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structured illumination endoscopic system
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Structured illumination, a wide-field imaging approach used in microscopy to enhance image resolution beyond the sys-
tem's diffraction limits, is a well-studied technique that has gained significant traction over the last two decades. Howev-
er, when translated to endoscopic systems, severe deformations of illumination patterns occur due to the large depth of
field (DOF) and the 3D nature of the targets, introducing significant implementation challenges. Hence, this study ex-
plores a speckle-based system that best suits endoscopic practices to enhance image resolution by using random illumi-
nation patterns. The study presents a prototypic model of an endoscopic add-on, its design, and fabrication facilitated by
using the speckle structured illumination endoscopic (SSIE) system. The imaging results of the SSIE are explained on a
colon phantom model at different imaging planes with a wide field of view (FOV) and DOF. The obtained imaging metrics
are elucidated and compared with state-of-the-art (SOA) high-resolution endoscopic techniques. Moreover, the potential
for a clinical translation of the prototypic SSIE model is also explored in this work. The incorporation of the add-on and its
subsequent results on the colon phantom model could potentially pave the way for its successful integration and use in
futuristic clinical endoscopic trials.

Keywords: Speckle imaging; endoscopic add-on; colon phantom; clinical translation
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Introduction face and subsurface planes. In all imaging applications,

Gastrointestinal (GI) endoscopy, a technique practiced image quality is of critical importance, primarily deter-

across the globe for several decades, is a vital and impor-
tant diagnostic procedure used to visualize, image, assess,
and treat various conditions of the GI tract'. In the Unit-
ed States alone, it is estimated that more than 20 million
GI endoscopies are performed annually’~*. Existing since
the early 1800s in its primitive forms, white-light en-
doscopy (WLE) has played an integral role in the visual-
ization and diagnosis of the GI, the evolution and use of
which have greatly increased over the years. This trend is
set to rise in the coming years®”’. Over the last few years,
several imaging modalities have been developed to help
facilitate the WLE process, capable of imaging both sur-

mined by the image resolution, contrast, and noise®.
High resolution enhances the ability to perceive details of
an image, as opposed to solely using optical or digital
magnification, which may not prove useful for a detail-
oriented image screen and analysis. However, digital, or
optical magnification, in conjunction with high-resolu-
tion imaging techniques, may help better visualize im-
ages. Therefore, the importance of high image resolution
in endoscopy plays a vital role in its visual screening and
diagnosis for an accurate identification of anomalies
within the human body’-!". Hence, as a vital bridging
metric, good image resolution in endoscopy is critical,
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warranting a need for its study, integration, and usage.

Imaging techniques in endoscopy where resolution
plays a critical role has made significant strides in the last
decade wherein, several advances in WLE under both
hardware and software realms have proven to be signifi-
cantly useful in detecting mucosal and other bodily ab-
normalities'?-2°. However, as observed from these state-
of-the-art (SOA) technologies, the resolution levels, field
of view (FOV), and the depth of field (DOF) are jointly
restricted and typically capped to an extent determined
by their software and hardware capabilities. In compari-
son, the speckle structured illumination endoscopy
(SSIE) imaging approach is capable of circumventing
these limitations, opening up new opportunities as ex-
plained in our previous works?.. Concisely, SSIE obtains
its enhanced resolution at wide FOV and DOF by em-
ploying high-resolution illumination speckles and an ef-
ficient image reconstruction algorithm, namely blind-
structured illumination microscopy (SIM), using multi-
ple low-resolution frames. The speckles produced in the
SSIE system result from the random interference of laser
illumination originating from the two multimode (MM)
fibers placed on either end of the endoscope. The two-
fiber interference model used in SSIE, the reasoning be-
hind it, and the characterization of the system and its
working principles were explained in our previous
study?!.

As an extension of our previous work, this study
mainly explores the prototypic design and model of the
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add-on developed, the integrated setup of the SSIE, its
performance, and facilitation on a colon phantom mod-
el, with the view for its potential translation into futuris-
tic clinical explorations. Furthermore, as SSIE employs N
frames of low-resolution images to achieve a single frame
high-resolution image via the blind-SIM algorithm, we
examine the effect of the number of frames N on the
achievable resolution enhancement at various image dis-
tances. SSIE may be used to complement standard WLE
practices at optimal parameters for enhanced screening,
visualization, and assessment of images at high levels of
resolution, along with its wide FOV and DOF, cost-effec-
tiveness, ease of integration, and use. The remainder of
the paper is structured as follows: the first section ex-
plores the different bench top components of the SSIE,
the second section describes a low-cost design of an ex-
ternal sleeve to hold the fibers around the endoscope for
illumination. In addition, this section also discusses oth-
er design considerations of the prototypic add-on and its
potential clinical translation. The third section explores
the fabrication of the colon phantom, followed by the
fourth section showing the experimental results ob-
tained from it and relevant analysis. Lastly, the study
ends with a discussion and conclusion section encom-

passing the future prospects.

SSIE setup and experimental results
The schematic of the SSIE is illustrated in Fig.1. The SSIE

Bench top components
M) EE—
Optical
Laser source |:> components
— U
)
Fiber/Free Multimod
space beam <":| uttimode
splitter fiber
—— —___J
) e N
Optical |:|'> Motor
components controls
M
A4
) )
Target (::I Endoscope
add-on
Endoscope add-on

Fig. 1 | Schematic of the SSIE system. (a) Bench top components , Block 1: laser source of 532 nm, Block 2 (optical components): optical mir-

rors, Block 3: MM fiber, Block 4: fiber/free space beam splitter, Block 5 (optical components): collimators, optical mirrors and MM fiber, Block 6:

step motor, processor, and motor controls. (b) Endoscope add-on (right to left), Block 7: endoscopic add-on, Block 8: target (colon phantom model).
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can be broadly classified into two categories, namely the

benchtop components and the endoscopic add-on.

Bench top components

The experimental setup of the SSIE (Fig. 1) is illustrated
in Fig. 2 and Fig. 3. In the SSIE system, a laser source of a
known wavelength is directed through blocks 1 to 6 (Fig.
1) via two MM fibers and onto the target through block 7
(Fig. 1), the endoscopic add-on. The speckle patterns are
modulated between image acquisition, following the
blind-SIM principle?!. The speckle pattern themselves do
not affect the endoscopic imaging?'. Additionally, the ba-
sic theory of speckle imaging and the mathematical mod-
el can be found in our previous study?'. The illumina-
tion patterns originating from the two MM fibers placed
at an angle on either end of the endoscope (Fig. 3) inter-
fere at the target, causing spatial frequency mixing be-
tween the target and the incident illumination patterns.
This spatial mixing encodes structural details corre-
sponding to the high spatial frequency details of the tar-
get into detectable low spatial frequency information.
Hence, high-frequency components of the target, which
are lost by conventional imaging techniques, can be ef-
fectively recovered. To facilitate a super-resolution im-
age of SIM, an image reconstruction algorithm utilizes a
series of such low-resolution images with different illu-
mination patterns captured by the endoscopic charge-
coupled device (CCD)?**%¢. Blocks 1 to 5 of Fig. 1 are il-
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lustrated in Fig. 2.

The fiber and free-space setup (Fig. 1(a, b)) essentially
performs the same functionality, which is to route an ex-
ternal visible laser source with a wavelength of 532
nanometers (used in this study) into the two MM fibers.
These fibers are wound around the endoscopic probe in
a particular fashion (see supplementary information Sec-
tion 1). Although both setups serve the same purpose,
the fiber-based setup is more likely to have firm inter-
connections and be portable due to its compact size. Ad-
ditionally, it is comparatively more robust against possi-
ble mechanical movements, whether large or small, com-
pared to its free-space counterpart. However, in both se-
tups, regardless of the type, the system's performance
largely depends on the coupling efficiency of the laser
beam into the MM fibers and the efficiency of the laser
source itself. In the fiber-based setup, the external laser
source is routed through mirrors, a fiber launch, and in-
to the 50/50 fiber beam splitter, which is coupled to con-
nectors 1 and 2. These connectors are attached to two
MM fibers wound around the endoscope to deliver the
laser illumination onto the sample. In the free-space set-
up, the fiber beam splitter is replaced with a free-space
beam splitter, a mirror, and two external collimators.
The MM fibers are routed onto a step motor pro-
grammed to provide vibration to the MM fiber, aiding in
the modulation of the illumination patterns between suc-

cessive frame acquisitions. The vibration of the fiber
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Fig. 2 | Experimental SSIE benchtop setup. (a) Fiber based setup. (b) Free space setup. The arrow denotes the pathway and direction of the

laser beams traversal. (c) Step motor programmed to aid in the MM fiber modulation.
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Fig. 3 | Design and fabrication of the add-on sleeve. (a) 3D CAD (computer aided design) representation of the add-on sleeve with two fiber hold-
ing slits on either ends. (b) 2D model of the sleeve ,cross section of (a) along cutting plane 1, ID and OD are the internal and outer diameters, L is
the length of the sleeve, T represents the tilt length and © represents the tilt angle. The cross sections are identical across cutting planes 1 and 2.
(c) Photograph of the 3D printed sleeve. (d, e) Schematic of the cross-sectional front end of the endoscope probe without and with the external
cover (heat shrink tape) (yellow color slits on either ends represent the fiber slits), respectively. (f) Schematic of the side view of the endoscopic
probe with different layers. The inserted portion refers to the section potentially put into the human body/region of examination and the external
portion refers to the rest of the endoscopic probe which is connected to the laser setup of the SSIE (Fig.1(a, b)). (g) Photograph of an example
Olympus CV-160 endoscopic probe with the sleeve (grey color) which is placed inside an external cover made of heat shrink tape (black) along
with the TPU film. (h) Control knobs of the endoscopic probe. (i) Picture to depict the bending length of the endoscopic probe with the add-on
sleeve (grey color) attached to the endoscope tip (rigid portion: head). (j) Magnified image of the MM fiber wound around the endoscope inser-

tion tube.

introduces random phase, modifying the speckle pattern.
The step motor is programmed to vibrate once every few
milliseconds, but it can be programmed at a higher fre-
quency through software, depending on experimental
needs.

Design and fabrication of the add-on

In order to accommodate the two external MM fibers
that are wound around the endoscopic probe and hold
the MM fibers at an appropriate angle to illuminate the
target, an external sleeve is designed to facilitate this
(Fig. 3).

To accommodate the large DOF typically allowed by a
wide-angle lens endoscope (WLE), the add-on must be
designed to assist in imaging at different planes if need-
ed. The sleeve design in Fig. 3(a, b) is designed in a man-
ner wherein the tilt angle (6) and the tilt length (T) can
be modified as needed in the computer-aided design
(CAD) file to capture samples at different imaging
planes. However, as noted in our prior findings, the clos-
er the sample plane is to the endoscopic detector, the

higher the image resolution enhancement?!. This is be-
cause the closer the sample or object plane is to the endo-
scopic detector, the larger the angle of interference of the
laser illumination beams originating from the two multi-
mode (MM) fibers placed on either end of the endoscop-
ic probe. The larger the angle of interference, the higher
the resolution of the speckle patterns. Since over the
years, many versions of WLEs have been manufactured
with varying diameters and lengths of the rigid portion
(L) (Fig.3(i)), the design parameters of the add-on,
namely, the internal and external diameters (ID, OD), tilt
angle (0), tilt length (T), and the length of the rigid por-
tion of the endoscopic probe (L), can be adapted accord-
ingly as needed.

The design parameters for the fabricated sleeve in Fig.
3 are presented in Table 1. The parameters that con-
tribute to the structural integrity and overall complete-
ness of the sleeve consist of its physical dimensions, par-
ticularly the thickness, the materials used, the inherent
CAD design of the sleeve, and the fastening of the exter-
nal MM fibers as shown in Fig. 3(f) onto the distal tip of

240022-4
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Table 1 | Design and 3D printer parameters of the sleeve.

Design parameters Values
Internal diameter (ID) 10 mm
Outer diameter (OD) 11.4 mm
Length (L) 2cm
Tilt length (T) 3 mm
Tilt angle (6) 75° to < 90° (for WD chosen in this study)
Fiber slit thickness 640 pm

the endoscope. Considering the dimensions of the MM
fiber thickness and the capabilities of the 3D printer, a
wall thickness of 0.7 millimeters, roughly three times the
dimension of the MM fiber, is chosen. This thickness is
selected to accommodate the fibers without compromis-
ing the structural strength and integrity of the add-on,
especially during rigorous navigation protocols of the en-
doscope (refer to Supplementary information Section 2).
Considering practical factors, the add-on is made with
Grey pro resin due to its good structural strength, high
precision, and resistance to heat and other deformations.
For clinical prototypes, biocompatible and certified 3D
resins with rigid and resistant properties may be
utilized”. An alternative replacement for the resin sleeve
material is ultra-thin glass (refer to Supplementary infor-
mation Section 2). The CAD design of the sleeve inher-
ently avoids sharp, rough, or uneven edges and corners.
For clinical practices, standard post-processing mea-
sures such as washing, curing, and sanding, commonly
used with biocompatible 3D printing materials, may be
applied if and when necessary®.

To cover the endoscopic probe (body), a medically ap-
proved polyether thermoplastic polyurethane (TPU) film
is used to go over the MM fibers wound around the en-
doscope, as shown in Fig. 3(f). Polyether TPU is pre-
ferred due to its resistance to hydrolysis, skin oil, and mi-
crobes. Additionally, polyether TPU maintains good
flexibility compared to ester-based TPUs, which is espe-
cially beneficial for endoscopic practices***. The TPU
film can be heat-sealed or adjusted based on the dimen-
sions of the endoscopic probe, or custom obtained from
the manufacturer to fit the required dimensions of the
endoscope. To cover the add-on, a polyolefin heat shrink
with ultra-thin walls is utilized, as depicted in Fig. 3(g).
Polyolefin is preferred due to its flexibility, durability,
heat resistance, non-toxic nature, and ability to with-
stand most types of chemical corrosion®'-*3. Moreover,
the polyolefin used in this study has relatively low heat
shrink temperatures, approximately 2.5 to 5 times lower

than the heat bearing capability of a standard endoscope,
ensuring safe usage. Due to its low heat shrink tempera-
tures, the underlying endoscopic body, typically made of
thermoplastic polyester elastomer (TPC), thermoplastic
polyurethane elastomer (TPU), and, in some cases, PVC
material, is well preserved. The heat shrink (polyolefin)
provides excellent coverage for the MM fibers secured
along the fiber slits of the add-on. In a futuristic clinical
system, the tips of the fibers may be blocked by food, wa-
ter, or body fluid molecules, which can affect the flow of
optical illumination onto the target. This is where the use
of microtubing becomes useful, as presented in the Sup-
plementary Section 3 with an abstract design.

The bending length of the endoscopic probe, as shown
in Fig. 3(i) is operated by the big and small control knobs
in Fig. 3(h), is approximately 7 and 5 centimeters, re-
spectively. The lock primarily controls and secures the
scope in place during image acquisition. The MM fibers
used in the study have short- and long-term bend radii of
1.5 and 3 centimeters, which are within the limits of the
bending length of the endoscope to maintain structural
integrity. Furthermore, the winding mechanism of the
MM fibers also plays a critical role in the structural in-
tegrity of the SSIE (refer to supplementary information
Table 1). The design parameters used in Fig. 3 are sum-
marized in Table 1 (refer to Supplementary information
on the tilt angle: Section 4). The material and dimension
considerations discussed in this study would be applica-
ble universally, as most WLEs are made of similar poly-
mer-based materials with analogous flexibility. The
thickness of the materials and their sterilization proto-
cols are crucial to ensure safe navigation of the endo-
scope (see Supplementary information Section 2). Con-
sidering the diameters of the colon and esophagus in the
human body, the add-on is unlikely to affect the maneu-
verability of the endoscope®’. The WLE used in Fig.3 has
an ID of 10 mm (Table 1), however, irrespective of the
scope’s diameter being narrow or wide or despite the
scope’s application being industrial or clinical or it being
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flexible or rigid, the sleeve dimensions can be modulated
accordingly, facilitating the straightforward translation
of the prototypic model to other scope’s to perform the
unanimous operation of imaging at optimal imaging
metrics.

After the sleeve design is completed, the CAD model is
sent to a 3D printer (Form 3+). The printer utilizes the
low force stereolithography (SLA) fabrication method to
manufacture the sleeve using the resin specified in this
study. The low-force SLA method involves solidifying
the liquid resin through linear laser illumination and a

flexible resin tank, which reduces print forces and im-

Experimental results

The designed and fabricated sleeve for the SSIE system
aims to achieve high-resolution imaging, wide FOV, and
large DOF for fine features on the colon phantom. A
colon phantom with fine fluorescent features is con-
structed (refer to Fig. 4 and Supplementary information
Section 5 for more details). Using this constructed colon
phantom, the incoherent fluorescence imaging potential
of SSIE is explored and demonstrated in this session, fo-
cusing on enhancing resolution at optimal parameters.
Given that endoscopes have a wide FOV and large DOF,
several imaging distances are selected to examine the ro-
bustness of the SSIE system across different planes, cate-

proves the reliability of the fabricated sleeve. Next, the gorized as near, middle, and far imaging planes. Based

device assembly takes place, where the components on our previous work, we have estimated the expected

described above, as shown in Fig. 3(f), are physically amount of resolution enhancement for specific focal

assembled.

planes?'. Figure 5 displays the imaging results obtained at

Features
_

Fig. 4 | Phantom construction and feature deposition. (

) Schematic of feature deposition by drop casting fluorescence dye on sample. (
Schematic of feature blood vessel drawing on silicone pads. (c) Schematic of the cross-sectional view of the colon model with bumps to simulate
a realistic colon. (d) Photograph of the internal cross-sectional view of the colon phantom tunnel simulated with bumps where features drop cast
and drawn. (e) Photograph of the external frame of the colon phantom.

0.0015 &,

Fig. 5 | Fluorescence imaging results with SSIE on colon phantom. (a, b) Diffraction limited and enhanced SSIE image at imaging distance 2.7
cm. Scale bar: 200 ym. (¢) Ground truth microscopic image of boxed region in (a). (d, e) Fourier spectra of (a) and (b). (f, g, j, k) Diffraction limit-
ed and enhanced SSIE image at imaging distance 5.7 cm. Scale bar: 2100 ym (large FOV: f, g), Scale bar: 800 ym (medium FOV: j, k). (h, i, I,
m) Fourier spectra of (f, g, j, k). (n, o) Diffraction limited and enhanced SSIE image at imaging distance 7.2 cm. Scale bar: 500 um. (p, q) Fourier
spectra of (n) and (o). (r, s) Diffraction limited and enhanced SSIE image at imaging distance 10 cm. Scale bar: 400 um. (t, u) Fourier transforms
of (r) and (s).
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different working or imaging distances (WD). The place-
ment of the MM fibers is vertical, resulting in the verti-
cal Fourier transform (FT) cutoff and slightly higher res-
olution enhancement vertically, as observed in Fig. 5.
The resolution enhancement of the SSIE system is as-
sessed through the Fourier spectra plots of the diffrac-
tion-limited and enhanced images as shown in Fig. 5. A
total of 150 samples are taken for SSIE processing. The
DOF of samples in Fig. 5, 6 at different imaging planes
range between 1-7 mm; however, this can be extended to
as large as the WLE allows?!. The resolving capacity and
sharpness of edges in the SSIE images gradually decrease
with the imaging distance (WD), consistent with the the-
oretical estimates of SSIE. However, the desired enhance-
ment is maintained at a specific WD both visually (Fig.
5) and quantitatively (Table 2). In addition to resolving
drop-cast features, the SSIE system is capable of imaging
blood vessel-shaped line patterns to delineate, resolve,
and enhance vessels at a wider FOV. Vessel-like struc-
tures on the mucosal or epidermal surface are often
spread over a relatively large area, making them chal-
lenging to distinguish with a WLE probe. However, the
enhanced SSIE images, compared to the diffraction-lim-
ited image, successfully resolve these non-distinguish-
able features, as observed in Fig. 5. The edges and bor-

ders of the vessels are well resolved over a wide FOV of

5.7cm

b c
/ J
- |

—©— Vertical enhancement
—+=— Horizontal enhancement
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Enhancement
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1.5 cm, as seen in Fig. 5(f). Even tangled or jointed glob-
ules of vessel features, as seen in Fig. 5(j), are fairly re-
solved in the processed frame (Fig. 5(k)). It should be
noted that, as demonstrated in our previous works,
imaging at closer WD can further enhance the image res-
olution at optimal metrics?'.

The quantitative experimental results, depicted in Ta-
ble 2, align well with the theoretical estimations, despite
the large coverage of DOF and FOV. The mathematical
model behind this evaluation can be found in our prior
study?!. Furthermore, for a thorough analysis of image
quality apart from image resolution, DOF, FOV, the
qualitative metrics for Fig. 5 and Fig. 6 is also explored in
the Supplementary information Section 9. In future sys-
tems, the WD can be reduced depending on the endo-
scopic optics, which would also result in a reduction in
FOV. However, the advantage of the SSIE system is that
resolution enhancement remains almost consistent
across the entire FOV and can be extended to the extent
allowed by a standard WLE. When comparing to other
existing high-resolution methods, the SSIE method
achieves good resolution with an optimal FOV and DOF,
while maintaining hardware simplicity. In contrast, oth-
er compared systems rely on magnification and other
physical design modifications in the imaging optics (re-

fer to Section 6 in the Supplementary information for a

4.7 cm

. -
o e L], L
| > Bo . )
0 - 0 - $) -
|-

3.0

—©— Vertical enhancement
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Fig. 6 | Sampling parameter vs enhancement. (a) Diffraction limited image. (b—h) Number of frames taken for SSIE processing: 20, 40, 60, 80,

100, 120, 150. Imaging distance: 5.7 cm, Scale bar: 200 ym. (j) Diffraction limited image. (k—r) Number of frames taken for SSIE processing: 20,
30, 50, 70, 90, 100, 110, 117, 150. Imaging distance: 4.7 cm, Scale bar: 600 um. (i) Enhancement plot of (b—h). (s) Enhancement plot of (k-r).
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Table 2 | Expected vs obtained resolution enhancement factor comparison.

2.7 cm 5.7 cm 7.2cm 10 cm
Imaging distance = : : = : : : :
Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal
Expected 4.00 3.90 2.83 2.72 2.53 2.41 2.29 2.23
Obtained (Fig.5) 3.91 (b) 3.79 (b) 2.80(q) 260(9) 2.51 (p) 2.39 (p) 2.23 (t) 2.20 (t)
ained (Fig. . . . . . .
E 2.68 (k) 2.43 (k) 2 2

generic comparison of methods). The SSIE's coverage of
a large FOV and DOF enables faster surface screening
and visualization of samples compared to the state-of-
the-art approaches. As part of our future work, the imag-
ing speed of the SSIE can be further optimized*'. From a
clinical perspective, the potential improvement in in vi-
vo imaging in humans is substantial when high spatial
resolution is coupled with increased DOF and FOV.

The enhanced visualization of vessel-like structures on
the phantom through the speckle phenomenon showcas-
es the robustness and potential of the incoherent imag-
ing SSIE modality with a wide FOV and DOF. While the
enhancements are optimal and comparable with high ac-
curacy, achieving a large FOV requires careful angling of
the MM fibers, positioned along the vertical axis of the
scope, to ensure that the specular illuminations originat-
ing from them cover the entire sample FOV. To achieve
this, the two MM fibers placed on the axial ends of the
endoscope must be centered towards the central axis of
the endoscope?'.

In the previous SSIE demonstrations, we utilized a
fixed number of frames, specifically 150 frames, for super-
resolution image reconstruction. Now, we will examine
the relationship between the number of frames and reso-
lution enhancement. The summarized results are pre-
sented in Fig. 6. From the imaging results shown in Fig.
6, a phenomenological relation can be derived between
the resolution enhancement factor and the number of
sampling frames (N). The maximum enhancement is
achieved with 150 frames (N) at an acquisition rate of 1
frame per second, as shown in Fig. 6. Obviously, decreas-
ing the number of frames N results in a reduction of res-
olution enhancement. On average, a reduction of 0.1
times in overall image enhancement, both vertically and
horizontally, is observed for a frame count reduction of
20. The plots in Fig. 6 display a linear decrement in reso-
lution enhancement relative to the number of frames. It
is worth noting that reducing the number of frames by
almost half does not significantly affect image resolution
enhancement. However, further reductions may have an
impact on resolution enhancement, as observed in Fig.

6(i, s). The results in Fig. 6 indicate a linear relationship
between enhancement and the number of frames, which
is evident from the plots in Fig. 6(i, s). The linear rela-
tionship shown in Fig. 6 demonstrates that even with
frame counts of 20 and 40, a small amount of image res-
olution enhancement of about 2 to 2.2 times is still possi-
ble. However, for the best results, each speckle pattern on
the frames must be distinct from the others. From an in-
formation theory perspective, a minimum of N? sub-
frames is required to reconstruct a super-resolution im-
age with N-fold resolution improvement. Traditional
structured illumination microscopy (SIM) utilizes sinu-
soidal patterns to efficiently sample the object, allowing
for a small oversampling factor, denoted by &, where the
total number of subframes is approximately aN? and « is
close to 1. In contrast, speckle-based blind-SIM requires
more frames, i.e., « > 1, due to the lack of knowledge
about the exact illumination patterns and the correla-
tions between them (refer to Supplementary informa-
tion for the flow of the blind-SIM process: Section 10).
Through experimentation, it has been determined that
the oversampling factor a is around 12 for achieving the
highest resolution enhancement, and less than 9 when
reducing the number of frames by half from N. By select-
ing a reasonable o value, speckle-based blind-SIM
demonstrates robustness and can achieve high levels of
resolution enhancement?®. Therefore, it is reasonable to
expect, as shown in Fig. 6, that a reduction in the num-
ber of frames would result in seemingly less information
about the exact illumination patterns and their correla-
tions, leading to a decrease in resolution enhancement.
This trend, explored through experimental results (Fig.
6), exhibits a seemingly linear behavior. The nature of
the gradual slope and the correlations between frames
will be further investigated in future studies®. Addition-
ally, the intensity changes in Fig. 5, 6 is due to the nature
of the imaging target and does not affect the imaging ca-
pabilities of the SSIE given N frames are cumulated for
analysis. Further optimizations and directions for an in-
coherent clinical study is presented in the supplementary
information to be explored in our future efforts. The
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combination of high resolution, wide FOV, large DOF,
and high imaging speeds offered by SSIE may create new
opportunities for clinical screening, imaging, and visual-
ization. Additionally, the simplicity in design, implemen-
tation, and the low cost of SSIE make it suitable for
translation into clinics, especially in resource-poor set-
tings. Currently, the SSIE system takes approximately 2
to 3 minutes for image processing, but this can be opti-
mized by employing faster GPU systems. Furthermore,
the imaging speed of the SSIE can be enhanced by utiliz-
ing high-speed spatial light modulators (SLMs) to con-
trol the speckle patterns®..

Discussion

The SSIE system, demonstrated in this study, serves as a
low-cost, simplistic, non-invasive incoherent imaging
endoscopic system that enhances high-resolution imag-
ing with wide FOV and large DOF, complementing the
standard WLE process. The straightforward design and
robust optical imaging approach, as observed from the
experimental results, make it applicable to various endo-
scopic models, whether for clinical or industrial use, with
similar resolution improvement factors. Its simplicity
and robustness enable its potential use in areas with lim-
ited infrastructure and resources. Furthermore, as a non-
invasive visualization technique, the enhanced imaging
capabilities of SSIE, particularly in capturing minute ves-
sels and tissues, may allow clinicians to thoroughly in-
spect surface mucosa and potentially diagnose and treat
abnormal epithelium and tissues of the GI tract. This
study successfully applies the well-established concept of
speckle imaging to endoscopy through the prototypic de-
sign developed, resulting in enhanced image resolution
at optimal metrics?!. While this study focuses on inco-
herent imaging, there is potential for its extension to
scatter-based imaging, which requires further explo-
ration in future efforts. We also intend to explore the in-
corporation of the add-on into endoscope subcompo-
nents such as endocuffs and endorings to in our future
efforts to facilitate the SSIE’s imaging capabilities in ad-
dition to the scope’s¥. A prescreen of the design of en-
docuffs and endorings suggest, the MM fibers of the SSIE
model can be adhered to them facilitating the SSIE imag-
ing, although a thorough analysis remains to be explored
in our future efforts. However, the imaging capabilities
of the SSIE would remain similar and would only aim to
aid and enhance the existing imaging capabilities of the
endocuffs and endorings. In terms of image speed, the

https://doi.org/10.29026/0es.2025.240022

SSIE's current implementation captures 1 frame per sec-
ond, taking around 4 minutes to capture 150 frames.
However, newer scope models may offer faster image ac-
quisition rates. Additionally, for fluorescent imaging,
further optimizations can be explored in future
studies®*** (see Supplementary information Section 7).
Achieving real-time implementation of SSIE would re-
quire optimization from both hardware and software
perspectives. Hardware-wise, the imaging speed can be
increased by employing a spatial light modulator (SLM)
with prior knowledge of the illumination patterns?.
From a software perspective, the current processing time
using a GTX 1080Ti graphics card and i7-8700k CPU is
about 2-3 minutes. However, with the GeForce RTX
3090 Ti GPU, which offers higher clock frequency and
bandwidth, the processing time can be improved up to 4
times with a single unit GPU. Furthermore, with multi-
unit GPU systems and faster deep-learning based remon-
stration algorithm, it becomes realistic to achieve imple-
mentation within milliseconds* *. Here deep learning
also helps with handling low light samples to produce su-
per resolution in images; hence, low intensity samples
may benefit from its appropriate implementation*. In-
formation on the clinical translation of the SSIE’s proto-
typic model developed in this study can be found in the
supplementary information. The direction of a faster
SSIE with deep learning, SLM and optimized software
will be explored in our near following future efforts
along with its clinical translation to imaging animal or
human subjects.

Conclusion

In summary, this study highlights the design, perfor-
mance, and capabilities of SSIE, an inexpensive and
reusable add-on system that surpasses endoscopic
diffraction limits to produce high-resolution images with
wide FOV and DOF. The SSIE can be easily integrated
into standard white-light endoscopy (WLE) to non-inva-
sively achieve micron-level resolution of surface features,
surpassing the current systemic limitations. This capabil-
ity can be helpful for screening and visualizing suspected
lesions or anomalies using appropriate fluorescent dyes.
Due to its wide FOV, the SSIE can be incorporated into
standard endoscopes to capture images of the entire
sample area. This is particularly beneficial for studying
cases of GI infectious diseases or surface varices, which
often spread across a wide FOV and DOF. Future
advancements, such as the development of a high-speed
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Table 3 | Materials used in the add-on for the laboratory prototype.

Parts

Specifications

Sleeve/Add-on (To hold fiber)
Adhesive (Cyanoacrylate)

Grey Pro (Standard resin: Incept)
Loctite 4851 and Super Glue (Henkel, Gorilla)

Multimode FGO50UGA (Thorlabs) (0.22NA, High-OH, 50 um core,

Fiber (Multimode)

Medical grade TPU Film (Cover)
Heat shrink (External binding)
Film tape (To secure the fiber)

Lambda: 250—1200 nm, FC/APC termination)
Polyether TPU (Polyzen)

Ultra-thin wall polyolefin heat shrink tubing (Buy heat shrink)

Polyimide film tape

Table 4 | Other components used for the SSIE system.

Materials Specifications
Scope CV-160 Olympus, Teslong’s borescope endoscope system
Filter Long pass 580/40 nm (Thorlabs)

Frame grabber
Computer
Fluorescent dye
Solution
Mirrors
Fiber beam splitter
Free space beam splitter

Collimators
Laser

Optical breadboard
Posts, screws, clamps, post holders

Needle and pipette

Phantom

Epiphan VGA2USB device
GTX 1080Ti graphics card and a i7-8700K
Rhodamine 6G (10 mg/mL)
10% glycerol
Optical mirrors (Thorlabs)
50/50 split ratio (Oz optics)
50/50 split ratio (Thorlabs)

Fiber collimators (Thorlabs)
Continuous wave, 532 nm, power 200 m\W (Newport)
Continuous wave, Tunable laser (Thorlabs)
24 x 36 inches (Thorlabs)
Thorlabs
Standard laboratory pipette
Fine needle tips (0.15 mm: Luter)

Silicon material composite pads (MJW surgical and dental)
Acrylic pipe rigid round tubes (Meccanixity)
Elastic binding bands (Hoyols)

Coupler adapter (90°)

version of SSIE and the automation of image processing,
may enable real-time surveillance of the GI tract. This
could assist endoscopists in efficiently screening mucosa
for potential abnormalities with optimal imaging met-
rics. Moreover, the imaging approach explored in this
study may offer a new paradigm for studying the speci-
ficity of GI-based disorders such as Barrett's neoplasia or
varices, which often involve a wide surface area that can
be examined at high resolution. The design of the SSIE
add-on allows for easy incorporation as a sleeve around
both flexible and rigid endoscopes, regardless of whether
they are high definition or intended for industrial or
clinical use. Its simplicity makes it feasible to apply in

medical and industrial fields, including endoscopy.

Materials

The experimental demonstration of the SSIE involved

capturing 150 frames at a rate of 1 frame per second to
generate the data shown in Fig. 5 and Fig. 6. The fluores-
cent signal was collected by the endoscopic lens using a
long pass filter (580/40 nm). The reconstruction of wide-
field-of-view images took approximately two to three
minutes on a desktop computer equipped with a GTX
1080Ti graphics card and an i7-8700K processor. For the
experiments, Rhodamine 6G dye at a concentration of 10
mg/mL mixed with a 10% glycerol solution was used.
The dye was applied to the phantom by drop-casting it
and drawing it using a fine needle tip to mimic features
resembling fine vessel structures. Note, the Olympus
CV-160 system has a poor image acquisition capabilities
due to it being an older scope model. Hence, the imag-
ing was conducted using the Teslong borescope endo-
scope due to its superior detector capabilities compared

to the older CV-160 endoscope system (refer to the Sup-
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plementary information Section 8). Additionally, as indi-

cated in Section Design and fabrication of the add-on,

whether the scope’s application is clinical or industrial,

the designed prototype developed in this study is trans-

latable to both flexible and rigid scopes to perform the

unanimous operation of image acquisition. In order to
establish the ground truth in Fig. 5, a Mitutoyo REL-
4800 compound microscope was used. Potential materi-

als for a futuristic clinical add-on can be found in the

Supplementary sections Sections 2, 3, and 7.
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