
that could be observed per FOV by the two systems were quan-
titatively analyzed, as shown in Fig. 9(d). The average numbers
of gastric pits in the conventional and large-FOV pCMs were
53.32 and 154.60, respectively. Differences between the con-
ventional and large-FOV pCMs were analyzed using #-tests.
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Fig.9. Comparison of healthy gastric tissue images using a large-FOV pCM and conventional pCM. (a) Image of healthy stomach using the large-
FOV pCM. (b) Corresponding histologic specimens. (c) Image of healthy gastric tissues using the conventional pCM. (d) Statistics regarding the
number of gastric pits observed in the two pCMs. The #-test was applied (****p < 0.0001). Red arrows, superficial epithelial cells; blue arrows,

gastric pits. Scale bars: 50 pm.
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Fig. 10. Healthy colon tissue images obtained using large-FOV and conventional pCMs. (a) Image of healthy colon obtained using the large-
FOV pCM. (b) Corresponding histologic specimens. (c) Image of healthy colon obtained using the conventional pCM. (d) Statistics regarding the
number of colon crypts observed in the two pCMs. The z-test was applied (****p < 0.0001). Red arrows, columnar epithelial cells; blue arrows,
goblet cells; green arrowheads, opening of the crypts. Scale bars: 50 pm.

The differences in the gastric pit numbers between the two
pCMs were highly significant (p < 0.0001). Furthermore,
compared with the conventional pCM, the average number
of gastric pits observed using the large-FOV pCM increased
by a factor of 2.90—that is, close to the ratio of the theoretical
FOVs of the two systems of 3.63. The difference between the
statistical and theoretical values in the FOV may have been due
to the stroma of gastric pits and the non-uniformity of the gas-
tric pit size.

C. Healthy Rat Colon

We used the same method to image healthy rat colon tissues,
verifying the system’s ability to image the lower gastrointestinal
tract tissues. The large-FOV pCM clearly showed the typical
structure of the colon and had the ability to show the area
of the lower gastrointestinal tissue at a cellular level, approxi-
mately four times that of the conventional pCM. Figures 10(a)
and 10(c) show the results of the large-FOV and conventional
pCMs, respectively. The arrangement and morphology of the
colon crypts and the presence or absence of goblet cells are the
basis for diagnosis by clinicians. From the imaging results, the
healthy colon shows a hexagonal, honeycomb appearance with
a regular ordered network of capillaries demarcating the lumi-
nal crypt orifice (green arrowheads). Columnar epithelial cells

(red arrows) are clearly arranged in an orderly manner in a radial
mode surrounding the regular-shaped and distributed crypts.
The boundaries between the crypts are distinct, and darker
goblet cells (blue arrows) can be seen in both figures. The size
ratio exhibited by the two images signifies the size ratio of the
actual FOV. The statistical results of the colon crypts visible in
a single-frame image are shown in Fig. 10(d). The average
numbers of crypts in single-frame images from the conven-
tional and large-FOV pCMs were 13.42 and 37.84, respec-
tively. The difference in the crypt number was statistically
significant (p < 0.0001), consistent with the difference in
the FOV of the two systems.

D. Gastric Ulcer

The ability to distinguish between healthy and diseased tissues
is necessary for a large-FOV pCM. Thus, we imaged the gastric
tissues of one rat from the water-immersion-restraint stress gas-
tric ulcer model to demonstrate the ability of the system to as-
sess the diseased tissues of the upper gastrointestinal tract. The
results are shown in Fig. 11(b). We compared the results to
those for the gastric tissues of the control group without gastric
ulcers, as shown in Fig. 11(a). In the case of the gastric ulcers,
epithelial cells of normal size and morphology—which are sim-
ilar to those of the healthy gastric tissues—are clearly visible.
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Fig. 11. Images of healthy and ulcerated gastric tissues. (a) Image of healthy gastric tissue. The mucosa shows regularly distributed superficial

epithelial cells (red arrow) and gastric pits (blue arrow) and is free of fluorescein sodium leakage. (b) Image of gastric ulcer. Epithelial cells surrounded
by a white circle (red arrow) of normal size and morphology are visible. The gastric ulcer shows distorted gastric pits with dilated openings (blue
arrow) and destroyed epithelium with fluorescein sodium leakage (yellow arrow). (c) Histopathological analysis of gastric ulcer tissues. In (c), the red
arrow shows epithelial cells, the blue arrow shows gastric pits, and the green arrow shows hemorrhage. Scale bars: 50 pm.
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The epithelial cells are surrounded by white circles in the gastric
ulcers, as indicated by the red arrow in Fig. 11(b). In contrast to
the healthy gastric tissues, the gastric ulcers show distorted gas-
tric pits and dilated openings, as indicated by the blue arrow in
Fig. 11(b). In addition, the gastric ulcer shows destroyed epi-
thelium with fluorescein sodium leakage (yellow arrow). The
large-FOV pCM’s wide view enables visualization of the
differences between healthy and ulcerated gastric tissues, cor-
responding well with histopathological findings [Fig. 11(c)].
This demonstrates that the large-FOV pCM system has the
potential for rapid and accurate diagnosis of upper gastrointes-
tinal tract diseases.

E. Ulcerative Colitis

Although a wide view of 500 pm at cellular resolution has been
obtained, clinicians generally want to obtain a complete view of
gastrointestinal tract tissues for faster screening and surveillance
during diagnosis. Mosaicking is a method used to obtain large-
area imaging. Consequently, we attempted to stitch large-FOV
pCM images together to obtain wider views of healthy colon
and DSS-induced colitis tissues. Figures 12(a) and 12(c) are
mosaic images of seven frames of healthy colon and eight
frames of colitis tissues, respectively. The red and blue boxes
in the two mosaic images are shown in Figs. 12(b) and 12
(d), respectively. Screening of ulcerative colitis tissues revealed
that epithelial cells (red arrows) and reduced quantities of gob-
let cells (blue arrows) could be identified. The image of the
colonic mucosa of SD rats with ulcerative colitis shows irregular
alignment of crypts with dilated openings (white arrows), crypt

distortion and fusion (green arrows), and irregular fluorescein
sodium leakage (yellow arrows). The imaging results for ulcer-
ative colitis are highly consistent with the HE staining results
shown in Fig. 12(f). Healthy colon and colitis tissues show
clearly different characteristics, indicating that the large-FOV
pCM has the ability to detect lower digestive tract diseases.
The stitching algorithm used in this study consisted of two
parts: a registration method based on feature points and a seam-
guide stitching scheme. The feature points were detected using
a scale-invariant feature transform, which stitched images to an
acceptable visual standard, without obvious seams or artifacts.
To ensure the robustness of the stitching procedure, the overlap
rate of two adjacent single-frame images should be greater than
50%. Based on our statistics, the overlap rates in Figs. 12(a) and
12(c) were 58.8% and 62.5%, respectively, as shown in
Table 1. The views were greatly increased by mosaicking,
reaching  approximately =~ 1586.7 pm x 512.5 pm  and
1505.5 pm x 512.5 pm, respectively. Wider-view images show
more tissue information. The quantities of colon crypts visible
in the two mosaic images were 105 and 142, respectively, as
indicated by the light and deep red bars in Fig. 12(g). The
stitching area of the colitis tissues was smaller than that of
the healthy colon tissues, but displayed more crypts. A possible
reason for this is that the crypts in the colitis tissues were locally
clustered, and of different sizes and irregular arrangement.
Conventional pCM results can also achieve a wider view by
stitching. We imaged the same ulcerative colitis tissues and ob-
tained a mosaic result, including twelve single-frame images, as
shown in Fig. 12(e). The overlap rate was 66.0%, and the FOV

0

Fig. 12. Images of the colon tissue. (a) A mosaic image of healthy colon tissues includes seven frames obtained using the large-FOV pCM.
(b) Enlarged details of the red rectangle in (a). (c) A mosaic image of ulcerative colitis tissues includes eight frames obtained using the large-
FOV pCM. (d) Enlarged details of the blue rectangle in (c). (¢) A mosaic image of the same ulcerative colitis tissues includes 12 frames obtained
using the conventional pCM. (f) Corresponding histological specimens of ulcerative colitis tissues. (g) Crypt numbers observed in the three mosaic
images. Red arrows, columnar epithelial cells; blue arrows, goblet cells; yellow arrows, fluorescein sodium leakage; green arrows, crypt fusion; white
arrows, dilated openings. In (a), (c), (), and (f) the scale bars are 100 pm. In (b) and (d), the scale bars are 50 pm.



e T
1838  Vol. 9, No. 9 / September 2021 / Photonics Research , - Research Article

Table 1. Mosaic Image Data
Overlap Colon
Frames Rate FOV Crypts
Fig. 12(a) 7 58.8% 1586.7 pm x 512.5 pm 105
Fig. 12(c) 8 62.5% 1505.5 pm x 512.5 pm 142
Fig. 12(c) 12 66.0%  1088.4 pm x 269 pm 52

was approximately 1088.4 pm x 269 pm. The typical charac-
teristics of ulcerative colitis lesions with sodium fluorescein
leakage and crypt fusion were also observed, similarly to those
shown in Fig. 12(c). However, the mosaic image area of the
conventional pCM was much smaller than that of the large-
FOV pCM. Only 52 colon crypts were visible in Fig. 12(e),
denoted by dark blue bars in Fig. 12(g). The large-FOV
pCM could obtain a larger area by mosaicking fewer images.
Meanwhile, a single image with a wider view also includes more
tissue information from which feature points to implement mo-
saicking can be obtained.

5. CONCLUSION AND DISCUSSION
In this study, we developed a large-FOV pCM for the cellular

imaging of gastrointestinal tract tissues with a wide view. To
our knowledge, this is the first study to demonstrate that a
large-FOV pCM could image gastrointestinal tract tissues with
an FOV diameter over 500 pm and a resolution of up to
1.95 pm using a probe of diameter 2.6 mm. Here, we improved
the FOV of the system by increasing the image circle diameter
of the fiber bundle, known as the field stop. Moreover, the scan-
ning relay and coupling system was optimized and assembled to
effectively correct the field curvature, astigmatism, and distor-
tion, which increased rapidly as the FOV increased. Gradient
index (GRIN) lenses with small outer diameter are commonly
used in endoscopic imaging [40—42], but they are not suitable
for large-FOV confocal mircroendoscopy owing to severe aber-
ration. A custom-designed miniature objective lens composed
of just seven lenses was manufactured, with a volume ratio of
approximately 1:700 to that of a commercial microscope ob-
jective lens to achieve cellular resolution as the FOV increased.
Compared with other custom-designed miniature objective
lenses (see Appendix F), our objective lens was designed to op-
erate over the FOV diameter of 512.5 pm and be compatible
with the biopsy channel of conventional gastroscopes. The per-
formance test results showed that the system had a uniformly
high resolution in the submillimeter FOV. Compared with a
conventional pCM, the gastrointestinal tissue images of SD rats
showed that the large-FOV pCM improved the FOV approx-
imately fourfold while maintaining cellular resolution. Imaging
of diseased tissues demonstrated that the large-FOV pCM

could be used to detect diseases of the upper and lower gastro-
intestinal tract. In addition, mosaicked large-FOV images were
conducive to obtaining more comprehensive tissue informa-
tion, a beneficial outcome for clinical applications.

At present, only superficial large-area imaging of tissues can
be performed; however, deep imaging is also important for
clinical diagnosis and basic biomedical research [43,44].
Future research will focus on deep-tissue large-FOV imaging
for the classification of tumor invasion [45] and further treat-
ment [6]. Moreover, optimization of the scanning relay system
is based on commercial lenses, resulting in a limited choice of
lenses when considering both system size and aberration cor-
rection. Lenses custom-designed for the scanning relay system
requirements could maintain diffraction-limit performance in a
more compact configuration.

APPENDIX A

The relay system consists of a relay lens system and a coupling
objective lens, as shown in Fig. 13.

APPENDIX B

The design requirements of the miniature objective lens are
listed in Table 2. The working distance of 80 pm allows it
to be used in tissue surface imaging. The fiber bundle has a
coating diameter of 1.275 mm. With the consideration of
2.2x magnification, the optimized FOV was set to 570 pm.
Telecentricity in fiber space was set while designing the minia-
ture objective lens to ensure uniform efficiency of fiber cou-
pling across the entire image circle diameter of the fiber
bundle. The objective was designed to operate in the wave-
length range of 488—550 nm to accommodate the fluorescein.

The lens parameters including surface radius, thickness, ma-
terials, and lens diameters are listed in Table 3.

Table 2. Design Requirements for the Miniature
Objective Lens

Specification Value
NA pjece/ NAssue 0.52 (water immersion)
Magnification 2.2
Working distance 80 pm
Field of view (FOV) 570 pm
Telecentricity Image space
Wavelength 488-550 nm
Outer diameter 2.6 mm
Clear aperture 1.8 mm
Root mean square (RMS) radius at fiber <2 pm
MTF at 132 Ip/mm at fiber >0.5

200 mm

Fig. 13. Relay system layout. The blue arrow indicates the coupling objective lens. The red arrow indicates the image surface at which the
aberrations were calculated. The total optical length of the relay lens system is 608.918 mm.
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Table 3. Lens Descriptions of the Miniature Objective Lens

Surface Comment Radius (mm) Thickness (mm) Glass Diameter (mm)
OBJ* Tissue -10.064 0.084 SEAWATER 0.570
1 Lens 1 Infinity H-LAF50B 2.200
2 -1.622 0.146 2.200
Lens 2 —14.353 0.804 H-LAK3 2.200
4 —-3.380 0.100 2.200
5% Lens 3 4.657 0.600 H-ZF72A 1.800
6 Lens 4 1.383 1.133 H-ZLAF89L 1.800
7 -13.25 0.186 2.200
8 Lens 5 2.389 0.600 H-LAK4L 2.200
9 4.759 0.801 1.800
10 Lens 6 -1.951 1.943 H-ZF39 1.800
11 —4.969 0.228 2.200
12¢ Lens 7 1.086 0.786 D-ZLAF67 1.800
13¢ 0.845 0.318 1.400
IMA Fiber bundle Infinity 1.240
Surface Conic 4th 6th 8th 10th 12th
OBJ” 98.113 25.432 —435.297 2950.302 -3566.585 -3642.758
12¢ —-0.546 - - - - -
13¢ -1.370 1.153 4.715 —23.443 67.774 -70.961
“Aspheric surface.
APPENDIX C

We analyzed the RMS wavefront error and RMS spot radius, as
shown in Fig. 14. The RMS wavefront error changed obviously
across the full FOV and reached the maximum at the edge of
the field, which was higher than the diffraction limit, as shown
in Fig. 14(a). However, the coupling efficiency in the pCM was
ultimately limited by the diameter of a single fiber in the fiber
bundle. In Fig. 14(b), the RMS spot radii also changed with the
field and the maximum RMS spot radius of 2.4 pm, which was
close to the radius of a single fiber and could be considered to
meet the design requirements.

APPENDIX D

The fabrication tolerance parameters used during the optimi-
zation are presented in Table 4. All tolerances were within the
usual capabilities of fabrication and assembly. Based on the cri-
terion of RMS spot radius, the miniature objective lens was
evaluated using the root sum square method. The results
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== 550 nm
0.4 = DIFF LIMIT

o
w

RMS Wavefront Error (waves
=) =)
- N

o
o

50 100 150 200 250 285
+Y Field (um)
Fig. 14.

respect to the single fiber radius.

Table 4. Tolerances for the Miniature Objective Lens

Tolerance Value
Radius (fringes) +5
Thickness (mm) +0.03
Surface decenter (mm) +0.01
Surface tilt (°) +0.05
Surface irreg (fringes) +0.5
Element decenter (mm) +0.02
Element tilt (°) +0.5
Index 40.001
Abbe +1%

showed that the total performance of 2.5 pm was close to
the required performance of 2 pm, and was considered to meet
the requirements.

Table 5 presents the analysis results based on 1000 runs of
Monte-Carlo simulations. It shows that 50% of the simulations
resulted in an RMS spot radius <1.67 pm, smaller than the

(b)25
T 2
2
E
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©
o
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(a) RMS wavefront error as a function of field with respect to the diffraction-limited value. (b) RMS spot radius as a function of field with
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Table 5. Monte Carlo Analysis Results

Probability RMS Spot Radius (pm)
90% 3.49
80% 2.39
50% 1.67
20% 1.36
10% 1.24

single-fiber radius in the fiber bundle, indicating that the
miniature objective lens could be fabricated and assembled suc-
cessfully.

APPENDIX E

The large-FOV pCM system consists of a laser, beam expander,
scanner, relay system, fiber-optic probe, fluorescence signal col-
lection system, control module, and computer, as shown
in Fig. 15.

] | A
Control — %/
PMT module b
g Pinhole
Tube lens I
b ———

Filter
(525/40)

488 nm
laser

Beam expander
Fiber bundle

Miniature objective

4 \
- Scanners +Hz§¥;f‘(2.2!, 0.52NA)
YT

Coupling objective R
Relay lens system
(OD: 50 mm, FL:150 mm)  (20% 0-5NA) 7 Tissue
Fig. 15. Schematic of the large-FOV pCM system. DM, dichroic
mirrors; OD, outer diameter; FL, focal length; NA, numerical aper-
ture; L, length of the fiber bundle; 4, distance between the neighboring

fiber cores.

APPENDIX F

Miniature objective lenses designed based on different require-
ments such as size, cost, and imaging performance are widely
used in confocal microendoscopy. Table 6 provides a detailed
comparison of other groups of miniature objective parameters
for endoscopic imaging. The nine-lens miniature objective lens
has an FOV of 450 pm and a resolution of 1.8 pm in the wave-
length range of 480—-660 nm [46]. The miniature objective lens
used for confocal reflectance microscopy has a 250 pm FOV

with a 7 mm outer diameter, which cannot get through the
working channel of a conventional endoscope [47]. A
10 mm length miniature objective lens with an outer diameter
of 2.1 mm can be used with conventional endoscopes with a
limited FOV of 360 pm [48]. Other researchers have designed
and manufactured a miniature objective lens with an outer
diameter of 2.4 mm and length of 13.8 mm that can achieve
spectral imaging with an FOV of 290 pum in the wavelength
range of 515-570 nm [49].
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