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Abstract

The endoscope was traditionally used as a diagnostic instrument. In past decades, it
has increasingly been adapted for therapeutic intents. Subsequently, the master—slave
robotic concept was introduced into the field of endoscopy to potentially reduce the
difficulty and complication rates of endoscopic therapeutic procedures. As interest in
robotic endoscopy intensified, progressively more robotic endoscopic platforms were
developed, tested, and introduced. Nevertheless, the future of robotic endoscopy
hinges on the ability to meet specific clinical needs of procedurists. Three aspects are
vital in ensuring continued success and clinical adoption of the robotic endoscope—
demonstration of clinical safety and cost-efficacy of the device, widespread availabil-
ity of directed training opportunities to enhance technical skills and clinical decision-
making capabilities of the procedurist, and continued identification of new clinical
applications beyond the current uses of the device. This review provides a brief dis-
cussion of the historical development of robotic endoscopy, current robotic endo-
scopic platforms, use of robotic endoscopy in conventional therapeutic endoscopic

procedures, and the future of robotic endoscopy.

Introduction

Conventional endoscopic instruments present numerous chal-
lenges to users performing complex endoscopic procedures. The
biggest obstacle is the lack of triangulation, spatial orientation,
and optimal tissue retraction. This creates a nearly insurmount-
able obstacle should procedurists wish to perform basic surgical
techniques, such as suturing, retraction, and ligation, using the
endoscope.'

With the adaption of the master—slave robotic concept to
the endoscope, new robotic endoscopic platforms offer exciting
new opportunities for endoscopists to perform complex endo-
scopic procedures with less difficulty and reduced complication
rates.

Nevertheless, for robotic endoscopes to successfully gain
widespread clinical adoption, and complement or even replace
existing gold standard endoscopic platforms, three enabling mile-
stones must be achieved—establishment of clinical safety, effi-
cacy, and cost-effectiveness; well-designed training opportunities
for users; and continued identification of new clinical applica-
tions for the device.

First, clinical safety and effectiveness of the robotic endo-
scope must be demonstrated via high quality large-scale human
clinical trials. Important clinical variables to identify during the
conduct of the human trial include safety endpoints such as
major adverse events, and performance endpoints such as techni-
cal success of the procedure. At the same time, health technology

assessment should also be conducted, where value driven end-
points such as cost-effectiveness of the novel technology are
measured against the existing gold standards.

Second, training opportunities adapted to meet the specific
needs of procedurists must be readily available. In the fields of
endoscopy and robotic surgery, virtual reality (VR) training solu-
tions have been demonstrated to be efficacious, convenient, and
cost effective.>® Nevertheless, although VR training solutions
can help to improve the technical skills of the procedurist, it does
not enhance the procedurist’s clinical decision-making process as
there is a lack of real-time performance feedback to the user.
This challenge can potentially be overcome by adapting an
artificial-intelligence-based deep learning system to the VR train-
ing solution for the robotic endoscope.

Third, continued new clinical applications must be identi-
fied to enhance value and impact of the robotic endoscope. One
such application is the adaptation of the robotic endoscope to Nat-
ural Orifice Transluminal Endoscopic Surgery (NOTES). Because
of the primary benefit of triangulation offered by the robotic
endoscope, it lends itself as an excellent tool for surmounting the
obstacles currently faced when performing NOTES.

Historical development of robotic
endoscopy

Endoscopy began as a method for diagnosing pathologies in the
gastrointestinal tract. Over the decades, endoscopes have
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evolved, allowing procedurists to perform a multitude of tasks—
biopsies, hemostasis, polypectomies, complex therapeutic endo-
scopic resections such as endoscopic mucosal resections (EMR)
and endoscopic submucosal dissections (ESD), and even peroral
surgical procedures such as peroral endoscopic myotomy (POEM).

Nevertheless, traditional endoscopic instruments have very
limited degrees of freedom, making it extremely challenging for
even experienced procedurists to perform complex endoscopic
procedures. As a result, only selected cases could be performed
endoscopically, and if complications were encountered, they
could only be solved using surgical methods.* The wish was
therefore for a new and improved version of the endoscope that
could overcome these problems and provide the benefits of
surgery—triangulation, adequate tissue retraction, and optimal
exposure of the operating field.

Although robots are commonly used in the industry, it
was only recently that robots made their entry into the medical
field. In the 2000s, the concept of master—slave robots was intro-
duced into the field of minimally invasive surgery. The da Vinci
and ZEUS platforms were the forerunners of the surgical master—
slave systems. Eventually, the da Vinci platform dominated over
the ZEUS platform because of its surgical instruments that
allowed articulation at the wrist to seven degrees of freedom,
effectively mimicking the functions and movements of the
human wrist.>

This unique feature of the robot perfectly lent itself to
overcoming the challenges faced in conventional endoscopy.
Before long, the master—slave robotic concept was applied to the
field of endoscopy, and this then led to the development of
robotic endoscopic platforms. With the new robotic endoscopic
platforms, the hope is that procedurists can better perform com-
plex endoscopic therapeutic procedures and surgeons can per-
form NOTES.
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Robotic endoscopic platforms

Most of the existing robotic endoscopic platforms consist of a
flexible robotic endoscope that can be telemanipulated. Within
the robotic endoscope, there are usually at least two articulating
end-effectors capable of achieving triangulation, adequate tissue
retraction, and optimal exposure of the operating field. In this
review, we will discuss the Endomaster Endoluminal Access Sur-
gical Efficacy (EASE) System and the ISIS-Scope/STRAS
System.

Endomaster EASE System. The Endomaster EASE Sys-
tem (Endomaster Pte Ltd, Singapore), previously known as Mas-
ter and Slave TransEndoluminal Robot (MASTER), is a flexible
robotic endoscopic platform. The platform comprises of a master
console, a telesurgical work station, and a robotic endoscope
(Fig. 1). The robotic endoscope has three instrument channels.
One channel is found within the core of the scope’s shaft for
insertion of conventional non-robotic endoscopic instruments.
The other two instrument channels allow robotic instruments to
be inserted. The robotic arms have nine degrees of freedom and
can be telemanipulated. The robotic instruments are interchange-
able and include grasper, hook, and needle holder for suturing.®
The robotic needle holder is a modified grasper with two needle
holes that can lock and release a double-pointed lancet needle
attached to a suture.”

ISIS-Scope/STRAS System. The ISIS-Scope/STRAS Sys-
tem (Karl Storz, IRCAD, Tuttlingen, Germany) is a flexible
robotic system based on a modified shortened version of the
manual Anubiscope. The robotic endoscope has three instrument
channels. One channel is found within the core of the scope’s
shaft, and the other two lateral channels are located at the edges

Endoscopist

Figure 1 Set up of the Endomaster Endoluminal Access Surgical Efficacy System.
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of the shaft within mobile shells. The two lateral instruments can
deviate from the main direction of the endoscope when the
mobile shells are opened. The endoscopic instruments have hol-
low shafts. Inserts equipped with mechanical or electrical effec-
tors can be attached to the instruments by screwing the inserts
onto the distal end of the hollow shafts. These characteristics
allow the ISIS-Scope/STRAS System to have ten degrees of
freedom.®

Use of robotic endoscopy in
conventional therapeutic endoscopic
procedures and its benefits

Reduces difficulty of performing complex thera-
peutic procedures. The two robotic arms of the Endomaster
EASE System effectively mimics the wrists of a surgeon.
Because of its high degrees of freedom, the procedurist can
achieve triangulation and obtain adequate tissue retraction with
optimal exposure of the operating field. The end-effector
telemanipulation features also allow users to focus their efforts
on performing the task at hand, instead of being involved in
tedious repetitive manual tasks required in traditional endos-
copy.9 These advantages are especially crucial in reducing the
complication rates and time taken to perform complex therapeu-
tic endoscopic procedures.

In our prospective human case series, we demonstrated
that the mean procedural duration for performing ESD with the
Endomaster EASE System was 39 min (26—-68 min). The average
size of the gastric lesions was 2.2 cm (1.5-3 cm). For all five
patients enrolled in this human trial, complete resection of the
gastric neoplasms was achieved with no complications.'®

This is in stark contrast to the average time required to
perform ESD using conventional endoscopy. Fujimoto et al. ana-
lyzed 18 cases of ESD performed on early gastric cancer. The
average procedural time was 87.0 £+ 43.1 min and the average
length of the longer axis of the lesions was 2.74 £ 1.00 cm. For
adverse events, the perforation rate and the delayed bleeding rate
were both 5.5%.""

For colonic ESD, Turiani Hourneaux de Moura et al. also
demonstrated that the total procedure time was lower when using
robotic endoscopy as compared to using conventional endoscopy
(34.1 vs 88.6 min, P = 0.001). The perforation rate was also
higher when using conventional endoscopy (60 vs 30%,
P=0.18)."

Ability to manage complications endoscopically.
The two most common complications encountered in performing
ESD is perforation and bleeding. The suturing device of the
Endomaster EASE System provides a unique solution to both
complications. The ability to achieve triangulation with the two
robotic arms is fundamental in performing effective suturing. In
addition, the suturing device allows for secure surgical knot
tying. This is in contrast to currently available endoscopic sutur-
ing devices, such as OverStitch, which relies on fastening
elements.’

In our animal trial, we used the Endomaster EASE System
to perform a 10 mm submucosal incision in the colon. We then
used the robotic needle holder and robotic grasper to apply a
Figure-of-8 stitch. Subsequently, we tied surgical knots to close
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the perforation. The process of suturing the Figure-of-8 stitch
using the robotic suturing endoscopic device required 11 min.
The process of knot tying required 4 min.”

The future of robotic endoscopy

Establishing clinical safety and efficacy of the
robotic endoscope. Till date, the Endomaster EASE Sys-
tem has been clinically validated in animal and small-scale
human trials for ESD of early gastric neoplasia.'®!*!* User inter-
actions with the system were also studied comparing the perfor-
mances of novices and experienced endoscopists on the
Endomaster EASE System. With the Endomaster EASE System,
novices without endoscopy experience could complete the ESD
procedure.'® Moving forward, the Endomaster EASE System will
be evaluated for the treatment of colorectal neoplasms that can-
not be optimally and completely resected using existing endo-
scopic snare-based techniques.

Optimizing training solutions for the robotic
endoscope using an artificial-intelligence-based
deep learning system adapted to a VR training
simulation. Despite best efforts to demonstrate the safety and
efficacy of the robotic endoscope, it can only be effectively
adopted in clinical practice if there exists an appropriately
designed training tool to meet the needs of its new users. To this
end, we believe that an artificial-intelligence-based deep learning
system adapted to a VR training simulation would be the most
ideal and valuable training tool for procedurists.

VR training tools have already been shown to be effective
in endoscopy and robotic surgery training. Hence, we believe
that VR is the optimal platform for training users of robotic
endoscopy. A Cochrane review and meta-analysis performed by
Khan ez al. evaluated the role of VR simulation training in
endoscopy.” Khan er al. showed that VR simulation is advanta-
geous over no training and can be used to supplement conven-
tional endoscopic training. In the field of training for robotic
surgery, Bric et al. identified several advantages of VR training
such as safety, efficacy in acquiring robotic surgical skills, cost
effectiveness, and convenience.’

However, a big drawback of VR as a standalone training
solution is that it is limited to enhancing users’ technical abilities
and does not promote real-time performance feedback. With the
use of artificial-intelligence-guided deep learning analytical
methods, on-the-spot advice can be provided to users to enhance
their learning experiences, and in the future, clinical decision-
making capabilities.

Currently, there exists a multitude of methods that can be
used to develop deep learning systems. The most commonly used
method for image and video analysis is based on convolutional
neural networks (CNNs). CNNs perform similarly to a network
of neurons in the human brain. To develop a high quality CNN,
clean and complete data must be available. This can be done by
collating a large database, hence allowing for sufficient amount
of data to be available for machine deep learning. Images and
videos must also be accurately annotated to create a valuable and
useful database.'®

Hirasawa et al. used artificial intelligence with deep learn-
ing to develop CNNs which could automatically detect gastric
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cancer in endoscopic images.'” The CNN-based diagnostic sys-
tem was trained using more than 13 500 endoscopic images of
gastric cancer. Overall, the diagnostic system had a sensitivity of
92.2%. Everson et al. trained CNNs in detecting and classifying
early esophageal squamous cell carcinoma.'® With an accuracy
of 93.7% and a sensitivity of 89.3%, this diagnostic system was
able to operate in real-time and predict a diagnosis between
26.17 ms and 37.48 ms.

Identifying new clinical applications for the
robotic endoscope. Finally, for the robotic endoscope to be
adopted by mainstream clinical practice, its continued relevance
to practitioners must be ensured. To achieve this aim, it is para-
mount that new clinical applications for the robotic endoscope
are continually explored. One such future application is the adap-
tation of the robotic endoscopy for the performance of NOTES."”

NOTES is a minimally invasive surgery where the surgeon
operates a flexible endoscope to access the intraabdominal cavity
through transoral, transcolonic, or transvaginal routes. Because
of its “scarless” surgical approach, patients frequently report
lower post-operative pain, shorter hospital stay, faster return to
work, and improved cosmetic outcome.?® Nevertheless, per-
forming NOTES is technically demanding because of the lack of
triangulation provided by existing endoscopic equipment and the
difficulty in securing the inner entry point created during
NOTES. As suggested by the ASGE/SAGES Working Group on
NOTES, the development of a novel operating platform
addressing the limitations of triangulation is the crux for reviving
NOTES.”!

Because of its unique features of triangulation, flexible
tool manipulation, and end-effector telemanipulation, the
Endomaster EASE System lends itself as an ideal operating plat-
form to overcome the existing problems faced in performing
NOTES.* Nevertheless, the existing features of the Endomaster
EASE System does not allow for effective endoscopic suturing
which is essential in advancing the field of NOTES. We have
hence developed a new capability of the Endomaster EASE Sys-
tem, allowing it to perform effective suturing and knot tying.*®
Animal studies have been performed, which successfully demon-
strated the feasibility of suturing and knot tying using this new
capability.”

Atallah et al. demonstrated that the next generation robotic
platforms can be used to perform a robotic trans-cecal NOTES
appendicectomy and a transvaginal unilateral salphingo-
oophorectomy with transvaginal extraction of the ovary and
fallopian tube without requiring laparoscopic assistance.”* We
believe that with the existing triangulation features of the
Endomaster EASE System and the added-on benefit of the novel
suturing device, the Endomaster EASE System would be able to
perform NOTES effectively. Our team has hence embarked on
animal trials to evaluate the feasibility of using the Endomaster
EASE System to perform NOTES appendicectomy.

Conclusion

The successful adoption of the master—slave robotic concept has
led to the development of numerous robotic endoscopic plat-
forms. Because of the high degrees of freedom of the robotic
arms, challenges encountered performing complex therapeutic
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procedures with conventional endoscopes can now be overcome.
With the robotic endoscope, procedurists can perform complex
therapeutic procedures with reduced difficulty and potentially
lower complication rates. Nevertheless, a successful robotic
endoscope must provide beyond the basic requirement of a high
functioning endoscopic resection tool. It must be demonstrated to
be safe, and cost-effective for its intended clinical application.
Training can be best achieved through the synergy of artificial-
intelligence-guided deep learning systems and VR. NOTES is an
ideal choice for the application of the robotic endoscope as the
triangulation afforded by the device effectively solves the chal-
lenges faced when performing NOTES using existing endoscopic
equipment.
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