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Background: Surgery is a standard diagnostic and thetrapeutic procedure. However, its technical
difficulty and invasiveness pose problems that are yet to be solved even by current surgical robots.
Flexible endoscopes can access regions deep inside the body with less invasiveness than surgical
approaches. Conceptually, this ability can be a solution to some of the surgical problems.

Methods: A flexible (surgical) endoscopic surgical system was developed consisting of an outer
and two inner endoscopes introduced through two larger working channels of the outer endo-
scope. The concept of the system as a surgical instrument was assessed by animal experiments.
Resulis: Gastric mucosa of the swine could be successfully resected using the flexible endo-
scopic surgical system, thereby showing us the prospect and directions for further development of

the system.

Conclusion: The concept of a flexible endoscopic surgical system is considered to offer some

solutions for problems in surgery.

Key words: surgical robot — endoscopic surgery — surgery — robotics — endoscope

INTRODUCTION

We recently reported a new concept for endoscopic mucosal
resection of gastric cancer with the use of a magnetic anchor.
The anchor consisted of microforceps and a magnetic weight in
order to’ grasp, stabilize and pull up the gastric mucosa (1}.
During the experiments, we thought that the procedure would
be easier if one more endoscope was present to hold and
stabilize the mucosa instead of the magnetic anchor.

Concerning flexible endoscopes, there are some ultrathin
endoscopes that can be inserted into the working channels
of standard endoscopes, such as gastrointestinal endoscopes.
If the outer endoscope is able to contain larger and multiple
working channels, several thin endoscopes could be inserted
through the outer endoscope. This would allow for the resect-
ing procedures. Such a system could also be applied to the
fields where current surgical robots are targeting.

One of the problems with current surgical robots is inacces-
sibility to regions located deep inside the body, particularly
regions reached through narrow and winding routes, such as
the digestive tracts and blood vessels. However, some early
gastric cancers can be resected endoscopically with much less

For reprints and all cosrespondence: Toshiaki Kobayashi, Cancer Screening
Technology Division, Research Center for Cancer Prevention and Screening,
National Cancer Center, 1-1, Tsukiji 5-chome, Chuc-ku, Tokyo 104-0045,
Japan. E-mail: tkobayas@mnee.go.jp

invasiveness than surgery. These surgeries cannot be per-
formed by current surgical robot systems because those
regions were not originally considered places for the systems
to operate,

An experimental flexible endoscopic surgical system was
developed to cope with these problems of accessibility, con-
sisting of a flexible outer endoscope with two working chan-
nels through which two inner flexible endoscopes could be
inserted. These inner endoscopes were designed to have simi-
lar functions as flexible gastrointestinal endoscopes allowing
for performance of standard endoscopic procedures even when
introduced through the outer endoscope.

The uses of the flexible endoscopic system as a sorgical
instrument, as well as its functionality, were confirmed during

" gastric mucosal resection of the swine. This is in contrast to the

current limitations for surgical robotics in terms of lesion
access.

MATERJIALS AND METHODS
FLEXIBLE SURGICAL ENDOSCOPE

As shown in Fig. 1, the flexible surgical endoscope consists of
an outer flexible endoscope and two inner flexible endoscopes
inserted into the working channel of the outer endoscope. The

- specifications of these endoscopes are listed in Table 1.

© 2005 Foundation for Promotion of Cancer Research
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The outer endoscope also has a 2.8 mm working channel and
a charge coupled device (CCD) enabling the endoscope to
operate in a similar fashion as standard gastrointestinal endo-
scopes. The endoscopic images are observed on cathode ray
tube (CRT) monitors in the same manner as video-endoscopes.

Each of the inner endoscopes has a 2.0 mm working channel
allowing accessories such as forceps and an electrocautery tip
to be introduced and used. Unlike the outer endoscope, the
inner endoscopes have optic fiber bundles for image visual-
ization, instead of a CCD. These endoscopic images are also
observed on CRT monitors. However, a video-adaptor, i.e. a
small CCD video camera, must be connected onto each eye

Figure 1. The flexible endoscopic surgical system. (A) The inner endoscope is
inserted throngh a telescopic connecting device, which connects to the opening
forthe working channel of the outer endoscope near its contro] section. (B) At the
tip of the outer endoscope two inner endoscopes protrude laterally, obtaining a
certain distance between the two endoscopes.

Table 1. Specifications of the flexible endoscopic surgical system

Quter endoscope Inner endoscope .

Totai length (mm) 975 13935
Working length (mm) 665 1050
Insertion portion diameter (mm) 20 49

Tip bending (degree) 210/120, 120/120  210/120, 120/120

(up/down, right/left)

Field of view (degree) 140 120
Depth of field (mm) 4-100 3-50
Channel diameter (mm) 7,7, 2.8 . 2

piece of the inner endoscopes in order to view the image on the
monitors.

These combined endoscopes are manipulated manually by
three physicians together with the help of several assistants.
The system, as a whole, operates similar to surgical robotic
systems.

PHYSICIANS

Two series of expériments were conducted, The first series was
performed by a senior endoscopist and three resident physi-
cians in order to assess the system with coasideration to its
endoscopic nature. The senior endoscopist was trained within
the specialty of internal medicine, whereas one of the resident
physicians was in training for internal medicine and the other
two were for surgery.

The purpose of the subsequent series was to assess the
concept of the flexible surgical endoscope from the viewpoint
of surgeons. Conséquently, the procedure was performed by
two senior endoscopists, one having more than 15 year experi-
ence as a surgeon and the other having some surgical training,
in addition to two residents who were in training for surgery.

These two series were performed on separate occasions, with
none of the physicians performing in both series.

TEST SUBIECT

Three female swine, under intravenous anesthesia, were 1aid on
an examination table in the left lateral position, Within the first
experiment, a 35.6 kg and a 34.1 kg swine were used, In the
following experiment, a 41.8 kg swine was used. During these
experiments, the law for the humane treatment and manage-
ment of animals was observed.

PROCEDURE

The procedure was similar to standard endoscopic mucosal
resection with the exception of one more endoscope for
stabilization of the gastric mucosa.

First, an incision was made in the mucosa surrounding the
region of stomach intended for resection (2,3). The outer endo-
scope was inserted through the esophagus into the gastric
cavity. Subsequently, using the telescopic connecting devices
(Fig. 1), the inner endoscopes were inserted into the working
channels of the outer endoscope and introduced info the
gastric cavity.

The outer endoscope was placed near the region in which the
first incision was made. Thereafter, the resecting procedure
was performed using an electrosurgical knife through one of
the working channels of the inner endoscopes, whereas the
other contained forceps. Within the procedure, the operator
decided which side of the working channels would use the
electrosurgical knife.

These procedures were observed on three CRT monitors,
each of which was connected to its endoscopic counter part.

The resecting procedures were performed on the anterior
wall of the gastric angle, the anterior wall of the middle gastric
body and the greater curvature of the middle gastric body in the



first series for the assessment of endoscopic features. Within
the following series, the resecting procedures were performed
on two regions adjacent to the greater curvature of the lower
gastric body.

RESULTS

Concerning insertion of the outer endoscope through the eso-
phagus into the gastric cavity, some difficulties were encoun-
tered owing to the large diameter of the outer endoscope and
the relatively small size of the swine in both experimental
series. However, the outer endoscope was introduced into
the gastric cavity.

As for insertion of the inner endoscopes through the work-
ing channels of the outer endoscope, there were no difficult-
ies experienced, even when the outer endoscope was bent
due to insertion through the esophagus. Access to regions of
the gastric wall was limited to the greater curvature due to the
rigidity of the outer endoscope.

Manenverability of the flexible endoscopic surgery system
was satisfactory regarding the experiments were the first
experiences for the physicians involved, despite some pro-
blems to solve. .

The images from the outer endoscope were similar to those
of standard gastrointestinal video-endoscopes due to the CCD
system used in the outer endoscope. However, the images from
the inner endoscopes were inferior to those of the outer endo-
scope. This inferiority was attributed to the limited number of
optical fibers within the inner endoscope and deterioration of
the image caused by conversion from optical images to elec-
trical images through the use of a video-adapter. Consequently,
during most of the procedure, endoscopic images were mainly
observed using the monitor for the outer endoscope.

Some differences in use of the inner endoscopes for the
resecting procedures between the first series and the second
series were noticed. In the first series, the physicians appeared
to have difficulties in some of the procedures such as accessing
the mucosa, stabilization of the mucosal flap and resection
procedures. These procedures were considered standard tech-
niques for actual surgery, which means surgical experiences
are required even to maneuver the flexible endoscopic surgical
systerd. ‘

Within the second series conducted by endoscopists with
surgical experience, the resecting procedures were satisfac-
tory, despite the fact this was their first experience using
the system (Fig. 2). Through cooperation between the operator
and assistants using verbal commands, manipulation of the
inner endoscopes and the outer endoscope could be achieved.
The functions of the inner endoscopes could be modified by
changing the instruments inserted into the working channels.
The flexible nature of the inner endoscopes allowed additional
functions such as stabilization of the gastric wall by the long-
jtudinal flank of the endoscope, as shown in Fig. 2C.

Within all the experiments, resecting procedures were com-
pleted without any complications such as perforation of the
gastric wall. Consequently, five mucosal pieces, with sizes of

Jpn J Clin Oncol 2005;35(11) 669

Figure 2. Images of the resecting procedures. (1) Inner endoscape, (2) forceps,
(3) electrosurgical knife and (4) mucosa] flap. (A) The right inner endoscope,
with an electrosurgical knife introduced through its working channel, was
maneuvered by the operator. The left inner endoscope, with forceps, was
manenvered by an assistant. (B) The tip of the right inner endoscope is
holding up the mucosal flap in order to assist the forceps of the left inner
endoscope to grasp the mucosal flap. (C) The right inner endoscope is
pulling up the mucosal flap using forceps concealed in this image. In
addition, using the flexibility of the endoscope, the gastric wall is stabilized
by the Tongitudinal flank of the inner endoscope.

28 % 1.6 cm?, 2.8 x 2.7 cm® and 2.6 X 2.0 cm? in the first
series, and 3.2 % 2.7 em?® and 4.0 X 3.4 cm? in the second
series were each resected in a single piece,

DISCUSSION

Surgical procedures are good options for diagnosis and treat-
ment providing several advantages over non-surgical
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approaches, especially in cases of malignant diseases.
Although surgery is well accepted as a standard procedure
in medicine there are still some problems left unsattled.

The technical difficulty of surgery is a common problem
particularly for trainees, but even for experienced surgeons
who have some technical limitations. Surgical procedures
are difficult for regions deep in the body because the visual
field for surgeons is limited, the number of surgical instiu-
ments which can be introduced is limited and the movements
of these instruments are limited. One of the exemplary regions
of this problem is the pelvic cavity, which includes surgery of
rectal and prostate cancers.

Invasiveness is an inherent drawback to surgery, discoura-
ging patients to undergo surgical treatment even when it is
appropriate. It is true that surgery should be avoided when
there are other less invasive alternatives.

Surgical robots such as the da Vinei system and the Zeus
system are highly advanced medical instruments allowing for
fine movements when appropriately manipulated by surgical
experts. These systems are expected to solve some surgical
problems such as invasiveness and the difficulty (4-8). Thus
far, the systems have been able to solve some of the problems
associated with surgery.

As for the invasiveness of surgery, endoscopic surgeries such
as laparoscopy can be performed with robotic systems, utiliz-
ing smaller incisions than those of other standard open surgical
approaches. The precise movements of surgeons are facilitated
by robotic systems. However, laparoscopic procedures can be
performed even without the robotic systems with the same
amount of invasiveness.

Current robotic systems may also pose problems (4-8), such
as the limited number of surgeons who can manipulate the
system, which is usually one. Additional training for the spe-
cific manipulating methods of the systems is another problem,
as well as introduction costs. Consequently, it is currently not
clear what the benefits of these robotic systems are, especially
when assessed from the patient side. Moreover, problems
which even surgical experts suffer from have not been solved,

Flexible endoscopes have been developed to cope with the
problems of accessing regions through narrow tracts such as
the esophagus and the tracheobronchial tree. Even in these
regions flexible endoscopes can perform surgical procedures
similar to standard surgery. Therefore, endoscopes are natu-
rally considered functional even in other cavities such as the
abdomen and pelvic cavities.

It would be easier and more functional to perform an opera-
tion using several endoscopic instruments introduced through
the end of one endoscope, rather than conducting resection
using only one endoscopic instrument introduced into one endo-
scope, as done in standard endoscopic procedures. The simplest
mode] for this concept is the flexible endoscopic surgical sys-
tem we developed and examined within these trials.

We assumed that there would be several problems with the
ilexible endoscopic surgical system when used clinically as it
is merely a conceptual model to confirm its feasibility of use.
However, despite those problems, the system was able to

perform surgical resection. In addition, the problems encoun-
tered within the first experiment were inherent in all technical
procedures.

Of interest, these problems showed us that, when indicated
for resecting procedures, the flexible endoscopic surgical sys-
tem is easier to manipulate by surgeons and not by endo-
scopists despite its endoscopic appearances.

The images of the inner endoscopes were not satisfactory
because a CCD was not used in these endoscopes. Conse-
quently, resecting procedures were monitored by images
from the outer endoscope which contained the CCD. In this
situation, the operator had to control the inner endoscope via
observations on the monitor of the outer endoscope. This is
different from standard endoscopic procedures in which
images are observed on the monitor of the endoscope which
the operator is controlling,

In general, it is not easy for trainees to understand appro-
priate surgical procedures, i.e. where to cut and where to
stabilize. Verbal communication during operation is
important to facilitate appropriate assistanice, which was not
adequately utilized in the first series. These issues are to be
learned through years of experience and cannot be achieved
instantly.

As mentioned above, the difference between the two experi-
ments may reveal that for these flexible endoscopes, surgical
experience is an important factor, when the system is indicated
for surgical procedures. The limitation of the inner endoscopes,
not having CCD may have emphasized this issue. Conse-
quently, the next system is to consist of two inner endoscopes
with a CCD for each. This would allow the operators to control
the inner endoscopes in such a manner as used for standard
gastroiniestinal endoscopic procedures.

Furthermore, we think that there should be two styles of
design for future flexible endoscopic surgical systems; one
with increased surgical maneuverability designed pasticulasly
for the techniques of surgeons, the other preserving flexible
endoscopic maneuverability for endoscopists. Although it has
not been decided yet which design is more appropriate for a
future surgical system, endoscopists may be able to become
accustomed to the flexible endoscopic surgical system with
surgical maneuverability when the system is popularized.

In addition to the merits mentioned above, flexible endo-
scopic materials can theoretically be made compatible with
X-ray systems such as fluoroscopes and computed tomography
(CT) systems, exemplified by such procedures as X-ray guided
bronchoscopy. In the future, the materials used for flexible
endoscopic constructions are expected to acquire compatibility
with the magnetic fields of magnetic resonance imaging
(MRI) systems.

As mentioned before, limitations in visualization pose
surgical problems even for experienced surgeons. This may
only partially be solved by the subjective ability of surgeons
to presume the identity of invisible objects using their
tactile sense and their intuition. Actually, the compatibility
with imaging systems was one of the important requirements
for the design of the flexible endoscopic surgical system,

/



allowing visibility of anatomical information invisible to the
surgeon’s eyes.

In order to make one more step towards the future for less
invasive and more effective medical treatments, we believe
that future surgical systems should acquire the accessibility to
narrow regions located deep inside the body together with the
compatibility of imaging systems such as CT and MRI. Thus,
from the flexible nature and structural characteristics of a non-
jointed, smooth outer sheath, we selected the flexible endo-
scope as the conceptual basis of development for our system.
It is the combination of these and the aforementioned aspects
that allows for minimization in invasiveness, through the use of
pre-existing natural structures and tracts for lesion access (0
deep regions, and with the presence of multiple interchange-
able inner-scopes, an increase in dista) tip functionality at the
surgical site. Although there are several factors still to discuss
and develop, the concept of the flexible endoscopic surgical
system is considered an appropriate development for a future
surgical robotic system with this curtent system being a suc-
cessful step towards that furture.
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Vascular Virtual Endoluminal
Visualization of Invasive Colorectal

Cancer on

DCT Colonography

OBJECTIVE. The purpose of this study was to assess the utility of vascular views for vi-
sualization of invasive colorectal cancers on contrast-enhanced MDCT colonography.

CONCLUSION. By means of Hounsfield-transparency settings, we obtained virtual endoumi-
nal images that show vascular structures and delinsate invasive cancers of the colorectal wall, and we
call these images “‘vascular views.” Using this technique for contrast-enhanced MDCT colonography,
we found that the increase in flow and pooling of blood related to angiogenesis of cancerous lesions is
easy to identify and that this finding is useful in the detection of invasive colorectal cancers,

T colonography, a technique for
visualizing colorectal lesions using
3D volumetric data generated by
e helical CT, has developed rapidly
over the past several years [1, 2]. This method
has been reported to be useful for improving
the diagnosis of colonic polyps and is now be-
ing considered for colorectal cancer screening
in the United States [3, 4]. This potential has
been markedly enhanced by the advent of
MDCT, which allows acquisition of entire im-
ages of the colorectum during a single breath-
hold [3]. A major merit of MDCT isits high ac-
quisition speed that can be used to cover large
volumes with thin collimation, resulting in
good spatial resolution and reduction. of the
partial volume effect artifact [6]. The thinness
of the reconstructed axial CT slices has al-
lowed an increase in the image quality of CT
colonography to depict colonic tumors more
accurately. Furthermore, in contrast-enhanced
studies with MDCT, the ability to scan through
the entire abdomen in 20 sec or less means that
data for the whole colon can be acquired within
the time generally regarded as the arterial-
dominant phase.

Detection of lesions on CT depends on lesion
size, slice thickness, and contrast differentiation
[7]. By means of Hounsfield-transparency set-

tings, we obtained virtual endoluminal images
that show vascular structures and delineate in-
vasive cancers of the colorectal wall, called
“vascular views,” on contrast-enhanced MDCT
colonography. Using this technique, we found
that the increase in flow and pooling of blood re-
Iated to angiogenesis of cancerous lesions is
easy to identify and that this is useful in the de-
tection of invasive colorectal cancers.

The purpose of this study was to assess the
utility of vascular views for the visualization
of invasive colorectal cancers on conirast-en-
hanced MDCT colonography.

Materials and Methods

From January to March 2002, 28 consecutive patients
presenting with 30 invasive colorectal carcinomas un-
derwent contrast-enhanced MDCT examinations at our
hespital for preoperative staging. The series included
15 men and 13 women, ranging in age from 37 to 77
years (median, 60 years). Of these patients, 22 (78.6%)
underwent MDCT after preoperative colonoscopic ex-
arnjpations with standard bowel preparation of up to 3
L of a polyethylene glycol—electrolyte solution, and the
remnaining six patients {21.4%) with advanced colorec-
tal carcinomsas underwent MDCT without preparation.
Patients with rectal cancers underwent MDCT in the
prone position, whereas a supine position was used for
those with colon cancers. Before treatment, patients re-
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ceived muscular injection of anticholinergic drugs, and
room-air insufflation via the anus was performed just
before each scan.

Pathologic diagnosis with endoscopic biopsy or
surgically resected specimens was confirmed in each

linuma et al.

case. All cofonic tumors had been initially diagnosed
at colonoscopy, and the presence and site of the lesion
were known at the time of the CT examination.

CT colonography was performed on an MDCT
scanner (Aquilion, Toshiba Medical Systems). The

scans were obtained through the abdomen and pelvis
with the following parameters: 120 kV, 250-350 mA
with automatic exposure control [8], 4 rows x 2-mm -
collimation, and helical pitch of 5 (pitch factor, 1.25).
All patients received an IV bolus injection of. 150 mL

Fig. 1.—Colonoscopic view and surface and vascular virtual endoluminal images for representative case of advanced colorectal cancer in 60-year-old woman.
A, Colonostopic view shows advanced cancer in sigmoid colon.

B, Surface virtual endoluminal image shows lesion.

€, Vascular virtual endoluminal imaga clearly shows bloed pooling of tumar and vessels {arrowd in coforectal wall.
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Fig. 2~-64-year-old man with colorectal cancer who underwent MDCT after colonoscopy.

A, Colenoscopic view shows small sessile lesion with central depression in lower rectum.

B, Surface virtual endoluminal image elearly shows lesion, although itis less than 2 cm in diameter,
€, Vascular virtual endeluminal image dramatically shows blood pocling of Tesion in colorectal wall.
D, Axial MDCT image also shows lesion {arrow} as polypeid mass in insufflated rectum.
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