
Introduction
Although wireless capsule endoscopy is physically and mentally
less stressful for patients compared to conventional upper gas-
trointestinal endoscopy or colonoscopy, it cannot be controlled
from outside the body. To overcome this problem, we have de-
veloped a first-generation, self-propelled capsule endoscope
(SPCE) (Mu Ltd., Shiga, Japan) that functions by being attached
to an existing capsule endoscope (PillCam series, Covidien,

Dublin, Ireland). It is designed to accomplish the following two
objectives: (1) total gastrointestinal endoscopy using a capsule
endoscope; and (2) retrograde colon capsule endoscopy. We
have published several papers on our development of a first-
generation SPCE [1–3]. First, we reported the controllability of
the SPCE within the stomach of a live dog [1]. In 2012, we pres-
ented the first successful total gastroenteroscopy procedure
using SPCE in a human at the conference of the American
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ABSTRACT

Background and study aims We developed a self-

propelled capsule endoscope that can be controlled from

outside the body with real-time observation. To improve

the device, we conducted a clinical trial of total gastrointes-

tinal capsule endoscopy in healthy subjects to ascertain

whether our first-generation, self-propelled capsule endo-

scope was safe and effective for observing the entire human

gastrointestinal tract.

Patients and methods After adequate gastrointestinal

pretreatment, five healthy subjects were instructed to swal-

low a self-propelling capsule endoscope and the safety of a

complete gastrointestinal capsule endoscopy with this de-

vice was assessed.We also investigated basic problems asso-

ciated with complete gastrointestinal capsule endoscopy.

Results No adverse effects of the magnetic field were iden-

tified in any of the subjects. No mucosal damage was noted

in any of the subjects with the use of our first-generation,

self-propelling capsule endoscope. We found that it took

longer than expected to observe the stomach; the view was

compromised by the swallowed saliva. The pylorus was ex-

tremely difficult to navigate, and the endoscope’s fin some-

times got caught in the folds of the small intestine and colon.

Conclusions To resolve the problems associated with the

existing self-propelling capsule endoscope, it may be nec-

essary to not only improve the capsule endoscopes, but

also to control the environment within the gastrointestinal

tract with medications and other means. Our results could

guide other researchers in developing capsule endoscopes

controllable from outside the body, thus allowing real-time

observation.
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Society for Gastrointestinal Endoscopy [4]. In 2015, using por-
cine stomach models, we established that the ability to find le-
sions and to examine them in detail depended on the SPCE’s
viewing angle and the frame rate of the images, respectively
[2]. These results were considered applicable to the develop-
ment of a capsule endoscope (CE), including SPCE, that can be
controlled from outside the body and used for real-time obser-
vation. We then needed to conduct a clinical study to address
the usefulness and safety of our first-generation SPCE, the re-
sults of which could then be used to develop and to perfect
the next-generation SPCE. In addition, we believe that it is im-
portant to identify problems faced by researchers in other insti-
tutions who are working on other types of CEs controllable
from outside the body, with real-time observation [5–8].

We conducted a clinical trial of total gastrointestinal capsule
endoscopy to assess the safety and gastrointestinal observabil-
ity of our first-generation SPCE in the human gastrointestinal
tract.

Patients and methods
Ethics

This study was conducted in accordance with the 1975 Declara-
tion of Helsinki (1983). The study protocol was approved by the
Osaka Medical College Clinical Research Review Board
(CRB5180010) and registered with the University Hospital
Medical Information Network Clinical Trial Registry
(UMIN000027805) and the Japan Registry of Clinical Trials
(jRCTs052180023).

First-generation SPCE and drive system

In this study, we used the previously reported New MiniMer-
maid System (▶Fig. 1a, ▶Fig. 1b) [1–3]. The first-generation
SPCE was created by connecting a dedicated fin made of silicon
resin with a micromagnet to the PillCam COLON2 video capsule
(Covidien, Dublin, Ireland). The length of the fin is 19mm. The
length and width of the entire SPCE are 50mm and 11mm,
respectively (▶Fig. 1c). The external magnetic field is necessary
for vibration of the SPCE’s fin and three-dimensional (3D) con-
trol. When the micromagnet is placed in an alternating mag-
netic field, it vibrates. This vibration is then transmitted to the
fin and is converted to a propelling force in water. Therefore, it
is necessary to fill the stomach and intestines with water to
control the SPCE. 3D control of the SPCE can be achieved by ad-
justing the magnetic field. In our experiments, an examiner
controlled the SPCE with a dedicated controller while making
observations using a real-time monitoring system (RAPID Ac-
cess; Covidien, Dublin, Ireland) (▶Video 1, 0.00–0.14).

Study design

This prospective, single-arm study enrolled healthy subjects to
assess the safety and gastrointestinal observability of our first-
generation SPCE for examining the entire human gastrointesti-
nal tract. The inclusion criteria were as follows: age between 20
and 65 years at the time of providing consent; provision of free
informed consent on the basis of full understanding of the
study protocol; and no history of medication use for 1 month

before enrollment. We excluded participants who had a history
of gastrointestinal surgery other than appendectomy; used oral
nonsteroidal anti-inflammatory drugs within 4 weeks before
the study; had a history of gastrointestinal obstruction; did not
consent to a surgery that would be required if the CE was re-
tained in the body; had undergone implantation of a cardiac
pacemaker or other electrical medical device; pregnant wom-
en; and those determined by the investigator, at his/her discre-
tion, as being ineligible to participate in the study for any rea-
son. Finally, five subjects were included. This study was con-
ducted at the Osaka Medical College Hospital between October
2017 and November 2020.

▶ Fig. 1a The patient was examined with the self-propelling
capsule endoscope (SPCE) using the New MiniMermaid System.
b Magnetic field generator. c Body of the SPCE.

VIDEO

▶ Video 1 The self-propelling capsule endoscope (SPCE) is con-
trollable in all directions in water (0.00–0.14). Gastrointestinal
lumen as observed with the SPCE (0.15–1.02). The SPCE was
able to move freely and turn smoothly in the stomach (1.02–
2.22).
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Protocol

Bowel preparation

At 9p.m. on the day before the examination, 24mg of senno-
side was administered to each participant. On the day of the ex-
amination, 2 L of intestinal lavage solution (polyethylene glycol,
Niflec, EA Pharma Co. Ltd. Tokyo, Japan) was consumed orally at
7 a.m. and the SPCE was swallowed at 10 a.m.

Esophageal observation

After the oral administration, the subject was placed in the su-
pine position and the head was gradually raised to observe the
esophagus. When the capsule reached the stomach, 500mL of
clear water (with a small amount of 2% Baros Antifoaming Oral
Solution, dimethicone, Horii Pharmaceutical Ind., Ltd, Osaka,
Japan) was administered.

Observation of the stomach

Beginning from the left lateral decubitus position, the SPCE was
guided from the upper part of the stomach to the fundus and
rotated several times using only a static magnetic field without
movement. The SPCE was then moved from the upper part of
the stomach to the fundus again. The patient was then placed
in a supine position, and the same procedure was repeated as
described above. In the right lateral decubitus position, the
SPCE was rotated several times in the upper part of the stomach
and observed. Then, the SPCE was guided toward the antrum in
the supine and right lateral decubitus positions. The SPCE was
then guided toward the duodenum in the supine and right lat-
eral decubitus positions. Additionally, body position changes
were made as deemed appropriate for the situation.

The small intestine was observed in the supine position. The
fins continue to vibrate during small intestine observation for
getting propulsion to shorten the observation time.

Colon

After reaching the cecum, 2 L of intestinal lavage solution was
administered again and the cecum was observed in the supine
position. Based on the endoscopic data received, the following
parts were investigated: the ileocecal valve, hepatic flexure,
splenic flexure, and the anus. The time to reach the rectum
was approximately 6 hours after swallowing the CE.

Endpoints

The primary endpoint was the safety of the SPCE. The safety
endpoints were determined as follows: vomiting or abdominal
pain caused by intestinal obstruction due to CE, melena caused
by mucosal damage due to the fin, and feeling ill secondary to
the magnetic field.

The secondary endpoints were the transit time in each part
of the gastrointestinal tract, the amount of bowel lavage re-
quired, and whether the images of the gastric cardia were ob-
tained within 30 minutes. Because the cardia is the most diffi-
cult part of the stomach to observe [2], it was used as a marker
of successful endoscopic observation of the entire stomach.

Results
All five subjects were healthy men, with a median age of 36
years (range: 30 to 40 years). The magnetic field used during
the examination was deemed to be safe for each subject be-
cause there were no particular symptoms after the examina-
tion. The SPCE was ejected without any findings of damage to
the gastrointestinal mucosa in each case, demonstrating that
the first-generation SPCE was safe to use. ▶Table 1 shows the
transit time for SPCE within each part of the gastrointestinal
tract of the subjects and the problems experienced in each
case.

▶Table 1 Records of transit time through each organ and problems with each subject.

Number Age

(years)

Discomfort during

swallowing

Stomach

transit time

Time for py-

lorus passage

Small bowel

transit time

Colon tran-

sit time

Problems

1 36 +
(combined use of
swallowing jelly)

20 42 241 n/a Visibility worsened due
to swallowing jelly
Transient retention at
hepatic flexure

2 30 + 12 72 n/a n/a Fin was broken in the
small intestine

3 34 – 24 17 184 n/a Transient retention at
ileocecal valve

4 32 – 19 138 n/a n/a Timeout in the small
intestine

5 40 – 16 75 194 93 Transient retention at
the rectum

n/a, not applicable.
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Discomfort on swallowing

Although two of the five subjects complained of mild discom-
fort during swallowing, all subjects were able to swallow the
SPCE without any problems. The first subject was asked to swal-
low the SPCE along with clear jelly to reduce discomfort during
swallowing. However, the jelly was found to interfere with de-
tailed observation of the stomach; hence, it was not used after
the second patient.

Observation in the stomach

In three of five subjects, it was possible to identify the cardia or
fundus in real time using SPCE. Due to the shape of the stom-
ach, it was sometimes difficult to move the SPCE from the gas-
tric body to the fundus. Observations from the gastric body to
the antrum were easy and could be made in all cases. The de-
gree of gastric cleansing by the bowel preparation protocol
used was satisfactory. However, it was difficult to spend a long
time observing the stomach because saliva flowing from the
cardia reduced the visibility of the SPCE (▶Video 1, 0.15–0.34).

Time required to pass through the pylorus

It took a substantial amount of time for the SPCE to pass
through the pyloric sphincter. Under normal conditions, the in-
ner diameter of the pyloric ring is smaller than the diameter of
the SPCE. Therefore, the timing of manipulation of the SPCE
through the pyloric ring had to be adjusted to correspond with
the opening of the sphincter by peristalsis. This was very diffi-
cult to achieve because a median time of 72 minutes (range:
17 to 138) was required to navigate the pyloric ring alone
(▶Video 1, 0.34–0.42).

Transit within the small bowel

In three subjects, SPCE passed through the entire small intes-
tine with no delay. In the other two subjects, small bowel tran-
sit took longer than expected. This was a result of fin breakage
due to the installation of a defective fin in one case; in another
case, the fin of the SPCE was caught and stuck in the small bow-
el fold for some time. Mean small bowel transit time for SPCE in
the three subjects in whom it passed through the entire small
intestine flawlessly was 206.3 minutes (range: 184 to 241)
(▶Video 1, 0.42–0.51).

Transit within the colon and the rectum

In three of five subjects, the SPCE was able to reach the ileoce-
cal valve, although the entire colon could be observed in only
one subject. The colonic transit time of the SPCE in this subject
was 93min. In one case, the fin was caught in the ileocecal valve
and the SPCE could not pass through the colon due to a limited
battery life. In another subject, the advancing part of the SPCE
got stuck between the folds of the hepatic flexure. In each of
the three cases in whom the SPCE reached the ileocecal valve,
there was no turbidity in the bowel fluid and the colonic muco-
sa was clearly visualized (▶Video 1, 0.51–1.02).

Other problems

All subjects had the urge to move their bowels during the exam-
ination due to the laxatives that were administered and this in-
terrupted the real-time endoscopic observation several times.

Supplementary experiment
A similar pretreatment was performed on another subject.
After swallowing the SPCE, its course in the stomach was ob-
served using a nasal endoscope. When the stomach was filled
with clear water, the SPCE was able to move freely and turn
smoothly (▶Video 1, 1.02–1.22). However, as the stomach
contracted and the lumen narrowed due to peristalsis, the
SPCE movement was more difficult (▶Video 1, 1.22–1.52). Fur-
thermore, it was difficult for the SPCE to pass through the gas-
tric antrum as because there were multiple attempts to get
through the pylorus (▶Video 1, 1.52–2.22).

Discussion
This study demonstrates that the first-generation SPCE we de-
veloped is safe, as it was ejected without damaging the gastro-
intestinal mucosa in all of the subjects. Several reports about
manipulation of CEs from outside the body have described the
advantages and disadvantages of the respective devices. How-
ever, those results are not applicable to every device [5–8].
Here we discuss basic problems in operating CEs from outside
the body based on results of this clinical study and suggest
how future research and development should be conducted
on that basis.

Naturally, capsule endoscopes do not have the suction, wa-
ter infusion, or insufflation capabilities of conventional endo-
scopes and the accuracy of examination with them depends
greatly on the environment within the gastrointestinal tract.
Bowel preparation, therefore, is crucial to the success of the
procedure.

Adequate expansion of the stomach is necessary to observe
the stomach with the SPCE. The impression of direct endo-
scopic observation of the SPCE was that gastric peristalsis was
stronger than expected. Gastric contractions not only inhibited
movement of the capsule endoscope, but also propelled the
water within the stomach into the duodenum. In our previous
study, the extracted porcine stomach models that we used
lacked peristalsis and expanded enough for observation by
SPCE. Therefore, the entire stomach was observed in less than
10 minutes [2]. To obtain capsule endoscopic images that are
comparable to those of conventional endoscopes, peristalsis
must be sufficiently suppressed, and saliva must not be swal-
lowed. In contrast, the clarity and amount of water that fills
the stomach is also important. In this protocol, polyethylene
glycol, which was used for cleansing, flushed out the gastric
mucus; therefore, 500mL of water was sufficient to ensure the
expansion of the stomach and visibility of the SPCE. Ideally, we
need to establish a method of observing the entire stomach in
approximately 10 minutes. It was more difficult to observe the
fundus and cardia than other parts on using the SPCE. Differen-
ces in the shape of the individual stomachs and other factors
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may have been responsible and undulations of the gastric wall
may have adversely affected operation of the SPCE. This might
be a basic problem for capsule endoscopes controllable from
outside the body that allow real-time observation. Specific fac-
tors contributing to the difficulty of the SPCE in reaching the
gastric fundus and cardia include inclination of the gastric
wall, friction between the SPCE and gastric wall, and buoyancy
of the SPCE. The most important aspect of the gastric observa-
tion is the examiner's ability to determine the location of SPCE
in the stomach from the images, and development of instru-
ments to assist with this aspect is currently underway at Mu
Ltd. In addition, interruption of the gastric observation due to
the need to defecate was a major problem; thus, other prepara-
tion methods need to be devised.

Second, the time taken by the SPCE to pass through the py-
lorus is an important problem. The current method takes sub-
stantial time to pass through the pylorus, and this issue needs
to be resolved in order to make SPCE clinically applicable. Be-
cause the stomach is filled with water, it appears that the water
is discharged from the stomach to the duodenum first and the
capsule endoscope is then discharged into the duodenum. If
the stomach is not filled with water, the SPCE may migrate
more quickly to the duodenum; however, water is essential to
stretch the stomach wall and avoid missing lesions between
the folds. To allow SPCE to migrate to the duodenum even in
the presence of water, it is necessary to consider amplifying
the propulsive force of the SPCE and administrate suitable med-
ications to relax the pyloric ring smooth muscle. The driving
power of our SPCE was not enough to stimulate the pyloric
sphincter to open. The physiologic relaxation of the pyloric
sphincter occurs in a series of peristaltic movements from the
stomach to the duodenum [9]. Although scopolamine butyl-
bromide, an anticholinergic drug, has a relaxing effect on the
pyloric ring [10], this medication is contraindicated in patients
with glaucoma or arrhythmia and therefore has limited use. To
power the SPCE to pass through the pylorus, one suggestion is
to induce it with an additional magnetic field from outside the
body. There is also a proposal to develop a smaller capsule
endoscope; however, this is not currently practical.

Another issue was that the small intestine and colon were
not completely observed. This was mainly caused by the fin get-
ting stuck between the bends and folds of the intestinal tract.
However, Mu Ltd. is currently developing the next generation
of finless SPCE and we expect this issue to be resolved soon.

To solve the above-mentioned problems, it may be neces-
sary to control the gastrointestinal environment not only by de-
veloping the capsule endoscopes themselves but also by using
medications and other means. Our ultimate goal is not only to
observe the gastrointestinal tract, but also perform mucosal
sampling, topical drug application, and polyp excision. Obser-
ving the stomach lining with SPCE requires manipulation from
outside the body, and observing inside the small intestine and
colon can use intestinal peristalsis in the same way as with con-
ventional capsule endoscopes. However, with the conventional
method, the lesions of the small intestine and colon cannot be
localized or treated. In the reports of both Rey et al. [5] and
Cheng et al. [6], the CE was only magnetically controlled in the

stomach and not for the observation of the small intestine and
colon. It is possible that the observation was stopped in the
small intestine because it would take too long for the capsule
endoscope to pass through the pyloric ring. If those important
issues are resolved, capsule endoscopy will gain more use in the
future. Our goal is to overcome the problems associated with
peristalsis in the entire gastrointestinal tract by self-propulsion.
The observation of the entire gastrointestinal tract by the cur-
rent SPCE requires a long duration and doctor’s time as well.
Improvements in equipment and training of doctors are essen-
tial to shorten the observation time, and integration with artifi-
cial intelligence is also under consideration.

There are several limitations to this study. The number of en-
rolled subjects was small. Of course, larger, more encompass-
ing trials need to be performed. However, it was difficult to
add more participants because of the COVID-19 pandemic.
The subjects were young and different from the typical patients
who undergo endoscopy of the digestive tract. This may have
interfered with transit time. Fecal occult blood testing (FOBT)
or a second capsule endoscopy is necessary to strictly check
for microscopic mucosal injury and microscopic bleeding. We
considered that FOBT to investigate the mild gastrointestinal
bleeding or a second capsule endoscopy to check for lack of
mucosal tearing was clinically unnecessary. The mild artificial
mucosal injury caused by SPCE would resolve naturally and not
be a clinical problem. Mucosal injury with massive bleeding or
perforation would present as melena or a stomach ache. Finally,
the next step is to evaluate the sensitivity of this kind of device
under clinical conditions, which would be determined with a
whole-digestive tract examination.

Conclusions
In conclusion, we have identified some basic problems associat-
ed with successful manipulation of capsule endoscopes from
outside the body.
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