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Abstract

Background

Magnetically assisted capsule endoscopy (MACE) showed the feasibility for upper gastroin-
testinal examination. To further enhance the performance of conventional MACE, it is nec-
essary to provide quality-improved and three-dimensional images. The aim of this clinical
study was to determine the efficacy and safety of novel three-dimensional MACE (3D
MACE) for upper gastrointestinal and small bowel examination at once.

Methods

This was a prospective, single-center, non-randomized, and sequential examination study
(KCT0007114) at Dongguk University llsan Hospital. Adult patients who visited for upper
endoscopy were included. The study protocol was conducted in two stages. First, upper
gastrointestinal examination was performed using 3D MACE, and a continuous small bowel
examination was performed by conventional method of capsule endoscopy. Two hours
later, an upper endoscopy was performed for comparison with 3D MACE examination. The
primary outcome was confirmation of major gastric structures (esophagogastric junction,
cardia/fundus, body, angle, antrum, and pylorus). Secondary outcomes were confirmation
of esophagus and duodenal bulb, accuracy for gastric lesions, completion of small bowel
examination, 3D image reconstruction of gastric lesion, and safety.

Results

Fifty-five patients were finally enrolled. The examination time of 3D MACE was 14.84 + 3.02
minutes and upper endoscopy was 5.22 + 2.39 minutes. The confirmation rate of the six
major gastric structures was 98.6% in 3D MACE and 100% in upper endoscopy. Gastric
lesions were identified in 43 patients during 3D MACE, and 40 patients during upper
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endoscopy (Sensitivity 0.97). 3D reconstructed images were acquired for all lesions
inspected by 3D MACE. The continuous small bowel examination by 3D MACE was com-
pleted in 94.5%. 3D MACE showed better overall satisfaction (3D MACE 9.55 + 0.79 and
upper endoscopy 7.75 £ 2.34, p<0.0001). There were no aspiration or significant adverse
event or capsule retention in the 3D MACE examination.

Conclusions

Novel 3D MACE system is more advanced diagnostic modality than the conventional MACE.
And it is possible to perform serial upper gastrointestinal and small bowel examination as a
non-invasive and one-step test. It would be also served as a bridge to pan-endoscopy.

Introduction

Capsule endoscopy is a relatively safe and easy-to-apply procedure that allows direct visualiza-
tion of gastrointestinal (GI) mucosa [1]. However, capsule endoscopy has a disadvantage in that
it cannot actively move. Conventional capsule endoscopy can only move with gut peristalsis and
gravity [2]. In 2010, a clinical study on external magnetic control of capsule endoscopy in the
esophagus and stomach was conducted for the first time [3]. Afterwards, esophageal and/or gas-
tric examinations were performed using various types of magnetic controllers [4]. Among them,
a magnetically assisted capsule endoscopy (MACE) with a hand-held controller (MiroCam Navi
system, Intromedic Co. Ltd., Seoul, Korea) showed the feasibility for upper GI examination. In
addition, it is simple and portable equipment [5]. In addition, several studies have shown that
conventional MACE is as accurate as upper endoscopy in identifying Barrett’s esophagus, focal
gastric or small bowel lesions, and upper GI landmarks with less discomfort [5-8].

However, to further improve the performance of MACE, it requires advanced software to
improve the image quality and provide more three-dimensional (3D) views of lesions and
structures [5, 8]. Also, more user-friendly and easy-to-manipulate magnetic controller is
needed. Recently, a study on small bowel examination using 3D capsule endoscopy was
reported. Unlike conventional capsule endoscopy, 3D capsule endoscopy was equipped with
dual-stereo camera, enabling 3D image reconstruction and image quality improvement [9]. In
addition, a new 3D MACE system developed by combining 3D capsule endoscopy and con-
ventional MACE was successfully performed in porcine gastric examination [10].

We decided to apply this novel 3D MACE with a user-friendly magnetic controller in clini-
cal setting. So, the aim of this clinical study was to confirm the efficacy and safety of novel 3D
MACE system for upper GI examination. Also, we assessed the ability of 3D MACE to simulta-
neously examine the small bowel.

Materials and methods
Study design and populations

This was a prospective, single-center, and pilot study conducted at Dongguk University Ilsan
Hospital from April 2022 and July 2022. It enrolled adult patients between ages of 19 and 80
who visited the hospital for upper endoscopy due to upper GI symptoms such as dyspepsia
and epigastric soreness. Exclusions included patients with dysphagia, GI perforation and
bleeding, known Crohn’s disease, previous abdominal surgery, pregnancy, and any medical
devices that might affect magnetic fields such as intracardiac pacemaker, defibrillator.
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Fig 1. CONSORT flow chart of study populations. In this study, upper gastrointestinal examination was performed using two different methods, 3D
magnetically assisted capsule endoscopy and upper endoscopy, in the same patient.

https://doi.org/10.1371/journal.pone.0295774.9001

All patients provided written informed consent. All patients were anonymized and assigned
a code number. They were examined according to the Declaration of Helsinki guidelines. This
study was approved by the Institutional Review Board of Dongguk University Ilsan Hospital
(IRB No. DUTH 2022-01-038) and registered in the Clinical Research Information Service
(CRIS KCT0007114). A total of 59 patients were sequentially enrolled. Of these, three were
excluded and a total of 55 patients were finally enrolled. (Fig 1).

3D MACE system

A novel 3D MACE system (Fig 2) consisted of a 3D MACE (MiroCam MC 4000-M, Introme-
dic Co. Ltd, Seoul, Korea), a kettlebell-shaped hand-held magnetic controller, and a data sen-
sor belt with a real-time receiver (MR2000, Intromedic Co. Ltd, Korea) [10].
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Fig 2. Novel three-dimension magnetically assisted capsule endoscopy (3D MACE) system. A novel 3D MACE system consisted of a 3D MACE, a
portable hand-held magnetic controller, and a data sensor belt with real-time receiver. 3D MACE was equipped with dual cameras in capsule endoscopy.

https://doi.org/10.1371/journal.pone.0295774.9002

(1) 3D MACE. The 3D MACE was equipped with dual stereo cameras to enable 3D image
reconstruction. This is a compact size of 11 x 25.5 mm. It weighed only 4.5 g, similar to the
conventional MACE. It also exhibited the same image resolution (320 x 320 pixels), frame rate
(2 frames per second), visual field (170 degrees), and battery time (10 hours) as a conventional
MACE [5].

(2) New hand-held magnetic controller. We employed a new kettlebell-shaped magnetic
controller, distinct from the conventional hammer-shaped and circular stacked controllers [5,
10]. The new controller has the advantage of being easy to hold and move due to its shape. In
addition, the N and S poles are marked on the handle of controller, which can help predict the
direction of camera in 3D MACE. (S1 Fig)

(3) Data sensor belt and real-time receiver. The data sensor belt was attached to the real-
time receiver after being wrapped around the patient’s abdomen. The real-time receiver was
connected to a laptop to display images on a larger screen. The data sensor belt and real-time
receiver utilized in this study were of the same model used for conventional small bowel cap-
sule endoscopy (MiroCam MC2000, Intromedic Co. Ltd., Seoul, Korea) [10, 11].

(4) Software reading viewer. Images of upper GI and small bowel examination using
the 3D MACE system were reviewed using a software-based reading viewer (MiroView 4.0,
Intromedic Co. Ltd, Korea). Images could also be reconstructed into 3D images using this
reading viewer. Information relevant to this study has been described previously published
article [10, 11].
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Fig 3. Schematic of the study protocol. Three-dimension magnetically assisted capsule endoscopy (3D MACE) was performed for upper
gastrointestinal (GI) and small bowel examination at the same time. Two hours later, an upper endoscopy was performed for comparison with 3D
MACE examination. Capsule retention and any adverse events were evaluated after two weeks.

https://doi.org/10.1371/journal.pone.0295774.9003

Study protocol

This study was conducted as a sequential (two-staged) upper GI examination (Fig 3) by per-
forming 3D MACE and comparing by upper endoscopy in the same patient. 3D MACE exami-
nation was performed first, and upper endoscopy was performed 2 hours later. 3D MACE was
manipulated by Oh DJ and upper endoscopy was manipulated by Lim YJ. Both Oh DJ and
Lim Y] are expert endoscopists. The 3D MACE system was utilized to simultaneously examine
the upper GI and small bowel.

(1) 3D MACE for upper GI and small bowel examination. Patients underwent fasting
for at least 12 hours with only clear liquids before examination. One hour prior to the exami-
nation, each patient consumed 500 ml of a polyethylene glycol (PEG)-based purgative (Cool-
prep, TaeJoon Pharm Co. Ltd, Seoul, Korea) and 500 ml of water. Before the examination, a
data sensor belt was placed over the patient’s upper abdomen in the endoscopy room. The
patient then ingested 200 ml of clean water and 40 mg of simethicone (TaeJoon Pharm Co.
Ltd, Seoul, Korea) to eliminate air bubbles in the stomach. The patient was placed in a left lat-
eral position with a 45-degree head elevation on a mobile stretchers bed (Stryker Corporation,
Michigan, USA) that can be adjusted the height and angle. The hand-held magnetic controller
was positioned between the patient’s scapula, ensuring that the 3D MACE reached the esopha-
gus and came to a halt. Then, the patient swallowed 3D MACE with a cup of water. When the
3D MACE stopped at the esophagus, the controller was moved up and down to observe the
esophagus. After esophageal examination, the gastric examination from the esophagogastric
(EG) junction to the pylorus was performed according to the previously established manipula-
tion protocol [5, 12]. Once the 3D MACE landed on the stomach, the cardia and fundus were
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observed by rotating and tilting the controller in the left lateral position. Then, the patient was
placed upright, and the controller was placed in the left upper quadrant and left flank area to
observe the fundus and body. After that, the operator moved the controller to right upper
quadrant and right flank area to observe the antrum and pylorus. If necessary, the patient was
changed to the right lateral position and the antrum was observed. (S2 Fig).

The gastric examination was completed when all gastric structures and abnormal gastric
lesions were identified. And 3D MACE was inserted into the duodenum by the controller. If
the 3D MACE had trouble passing the pylorus, the examination was ended at the judgment of
the endoscopist. After the examination, the patient filled out a questionnaire to rate their satis-
faction and discomfort with the 3D MACE. During this time, the 3D MACE was performed
continuously for small bowel examination by conventional method of capsule endoscopy.

(2) Upper endoscopy for upper GI examination. Two hours after the 3D MACE exami-
nation, another endoscopist (Lim YJ) performed an upper GI examination with upper endos-
copy (EVIS LUCERA ELITE GIF-HQ290EC, Olympus Co. Ltd., Japan). During upper
endoscopy, endoscopist confirmed the all gastric structures, abnormal gastric lesions, and any
possible adverse events caused by the 3D MACE. Upper endoscopy was performed as a seda-
tive procedure using midazolam or propofol. When upper endoscopy was over, the patient
was managed in the recovery room. After full recovery from sedation, the patient recorded the
satisfaction and discomfort related to the upper endoscopy through a separately prepared
questionnaire.

(3) Reading of 3D MACE examination. After 3D MACE and upper endoscopy examina-
tions, the patient went home with a data sensor belt and real-time receiver still attached for 24
hours. The following day, the patient returned the equipment to the hospital. And, scanned
images during 3D MACE examination were uploaded to a reading viewer. The endoscopist
reviewed the uploaded images of upper GI structure and abnormal gastric lesions captured
during the 3D MACE examination. The endoscopist then assessed images of the small bowel
to confirm the presence of small bowel lesions and completion of the examination.

Outcomes and safety

The primary outcome was to confirm the of major gastric structures with 3D MACE system. A
total of 6 major structures were defined as EG junction, cardia/fundus, body, angle, antrum,
and pylorus. Mucosal visualization for each structure was also assessed. Failure to structure
confirmation was defined as a case where the structure was not visible during examination or
was not clearly photographed. The secondary outcomes measured the confirmation of esopha-
gus and duodenal bulb, the accuracy in detecting major gastric lesions (e.g. ulcer, polyp > 1
cm, cancer) and minor gastric lesions (e.g. inflamed lesion such as erosion, hematin, and
hyperemia, polyp < 1 cm, other abnormalities), completion rate of small bowel examination
in 3D MACE, 3D reconstruction of gastric lesions, and patient satisfaction and adverse events
during both 3D MACE.

Patient’s satisfaction and adverse events were assessed immediately after 3D MACE and
upper endoscopy respectively. Two weeks later, capsule retention and adverse events were also
evaluated. The patient was instructed by the researcher to observe and document excretion of
the 3D MACE. If it was not excreted or confirmed after 2 weeks, an abdomen radiograph was
performed to confirm capsule retention.

Sample size and statistical analysis

In the test to confirm the gastric structures using conventional MACE, the detection rate of
cardia, which has the lowest detection success rate, was 88% [5]. For reliable gastric
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examination, the detection rate of gastric structures was considered to be 98%. To ensure the
power and stability of the sample size in our study, we conducted a Power Analysis, setting the
level of significance (o) at 0.05 and the desired power of the test (B) at 80%. This involved con-
sidering a standard deviation of 4.0 based on the successful visualization of gastric structures
from the previous study [5], and an effect size of 0.8 in the t-test for the Power Analysis. The
ratio of case to control was 1, but 3D MACE and upper endoscopy were performed on the
same patient because of the sequence examination and self-controlled design. The number of
patients was determined to be 55, considering the dropout rate of 10%.

Statistics on the endoscopist’s assessment of upper GI structure and gastric lesions showed
the mean, standard deviation, median, minimum, and maximum values. Continuous variables
are described by number of patients, mean, standard deviation, median, minimum, and maxi-
mum values. Categorical variables are shown as frequencies and percentages. Two sample t-test
(or Wilcoxon’s rank sum test) and Chi-square test were used to analyze variables. Kappa (x),
sensitivity, and specificity were used to evaluate the agreement and assess each part of upper GI
anatomy and gastric lesions between two groups. Statistical significance was set at p < 0.05 in
both univariate analyses. All statistical analyses were carried out with IBM SPSS Statistics v25.

Results
Baseline characteristics

The mean age of enrolled patients was 42.04 + 10.36 years (range 20 to 69 years). Upper endos-
copy was performed at two hours after 3D MACE examination. Midazolam (54 cases) and pro-
pofol (1 case of paradoxical reaction to midazolam) were intravenously administered as a
sedative upper endoscopy. The gender ratio was almost equal. (S1 Table).

Upper GI examination by 3D MACE and upper endoscopy

(1) Confirmation of major gastric structures, esophagus, and duodenal bulb. The
mean examination time of 3D MACE was 14.84 + 3.02 minutes (range 6 to 22 minutes) and
upper endoscopy was 5.22 + 2.39 minutes (range 3 to 9 minutes). The 3D MACE identified
major gastric structures in 98.6% of all cases, while upper endoscopy in 100% of all cases. Both
endoscopic methods confirmed all five gastric structures (cardia/fundus, body, angle, antrum,
and pylorus). However, 3D MACE failed to identify the EG junction in one case. The 3D
MACE identified major upper GI structures (Fig 4) containing all of the main gastric struc-
tures, esophagus, and duodenum in 99.1% of all cases, while upper endoscopy identified major
upper GI structures in 100% of all cases. The 3D MACE failed to identify the esophagus in
three cases and the EG junction in one case, with a sensitivity of 94.5% for esophagus and
98.2% for EG junction (Table 1).

(2) Abnormal gastric lesion detection and 3D reconstruction. Abnormal gastric lesions
(S3 Fig) were identified in 43 of 55 patients who underwent 3D MACE examination. In one
case, a gastric ulcer in the healed stage was observed. Most cases consisted of minor lesions
with 40 cases (72.2%) gastric inflamed lesions and 2 cases (3.6%) gastric polyps less than 1 cm.
After examination, 3D reconstructed images were obtained using a reading viewer for all
lesions observed in the 3D MACE group (Fig 5). Abnormal gastric lesions were identified in
40 of 55 patients who underwent upper endoscopy. The gastric ulcer found in 3D MACE was
also observed in the same location and shape in upper endoscopy. Remaining cases had minor
lesions including 35 cases (63.6%) gastric inflamed lesions, 1 case (1.8%) gastric polyp, and 1
case (1.8%) gastric subepithelial lesion. When 3D MACE was performed, small inflamed
lesions and small gastric polyp were additionally found in five cases and one case, respectively.
However, gastric subepithelial lesion was not observed in 3D MACE. (Table 2). In the case of
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Fig 4. Eight major upper gastrointestinal structures identified by three-dimensional magnetically assisted capsule endoscopy (3D MACE)
examination. [A] Esophagus, [B] Esophagogastric junction, [C] Cardia and fundus, [D] Body, [E] Angle, [F] Antrum, [G] Pylorus, and [H] Duodenal bulb.

https://doi.org/10.1371/journal.pone.0295774.g004

missed lesions, the authors reviewed the 3D MACE images and concluded that the lesions
were insignificant. The endoscopist explained that the patients needed periodic follow-up

endoscopy.

(3) Mucosal visualization of upper GI structures during 3D MACE. Mucosal visualiza-
tion for each structure was also assessed. Less than 70% of the visible part of the mucosa was
defined as poor, 70-90% as fair, and more than 90% as good [13]. Of the eight upper GI struc-
tures in a total of 55 cases, 81.8% (360/440) had good visualization, 15.7% (69/440) had fair

Table 1. Confirmation of upper gastrointestinal (GI) structures using the three dimensional magnetically assisted capsule endoscopy (3D MACE) and upper

endoscopy.

3D MACE (n = 55)

Upper endoscopy (n = 55)

Remarks

Anatomic structure

esophagus 94.5% 100% 3 signal noises
EG?® junction 98.2% 100% 1 signal noise
cardia & fundus 100% 100%

body 100% 100%

angle 100% 100%

antrum 100% 100%

pylorus 100% 100%

duodenal bulb 100% 100%

Confirmation rate

gastric anatomies 98.6% 100% p=0.3195
upper GI anatomies 99.1% 100% p=0.1001

*EG; esophagogastric

https://doi.org/10.1371/journal.pone.0295774.t001
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Fig 5. Abnormal gastric lesion detection and three-dimensional (3D) image reconstruction using a 3D magnetically assisted capsule endoscopy
(MACE) system. [A] Elevated erosion (top image) and ulceration (bottom image) were inspected during 3D MACE examination. Image brightness and
definition was enhanced using a reading viewer. [B] Images of the gastric lesions were 3D reconstructed and rotated using a reading viewer. [C] Erosion
and ulceration also were observed by an upper endoscopy in same location and shape. Images of lesion obtained by 3D MACE and upper endoscopy

were almost identical.

https://doi.org/10.1371/journal.pone.0295774.9005

Table 2. Abnormal gastric lesion detection using the 3 dimensional magnetically assisted capsule endoscopy (3D MACE) and upper endoscopy.

Impression 3D MACE (n =55) Upper endoscopy (n = 55) Remarks
Major lesions
ulcer 1(1.8%) 1(1.8%)
polyp > lcm 0 (0.0%) 0 (0.0%)
cancer 0(0.0%) 0 (0.0%)
Minor lesions Sensitivity 0.97
inflamed lesion 40 (72.7%) 37 (67.3%)
focal 9(16.3%) 5(9.1%)
diffuse 31 (56.4%) 32 (58.2%)
polyp < lcm 2 (3.6%) 1(1.8%)
subepithelial lesion 0 (0.0%) 1(1.8%)

https://doi.org/10.1371/journal.pone.0295774.t1002
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Table 3. Continuous small bowel examination using three dimensional magnetically assisted capsule endoscopy
(3D MACE).

Variables Patients (n = 55)
Small bowel transit time, mins 260.34 (+ 101.14)
Complete examination 52 (94.5%)
Capsule retention 0 (0%)
Small bowel lesions
no 40 (72.7%)
yes 15 (27.3%)
ulcerative lesion 2 (3.6%)
polypoid lesion 12 (21.8%)
tiny erosions or hematins 1(1.8%)

Small bowel cleanliness

very poor 1(1.8%)
poor 3 (5.5%)
fair 31 (56.4%)
good 17 (30.9%)
excellent 3 (5.5%)

https://doi.org/10.1371/journal.pone.0295774.1003

visualization, and 2.7% (12/440) had poor visualization. The 12 structures with poor mucosal
visualization consisted of 1 case of EG junction, 2 cases of cardia & fundus, 5 cases of body,
and 4 cases of duodenal bulb.

The continuous small bowel examination using 3D MACE

After 3D MACE for upper GI examination, the continuous small bowel examination was car-
ried out. The continuous small bowel examination by 3D MACE was completed in 94.5%. The
mean small bowel transit time was 260.34 + 101.14 minutes. Duodenal and jejunal ulcers were
seen in two cases each. Small bowel cleanliness was also adequate in 92.8%. (Table 3).

Safety and patient satisfaction

No adverse events, aspiration or severe pain occurred in the 3D MACE group during upper GI
examination. There was no capsule retention or significant adverse events during a follow-up
hospital visit at two weeks. However, mucosal injury and minimal bleeding associated with
belching occurred in five patients during upper endoscopy. Bleeding was minor and spontane-
ously stopped without further management. For overall patient satisfaction on a 10-point scale
(the higher the score, the higher the satisfaction), 3D MACE scored 9.55 + 0.79 points and
upper endoscopy scored 7.75 + 2.34, showing higher satisfaction with 3D MACE (p < 0.0001).
96.4% (53 cases) reported no discomfort related to the 3D MACE, and only 3.6% (2 cases)
complained of mild discomfort related to the magnetic controller. Regarding discomfort other
than the 3D MACE procedure, 34 patients (61.8%) reported discomfort related to taking a
PEG purgative, while 5, 2, and 2 patients reported discomfort related to water intake and
returning data sensor belt with receiver, respectively. (S2 Table). If the upper GI examination
was performed again, the intention to perform 3D MACE was confirmed in 94.6% (52 cases).

Discussion

In this study, we employed a novel 3D MACE system that provided better image quality than
the conventional MACE and allowed for 3D image reconstruction. We evaluated the utility of
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a 3D MACE with a hand-held controller for simultaneous examination of the upper GI tract
and small bowel. This study results demonstrated a good performance and safety of the 3D
MACE system for upper GI and small bowel examination, and supporting its the potential
clinical use. The 3D MACE system was able to confirm major gastric structures in 98.6% of
cases, with only one exception in which the EG junction was not identified. In addition, the
3D MACE system showed a high accuracy in identifying abnormal gastric lesions. It allowed
for a stereoscopic identification of gastric lesions through 3D image reconstruction. In the
small bowel examination performed after the gastric examination with 3D MACE, 94.5% of
cases were confirmed as complete small bowel examination. Significant adverse events due to
the 3D MACE system were not observed. Only two patients complained of discomfort related
to the magnetic controller.

The 3D MACE system may be an alternative for patients who cannot tolerate upper endos-
copy. 3D MACE does not require sedation and it is a non-invasive endoscopy that allows
direct inspection of the GI mucosa. Gastric cancer is the fifth most common type of cancer
and the fourth leading cause of cancer-related deaths globally [14]. Especially, gastric cancer is
most common in East Asia, Eastern Europe, and South America [15]. Therefore, gastric cancer
screening is in progress in Korea and Japan using upper endoscopy and upper GI series
(UGIS). However, unlike upper endoscopy, mortality reduction from gastric cancer has not
been demonstrated in UGIS [16, 17]. Several studies have also shown superiority of upper
endoscopy over UGIS in gastric cancer screening [18, 19]. However, upper endoscopy is an
invasive procedure that can cause pain and adverse events to patients [20]. Sedative is adminis-
tered to reduce endoscopy-related discomfort, but sedation-associated adverse events such as
respiratory and cardiac problems can occur in 0.3% [21]. A study comparing conventional
MACE and upper endoscopy has reported that MACE can significantly reduce endoscopy-
related pain and discomfort [6]. Furthermore, a recent study involving 3,182 participants has
found that magnetically controlled capsule gastroscopy (MCCG) with a robotic controller sys-
tem had similar accuracy as upper endoscopy in detecting gastric cancer [22]. 3D MACE com-
bines benefits of UGIS and upper endoscopy. Thus, this can also be used for gastric cancer
screening.

In addition, because 3D MACE is disposable, there is no concern about endoscopy- medi-
ated infections or reprocessing. Although endoscopy-mediated infections and transmission
are not common, several cases of carbapenem-resistant Enterobacteriaceae transmission
through a duodenoscopy have been reported worldwide [23]. To prevent endoscopy-mediated
infection, strict reprocessing is being carried out. However, it also consumes additional
resources such as manpower and costs. After the coronavirus disease 2019 (COVID-19) pan-
demic, there are restrictions on the implementation of endoscopy due to concerns about the
spread of COVID-19 infection [24]. However, since 3D MACE is used only once without gen-
erating aerosol, it can be free from endoscopy mediated infections and disease transmission.

3D MACE allows for examination of both the upper GI and small bowel simultaneously.
Several studies have been conducted using capsule endoscopy equipped with magnets and dif-
ferent types of magnetic controllers for examining the stomach and small bowel [25, 26]. Espe-
cially, magnetically controlled capsule endoscopy (MCE) with a robotic controlled system
showed good performances to examine both the stomach and small bowel [27-29]. We exam-
ined the upper GI and small bowel simultaneously for the first time with a portable 3D MACE
system, and also found a good performance like a robotic controlled system. With an increase
in battery power and technological advancements of 3D MACE, it will become possible to per-
form “pan-endoscopy”, which would enable examination of the entire GI tract from the
mouth to the anus [30].
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However, upper GI tract examination using the 3D MACE system had several limitations.
First, there were a few cases where the esophageal mucosa could not be confirmed with a 3D
MACE. It was difficult to observe the esophageal mucosa due to noise and black-out images. It
was thought that data reception might not work well because it was far from the data sensor
belt of 3D MACE and the esophagus. A study on the diagnosis of Barrett’s esophagus and
esophageal varices using MACE was performed with a sensing pad attached to the chest area
[8]. It is necessary to confirm whether complete esophageal examination can be performed by
improving the data sensor belt. Second, there were also a small number of cases where the gas-
tric mucosa was not well visible. MACE or MCE cannot perform active cleansing during a gas-
tric examination. It was also possible to remove air bubbles accumulated in the fundus and
cardia by drinking water or changing posture [31]. However, poor mucosal visualization
caused by bile acids or dissolved drugs made it difficult to examine. Unlike upper endoscopy,
3D MACE also has a disadvantage in that the gastric lumen cannot be expanded through air
insufflation. Of course, it is possible to expand the gastric lumen to some extent by drinking
water during the examination. However, there were cases where the stomach shrank after a
certain period of time. Third, the characteristics of the inflamed lesion could not be clearly
described because it was not relevant to the outcome of this study. Also, there may be inter-
observer differences between endoscopists whether an inflamed lesion was edematous or ero-
sive lesion, and this distinction is thought to be minor. However, the extent of the inflamed
lesion could be confirmed similarly for both 3D MACE and upper endoscopy. Forth, no gas-
tric cancer cases were observed in this study. Because cancer detection is one of the most
important purposes of endoscopy, additional research on gastric cancer detection using 3D
MACE is absolutely necessary. Finally, all MACE, MCE, and MCCG systems cannot perform
biopsy of significant gastric lesions. Gastric examination using a magnetic capsule is still in the
challenging stage. Therefore, it is considered premature to separate 3D MACE from upper
endoscopy. The need for biopsy in 3D MACE is also considered to be the same as the indica-
tions for upper endoscopy such as gastric ulcer and suspected gastric cancer. If necessary,
upper endoscopy can only be performed again.

Despite these limitations, this study shows that a novel 3D MACE system is capable of
simultaneous and complete upper GI and small bowel examination. 3D MACE was as accurate
as upper endoscopy for identifying structures and lesions in the upper GI tract. In addition,
compared to conventional MACE, the 3D MACE showed image quality improvement and 3D
images reconstruction. For individuals who cannot tolerate upper endoscopy, the 3D MACE
device may be an option. Further prospective large-scale clinical studies are needed to confirm
whether 3D MACE is effective for gastric cancer screening and pan-endoscopy in near future.

Supporting information

S1 Fig. Control of three dimensional magnetically assisted capsule endoscopy (3D MACE)
direction. The camera direction of the 3D MACE could be adjusted using the direction of N
and S poles on the handle of the controller.

(TIF)

S2 Fig. The real process of upper gastrointestinal examination using three dimensional
magnetically assisted capsule endoscopy (3D MACE) system.
(TIF)

S3 Fig. Upper gastrointestinal lesions detected by three dimensional magnetically assisted
capsule endoscopy (3D MACE) system.
(TIF)
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